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Abstract 
 

 

 

 

 

Cancerogenesis represents the outcome of a dynamical and reciprocal interaction among 

transforming cells and surrounding microenvironment. It is commonly accepted this interplay 

contributes to development and progression of cancer and influences the malignant 

phenotype. Cross-communication among these components is driven by tumor-derived 

soluble factors and may promote carcinogenesis through the recruitment of stromal and 

immunological components into the tumor site. To better understand how these dynamics 

control the transition from pre-malignant lesions to cancer, we focus on the involvement of 

micro and macroenvironment. Specifically, we investigated the immunosuppressive role of 

mast cells in promoting immune tolerance and supporting tumor growth. Then, we studied 

the macroenvironmental modifications within the hematopoietic bone marrow since the 

early-stages of carcinogenesis. 
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Summary 
 

 

 

 

One of the most critical issues in cancer is an advanced-stage diagnosis that decreases the 

chance of successful treatments. The results obtained in the last recent years allowed to 

improve earlier cancer diagnosis and develop new therapeutic strategies.  

Carcinogenesis is a heterogeneous environment populated by innate and adaptive immune 

cells and stromal components that, through the release of soluble mediators, can promote 

tumor proliferation, apoptosis resistance, vascular permeability, angiogenesis and 

metastases. Defective stress response during tissue homeostasis create permissive conditions 

for tumor growth through chronic exposure to cell survival signals, proangiogenic and anti-

DNA repair factors, extracellular matrix-modifying enzymes that increase tumor-promoting 

inflammatory chemokines and cytokines. In this study we highlight the remodelling of micro 

and macroenvironment during tumor progression. Assuming that immunological components 

influence tumor phenotype, growth and invasiveness, in the first part of the study, using the 

spontaneous prostate cancer TRAMP model, we gained insight into the role of mast cells 

(MCs) in regulating the balance between  tumor-promoting and tumor suppressive events. 

Specifically, MCs support in vivo the growth of prostate adenocarcinoma, whereas their 

pharmacological targeting through Imatinib favors prostate neuroendocrine (NE) cancer. 

Moreover, the immunosuppressive ability of mast cells prompted our investigation on 

whether MCs support myeloid-derived suppressor cells (MDSC) recruitment within the 

tumor lesion and their suppressive activity.  
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Accumulating evidence indicate that beside local modifications, neoplastic cells foster the 

alterations of the hematopoietic output and favour preferential production of immune cell 

differentiation towards specific immune-modulatory or pro-inflammatory states. Therefore, 

in the second part of this study, we investigated the modifications in the bone marrow 

hematopoietic macroenvironment required to satisfy increased immune cell demand at 

different stages of tumor development, in spontaneous MMTV-NeuT model of mammary 

carcinogenesis. Altogether, the experimental results of offer a new insight into the role of 

immune cells within the microenvironment in influencing tumor phenotype, onset and growth 

extent sustaining immunosuppression. Moreover, the adaptation of bone marrow 

hematopoietic macroenvironment during the incipient peripheral transformation allowed us 

to propose the bone marrow as an early sensor of disease. 

 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

CHAPTER  1 

 
 
 

Background, Rationale and Objectives  
 
 
 
 
 
 

1.1 The tumor microenvironment 
 

One of the most critical issues in cancer is represented by an advanced-stage diagnosis 

that associates with a decreased survival probability. The results obtained in the last 

recent years allowed to improve earlier diagnosis of cancer and develop new 

therapeutic strategies to detect “precancerous disease” before symptoms start 1. 

The theory that cancer is composed exclusively by tumour cells has been overcome. It 

is accepted today that carcinogenesis is not a cell self-governing, but a heterogeneous 

environment 2, a complex entity populated by different cell types. The tissue 

microenvironment of developing tumours consists of innate immune cells (neutrophils, 

macrophages, basophils, eosinophils, mast cells, myeloid derived suppressor cells, 

dendritic cells and natural killer cells), adaptive immune cells (T and B lymphocytes) 

and tumour stroma (fibroblasts, vascular components, mesenchymal stromal cells) 3. 

Cross-talk between cancer cells and components of the tumour microenvironment 

(TME) plays a critical role in cancer development, survival, progression, metastasis 

and resistance to therapy 4. These different actors can influence cancer phenotype, 

through the release of soluble mediators that promote tumour cell proliferation, 

apoptosis resistance, vascular permeability, angiogenesis, migration of other cells into 

the TME and immune-escaping 5.   

Recent findings identify carcinogenesis as a defective stress response during tissue 

homeostasis, therefore a continuous control of neighboring cells can be as relevant as 
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the control of cancerous cells 6. How do tissues maintain homeostasis and, how do cells 

become transforming cells are major focuses of cancer research. 
 
 
 

1.2 Tissue homeostasis alterations 
 

Normal tissue preserves physiologically a stable architecture maintaining a balance 

between cell-proliferation and death control 7. The innate and adaptive immune 

compartments play a crucial role in eliminating damaged, senescent and pre-malignant 

cells and restoring tissue homeostasis 8. Dangerous signals identified by pattern 

recognition receptors (PRRs) trigger immune response and inflammation releasing pro-

inflammatory cytokines and chemokines 9,10,11. Bacterial and viral infections as well as 

carcinogens cause persistent inflammation and establish tumor-promoting 

microenvironment through chronic exposure to growth factors, cell survival signals, 

proangiogenic and DNA repair reduction factors and extracellular matrix-modifying 

enzymes 12. Sometimes, this inflammatory status follows oncogenic events as 

mutations, chromosomal translocations, alterations of proto- or anti-oncogenes, such 

as in gastrointestinal tumor 13.  In both scenarios, the larger amount of transcription 

factors such as NF-kB, STAT-3, HIF-1 induces an increase of tumor-promoting 

inflammatory chemokines and cytokines 13. By the release of these molecules, the 

tumor microenvironment controls leukocytes recruitment, activation and proliferation 

in order to support tumor development or suppress anti-tumor immunity 14. Also the 

extracellular matrix (ECM) remodelling, within the TME, is involved in tumor growth. 

ECM is composed by glycoproteins, proteoglycans, structural proteins such as 

collagens, laminin and matricellular proteins 15. The amount, type and distribution of 

ECM influence tumour progression and dissemination through mechanisms regulating 

epithelial-to-mesenchymal transition (EMT) 15,16. Furthermore, the ECM molecules 

can recruit myeloid cells, suggesting that in the TME an altered ECM deposition may 

impact the immune cell infiltration. Specifically, deregulated ECM deposition 

promotes the recruitment of immunosuppressive cells 17 at the tumour site, where they 

support EMT and metastases 18. This interplay between ECM composition and myeloid 

cells denotes a role in determining tumour phenotype and aggressiveness. 
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A detailed understanding of the TME and the mechanisms linking tumour, stromal and 

immune cells can contribute to develop efficacious therapeutic strategies and immuno-

modulatory approaches. 

