UNIVERSITY OF VERONA

DEPARTMENT OF MEDICINE
PHD SCHOOL OF LIFE AND HEALTH SCIENCES
PHD IN INFLAMMATION, IMMUNITY AND CANCER

XXXII CYCLE /2016

Unveiling the role of DAB2-expressing
macrophages in supporting the metastatic spread

MED/04

o

Coordinator: Prof./ssa Ga

s . i 7] i —
Signature 6”{'414/'/@ (/OV%(%],&‘/(_)

Z

Tutor: Prof. Vince78ronte
Signature // -G M

ricla Constag}tin 9

PhD candidate: Francesca Hofer



This work is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 3.0 Unported License, Italy. To read a copy of the licence, visit the web page:
v

http://creativecommons.org/licenses/by-nc-nd/3.0/

Attribution — You must give appropriate credit, provide a link to the license, and indicate if changes were made. You may do so in
any reasonable manner, but not in any way that suggests the licensor endorses you or your use.

NonCommercial — You may not use the material for commercial purposes.

ONNS

NoDerivatives — If you remix, transform, or build upon the material, you may not distribute the modified material.

Unveiling the role of DAB2-expressing macrophages in supporting the metastatic spread
Francesca Hofer
PhD thesis
Verona, 6 May 2020


http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/
http://creativecommons.org/licenses/by-nc-nd/3.0/it/

Table of contents

TABLE OF CONTENTS

TABLE OF CONTENTS ...ttt ettt ettt ettt et et et e e sbeete e st eneeneensennesneenes 3
ABSTRACT ...ttt ettt e et st e et e a e st e e e teea e et e eseae e eaeens e s e s e eteeaeeteeneeneensesente e 5
SOMMARIO ...ttt sttt e a et et be bbbt ea et e st e b s bt e bt ebe et e e naeenes 6
INTRODUCTION ...ttt ettt ettt bbbt ettt et bbbt bt et et eaenaenes 8
Chapter 1: The immune SYStEM IN CANCET .......eeueerueertieriieiieie et eieeetee et ete e eeeseeeseeesaeesaeeneeenee 8
1.1 Hallmarks Of CANCET .......coiuiiiiiiiiiiietieeeeee ettt ettt s 8
1.2 The metastatic SPreaAdING ........cccveruieriirieerieriertieseeiesteseestesseeseeseesaesssesseesseenseensesnsensnes 10
1.3 Tumor-associated stromal cells as key contributors to the tumor microenvironment ....... 13
1.4 Tumor-infiltrating iMmMUNE CElLS ........cocuiriiiieiieiie e 14
1.5 Tumor promoting functions 0f TAMS ......ccoieriiiiriirierieeee et 23
1.6 Macrophages as therapeutiC taretS.........ccuerverrierrercierierieiieseesteereeeeeeresseesseesseeseesessnas 27
Chapter 2: Disabled Homolog 2; structure and functions .............cccceeeveveierieerieneeneesieeiesieniens 30
2.1 DAB2 molecular StIUCTUIE. ......ccueiuieiieiieetieetieteete ettt ettt e eeee e 30
2.2 The physiological functions 0f DAB2........ccoeiiiiiiiiie et 32
2.3 DAB2 can act either as tumor suppressor or promoting factor ..........cccecceevvevverreerieenennen. 34
2.4 DAB2 in myeloid cell populations ...........cceeveriieriiecieiieiieiiereee et seee e sre e saesenes 36
Chapter 3: Integrins and extracellular matrix in mechanotransduction ............cc.cceccvevereiereennens 38
3.1 Extracellular matrix: COMPOSIHION .....ecueeiuiiieieiieieeiieetieetie ettt 38
3.2 Contribution in cancer cell invasion: ECM stiffness and degradation .............c.cceevennenne 42
3.3 Signals related to ECIM-CelIS CONLACT ........covieriieiieiieiieniiesieeie e eee e sre e eere e ssaenseens 43

3.4 Role of YAP/TAZ in cell-matrix adhesion-mediated signaling and mechanotransduction
................................................................................................................................................. 45
AIM OF THE STUDY .ottt sttt st ettt et be st et et e beneeenes 48
MATERIALS AND METHODS ...ttt sttt 50
ANIMAL STUAIES ..ottt ettt ettt e se e et e s et e et et e ene e e st e ss e e st e teenteenaeeneas 50
Breast CanCer PAtICNES . .......ocueiieriieiieeie ettt ettt ettt eeseeeseeete et e et e s et ente et eteenaeeneas 50
GASHIIC CANCET PALICNL .....vvivievietienieeteeeteetteseesteesseesteesseeseesseesseesseessesssesssesseesseessesssesssesssenseens 51
CIL CUITUIE ...ttt b ettt et et bt et e bt et et e e et e 52
11 vitro BMDMS ZENETALION ........eueeiieiieieeie et eeteseee st et e e eteseeesseeseeesseeseeneeeneeeneesneenseens 53
Spontaneous and experimental MEtastases ASSAYS ... .evverreerueerureriieierienieesteeteeeeseeseeeseeeeeenes 53
Lung metastasis detection and quantifiCation............ccoecveeeveiierieneeneenie et eve e 54
ANtI-PD-1 iMMUNOTNETADY ...eeiviieiieiiie ettt ettt ee et e eaee et e e e eteeessaeeneneessaeenseas 54
CRISPR-Cas9 ENE €AItING ......coveruiriiriiiiiiiiiierieeieeetetetesteste sttt ettt 55
ENAOCYIOSIS @SSAYS ...veuveveeeeenienteniintenieeteeit et sttt ettt et et sttt st sbe ettt sa et sbeebe et e e enbenaeas 56
TIIVASTION @SSAYS .eeuuveeeurieiiieeiieriteeteeeteeeteeeteeeteeenteeesseeenseeasseeenseeaseesseeesssessseenssasnsseenssesnsees 56
INVETTEd INVASION ASSAY ..veeevieiiieeiieeiieeiteeetteeiteeeteeesteeeteeeseeesteeasseeesreessseeseessssesnseeessseenssens 57
XCELLIZEICE ...ttt ettt ettt st b et eb ettt sa e sbesbe bt et eetenaeas 58
CREIMOTAXIS ASSAY ..euveveereueeutetinterteeteetteuteates e et e st sbeebeeseeat et e et e sbe et e e bt eseestetebesaeebeeseensensentennenae 58
Organ cryoconservation and tiSSUE SECLIONING .........cevvveerurrerieerruieereeerireesreeseeesreesereessreenseens 58



Table of contents

ImMmMUuNOfIuOreSCeNCe (IF) ..ccuviiiiiiiieiieii ettt ettt enae s 59
Immunohistochemistry (THC) ......cooiiiiiiieeeeee e 60
Second harmonic generation (SHG) iMaINg........cooveveerieriiiiiiiiieeeeeee e 61
Preparation of cell suspensions from OTZANS ............cceecververierienieneeee e eee e e eseeee e 61
FLOW CYLOMEGLIY ..euvieniieiiieieeie ettt ettt ettt et et eeebesnaeseaesseesseenseenseesseessensaenseensaensennsennnes 61
IMMUNOMAZNELIC SOTTINE . ..c.eeetietieiieie ettt sttt ettt ea et e st et enteenaeeneas 62
Ex vivo T cell SUPPIESSION ASSAYS ...eeiueeruieruieieeiieiientientienteeteenteeitesseesteeseeenseeseeneeeneesseesseeneeans 62
In Vitro Dab2 MAUCHION .........coveiiiriiieiiricieteteteteete ettt aeas 63
Real-time PCR ......oouiiiiiiiiiiicec et 63
WESLEIN DIOt (WB) ..ttt ettt et et e et e et e e taeeteeesaaesseessseensseas 63
StatiStICAl ANALYSES .....veeeiiiiieieieiiet ettt st st sa e 65
RESULTS .ottt sttt st s 66
DAB2 is mainly expressed by tumor-associated macrophages localized along the tumor
INVASIVE TTONEHIE ...o.eeeeii ittt ettt s esae et et eneeeneenneens 66
DAB2-expressing TAMs support the metastatic ProCesS........oovvereereereeieeienieneesieeeeee e 69
Absence of DAB2 in vivo does not affect the accumulation of tumor-infiltrating myeloid
subpopulations or checkpoint therapy effiCacy ........ccecvvviirierieriieiicie e 71
DAB2" macrophages promote tumor cell invasiveness by ECM remodeling.............c.......... 72
DAB2 regulates integrin traffic ...........coooiiiiriirieee e 75
DAB?2 and integrins are required for cell-ECM interaction and tumor cell invasiveness ....... 76
ECM-integrin interaction supports DAB2-mediated neoplastic spread ...........cccccvevveeverenennen. 79
DAB2 expression is induced by chemical and mechanical stimuli..........c.ccocooceveiiiienencnn. 81
DAB?2 is expressed in metastasis-associated macrophages (MAMs) and supports lung
COLOMIZALION ...ttt ettt ettt e et et et e e e e saeesaeesae e st enseeneeeneesseeseenteenseennesneas 84
The presence of DAB2* TAMs in cancer patients correlates with worse prognosis............... 87
DISCUSSION AND FUTURE DEVELOPMENTS......ccocciniiiininieinircinieneeeesreeeesnee e 89
REFERENCES. ...ttt ettt ettt et st 95



Abstract

ABSTRACT

The dissemination of malignant cells from the primary tumor to distant organs is
the main cause of cancer-associated death and consists in a sequential multistep
process defined as “metastatic cascade”. Cancer cells undergo genetic and
epigenetic aberrations and acquire an invasive phenotype. They detach from the
site of origin and, by remodeling basal membranes and the extracellular matrix
(ECM), migrate into blood or lymph vessels, extravasate and adapt to an ectopic
tissue, creating a secondary tumor mass.

In recent years, researchers have focused their attention on the contribution of
tumor-associated immune cells in generating a favorable microenvironment for
tumor cell growth. In particular, among leukocyte populations, macrophages are
abundantly present in the tumor microenvironment (TME).

Although tumor-associated macrophages (TAMs) have the potential to eliminate
neoplastic cells, it has been shown that they exhibit many pro-tumor features.
Indeed, they support cancer cells proliferation, ECM remodeling and metastasis
formation, and their presence correlates with a poor prognosis. An increasing
number of reports supports their pro-tumor and pro-metastatic role, but either the
lack of specific markers or molecularly defined mechanisms underlying these
processes makes the development of anti-metastatic therapeutic strategies
particularly demanding.

To distinguish and target specifically TAMs involved in the pro-tumor and pro-
metastatic activities, we decided to investigate the role of TAMs in different
tumor settings. Here, we discovered that DAB2 (disabled 2, mitogen-responsive
phosphoprotein), an adaptor protein involved in the clathrin-mediated endocytosis
(CME), is highly expressed in TAMs and metastasis-associated macrophages
(MAMs) and its expression is induced by the TME. In particular, the results
obtained with this work allow us to establish DAB2 protein as regulator of TAM-
dependent ECM remodeling, a mechanism through which these cells support the
cancer spread. Moreover, we identified DAB2 as a promising prognostic marker
in several human malignancies, as well as a potential targeting molecule to block

or eradicate metastasis formation.
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SOMMARIO

La diffusione di cellule maligne dal tumore primario ad organi distali ¢ la
principale causa di morte associata al cancro e consiste in un processo a piu fasi
definito come "cascata metastatica". Le cellule tumorali, a seguito di mutazioni
genetiche ed epigenetiche, acquisiscono un fenotipo invasivo. Si staccano dal sito
di origine e, rimodellando la membrana basale e la matrice extracellulare (ECM),
migrano nei vasi sanguigni o linfatici, extravasano e si adattano ad un tessuto
ectopico, generando una massa tumorale secondaria.

Negli ultimi anni, i ricercatori hanno focalizzato la loro attenzione sul contributo
delle cellule immunitarie associate al tumore nel generare un microambiente
favorevole alla crescita delle cellule tumorali. In particolare, tra le popolazioni
leucocitarie, i macrofagi sono abbondantemente presenti nel microambiente
tumorale.

Sebbene i macrofagi associati al tumore (TAMs) abbiano il potenziale di
eliminare le cellule neoplastiche, ¢ stato dimostrato che essi presentano molte
caratteristiche pro-tumorali. Infatti, supportano la proliferazione delle cellule
tumorali, il rimodellamento della matrice extracellulare e la formazione di
metastasi e la loro presenza ¢ correlata ad una prognosi sfavorevole.

Un numero crescente di pubblicazioni supporta il loro ruolo pro-tumorale e pro-
metastatico, ma la mancanza di marcatori specifici o la conoscenza dei
meccanismi molecolari alla base di questi processi rende particolarmente
impegnativo lo sviluppo di strategie terapeutiche anti-metastatiche.

Per distinguere e raggiungere in modo selettivo 1 TAMs coinvolti nelle attivita
pro-tumorali e pro-metastatiche, abbiamo deciso di investigare il ruolo dei TAMs
in diversi modelli tumorali. Abbiamo scoperto che DAB2 (disabled 2, mitogen-
responsive phosphoprotein), una proteina adattatrice coinvolta nell'endocitosi
mediata da clatrina (CME), ¢ altamente espressa nei TAMs e nei macrofagi
associati a tumore (MAMs) e la sua espressione ¢ indotta dal microambiente
tumorale. In particolare, i risultati ottenuti con questo lavoro ci consentono di
affermare che i TAMs DAB2" regolano il rimodellamento della matrice

extracellulare e che questo ¢ il meccanismo attraverso il quale i TAMs supportano
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la diffusione neoplastica. Infine, abbiamo identificato DAB2 come promettente
marcatore prognostico in diverse neoplasie umane, nonché potenziale molecola

bersaglio per bloccare o eradicare la progressione metastatica.



Introduction

INTRODUCTION

Chapter 1: The immune system in cancer

1.1 Hallmarks of cancer

Tumorigenesis is a pathological process in which genetic and epigenetic
aberrations lead to a progressive transformation of normal cells into malignant
derivatives that proliferate indefinitely inside the host. Despite its heterogeneity,
cancer complexity can be summarized in few main features. Indeed, all cancer
types share eight common tracts, also referred as “hallmarks” of cancer (/)

(Figure 1).
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Figure 1. The hallmarks of cancer and the contribution of immune and stromal cells. Among
the eight largely accepted hallmarks of cancer, seven of them have been demonstrated to involve
infiltrating immune cells and stromal cells from the TME. Each of these cells exert pro- or anti-
tumor specific functions. Reproduced from Hanahan and Coussens, 2012 (2).