 
 

1.3 Role of mast cells in tumor growth 
 

Mast cells (MCs) are almost ubiquitously distributed among tissues, where they act as 

a first line of defence against parasitic and bacterial infections 19. MCs are a key effector 

in allergic and anaphylactic reactions; their role in IgE-dependent innate immunity is 

well-known. After allergen-exposure, the binding of antigen-specific IgE antibodies to 

FcεR expressed on mast cells surface mediate MC degranulation 20.    

Yet, MCs participate in inflammation and T-cell mediated immune responses, 

regulating physiological and pathological conditions 21,22.    

MCs play an active role within the TME in regulating the balance between tumor-

promoting or inhibitng functions depending on tumor type and localization 23. 

Increasing evidence suggest MCs as multifunctional cells intervening in angiogenesis, 

tissue remodelling, recruitment of immunosuppressive cells and cancer progression 24. 

The recruitment, activation and survival of MCs at tumor site are mediated by tumor-

released stem cell factor (SCF) and by its receptor c-Kit tyrosine kinase (CD117) 

expressed on MCs surface 25.  SCF attracts MCs and increases the synthesis and release 

of several mediators including vascular endothelial growth factor (VEGF), fibroblast 

growth factor-2 (FGF-2), transforming growth factor beta (TGF-β), IL-8 26. The 

relationship between MCs accumulation and angiogenesis has been described in many 

types of cancer 27. 

MCs also influence extracellular matrix compositions by releasing matrix 

metalloproteinases (MMPs). In particular, MMP-9 cleaves fibronectin, collagen, 

elastin, osteonectin 28 and modulates extracellular matrix degradation and promote 

metastases 29. 

More importantly, several findings suggest that MCs exacerbate immunosuppression 

by inducing anti-tumor T cell tolerance in several diseases, including cancer 30. MCs 

interact with regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) 

creating a suppressive tumor microenvironment. Specifically, MCs support MDSC 
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recruitment within the tumor lesion and induce these cells to produce IL-17 that 

promote Tregs accumulation and their suppressive function 31. 

 
 

1.4 Cancer immune tolerance 
 

In the recent years, accumulating data show that inflammatory factors released in the 

TME, are able to revert the immune cell function towards immunosurveillance evasion 
32. In particular, neoplastic cells promote preferential skewing of immune cell 

functional differentiation towards specific immune-modulatory or pro-inflammatory 

states 33,34. These cells display a tolerogenic activity and, recruited to the tumor site, 

work in concert to establish an immunosuppressive network inhibiting anti-tumor 

immune responses. 

The main cell types involved in establishment and maintenance of peripheral immune 

tolerance include Tregs, tumor-associated macrophages (TAM), myeloid-derived 

suppressor cells (MDSCs), tumor-associated dendritic cells (tDCS) and tumor-

associated neutrophils (TAN) 35. 

Foxp3+ CD25+ CD4+ Treg populations play an essential role in the maintenance of 

immunological self-tolerance by suppressing a variety of physiological and 

pathological immune responses against self and non self antigens 36. 

TAMs promote angiogenesis, tissue remodelling and metastasis. TAMs generally 

express of cell surface receptor, secreted cytokines, chemokines and enzymes that 

inhibit anti-tumor immune responses. For this reason, the count of tumor infiltrating 

TAMs is associated with poor prognosis 37.  

DCs in tumor-bearing hosts actively contribute to tumor evasion of immune 

surveillance suppressing T cell function through cell-cell interactions and reactive 

oxygen species releasing 38. 

N2-polarized TAN have a protumorigenic phenotype and play a key role in tumor 

progression promoting angiogenesis, metastases and immune suppression 39.  

Functional MDSCs, immature myeloid cells, are one of the principal components of 

the immunosuppressive microenvironment. They produce a large amount of iNOS or 

Arginase, which suppress antitumor innate and adaptive immunity T lymphocyte-

mediated. 
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Therefore, cancer exploits immune systems establishing a profound perturbation in 

myelopoiesis process, providing signals to the bone marrow in order to instruct a 

hematopoiesis tumor-adapted. 

 
 

1.5 The Hematopoietic System 
 

Most of the components populating the TME are of hematopoietic origin. The 

hematopoietic process is primarily based within the bone marrow, a complex tissue 

lodged within the trabecula bone and tightly regulated through complex gradients 

among elements of the endosteal compartment, mesenchymal stromal cells, and 

vascular cells. The interaction between stromal and hematopoietic progenitor and 

differentiating cells maintains the hematopoietic homeostasis and allows adaptation to 

perturbing noxae. Hematopoietic stem cells (HSCs) are functionally defined as 

multipotent cells that restore hematopoiesis if transplanted in patients with ablation of 

hematopoietic organ 40. Furthermore, HSCs are characterized by the capabilities of 

multi-lineage differentiation and self-renewal capacity.  After hierarchical 

differentiation processes, HSCs progressively lose their multipotency ability, 

replicating or differentiating in Common Lymphoid Progenitor (CLP) or Common 

Myeloid Progenitor (CMP). CLP can differentiate into T (TCP), B (BCP) and Natural 

Killer (NKP) cells, whereas CMP give rise to granulocytes (GP), monocytes (MP), 

erythrocytes (EP) and megakaryocytes (MkP) 41,42. This mechanism must be highly 

efficient, plastic and regulated according to the requirements of the organism. 

Hierarchical organization and regulation of the hematopoietic populations is preserved 

in the bone marrow within specific stromal microenvironments named “niches” 43. 

Osteoblastic/endosteal niche is composed by mesenchymal stem cells, endosteal 

fibroblasts and osteoblasts around bone trabeculae. The vascular niche is localized in 

the inter-trabecular lacunae and includes endothelial and adventitial reticular cells 44. 

These virtually-distinct microenvironments and their cellular compositions ensure 

different functions. According to an oversimplified view, in order to promote self-

renewal, osteoblastic niche is involved in quiescent hematopoietic stem cells 

maintenance while the vascular niche sustains differentiation and mobilization to 

peripheral circulation of hematopoietic cells 45. Therefore, the hematopoiesis is closely 
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related to the features of bone marrow microenvironment, structural (i.e. extracellular 

matrix proteins), chemotactic (i.e. CXCL12/CXCR4) and adhesion (i.e. E- and P-

Selectins) factors gradients 46.  Signals originating in these stromal niches orchestrate 

hematopoietic cell localization, maturation and mobilization according to the 

situations.  