According to this definition, cancer cells are self-sufficient entities, characterized

by the ability to stimulate their own growth. They resist to inhibitory signals that
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might arrest their proliferation (insensitivity to anti-growth signals), evade
programmed cell death (apoptosis) and multiply with a limitless replicative
potential. Moreover, since neoplastic cells need to fuel cell growth and division,
they restict their energy metabolism largely to glycolysis. This metabolic switch
termed ‘“‘aerobic glycolysis” is thought to sustain high-rate anabolism and
proliferation by providing the glycolytic intermediates necessary for amino acid
and nucleoside biosynthesis. A sixth hallmark of cancer is angiogenesis,
consisting in the formation of new blood vessels in the tumor mass. On one hand,
the circulation supplies cells with oxygen and nutrients, thus favoring their
aerobic metabolism and further proliferation. On the other hand, angiogenesis
ensures cells a way to enter the blood circulation and move elsewhere inside the
host or to eliminate the end products released by the rapidly dividing cells. This
leads to another key characteristic of cancer: invasion of surrounding tissues and
metastatization to distant organs. Finally, the eighth hallmark is the ability of
cancer cells to avoid recognition and destruction by the host immune system (3).
As discussed later, this is achieved by both selection of less immunogenic tumor
cell clones and promotion of an immunosuppressive microenvironment able to
hamper an efficient immune response against the neoplastic lesions.

Noteworthy, the discovery that a small population of cancer stem cells (CSCs)
sustains many types of cancer has extremely important implications for both
understanding and treating cancer. CSCs are a rare and chemotherapy-resistant
subpopulation of undifferentiated cells defined by the ability to sustain their own
self-renewal and, at the same time, to generate more differentiated cells
constituting the great bulk of the tumor mass (4). CSCs can originate from stem
cells that have undergone genetic and epigenetic mutations responsible for the
disruption of proliferative and differentiation programs of normal stem cells (4),
or from differentiated cells that have acquired stem cell properties as consequence

of genetic mutations.
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1.2 The metastatic spreading

Metastases are responsible for as much as 90% of cancer-associated mortality (35),
however the metastatic process has a low rate of success. Tumor can release
thousands of circulating tumor cells (CTCs) every day, but less than 0.1% of them
are able to successfully develop metastasis in the ectopic tissue (6) due to many
obstacles tumor cells must overcome to produce a secondary tumor (7). In solid
malignancy, dissemination of cancer cells from the primary tumor to distant
organs is a multistep process, defined as “metastatic cascade” (Figure 2). First,
cancer cells undergo genetic and epigenetic aberrations and acquire an invasive
phenotype. They detach from the origin site and, by remodeling basal membranes
and extracellular matrix (ECM), infiltrate into the blood stream or lymph vessels
(intravasation), turning into anchorage-independent CTCs. Then, CTCs exit from
the circulation (extravasation) and adapt to the new host tissue, generating a

secondary tumor mass (8).
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Figure 2. The metastatic process. Several steps characterize metastasis cascade: cancer cells
invasion, intravasation, circulation in the blood vessel, homing and extravasation, followed by
metastatic colonization. Reproduced from Anderson et al. 2019 (§).
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The early phase of the metastatic process starts with a profound alteration of the
adhesion mechanisms that normally keep the cells bound to the surrounding cells
and to the ECM. Indeed, to carry out the invasive program, tumor cells must
acquire characteristics of motility and undergo a drastic change of morphology
and transcriptional profile that makes the epithelial cells similar to the
mesenchymal ones: this process is called epithelial-mesenchymal transition
(EMT). EMT is not peculiar to tumor cells but normally occurs under
physiological contexts in the adult organism (wound healing) or during embryonic
development. EMT is characterized by the activation of transcription factors, such
as SNAIL, TWIST and SLUG, which regulate the transcription of many genes,
including E-cadherin (9). While E-cadherin undergoes a progressive reduction in
its expression and epithelial cells lose their characteristic polarity, the expression
of several genes of mesenchymal lineage (e.g. vimentin and N-cadherin)
increases. In these cells, there is also an augmented deposition of fibronectin (FN)
and secretion of metalloproteases, which allow the degradation and remodeling of
basement membrane and ECM, respectively. The molecular mechanisms
underlying this transition are still not completely understood, but it is certainly a
consequence of the activation of a multitude of specific factors. The alterations in
the adhesive properties of tumor cells also involve the heterodimeric
transmembrane glycoproteins called integrins (ITGs) that connect the cell to the
basement membrane and ECM through a dynamic rearrangement of the actin and
myosin cytoskeleton. A key role in the metastatic process is played by proteins
with GTPase activity included in the Rho-GTPase family, (e.g. Ras homolog
family member A (RHOA), Rac GTPase (RAC) and cell division control protein
42 homolog (CDC42)), which contribute to the formation of protruding structures
on the cell surface that are essential for migration (/0). After matrix invasion,
cancer cells disseminate through the blood and lymphatic circulation, exit the
vessel and colonize another organ. Malignant cells begin to grow, forming
micrometastasis, and activate a process called mesenchymal-epithelial transition
(MET) which implicates the acquisition of epithelial cell characteristics (7).
However, much remains to be done to understand the biology of metastasis; in

particular, it needs to be further investigated how cancer cells are able to influence
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the frequency and the site specificity of metastatic growth. A first hypothesis
about metastasis organotropism was formulated by Stephen Paget and colleagues
in 1889 (/7) and named “seed and soil” theory. They proposed that tumor cells
(the “seed”) grow preferentially in specific organs (the “soil”’), highlighting the
crucial role of the microenvironment in supporting metastasis formation.
However, Paget’s proposal was not universally accepted for decades, due to the
position of other researchers who claimed that tumor cells follow the circulatory
route from the primary tumor to the first organ encountered (/2). Despite
anatomical and mechanical factors definitely influence the site of tumor arrest,
some organs, such as brain and bones are poorly supplied by the circulatory
volume, but frequently involved as metastatic sites.

In line with Paget’s theory, recent publications underline the ability of cancer cells
to colonize defined tissues. For example, the major sites of metastasis for breast
carcinomas are the bone, the lung and the brain, while liver and lung are the
preferential sites for colorectal and pancreatic carcinomas. Moreover, some cancer
cells rarely seed in other organs even though they are highly invasive (/3). All
these findings highlight the essential role played by the generation of a supportive
and receptive tissue microenvironment at the metastatic site, defined as “pre-
metastatic niche” (p-mN) and ready before the arrival of tumor cells. Indeed, p-
mN is known to enhance metastatic efficiency and determine metastatic
organotropism (/4). Its development requires that tumor-derived soluble factors
(TDSFs), such as cytokines and growth factors, genetically re-program not only
resident cells (e.g. fibroblasts) but also non-resident cells such as bone marrow
(BM)-derived cells (/5). Examples of such TDSFs are vascular endothelial
growth factor A (VEGFA), tumor necrosis factor (TNF) and transforming growth
factor beta (TGF-B), which induce the release of the inflammatory mediators
ST100A8 and ST100A9 in the lungs with subsequent recruitment of myeloid cells
(16). Lately, it has been demonstrated that also tumor-derived exosomes prime the
p-mN and even determine metastatic organotropism, exploiting an ITG-dependent

mechanism (/7).