 
 

1.6 Tumor-driven emergency myelopoiesis  
 

In addition to the local modifications, neoplasms exploit the innate and adaptive 

immune system by inducing a deep and systematic remodelling of the host’s 

myelopoiesis 47.  In response to stimuli, the BM is influenced by the production of 

hematopoietic cytokines at distant sites that modify physiological myelopoiesis, HSCs 

expansion and differentiation. Early hematopoiesis is shaped to satisfy increased 

immune cells demand; it’s a “long-distance” regulatory feedback named “emergency 

myelopoiesis”. Emergency myelopoiesis is associated with pronounced increase of 

cytokines as granulocyte, macrophage and granulocyte-macrophage colony stimulating 

factors (G-CSF, M-CSF, GM-CSF) and hematopoietic cytokines (SCF, IL-3, IL-6, Flt3 

ligand) 48.  Therefore, uncommitted stem cells are instructed to differentiate into 

myelomonocytic lineage to supply neutrophils and macrophages from the BM. In mice, 

CMPs generate different subsets of cells identified by cell-surface markers: monocytes 

(CD11b+ Gr1+ F4/80+), granulocytes (CD11b+ Gr1high F4/80- IL-4R+) and MDSCs 

(CD11b+ Gr1med F4/80low/- IL-4R+) 49. Tumor cells recruit monocytes from peripheral 

blood, thanks to the CCL2 and CCL5 50 chemokines and contribute to TAM 

differentiation, whereas circulating neutrophils are driven towards activated tissue 

neutrophils. Also MDSCs accumulate at tumor sites becoming more suppressive over 

T cell-mediated immunity 51, promoting tumor development by inducing angiogenesis 
52, endothelial to mesenchymal transition (EndoMT) and metastases 53. Recent studies 

strongly suggest a correlation between tumor burden and number of tumor-infiltrating 

MDSC, whose presence is associated with poor diagnosis 54,55. Perturbed 

hematopoiesis driven by cancer have been mostly investigated in advanced tumor 

stages especially in cancer mouse models. However, the mechanisms through which a 

nascent neoplastic clone send signals to the bone marrow toward the instruction of a 
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tumor-educated hematopoiesis are unknown. Understanding the phenotypic and 

molecular determinants of cancer-driven hematopoietic adaptation would offer a new 

prospect on cancer early detection and prognostication. 

 

1.7 Rationale and Objective 
 

The aim of this three-year study was to investigate the reciprocal interactions between 

neoplastic cells and the surrounding stromal microenvironment. We challenged the 

hypothesis that stromal and immunological components actively control the transition 

from pre-malignant lesions to cancer.  

In particular, we focused on two specific areas of interest: tumor micro- and 

macroenviromnent and how these systems affect tumor establishment and progression. 

First we investigated the contribution of local MCs to tumor progression and 

differentiation, and the therapeutic effects of Imatinib tyrosine kinase inhibitor on MCs 

in the spontaneous prostate cancer TRAMP model 56. This transgenic mouse also 

allowed us to examine the immunosuppressive features of MCs in promoting immune 

tolerance and modifying tumor phenotype. In the second part of the study, postulating 

that cancer-associated immunosuppression involves hematopoietic reprogramming, we 

investigated systemic modifications occurring in the BM hematopoietic 

microenvironment at discrete stages of tumor development, from pre-malignant to 

invasive stages. To carry on this idea, spontaneous MMTV-NeuT model of mammary 

cancerogenesis 57 was used. The integration of histopathological and 

immunophenotypical analyses and quantitative in situ immunolocalization analyses 

offered a new insight into the involvement of micro- and macroenvironment in tumor 

progression and clinical outcome. 
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CHAPTER  2 

 
 
 

Materials and Methods  
 
 
 
 
 
 

2.1 Mice and treatments 
 

Animals were maintained in filter-top cages at the Fondazione IRCCS Istituto 

Nazionale Tumori in Milan. All procedures involving animals were carried out under 

pathogen-free conditions and performed in accordance to the institutional guidelines 

and national law (D.lgs 26/2014).  

A spontaneous model of prostate cancer (TRAMP) on C57BL/6J background, which 

express SV40 small and large T antigens under the control of the androgen-driven rat 

probasin regulatory element 56 were used. Mice deficient in mast cells (KitWsh-TRAMP) 

were generated by crossing TRAMP mice with MC-deficient KitWsh 58. CD40-/- mice 

were obtained thanks to the collaboration with San Raffaele Scientific Institute in 

Milan). Imatinib (50mg/kg) was inoculated intraperitoneum 5 times a week from 8 to 

25 weeks.  

For T-cell depletion experiments, the thymus of 16-week-old TRAMP and KitWsh-

TRAMP mice was surgically removed. The following day, mice were treated i.p. with 

300 µg of depleting antibodies to CD4 and CD8 of age. Mice were sacrificed at 25 

weeks and their urogenital apparatus collected for IHC. 

BALB-NeuT female mice expressing the transforming rat oncogene c-erbB2 

(Her2/neu) under the mouse mammary tumor virus (MMTV) promoter spontaneously 

develop mammary carcinoma with a well-defined tumor progression 57,59 .Female 
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NeuT- (BALB/c) mice were crossed with male NeuT+ mice and positive female were 

monitored weekly for mammary tumor development and progression.  

Separate groups of mice were sacrificed at different phases of disease progression, 6 

and 12 weeks of age, time points that reflect early stages in which tumor is not palpable 

yet and at 24 weeks of age when the tumor is visible. Mice were sacrificed, femurs and 

mammary glands were collected. 

 
 

2.2 Mice reconstitution with bone marrow-derived mast cells 
(BMMC) 
 

Bone marrow precursors from C57BL6/J or CD40L-/- mice were cultured in vitro in 

RPMI with 20% FBS, and 20 ng/mL both SCF and IL3 60. After 4 weeks, when purity 

was more than 90% 5x106 BMMCs were injected i.p. into 8-week-old mice.  

 
2.3 Histopathology and immunolocalization analyses 
 

Human primary tumor samples were obtained from the pathology archives of the 

Human Pathology Section, Department of Health Sciences (University of Palermo, 

Italy). Human tumor specimens, murine urogenital apparatus, bone marrow and 

mammary gland samples were fixed with 10% neutral buffered formalin overnight, 

washed in water, decalcified (BM samples only) and then paraffin embedded. 