12



Introduction

1.3 Tumor-associated stromal cells as key contributors to the tumor

microenvironment

In the recent past, cancer researchers mainly focused their studies on the primary
tumor, exploring adhesion, migration and metastasis as intrinsic properties of
cancer cells (/) and discovering several oncogenic factors, tumor suppressor genes
and signaling pathways contributing to the malignant transformation (2).
However, tumor is a complex entity constituted not only by malignant cells, but
by a network in which immune and stromal cells are involved in an intricate
mutual relationship with cancer cells (Figure 3). Stromal cells participating in this
process belong to two subsets: angiogenic vascular cells and cancer-associated
fibroblasts (2). The physiological function of these populations is altered in the
tumor context, where they can be corrupted by cancer cells to generate a cancer-

promoting environment.
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Pericyte (PC) é?(f:IaPmalory Cells
s

Local & Bone marrow-

derived Stromal Stem
& Progenitor Cells

©
©
©
©

Core of Primary Tumor Invasive Tumor Metastatic Tumor
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Figure 3. Tumor microenvironment: cell composition. TME includes cancer cells (CCs), cancer
stem cells (CSCs), cancer-associated fibroblast (CAFs), endothelial cells (ECs), pericytes (PCs),
and immune inflammatory cells (ICs). Reproduced from Hannahan and Weinberg 2011 (/).
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The angiogenic vascular cells are endothelial cells (ECs) responsible of the tumor-
associated vasculature formation. During tumor progression, angiogenesis is
essential to supply the tumor with nutrients and oxygen and to allow tissue
invasion and metastasis formation. ECs can be activated to construct new blood
vessels (angiogenesis) or, in some cases, lymphatic vessels at the periphery of
tumors (lymphangiogenesis) (/8). ECs communicate either by direct contact or by
paracrine signal with pericytes (PCs), a type of mesenchymal cells with
contractile function. These cells surround the blood vase acquiring a finger-like
shape and collaborating with ECs in synthesizing the vascular basement
membrane that sustains the hydrostatic pressure within blood vessels (/8).
Cancer-associated fibroblasts (CAFs), one of the major subset present in the
tumor stroma, are able to provide physical and biochemical support to the tumor
mass, favoring tumor cell growth, angiogenesis, invasion and metastasis
formation. CAFs can orchestrate the remodeling of the stroma, by degrading or
synthesizing components of the ECM, and the recruitment of both ECs and PCs
by releasing growth factors and chemokines (/9).

Finally, TME consists in the infiltrating immune cells, leukocytes of both myeloid
and lymphoid origins, already present in the tissue or recruited from the

circulation, due to the state of chronic inflammation established by the tumor (20).

1.4 Tumor-infiltrating immune cells

The ability of the immune system to recognize and eliminate primary developing
tumors in the absence of external therapeutic intervention is a concept that has
existed for nearly 100 years. Understanding cancer development and how the
immune cells impact tumor fate are one of the main challenges in immunology.
Tumors are infiltrated by leukocytes and the degree of these infiltrations is similar
to that arising in normal inflamed tissues, suggesting that an inflammatory
reaction usually occurs in tumors. Historically, this was interpreted as an attempt
of the immune system to eradicate the tumor.

In 1891 William B. Coley documented beneficial effects of infection on bone
sarcomas treatment, formulating the idea of immune control of neoplastic disease

(21). However, such idea was not vigorously pursued until the midpoint of the
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twentieth century when the concept of tumor-specific antigen (TSA) was
introduced.

The presence of a variety of antigens (Ags) in cancer cells is the result of genetic
instability occurring in cancer cells, which leads to the generation of neoantigens
exclusive to the transformed cells (TSA) or epitopes from proteins already
expressed at low levels in normal tissues (tumor-associated antigen, TAA). T
lymphocytes play a pivotal role in recognizing these Ags and aid the immune
system in the destruction of the newborns transformed cells long before they
become clinically detectable. But the clear evidence of the prominent role of
immune system in primary tumors eradications was obtained with the introduction
of immunodeficient mice. Studies on mice lacking recombination activating gene
2 (RAG-2) and thus losing the ability to develop T, B, and NKT cells as well as in
mice deficient in interferon (IFN)-y signaling reported increased sarcoma,
adenoma and adenocarcinoma incidence compared to the immune-competent
hosts (22). Moreover, a high infiltration of some lymphoid cell populations in
tumor correlates with improved patient’s prognosis, along with a reduced
recurrence after therapy, indicative of the therapeutic success (23).

In order to explain the dynamic interaction between the immune system and the
neoplastic cells, Robert Schreiber and collaborators advanced the Cancer
Immunoediting theory (3), which develops in three different phases: elimination,
equilibrium and escape.

In the first phase of “elimination”, cancer cells are subjected to the immune
surveillance. This phase can be considered concluded only when the immune
system eliminates all existing tumor cells. In the case of an incomplete tumor
eradication, “equilibrium” phase starts. This second phase is characterized by a
balance between the elimination of immunogenic cancer cells and the survival of
less-immunogenic ones, due to the acquisition of new mutations (immunoediting).
These new tumor variants are able to resist or suppress the antitumor immune
response, leading to the “escape” phase. During the “escape” phase, the immune
system is no longer able to restrain tumor cells, which evade the host defenses,

given rise to malignant progression.
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Cancer cells, in the attempt to survive in a hostile tissue, generate a favorable
TME through the continuous release of TDSFs, which alter the normal
hematopoiesis inducing a blockade in the myeloid differentiation program that
leads to the abnormal expansion and accumulation of immature myeloid cells (3,
15). These tumor-infiltrating cells are able to suppress actively the immune
surveillance as well as to promote tumor growth and invasion in surrounding
tissues (20). The presence of these reprogrammed immune cells is correlated with
poor prognosis in patients and with low efficacy of anti-cancer immunotherapies
(24). Moreover, immune suppressive cells can also migrate into secondary
lymphoid organs and induce immune tolerance to tumor Ags, further impairing
the anti-tumor immune response (25). Among these cells, the accumulation of
CDI11b" myeloid cells and, in particular, of dendritic cells (DCs), tumor-
associated neutrophils (TANSs), myeloid-derived suppressor cells (MDSCs) and

TAMs in a tumor-driven context has been extensively investigated.

e Dendritic cells

DCs are myeloid cells that act as antigen presenting cells (APCs) by processing
and presenting Ags to T cells. They arise from both myeloid and lymphoid
progenitors within BM and comprise two major subsets: conventional DCs and
plasmacytoid DCs (26).

Conventional DCs are responsible for Ag uptake by phagocytosis and ingestion of
a large amount of extracellular fluid by micropinocytosis. They have an immature
phenotype that is associated with a low level of major histocompatibility complex
class II (MHCII) proteins and B7 co-stimulatory molecules, and thus with the
inability to stimulate naive T cells. Immature DCs are activated by pathogen-
associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs), both recognized by the evolutionary conserved toll-like receptors
(TLRs) (27). The binding of these ligands to TLRs induces differentiation of
immature DCs, which can then promote processing of pathogen-derived Ags, the
expression of co-stimulatory molecules and T cell-activating cytokines, as well as
the up-regulation of chemokine receptors that drive migration of DCs to

peripheral lymphoid organs (27).
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Plasmacytoid DCs recognize viral nucleic acids and self DNA fragments through
the TLR pathway and consequently stimulate the production of high amounts of
type I interferon, such as IFN-a, to induce innate and adaptive immune responses.
Plasmacytoid DCs, as conventional DCs, express low levels of MHCII and co-
stimulatory molecules on their surface, but they contribute to the T cell activation
acting as helper cells for Ag presentation. Indeed, upon TLR-9 signaling, they
promote the production of CD40 ligand (CD40L), a TNF-family transmembrane
cytokine, which binds to the CD40 receptor expressed by activated conventional
dendritic cells (26). This interaction induces the secretion of the pro-inflammatory
interleukin 12 (IL-12) by conventional DCs, which, in turn, causes the massive
production of IFN-y by T cells, helping the macrophages to eliminate bacteria.
Furthermore, these DCs are known to elicit autoimmunity, if chronically
activated, as well as immune tolerance, if they remain resting (26).
Tumor-infiltration by mature, activated DCs adequately stimulates immune
responses through the recruitment of anti-cancer immune effector cells and
guarantees a better outcome for patients (28). However, TDSFs including VEGF,
macrophage colony-stimulating factor (CSF-1), granulocyte-macrophage colony-
stimulating factor (CSF-2), interleukin 6 (IL-6), interleukin 10 (IL-10) as well as
hypoxia, can impair terminal DC differentiation. The decreased production of
mature DCs causes the expansion of immature DCs, characterized by poor T-cell
activating abilities, and the shift of DC precursors towards macrophage
differentiation (29). These immature, tumor-conditioned DCs may also actively
suppress CD8" T cell responses through the expression of immune suppressive
molecules such as arginase 1 (ARG1), IL-10, TGF-f and indoleamine 2,3-
dioxygenase (IDO) (30, 31). IDO is an enzyme that limits T cell growth by
consuming local L-tryptophan and enhances the activity of regulatory T
lymphocytes (Tregs), a particular subset of CD4" T helper (Th) cells that inhibit T
cells to sustain peripheral tolerance in tissues (32).