Subsequently, four-micrometers-thick sections were cut and used for both 

histopathology (hematoxylin & eosin) and immunostainings.  

For evaluation of MC infiltration, prostate sections were stained with toluidine blue.  

Immunohistochemistry (IHC) was performed using a horseradish peroxidase (HRP) 

and Alkaline phosphate (AP) methods. The antigen unmasking technique was 

performed using Novocastra Epitope Retrieval Solutions pH9, pH8 and pH6 in PT Link 

Dako at 98°C for 30 minutes. Subsequently, the sections were brought to room 

temperature and washed in PBS. After neutralization of the endogenous peroxidase 

with 3% H2O2 and Fc blocking by a specific protein block the samples were incubated 

overnight at 4 C° with the following primary antibodies: Rabbit polyclonal CK8 (1:100 

pH9; Abcam), Rabbit Polyclonal c-Kit (1:50 pH6; Acris); Rabbit Polyclonal Ki67 
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(1:1000 pH6; Abcam); Rabbit Polyclonal CD40L (1:250 pH6; Abcam); Mouse 

Monoclonal CD33 (Clone PWS44; 1:100 pH9; Leica Biosystems); Mouse Monoclonal 

Mast Cell Tryptase (Clone 10D1; 1:150; Leica Biosystems); Mouse Monoclonal 

CXCL12/SDF-1(Clone #79018; 1:50 pH6; R&D Systems); Rabbit Monoclonal 

CXCR4 (Clone UMB2; 1:100 pH6; Epitomics); Mouse Monoclonal Nestin (Clone rat-

401; 1:100 pH9; Millipore); Rabbit Polyclonal ATF3 Activating transcription factor 3 

(1:50 pH8; Sigma-Aldrich); Rabbit polyclonal Myeloperoxidase (1:25 pH9; Abcam), 

Rat monoclonal Ly76 (Clone TER-119; 1:50 pH9; Abcam), Rabbit monoclonal Pax5 

(Clone EPR3730(2); 1:1000 pH9; Abcam). Staining was revealed using IgG (H&L) 

specific secondary antibodies (Life Technologies, 1:500) or SuperSensitive Link-Label 

IHC Detection System Alkaline Phosphatase (Biogenex). 

AEC (3-Amino-9-Ethylcarbazole), DAB (3-3’ diaminobenzidine) and Vulcan Fast Red 

were used as substrate chromogen. The slides were counterstained with Harris 

hematoxylin (Novocastra). For CXCR4/CXCL12 double-marker immunofluorescence, 

two sequential rounds of immunostaining were performed using Alexa-568- and Alexa-

488-conjugated specific secondary antibodies (Life Technologies). For triple 

immunofluorescence stainings, tissue samples were incubated with the following 

primary antibodies: FITC- anti mouse Gr1, APC- anti mouse CD3, (both from 

eBiosciences), and anti mouse triptase (AbCam, Cambridge, UK) followed by rat- anti 

mouse alexa 546 (Invitrogen). Alternatively anti mouse CD40 (eBiosciences) followed 

by rat- anti mouse alexa 488 (Invitrogen), anti mouse triptase (AbCam, Cambridge, 

UK) followed by rat- anti mouse alexa 546 (Invitrogen) and APC- anti mouse Gr1 

(eBiosciences) were used.  

All the sections were analysed under a Zeiss AXIO Scope.A1 microscope (Zeiss, 

Germany) and microphotographs were collected using a Zeiss Axiocam 503 Color 

digital camera using the Zen2 imaging software. 

 
 

2.4 Disease score and tumor burden 
 

Disease score and tumor burden of prostate and mammary lesions were evaluated on 

H&E-stained sections. Prostates lesions of TRAMP mice were scored as hyperplasia 

or intraepithelial neoplasia (HYP-PIN), adenocarcinoma (ADENO) and 
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neuroendocrine tumor (NE). For determination of the mammary gland disease score, 

the extension (focal, 1; multifocal, 2; diffuse, 3) and severity (mild, 1; moderate, 2; 

severe, 3) of hyperplasia and dysplasia, the extension of in situ or infiltrating carcinoma 

foci, the extension and severity of stromal remodelling, and the severity of 

inflammatory infiltrate were scored according to a combined semi-quantitative score. 

The overall disease score was calculated as the sum of the individual variables scores. 

For tumor burden calculation, three non overlapping panoramic microphotographs (at 

5x magnification) were collected from each sample and analyzed using the Zen 2.0 

software (Zeiss), by contouring the foci of high-grade dysplasia/PIN, in situ carcinoma, 

and invasive carcinoma, and quantifying the extension of the relative areas (µm2). 

 
2.5 Quantification of spatial relationship in bone marrow tissue 

samples  
 
Quantitative immunolocalization analyses were performed using an ad-hoc developed 

software coded in Python language (Oliphant TE, Computing in Science and 

Engineering 2007), which, after a process of segmentation of microphotographs, 

evaluated the distances between IHC-labeled regions and selected regions of interest. 

Specifically, IHC-labeled cells and extracellular structures, along with nuclei were 

automatically segmented while vessels and bone trabeculae were morphologically 

identified and selected by an expert pathologist (C.T.). The software calculated the 

number of pixels of the segmented IHC-labeled areas, and the minimum distance of 

each pixel from the selected regions of interest, creating a graph of distance 

distribution. Differences in the distance distribution of IHC markers from the selected 

regions of interest were calculated according to the Kolmogorov-Smirnov test. Two 

distributions were considered different for p-values <0.01. 
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CHAPTER  3 

 
 
 

Results  
 
 
 
 

 
 

3.1 Mast cells protect against neuroendocrine tumor 
development 

 
Transgenic adenocarcinoma prostate mouse (TRAMP) model progressively develops 

hyperplasia or intraepithelial neoplasia (HYP-PIN) at 8-16 weeks, in situ 

adenocarcinoma (ADENO) at 16-24 weeks and eventually metastasis 61, mimicking the 

human disease. As in human, prostate tumors can also evolve in poorly differentiated 

neuroendocrine phenotype (NE) in about 15-20% of TRAMP mice 62 . 

In this context, in a cohort of 25-week-old-mice we evaluated prostate tumor histology 

on H&E-stained sections (Fig. 1a) and scored the lesions as adenocarcinomas when 

stromal invasion by atypical cells expressing cytokeratin 8 (CK8) (Fig. 1a) was 

observed. Ki-67 immunostaining highlighted the different proliferation of TRAMP 

adenocarcinomas and NE tumors. In particular NE tumors showed a higher fraction of 

proliferating malignant elements in comparison with adenocarcinomas (Fig. 1b). 