Moreover, we recently demonstrated that a particular subset of DCs, the TNF-
and inducible nitric oxide synthase (iNOS)-producing DCs (Tip-DCs), is pivotal
for increasing the efficacy of adoptive cell therapy (ACT) against the tumor (33).
Following ACT, Tip-DCs accumulate within the TME where they cross-present
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tumor Ags and activate adoptively-transferred and endogenous CD8" T cells

through a pathway requiring CD40-CD40L (33).

o Tumor-associated neutrophils
Granulocytes, also called polymorphonuclear leukocytes, are leukocytes
characterized by cytoplasmic granules and multi-lobed nuclei. They comprise
neutrophils, eosinophils and basophils that can be distinguished by the different
staining properties of their intracytoplasmic granules. They have short-life and
their production is increased during immune responses, when they migrate from
the blood circulation to sites of infection or inflammation. Neutrophils, the most
abundant granulocyte subtype, are phenotypically defined in mice as CD11b"
Ly6G*. They are highly specialized phagocytic cells that rapidly respond to
infections by destroying engulfed pathogens (34) using degradative enzymes and
other antimicrobial peptides stored in their granules. Because of their short life
span and fully differentiated phenotype, their role in cancer-related inflammation
has long been considered negligible. However, during tumor progression, two
tumor-infiltrating subsets with opposite functions have been identified: NI
neutrophils, with an anti-tumor cytotoxic effect secreting pro-inflammatory
cytokines, and N2 neutrophils, expressing ARG1, low levels of pro-inflammatory
molecules favoring tumor growth and dampening CD8" T cytotoxic lymphocyte
activation (35). Thus, on one hand, neutrophils kill tumor cells by producing
reactive oxygen species (ROS) and inhibit the formation of metastasis (36). On
the other hand, tumor can secrete granulocyte colony-stimulating factor (CSF-3)
to induce neutrophil production and attract them to the tumor site; once there,
neutrophils favor angiogenesis and secrete matrix metalloproteinase 9 (MMP9),
which supports the release of VEGF from the ECM (37). Moreover, CSF-3
induces early migration of granulocytes in pre-metastatic lungs of tumor-bearing
mice, where they can assist metastasis formation (38). An elevated number of
neutrophils was also found in the blood of cancer patients and correlated to an
increased risk for metastasis (39). Finally, recent evidence highlighted the role of
neutrophil-derived extracellular trap-associated proteases in ECM degradation and

laminin  (LN) production which in turn activate Yes-Associated
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Protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) signaling

in cancer cells, awakening dormant metastatic tumor cells in the lungs (40).

o Myeloid-derived suppressor cells
MDSCs are highly immunosuppressive, immature myeloid cells, whose ontogeny
and classification have been under extensive debate (47/). They share
morphological features with conventional monocytes and granulocytes; however
they have the ability to inhibit both adaptive and innate immune responses. In
2007 these cells were named myeloid-derived suppressor cells (MDSCs),
emphasizing their myeloid origin and their immune-suppressive function on T
lymphocytes in a tumor-driven context (42). The expansion of these population
has been described in different solid and hematologic malignancies occurring in
both human patients (43) and mouse models (44). Moreover, the levels of MDSCs
in the blood and at the tumor site correlate with an advanced tumor stage (45) and
a poor clinical outcome in several human cancers (46).
MDSCs were originally described in mice, on the basis of the co-expression of
CDI11b and Gr-1. However, this classification does not allow the clear
identification of these cells. At present, it is widely accepted that, mouse MDSCs
can be divided in two main subsets with different phenotypic and biological
properties: the polymorphonuclear MDSCs (PMN-MDSCs) and monocytic
MDSCs (M-MDSCs) (47).
PMN-MDSCs are the most represented MDSC population, defined as CD11b"
Ly6C*" Ly6G* cells. They can be discriminated from not activated granulocytes
for their immunosuppressive activity and for high levels of CD115 and CD244,
but low levels of CXC chemokine receptor 1 (CXCR1) and 2 (CXCR2) in mice
(47). Mouse M-MDSCs are defined as CD11b* Ly6CMe" Ly6G- cells and express
classic monocytic markers as CD115, F4/80 and CC-chemokine receptor 2
(CCR2) (47). M-MDSCs are distinct from circulating, inflammatory monocytes
because of their immunosuppressive function (higher than the polymorphonuclear
counterpart).
In humans, the identification of MDSCs is complex, because of the lack of

specific markers. Moreover, there is often no correlation between phenotype and

19



Introduction

immune suppressive activity (46). Recently, human MDSC population was
divided into ten different subsets (48), some of which correlated with a poor
prognosis in oncological patients (49).

The main function of both mouse and human MDSCs is the inhibition of T cell
recruitment, activation and proliferation with both direct and indirect mechanisms
(20). MDSCs are able to produce nitric oxide (NO), ROS and reactive nitrogen
species (RNS), which impair CD8" T cell responsiveness (by downregulating the
CD3( chain in the T-cell receptor - TCR), proliferation (by interfering with 1L-2
receptor signaling) and ability to migrate within TME and kill cancer cells (by
nitrating CCL2) (50). MDSCs contribute to the deprivation of essential amino
acids, necessary for T cell metabolism, such as L-arginine and L-tryptophan
through the activity of ARG1 and IDO-1 enzymes, respectively (46). Further the
functions of these immature myeloid cells are the induction of T cell tolerance
through the expression of programmed death ligand-1 (PD-L1) and the cytotoxic
T-lymphocyte antigen 4 (CTLA-4) receptors, as well as the expansion of
regulatory cells like CD4" Tregs and M2-polarized macrophages by TGF-B and
IL-10 release, respectively (20, 51, 52). Like Tregs, MDSCs may represent a
control system to avoid excessive and dangerous immune responses. In support of
this theory, it seems that the some immunosuppressive activity of MDSCs
requires IFN-y to be unleashed and IFN-y mainly derives from activated CD8"
CTLs and Thl cells (20). All these immunosuppressive mechanisms are
correlated with the induction of specific transcriptional factors such as the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) (53) and the
CCAAT-enhancer-binding proteins (c/EBP)-B (54). Recently, the role of signal
transducer and activator of transcription (STAT) 3 in the monocyte
reprogramming has emerged (49). In addition, MDSCs can also exert non-
immunosuppressive actions promoting tumor progression, invasion and
metastatization. They are able to release metalloproteinases for ECM degradation
(e.g. MMP2 and MMPY), differentiate into endothelial-like cells, promote
angiogenesis and prepare the p-mN for tumor cell arrival. They also induce EMT-
associated signaling pathways such as those dependent on TGF-B, epidermal

growth factor (EGF) or hepatocyte growth factor (HGF) (535).
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e Tumor-associated macrophages

Macrophages are terminally differentiated and highly heterogeneous myeloid cells
that act as specialized phagocytes. In adults, TAMs originate from circulating
inflammatory monocytes recruited to the tumor site through tumor- or stroma-
derived chemotactic factor, such as CCL2, or from self-renewal of tissue-resident
macrophages (56, 57). Resident macrophages are found in almost all peripheral
tissues of the body and are not derived from BM-derived progenitors, as
previously thought, but from yolk sac or fetal liver (57, 58). Indeed, macrophages
can originate from at least three different embryonic sources (from erythro-
myeloid progenitor (EMP) in the yolk sac and fetal liver, and from
macrophage/dendritic cell progenitor cells (MDPs) in the bone marrow) and
differentiate in tissue-specific macrophages according to their origin (59). Some
tissue-specific macrophages in adults are almost exclusively derived from one
source, while in other tissues different proportions of macrophages derive from
different precursors (58).

Phenotypically, macrophages mainly express F4/80, CDI115 (also known as
CSF1R, colony-stimulating factor 1 receptor) and MHCII markers in mice and
CD68, CD163, CD115, human leukocyte antigen (HLA)-DR markers in humans
(20). According to a historical and simplistic definition, macrophages can polarize
into two opposite phenotypes, depending on their high ability to integrate distinct
signals from the microenvironment (60). The ‘M1’ or ‘classically activated’
macrophages are induced by microbial components (e.g. Lipopolysaccharide,
LPS) and Thl cytokines (e.g. IFN-y). They promote Thl response and, through
the upregulation of inflammatory cytokines (e.g. IL-1B, TNF, IL-6), iNOS and
ROS-generating enzymes, they efficiently support anti-microbial and anti-tumor
actions (60). Contrary to DCs, macrophages are not specialized APCs, but when
they are polarized toward the M1 phenotype, they become efficient APCs. They
upregulate the MHCII, the co-stimulatory molecule CD86 and the pro-
inflammatory cytokine IL-12. Therefore, M1 macrophages can present Ags to
CD4" Th cells and drive a Thl-oriented adaptive response (61). The ‘M2’ or
‘alternatively activated’ phenotype is induced on macrophages by IL-4 and IL-13
cytokines (62), produced by Th2 cells during helminth infection and allergy. M2
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macrophages display a poor antigen presenting capacity, produce low levels of IL-
12 and high levels of the anti-inflammatory cytokine IL-10, thus inhibiting the
induction of Thl cells (60). In constrast, they produce Th2-, Treg- and basophils-
attracting chemokines (e.g. CCL17, CCL22 and CCL24) (61, 63). Moreover, M2
macrophages upregulate ARG1 and consequently produce polyamines and L-
proline, which support either the production of ECM components or nutrients for
active replicating cells, and deplete local L-arginine, suppressing CD8" T cell
responses (61).

Thus, according to this simplistic definition, M1 macrophages represent the pro-
inflammatory subset, while the M2 macrophages the anti-inflammatory one. The
M1/M2 classification constitutes only a simplification to distinguish between the
many functions that macrophages can potentially exploit within tissues (63).
Therefore, M1 and M2 phenotypes should be considered as extreme conditions of
a full spectrum of polarizations with several overlapping functions that
macrophages can assume in vivo (64). Thus, it becomes difficult to identify rare
myeloid subpopulations due to the presence of complex tissue-derived signals,
which generate intermediate phenotypes, and to the lack of specific markers (56).
In mouse tumors, a further level of complexity is given by the fact that TAMs
may also express MHCII and CD11c¢, which are typical DC markers. Remarkably,
a gene signature comprising 37 genes from TAMs correlated with highest
expression of CSF-1 response signature and with a shorter disease-
specific survival (DSS), indicating sialic acid binding Ig like lectin 1
(SIGLEC1/CD169) as discriminating TAM marker. High levels of this gene were
found in TAMs in invasive breast cancer tissue specimens and, to a much lower
extent, in circulating monocytes (635).

To capture the full heterogeneity of tumor-infiltrating macrophages, single-cell
RNA sequencing (scRNA-seq) can offer the opportunity to investigate the whole
transcriptome of individual cells, without the limit of prior knowledge of specific
markers. As highlighted from a single-cell analysis performed on myeloid cells in
non-small lung cancer (NSCLC) as well as in a mouse model of this disease,
several distinct populations of macrophages can be identified and clustered by

their gene expression (66).
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1.5 Tumor promoting functions of TAMs

Macrophages display a plethora of different functions according to the
surrounding microenvironment, which influences their polarization. They have a
role in primary tumor, where they stimulate neovascularization, intravasation and
tumor cell invasion; and in the metastatic site, promoting tumor cell extravasation,
survival and permanent growth (Figure 4). Macrophages are also involved in
immunosuppression, either protecting cancer cells from natural killer (NK) and T
cells during tumor progression and after chemo- or immunotherapy treatment (6).
For this reason, the presence of TAMs in tumor infiltrates of patients correlates

with a poor prognosis (67).
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Figure 4. The pro-tumor functions of TAMs. Macrophages in the TME can sustain cancer
progression by inducing tumor cell activation and invasion, neovascularization,
immunosuppression and metastasis. Reproduced from Komohara et al. 2016 (68).

e TAMs favor tumor activation
TAMs can induce both in vitro and in vivo tumor cell activation and proliferation.

In particular, TAM-derived heparin-binding EGF-like growth factor (HB-EGF)
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and oncostatin M, IL-6 or IL-10 stimulate EGF receptor (EGFR) and STAT3 in
cancer cells, respectively. The activation of STAT3 signaling pathway also
enhances stem cells features in tumor cells that can survive and resist to anti-
cancer therapies (69). Notably, an M2-like population of peri-vascular TAMs
induced by the CXCL12 (also known as stromal cell-derived factor 1, SDFI)
chemokine was recently retained responsible for re-vascularization and relapse
after chemotherapy (70).

Through the release of TNF-a or other cytokines, TAMs are able to induce NF-
kB, a transcription factor involved in the activation of stemness and therapeutic
resistance in neoplastic cells (77). The same pro-tumor effects seem to be
obtained also following physical interaction between macrophages and tumor
cells, with involvement of membrane CSF-1, intracellular adhesion molecule-1

(ICAM-1) and ephrin (72).

o TAMs favor angiogenesis and lymphangiogenesis inside the tumor
Tumors, in order to grow beyond a certain size and spread into distal organs,
require the activation of a process defined as “angiogenic switch”. VEGF, TGF-
and platelet-derived growth factor (PDGF) released by TAMs are directly
responsible of the regulation of this switch (73). TAMs can also induce
angiogenesis in an indirect way, synthetizing the WNT family ligand WNT7B or
the MMP-9, which in turn stimulates VEGF release from matrix (74, 75).
Moreover, Tie2-expressing macrophages (TEMs), a subpopulation of TAMs, are
able to differentiate in perivascular macrophages and, since they express the
receptor for angiopoietin 2 (ANG2), interact with ANG2" ECs to induce the
angiogenic process (76). The targeting of ANG2 or Tie2 is associated with an
impaired neoangiogenesis in different mouse tumor models (76). Unlike normal
blood vessels, tumor blood vessels form a leaky but denser vascular network. The
angiogenic potential of TAMs has been proven further by depletion studies, which
demonstrated a correlation between TAMs and blood vessel density, mirroring the
interaction between these two components of the TME (77). Furthermore, TAMs
are also responsible of lymphangiogenesis, an important route for malignant cells

spreading to regional lymph nodes and distant metastasis, in a VEGF-C/VEGFR-3
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axis-dependent manner. This interaction favors lymphangiogenesis by either
directly affecting the lymphatic endothelial cells (LECs) activity or indirectly
promoting cathepsin secretion (78). Treatment with VEGF-C/VEGFR-3 targeting
antibody or genetic ablation of heparanase in mouse models significantly altered
the lymphatic vessel phenotype, leading to an impaired primary tumor growth and

metastasis (79).