According to our previous data 60 , tumor-infiltrating MCs showed strong positivity for 

cKit staining among negative adenocarcinomas cells, whereas NE tumor cells diffusely 

showed a mild positivity for cKit (Fig. 2a). The results obtained in the mouse model 

were also confirmed in human prostate cancers (Fig. 2b). 

Prompted by the concomitant expression of c-Kit on MCs, NE tumor cells and the 

prostate stem cells (PSCs) compartment 63, we investigated the role of the mast cells in 

the TRAMP model. 
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To evaluate whether the adenocarcinoma progression was altered by the absence of 

MCs, KitWsh-TRAMP were generated by crossing TRAMP mice with MC-deficient 

KitWsh mice 58. H&E staining showed multifocal infiltrating prostate adenocarcinoma 

in TRAMP mice (80%) whereas a minor fraction developed NECs (13%) and only few 

had dysplasia or prostatic intraepithelial neoplasia (PIN; 7%). Conversely, KitWsh-

TRAMP mice showed impaired adenocarcinoma growth (21.4%), but a larger portion 

of the mice showed only dysplastic foci or intraepithelial neoplasia and an increased 

frequency of NECs (42.9%) (Fig. 3).  These data revealed a marked propensity in 

KitWsh-TRAMP mice to a NE transformation, suggesting a protective role of mast cells 

against malignant neuroendocrine differentiation.  

 

3.2 Imatinib treatment restrains growth of adenocarcinoma but 
not of neuroendocrine prostate tumors 

 
In light of the common expression of c-Kit on MCs infiltrating ACs and NE tumor 

cells63, we hypothesize that cKit inhibition could impair both adenocarcinoma-

promoting MCs activity and NE tumor cell growth. Therefore, we investigated that 

Imatinib mesylate, a drug-targeting cKit, should be able of eliminating both 

adenocarcinoma, via MCs inhibition, and the NE variants, via direct effect on NE tumor 

cell. Imatinib is a well-known tyrosine kinase inhibitor, currently approved for the 

treatment of chronic myelogenous leukemia 64, and gastrointestinal stromal tumors 65, 

which targets the intracellular ABL kinase and the fusion oncogene BCR-ABL of 

chronic myeloid leukemia 66 and the surface receptors cKit and PDGFRs 67. 

TRAMP mice were treated with Imatinib from 8 to 25 weeks of age and the urogenital 

apparatus was collected for histopathological analyses. The treatment significantly 

reduced the incidence of adenocarcinomas by neutralizing mast cell activity (47.1% vs 

76,9% of untreated TRAMP mice), but had no effect against NE tumors which were 

significantly increased (23.5% vs 15.4% of untreated TRAMP mice (Fig. 4a). The 

expression of c-Kit was maintained in NE tumors treated with Imatinib (Fig. 4b), which 

ruled out that loss of receptor expression could underlie Imatinib resistance. 

Evaluations of toluidine blue-stained sections in untreated TRAMP mice showed 

accumulation and degranulation of MCs preferentially around PIN and well 

differentiated ACs areas, while MCs were absent in NE (Fig. 5a,b). Imatinib treatment 
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did not affect the average of MCs density nor their degranulation status (Fig. 5c). We 

did not find appreciable differences in the inflammatory infiltrates of TRAMP and 

KitWsh-TRAMP mice, which usually showed moderate mixed inflammatory infiltrates 

rich in neutrophils and eosinophils. In contrast, Imatinib-treated mice showed poor 

peritumoral inflammation with a prevalence of lymphocytes. 

These data suggested that Imatinib treatment alters cross-talk between prostate 

transforming cells and mast cells, promoting adenocarcinomas suppression but, 

unexpectedly, increasing NE variants insensitive to Imatinib treatment despite 

expressing cKit. 

 

 

3.3 Addition of mast cells restored CD8+ T-cell unresponsiveness 
and tumor growth 
 

After confirming the mast cell contribution to adenocarcinoma onset and progression, 

we assessed whether this observation was related to their immunosuppressive capacity. 

We investigated whether mast cells promote tolerance to SV40 Large-T-antigen, the 

transforming oncogene in TRAMP mice. To prove the involvement of mast cells in 

supporting prostate adenocarcinoma growth, we reconstituted KitWsh-TRAMP mice 

with bone marrow-derived mast cells (BMMC). Histological sections of prostate 

stained with toluidine blue and relative quantification showed correct repopulation and 

distribution of mast cells in recostituited KitWsh-TRAMP (Fig. 6a,b). Prostatic lesions 

H&E-evaluated, highlighted 60% of KitWsh-TRAMP mice reconstituted with BMMCs 

developed adenocarcinomas, whereas only 21.4% of nonreconstituted mice developed 

adenocarcinomas (Fig. 6c). To further confirm that mast cells restored CD8+ T-cell 

unresponsiveness and tumor growth, we depleted in vivo both CD4+ and CD8+ T 

lymphocytes by surgical removal thymus, followed by administration of specific 

depleting antibodies and analysed prostate histology. In T cell-depleted KitWsh-

TRAMP, the frequency of infiltrating adenocarcinoma increase reaching comparable 

levels with TRAMP mice (Fig. 7a,b). On the contrary, adenocarcinoma growth was 

unaltered in TRAMP mice regardless of whether or not T cells were depleted (Fig. 

7a,b). This result is consistent with the unresponsiveness of tumor-specific T cells in 
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these mice. Thus, mast cells impair tumor-specific CD8+ T cell activity, allowing 

adenocarcinoma growth in TRAMP mice. 

 

 
3.4 Mast cell CD40L triggered PMN-MDSC CD40 to suppress T-

cell function 
 

The obtained results indicate that mast cells can hamper tumor-specific CD8+ T-cell 

responses through either direct or indirect interaction between mast cells and T cells. 

Immunofluorescence analyses revealed that in the spleen of TRAMP mice, mast cells 

are not present in the splenic white pulp and do not colocalize with CD3-expressing 

cells. On the contrary we found mast cells within the splenic red pulp, in close contact 

with Gr1hi cells (Fig. 8). Gr1 antibodies identify MDSCs recognizing both Ly6C and 

Ly6G epitopes 68. Therefore, mast cells can enhance MDSCs suppressive activity 

through direct interaction 31,69. We investigated the mechanism used by mast cells to 

enhance PMN-MDSC suppression. 

Recent findings suggested that CD40 is already associated to MDSC suppression70. 