e TAM:s favor tumor invasion

In the early stages of metastasis, tumor cells lose cell-cell adhesion and their
apical-basal polarity, acquiring a mesenchymal phenotype and the ability to
invade the basement membrane. It has been reported that TAMs are involved in
the regulation of this process, defined as EMT transition (80), via secreting
various soluble factors, such as IL- 1B, IL-8, TNF-a, and TGF-B (8/). The co-
culture of TAMs with different cancer cell lines reduced the expression of E-
cadherin and enhanced the expression of N-cadherin and SNAIL (87). TAMs can
also directly stimulate the directional tumor cell migration and invasion by
secreting EGF paracrine factor. EGF-activated tumor cells can in turn release
CSF-1 to promote the motility of TAMs (82). Furthermore, perivascular TAMs
promote the synthesis of fibrillar collagen type-I (COL 1), speeding up tumor cells
migration along stroma fibers toward blood vessels, where TAMs support their
intravasation (83). To enhance this process, TAMs secrete CCL18 and osteonectin
(also known as SPARC - secreted protein acidic and rich in cysteine), which
modulates the ECM adhesive properties of cancer cells (84, 85). According to
recent studies, SPARC supports FN and vitronectin (VN) interaction with cancer
cells via ITGs activation, creating a traction force that trails tumor cells within
stroma and toward blood vessels (85). The degradation and the remodeling of the
ECM are likewise essential to permit tumor cell escape beyond basal membrane,
facilitating both invasion of surrounding healthy tissues and formation of
metastasis in distant organs.

TAMs support the proteolytic disruption of cell-cell and cell-ECM interactions,
expressing high levels of several membrane-anchored and secreted proteases, such

as cysteine cathepsins (e.g. cathepsin B and S), serine proteases (e.g. plasminogen
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activator) and matrix metalloproteinases (e.g. MMP2 and MMP9). These enzymes
target cell-adhesion molecules (such as E-cadherin) or stromal proteins (such as

collagens) (83, 86).

o TAMs favor the generation of an immunosuppressive tumor
microenvironment

TAMs exert also an immunosuppressive activity, through the expression of a wide
range of molecules, including cell surface receptors, cytokines, chemokines and
enzymes. Under hypoxic conditions, they express the ligand for PD-1 and CTLA-
4 that, upon activation, suppress cytotoxic functions of T and NK cells (33, §7).
While upregulation of death receptors FAS and TRAIL by TAMs promotes the
apoptosis of target cells, the expression of non-classical HLA-G can inhibit NK
and T cell function. TAMSs are not efficient APCs and, when isolated from tumors
and stimulated in vitro with microbial products, release high levels of IL-10 and
low/null levels of IL-12 (88). Consequently, TAMs are not able to activate NK
and Thl cells and induce an anti-tumor response; by contrast, they lead to the
development of Th2 cells, which in turn maintain an M2-like phenotype of TAMs
by secreting IL-4 (89).
Moreover, IL-10 and TGF-B secreted by TAMs induce CD4" T cell differentiation
in Tregs, and TAMs also release chemokines CCLS5, CCL20, CCL22 that attract
Treg cells in the tumor mass (90). In turn, Tregs, together with Th2 cells, promote
macrophage M2 polarization. This is achieved through the release of I1L-4, IL-10
and IL-13, which increase the expression of the mannose receptor CD206 and the
scavenger receptor CDI163 on macrophages and inhibit macrophage
responsiveness to the MIl-polarizing bacterial stimuli (97). Also tumor cells
induce the M2 phenotype by secreting TNF-a, which is able to upregulate both
type I and II scavenger receptors on macrophages . Thus, TAMs favor the
generation of an immunosuppressive microenvironment inside the tumor mass by
recruiting and activating regulatory cell populations; in turn, these cells sustain
TAM accumulation and immune-modulatory properties in a positive loop.
TAMs secrete the enzyme ARG] that, depleting L-arginine, inhibit TCR { chain

re-expression on plasma membrane after the endocytosis in activated T cells (92).
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o TAMs favor tumor metastasis

Myeloid cells and, in particular, MAMs are known to provide a road map for the
homing of CTCs into the p-mN and to support their adaptation and survival in the
new hostile tissue (6).

During metastasis formation, the accumulation of pro-tumor myeloid cells such as
BM-derived classical inflammatory monocytes (F4/80'°*CD11b"Ly6C" in mice
and CDI14"e'CD16" in humans) occurs through CCL2-CCR2 dependent
mechanism (93). After extravasation, these monocytes turn into metastasis-
associated macrophages precursor cells - MAMPCs (F4/80Me"CD1 1bMehLy6Chish),
which are induced by CSF-1 to differentiate into a distinct population of
macrophages defined MAMs (F4/80°YCDI11bMe"Ly6C"Y) (15, 94). Ex vivo
imaging of the metastatic lung revealed that macrophages directly take contact
with extravasating cancer cells, and genetic ablation or blockade of MAMs
reduced the number of cancer cells that migrate from the blood vessels into the
surrounding tissues (94). Even after metastases are established, their loss inhibits
further metastatic growth, suggesting that MAMs are necessary for cancer cell
survival and proliferation (93, 94). These macrophages are also known to increase
further vascular permeability by secreting VEGF or mediating protease-dependent
release of matrix-bound VEGF (95), and to inhibit cytotoxic T cells (93, 94),
maintaining an immunosuppressive environment, which in turn favors metastasis
formation (96).

Moreover, MAMs increase the survival of disseminated human breast cancer cells
through engagement of VCAMI1 on tumor cells, which results in signaling for cell
survival through the activation of protein kinase B (97). Acting on several steps of
the malignant progression, MAMs are considered metastasis promoters and,
therefore, they represent compelling therapeutic targets to enhance

immunotherapy efficiency.

1.6 Macrophages as therapeutic targets

Considering the complexity of TAMs and MAMs population, it is essential to

understand the cellular and molecular mechanisms underlying their regulation and
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identify possible therapeutic targets, either reducing or blocking their pro-tumor
and pro-metastatic features. Several strategies have been investigated, including
TAM depletion, inhibition of their recruitment and reprogramming.

Considering that CSF-1 growth factor is involved in the differentiation of
monocytes and macrophages, it represents an attractive therapeutic target to
deplete these cells. Different antibodies and small molecules are now under pre-
clinical and clinical evaluation (98). Among them, an anti-CSFIR blocking
antibody recently used to treat synovial giant-cell tumors overexpressing CSF-1
elicited some anti-tumor responses (99). In other works, treatment with an anti-
CSF-1 neutralizing antibody or an inhibitor of the CSFIR signaling cascade
enhanced the efficacy of chemotherapy, mice survival and CD8" T cell response,
but also reduced tumor-initiating cells, tumor growth, metastasis and angiogenesis
(100). Moreover, our group recently demonstrated that blocking CSF1R signaling
before ACT reduced the accumulation of TAMs and their suppressive activity
without altering Tip-DC generation from precursors and increasing their presence
at the tumor site; this resulted in an increased efficacy of the ACT therapy (33).
Despite some promising results, the overall depletion of monocytes and
macrophages by the inhibition of CSFIR is not specific for TAMs and it is
reported to be toxic over a long period of time (/07). Alternatively, transient
ablation of TAMs requires a deep knowledge of immune reactions occurring in
each phase of tumor progression. Indeed, the treatment can be effective only if the
period between one drug administration and the subsequent is sufficient to
guarantee monocyte recruitment at the site of inflammation and their
differentiation in anti-tumor TAMs.