CD40L expression on BM-derived mast cells cultured in vitro was confirmed by our 

collaborators in Milan. The colocalization between mast cells and CD40 in the spleen 

was visualized by triple immunofluorescence with Gr1, CD40 and the mast cell-marker 

Tryptase (Fig. 9a). To further confirm the role of the CD40L-CD40 axis in the 

interaction between mast cells and PMN-MDSCs, we reconstituted KitWsh-TRAMP 

mice with BMMCs obtained from either wild-type or CD40L-/- mice and analysed 

prostate lesions. Adenocarcinoma burden, expressed in µm2, in KitWsh-TRAMP mice 

reconstituted with CD40L-/- BMMCs was significantly reduced (17.2% in situ and 

10.3% infiltrating adenocarcinoma on total tumor burden, respectively) in comparison 

to TRAMP (17.2% in situ and 78.5% infiltrating adenocarcinoma) and KitWsh-TRAMP 

mice reconstituted with wild-type BMMCs (28.1% in situ and 57.2% infiltrating 

adenocarcinoma), and it was even lower in comparison to unreconstituted KitWsh-

TRAMP (40.36% in situ and 30.11% infiltrating adenocarcinoma) (Fig. 9b,c). These 

results indicate that expression of CD40L on mast cells supports their cross-talk with 

PMN-MDSC, favouring immune escape and adenocarcinoma development.  
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Quite the opposite, the absence of CD40L prevents the MC/MDSC cross-talk, restores 

anti-tumor T-cell response and decreases consequently adenocarcinomas development. 

We have previously shown that in human prostate cancer, mast cells accumulate in 

well-differentiated tumors more than in poorly differentiated areas 60. 

Immunohistochemistry on serial sections of human prostate cancer samples highlighted 

the presence of cells positive for tryptase, CD40L and CD33 used as a myeloid cell 

marker (Fig. 10a) in well-differentiated areas. Immunofluorescence confirmed 

coexpression of tryptase and CD40L on tumor infiltrating mast cells, and proximity of 

mast cells to CD33+ cells (Fig. 10b,c). 

 

3.5 Bone marrow hematopoietic alterations at infiltrative stage of 
peripheral mammary cancerogenesis 

 
Following the demonstration that the presence and activation status of myeloid 

elements within the local microenvironment of spontaneous tumors could impact its 

phenotypic outcome, I focused on the general mechanisms that could be responsible 

for reprogramming the myeloid cell output under the pressure of malignant 

transformation. Transgenic NeuT+ mice represent a powerful tool for studying all 

stages of breast cancer development and progression. We investigated BM 

hematopoietic changes in term of cell number and spatial organization at defined stage 

of mammary primary lesion. The histopathological and immunolocalization analyses 

was performed at three different time points, 6, 12 and 24 weeks of age that reflect 

early stages in which tumor is not palpable, pre-invasive and invasive stages. The 

simultaneous morphological analysis of peripheral mammary lesions (dysplasia, in situ 

carcinoma, invasive carcinoma) and bone marrow specimens allowed to correlate 

neoplastic clone development and adaptation of hematopoietic response. For each 

mouse of our cohort the histopathological characterization of primary lesions was 

performed on routinely-stained H&E sections and the stage of disease progression 

scored. As comparison, control BALB/c (NeuT) mice were analyzed (Fig. 11a). The 

overall disease severity score was calculated as a sum of the extension (focal, 1; 

multifocal, 2; diffuse, 3) and severity (mild, 1; moderate, 2; severe, 3) of hyperplasia 

and dysplasia, the extension of in situ or infiltrating carcinoma foci, the extension and 
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severity of stromal remodelling and of inflammatory infiltrate (Fig. 11b,c). 

Histochemical analysis showed a profound modification in the hematopoietic BM 

during advanced tumor progression stage. Specifically, the BM parenchyma of 24w 

NeuT+ mice showed a marked granulocytic myeloid hyperplasia, which was 

characterized by a prominent enrichment in morphologically immature granulocytic 

elements and associated with a contraction of erythroid precursors and lymphoid 

elements. These features were absent in the BALB/c bone marrow (Fig. 12a). No 

significant differences were observed in the density and morphology of 

megakaryocytes. In order to confirm the modifications observed in hematopoietic cell 

populations H&E-stained, immunolocalization analyses are performed. 

Immunohistochemical stainings confirmed the increase of the density of myeloid cells, 

also including hyposegmented immature forms, highlighted by myeloperoxidase 

(MPO), the detriment of erithroid elements identified by Ter-119 and of B cells pools 

detected by PAX5 marker (Fig. 12b). The differences between NeuT and BALB/c 

hematopoietic bone marrow are quantified, confirming histochemical and 

immunohistochemical evaluations (Fig. 12c). These data suggest that an advanced-

stage peripheral neoplasia supports an altered hematopoiesis in the bone marrow. 

 

3.6 Bone marrow hematopoietic adaptation is identified at pre-
invasive and pre-malignant stages 

 
Starting from this evidence, we moved to earlier time point, specifically pre-invasive 

or pre-malignant stages, to test whether signs of BM modifications could be detected. 

Also hematopoietic marrow of 12 weeks old NeuT+ mice, corresponding to in situ 

carcinoma, showed a clear expansion of granulocytic myeloid cells and depression of 

lymphoid and erythroid elements, as compared with BALB/c controls (Figure 13a). 

The same alterations, though less prominent, were also highlighted in the bone marrow 

of 6 weeks NeuT+ mice (Fig. 13b), in which the mammary glands present a pre-

cancerous stage with a moderate-to-severe epithelia dysplasia. 

In both groups hematopoietic changes were quantified (Fig. 13 c,d). 
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Consistently with our hypothesis, most of the differences that were significant at 24 

weeks, were also identified in 12 and 6 weeks BM samples, proving that an incipient 

neoplasia influences the bone marrow by activating hemopoiesis tumor-adapted. 

 

 

 3.7 Bone marrow stromal architecture alterations at early stages 
of peripheral cancerogenesis 
 
In order to determine the functional relationship between hematopoietic components 

and mesenchymal stromal compartment during altered bone marrow homeostasis, we 

deepened the changes in the BM stromal architecture. Through in situ 

immunolocalization analyses, we could also demonstrate that mesenchymal cells, 

which amount for less than 5% of whole BM cellularity, underwent significant 

modification in their density and localization already at 12 and 6 weeks. Indeed, 

Nestin+ BM mesenchymal stromal elements expanded in the BM ostoblastic 

(precursor-rich) and vascular (mature-cell-rich) niches and showed consistent 

upregulation of the prototypical chemotactic stromal CXCL12 in transgenic mice as 

compared with control mice (Fig. 14 a,b,d). 

Indeed, while in the hematopoietic lacunae of BALB/c mice Nestin+ and CXCL12 was 

mostly confined to the vascular area, in NeuT+ mice, the expression of Nestin and 

CXCL12 was more prominent in the peri-vascular and interstitial area. Such 

modifications were quantified by an ad-hoc software analysis applied to 

immunostained BM sections thanks a collaboration with Dr. Maurizio Marrale of the 

University of Palermo (Fig. 15). This software was applied to the vessel proximity 

distribution of Nestin- and CXCL12-expressing cells in BALB/c and NeuT mice. This 

novel tool for automated image software analysis allowed to reproducibly quantified 

spatial modification of different BM elements (Fig. 15). 

The relocalization of Nestin+ meshwork and CXCL12 expression suggested an 

alteration in the hematopoietic niche. Consistent with these changes, in BM was also 

an overall expression of the CXCL12 chemotactic receptor CXCR4, which was 

significantly increased in myeloid cells of 6 and 12 weeks NeuT+ mice (Fig. 14 c,d) 
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The co-occurrence of CXCL12/CXCR4 induction in the same hematopoietic 

environment was confirmed by double marker immunofluorescence analysis on 12 

weeks BM samples. The double staining showed the coherent modulation of CXCL12 

and CXCR4 in the hematopoietic interstitium (Fig. 16). 

Overall these results highlighted that the early modifications occurring in the BM 

parenchyma at premalignant phases of cancer development, mainly concern an innate 

immune cell subset, specifically granulocytic myeloid cells, that are enriched at the 

expenses of other resident populations being favoured in their repositioning within BM 

erythroid and lymphoid niches by the CXCL12/CXCR4 axis. 

These BM alterations could represent a crucial mechanism for defining the bone 

marrow an early sensor of neoplastic transformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



        

CHAPTER  4 

 
 
 

Concluding Remarks 
 
 
 
 

 

Overall, the experimental effort of my PhD program, which is summarized in the 

present thesis, allowed identifying new micro- and macro-environment dynamics 

relevant to the outcome of malignant transformation in two spontanous models of 

cancerogenesis recapitulating the transforming stages of two highly prevalent 

malignancies. I could demonstrate that mast cells recruited at foci of malignant 

epithelial transformation towards prostate adenocarcinoma exert immune suppressive 

functions favoring cancerogenesis, but at the same time allow transforming cells to 

maintain their glandular differentiation preventing the outburst of anaplastic tumors 

with neuroendocrine features. Besides consolidatign and applying my knowledge of in 

situ investigation methods I could develop a mechanistic view of the observed 

phenotype and challenge the relevance of a molecular axis based on CD40- and CD117-

mediated signals. The increasing amount of evidence regarding the plethora of 

functions played by different types of hematopoietic cells within the tumor 

microenvironment represented a strong motivation towards my involvement in 

investigating the tumor environment from a systemic perspective, focusing on the 

hypothesis that perturbation of the innate and adaptive immune cell functions could be 

traced back to the hematopoietic process. The finding of measureable hematopoietic 

alterations occurring at the pre-malignant stages of peripheral malignant transformation 

was an exciting discovery which changed my view of tumor-associated immune 

impairment from a local event to a systemic disease. Indeed, cancer is commonly 

regarded as a systemic disease only when in a metastatic stage, yet its influence over 
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systemic homeostatic processes such as hematopoiesis, adipose tissue metabolism, 

microbiota regulation may characterize the earliest stages of its development. The 

results of my effort within the frame of the research units led by Professor Tripodo 

(Tumor Immunology Unit, University of Palermo) and by Dr Mario Paolo Colombo 

(Molecular Immunology Unit, National Cancer Institute, Milan) will constitute the 

bases for my future activity in cancer research. 

 
 

 

 

 
 

 

 
 

 
 

 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



       CHAPTER  5 

 
 
 

   Figures and Tables  
 
 
 
 
 
 



27 
 

 
5.1 Mast cells protect against neuroendocrine tumor development 

 

 
 

Figure 1: (a) Representative H&E staining of prostates of 25 weeks old TRAMP mice 
showing evidence of infiltrating adenocarcinoma (ADENO; left panel) or NE tumor 
(right panel). Arrows indicates areas of stromal invasion. Magnification 20x or 40X in 
upper or lower panels, respectively. Inset in lower left panel: CK8 staining (in red) in 
TRAMP adenocarcinoma highlighting areas of stromal invasion of tumor epithelial 
cells. Magnification 40x. (b) Representative Ki-67 staining (in brown) of prostates of 
25 weeks old TRAMP mice showing evidence of infiltrating adenocarcinoma 
(ADENO; left panel) or NE tumor (right panel). Magnification 20x.  
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Figure 2: (a,b) Representative cKit staining of prostates of 25-week-old TRAMP mice 
(a) or human patients (b) bearing adenocarcinoma (ADENO; left) or NE tumors (right). 
Magnification 40x. Arrows indicate cKit-positive MCs within adenocarcinoma.  

 
 
 

 
 

Figure 3: Graph depicts the relative percentage of dysplasia/PIN, adenocarcinoma 
(ADENO) or neuroendocrine (NE) lesions in 25-week-old TRAMP (n=17) and 
KitWsh-TRAMP mice (n=15). Fisher test: ****, P < 0.0001.  
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5.2 Imatinib treatment restrains growth of adenocarcinoma but 
not of neuroendocrine prostate tumors 

 

 
 

Figure 4: (a) TRAMP mice were either left untreated (n=13) or treated from 8 to 25 
weeks of age with imatinib (n=17). Graph depicts the relative percentage of lesions 
scored as hyperplasia-prostatic intraepithelial neoplasia (HYP-PIN, white area), 
adenocarcinoma (ADENO, light blue area), or neuroendocrine (NE, violet area). 
Numbers within bar represent relative percentages. (b) Representative cKit staining of 
NE tumors grown in TRAMP mice treated with Imatinib. Magnification 40x. Fisher 
test: ****, P < 0.0001. 
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Figure 5: (a,b) Representative toluidine blue staining of prostate of 25 weeks old 
TRAMP mice either untreated or treated with Imatinib. Arrow highlight MCs. 
Magnification 20x or 40x. (c) Graphs depict the MCs number and degranutation status. 
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5.3 Addition of mast cells restored CD8+ T-cell unresponsiveness 
and tumor growth 

 

 
 

Figure 6: (a) Toluidine blue staining on prostate sections verified reconstitution. 
Magnification, 20x; insets 40x. (b) Quantification of MCs infiltrating prostates of 
TRAMP, KitWsh-TRAMP and reconstituted (rec) KitWsh-TRAMP mice was performed 
on toluidine blue stained sections. MCs counts reported are an average of the count 
preformed in 5 fields per section. 
(c) Evaluation of prostatic lesions of reconstituted KitWsh-TRAMP mice (n=14) killed 
at 25 weeks, scored as dysplasia/PIN, adenocarcinoma (ADENO), or neuroendocrine 
(NE). Evaluation of frequency of prostate lesion within each group. Fisher test: **, P < 
0.01; ****, P < 0.0001. 
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Figure 7: (a) TRAMP and KitWsh-TRAMP (n=6 each group, pooled from two 
independent experiments) were depleted of T cells when 16 weeks old by surgical 
removal of thymus and subsequent administration of depleting anti-CD4 and anti-CD8. 
Treated and control untreated mice were killed at 25 weeks of age, and prostates scored  
as dysplasia/PIN, in situ ADENO or infiltrating ADENO. Representative H&E 
staining, magnification 20x. (b) Evaluation of frequency of prostate lesion within each 
group. Fisher test: *, P < 0.01; ****, P < 0.0001.  
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5.4 Mast cell CD40L triggered PMN-MDSC CD40 to suppress T-
cell function 

 

 
 

Figure 8: Representative immunofluorescence staining of spleens of 16-week-old 
TRAMP mice and of control 16-week-old KitWsh-TRAMP mice (magnification 63x). 
Green: Gr1, red: Triptase, blue: CD3.  
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Figure 9: (a) Representative immunofluorescence staining of spleens of 16-week- old 
TRAMP mice. Green: CD40, red: Triptase, blue: Gr1. (b) Mice (n=4 for each group) 
were killed at 25 weeks of age. Prostates were evaluated for quantitation of areas of 
dysplasia/ PIN (contoured in blue), in situ adenocarcinoma (contoured in red) or 
infiltrating adenocarcinoma (contoured in black). Magnification, 5x. (c) Graph depicts 
the relative percentage of each lesion on total tumor burden for each mouse. Experiment 
was repeated twice. Fisher test: **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.  



35 
 

 
 

Figure 10: (a) Immunohistochemistry for Triptase, CD40L or CD33 on serial section 
of human prostate cancer samples representative of different stages (Gleason Score 5, 
7 or 9). Magnification 20X, insets 40x. B) Representative immunofluorescence staining 
on the same human prostate cancer samples. Green: Tryptase, red: CD40L, blue: DAPI. 
Magnification 63X. C) Representative immunofluorescence staining on the same same 
human prostate cancer samples. Green: Tryptase, red: CD33, blue: DAPI. 
Magnification 63X. 
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5.5 Bone marrow hematopoietic alterations at infiltrative stage of 
peripheral mammary cancerogenesis 

 

 
 

Figure 11: (a) Representative H&E staining showed the stage of disease progression. 
(b,c): Semi-quantitative disease score of 6 and 12 weeks mammary lesions evaluated 
on H&E-stained sections. The overall disease score was calculated as the sum of the 
individual variables scores. 
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Figure 12: (a) A. Representative BM histology (H&E) of 24wks BALB/c and NeuT 
mice showing the increased density of immature myeloid granulocytic cell clusters and 
the contraction of erythroid and lymphoid elements in NeuT transgenic mice. Scale 
bars, 50 µm. A representative image is shown.  
(b) Representative microphotographs of immunohistochemical stainings highlighting 
MPO+ myeloid elements, Ter119+ erythroid colonies and PAX5+ lymphoid B cells in 
24wks BALB/c and NeuT BM sections. The immunostainings clearly indicate the 
expansion of myeloid elements and the concomitant contraction of the erythroid and B 
lymphoid populations. Scale bars, 50 µm. (c) Output of the quantitative analysis of BM 
hematopoietic composition based on cell counts performed on high-power microscopic 
fields (x400 magnifications) of H&E and immunostained sections. 
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5.6 Bone marrow hematopoietic adaptation is identified at pre-
invasive and pre-malignant stages 

 

 
 

Figure 13: (a,b) Representative microphotographs of H&E histologies, MPO, Ter119 
and PAX5 immunohistochemical stainings of 12wks (a) and 6wks (b) BALB/c and 
NeuT BM sections. The panel shows the relative increase of the density of MPO+ 
myeloid elements at the expenses of Ter119+ erythroid precursors and PAX5+ B 
lymphoid elements. Scale bars, 50 µm. (c,d) Output of the quantitative analysis of BM 
hematopoietic composition based on cell counts performed on high-power microscopic 
fields (x400 magnifications) of H&E and immunostained sections of 12 wks (panel C) 
and 6 wks (panel D) BALB/c and NeuT BM sections. 
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 5.7 Bone marrow stromal architecture alterations at early stages 
of peripheral cancerogenesis 
 

 
 

Figure 14: (a,b,c) Representative immunohistochemical stainings of Nestin+ 
mesenchymal stromal cells (a), CXCL12 chemotactic stromal factor (b) and CXCR4 
receptor (c) in BM sections of 6wks and 12wks BALB/c and NeuT mice showing the 
overall increase in the Nestin+ interstitial stromal meshwork in transgenic NeuT mice, 
the increase in CXCL12-expressing elements and the increase in CXCR4+ 
hematopoietic expression. Scale bars, 50 µm. (d) Quantitative immunolocalization 
analysis of Nestin, CXCL12 and CXCR4 on BM sections from 6w and 12w BALB/c 
and NeuT mice. The quantitative evaluation is expressed as the average percentage of 
marked areas calculated on software-segmented microphotographs from high-power 
microscopic fields (x400 magnifications) 
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Figure 15: (a,b,c) Microphotographs segmentation evaluated the distances between 
IHC-labeled regions and selected regions of interest. The software calculated the 
number of pixels of the segmented IHC-labeled areas, and the minimum distance of 
each pixel from the selected regions of interest, creating a graph of distance distribution. 
Differences in the distance distribution of IHC markers from the selected regions of 
interest were calculated according to the Kolmogorov-Smirnov test.  
 (d) Vessel proximity distribution of Nestin, CXCL12 and CXCR4 in BM sections from 
6 weeks and 12 weeks BALB/c and NeuT mice calculated on software-segmented 
microphotographs from high-power microscopic fields (x400 magnifications). 
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Figure 16: (a) Representative double-marker immunofluorescence showing CXCL12 
(green signal) and CXCR4 (red signal) expression in the BM of 12w BALB/c and NeuT 
mice. The images highlight the overall induction and redistribution of CXCL12 and 
CXCR4 in the BM vascular area of transgenic mice.  
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