Interestingly, another therapeutic strategy for TAM-targeting consists in blocking
their accumulation at the primary tumor or metastatic site. In particular, tumor
cells, through the secretion of CCL2, are able to recruit classical monocytes that
express CCR2. High levels of CCL2 in serum and in tumors are correlated with
poor prognosis in different type of tumors (/02). Unfortunately, clinical trials
using CCL2-neutralizing antibodies reported no therapeutic advance (103).
Instead of targeting all macrophages or blocking their recruitment, a more

efficient approach is to reprogram only macrophages with pro-tumor action,
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restoring their anti-tumor activity. In this way, long-term toxicity due to the
ablation of all macrophages can be overcome. Among the treatments tested to date
in pre-clinical and clinical trials there are anti-CD47 antibodies, toll like receptor
agonists, anti-CD40 antibodies, MARCO-neutralizing antibodies and histone
deacetylase (HDAC), phosphatidylinositol 3-kinase (PI3K), miRNA inhibitors
(104). Furthermore, TAMs express high levels of PD-L1 and PD-L2, as well as
PD-1. TAM-specific PD-1 inhibition reduced tumor growth, whereas CSFIR
inhibition enhances the therapeutic efficacy of PD-1 blockade in melanoma

models (104).
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Chapter 2: Disabled Homolog 2; structure and functions

2.1 DAB2 molecular structure

DAB2 (disabled 2, mitogen-responsive phosphoprotein) is an adaptor protein
involved in the CME of specific transmembrane receptors, in signal transduction
pathways (/05), cell adhesion, hematopoietic cell differentiation and
angiogenesis. The human transcript of DAB2 (originally named as DOC2) was
discovered by Liang and Pardee (/06), while the mouse orthologous protein was
identified by Xu and colleagues in the BAC1.2F5 macrophage cell line (107).
The name of the protein derives from its homology with the Disabled (Dab) gene
previously identified in Drosophila melanogaster and known to interact with the
Abl tyrosine kinase during neuronal development (108).

The DAB2 gene is located in chromosomes 5 and 15 (/09) in human and mouse
genome respectively. Transcripts derived from these two species present
approximately 83% identity (/09).

DAB2 is alternatively spliced to generate two isoforms, named p96 and p67 for
their molecular weight of 96 and 67 kDa, respectively. Over the past years, the
majority of works describing the role of DAB2 in endocytosis were conducted on
the p96 isoform and, for this reason, little is known about the functions of the p67
isoform. The p96 is reported to be phosphorylated in BAC1.2F5 macrophages
upon CSF-1 stimulation, a cytokine required in vivo and in vitro for the
differentiation, proliferation and survival of hematopoietic precursor cells of the
mononuclear phagocyte lineage, which comprises macrophages and monocytes
(107).

DAB2 possesses a highly conserved N-terminal PTB (phosphotyrosine-binding)
domain with a NPXY motif for the membrane proteins binding, a central clathrin-
and adaptor protein-binding domain highly similar to the Drosophila protein, and
a proline/serine-rich C-terminal (PRD) domain with binding sites for SH3-

domains and myosin VI (Figure 5) (107, 110).
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Figure 5. Schematic representation of the two isoforms of DAB2, p96 and p67. Reproduced
from Maurer et al., 2005 (/11).

DAB2 recognizes and binds, through its PTB domain, the NPXY amino acidic
sequence present in the intracellular domains of several membrane receptors, like
the low-density lipoprotein receptors (LDLRs), megalin, ITGs and E-cadherin
(105, 112, 113). After binding with receptors which have to be internalized,
DAB2 is engaged underneath the plasma membrane, where promotes the
formation of clathrin assemblies. The interaction between p96 isoform and
clathrin is mediated by an amino acidic sequence in the central region of DAB2
(Figure 5) (/11). This sequence is missing in p67 isoform, but in the long form it
is suitable to bind other endocytic proteins like adaptor protein (AP) 2 (/12).
Intracellular transport of clathrin-coated vesicles requires myosin VI, whose
cargo-binding domain interacts with the C-terminus of DAB2 (7//4). Therefore,
DAB2 acts as a linker between myosin VI and clathrin, allowing the transfer of
clathrin-coated vesicles from the plasma membrane into the cell along actin
filaments (/75). Besides the clathrin-coated vesicles, the DAB2-mediated
endocytosis of membrane receptors requires the anchoring of DAB2 to
phospholipids through a poly-lysine sequence, close to the PTB domain and able
to recognize phosphoinositides with a negative charge. DAB2 binding to
phospholipids can be positively or negatively regulated through the
phosphorylation of the Ser24 residue, near the poly-lysine sequence (/17).
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2.2 The physiological functions of DAB2

DAB?2 is an endocytic adaptor protein widely distributed among body tissues,
highly expressed in many epithelial cell types and entailed in several
physiological processes as well as in embryonic development (/16).

Endocytosis is the conserved mechanism used by eukaryotic cells to internalize
plasma membrane proteins lipids, extracellular fluids, molecules, exosomes and
pathogens. Through this process, cells are able to uptake nutrients, receive and
transmit signals from microenvironment, recycle membrane components, present
Ags, carry out neurotransmission at synapses, and migrate (/175).

Endocytic pathway can be divided in: CME (also referred as receptor-mediated
endocytosis), phagocytosis, pinocytosis and caveolae-dependent.

CME is the most studied endocytic route, although it is not the most frequent one.
It is involved in the internalization of a great variety of transmembrane receptors
and associated ligands, forming 50-100 nm membrane vesicles (//7). CME
consists of five steps: nucleation, cargo selection, coat assembly, scission and
uncoating (Figure 6). The first phase starts with an alteration of the plasma
membrane curvature in the region to be internalized. In particular, many AP
complex intervene in the CME process either acting directly, by promoting the
bending of the membrane and acting as scaffold molecules, or indirectly by
recruiting auxiliary proteins (such as AP180, epsins and auxilin) (/7/7). In
mammals, different AP complexes have been identified, including AP-2, which is
recruited to the nucleation module and connects at the same time the membrane,
the target receptor, cargo-specific accessory proteins and clathrin. Examples of
cargo-specific adaptor and accessory proteins are f-arrestins and Dishevelled for
G protein-coupled receptors (GPCRs), low density lipoprotein receptor adapter
protein 1 (ARH) for LDLRs, Numb for Notch receptors, Arf-GAP domain and FG
repeats-containing protein (AGFG1) for SNARE proteins, stonin for
synaptotagmin and DAB2 for LDLRs, megalin, ITGs and E-cadherin (105, 118).
Once cargo is selected, recruited soluble clathrin polimerizes beneath the inner
face of the cell membrane (/77). This coating structure promotes the deformation
of the membrane to form clathrin-coated pits (CCPs) and stabilizes its curvature.

Clathrin and adaptor proteins force a further bending of the CCP until the upper
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edges are close enough to allow the binding of the scission protein dynamin, a
GTPase that causes the scission of the clathrin-coated vesicle (CCV) and its
release into the cytoplasm (7/9). After this phase, CCVs lose their clathrin coating
aided by the ATPase heat shock cognate 70 (HSC70) and other proteins (/7).
Actin polymerization might enhance membrane bending in the case of large
cargoes (i.e bacteria), when the membrane is particularly rigid, as in yeast, or
submitted to high tension, such as in adherent cells (/20). Moreover, actin
filaments are required for CCV trafficking inside the cell. Myosins are actin-
bound motor proteins that associate with the newly formed CCVs favoring their
directional movement from the membrane towards the destination compartment.
An example is myosin VI, a minus-end-directed motor protein that can be
recruited by DAB2 (114).

Finally, the CCVs fuse with early/sorting endosomes to deliver their cargoes.
Internalized receptors can be recycled back to the surface membrane for a
continuous ligand binding and transduction of the signal, or targeted to more
mature compartments known as late endosomes or multivesicular bodies (MVBs),
which can fuse with lysosomes for degradation of the internalized material (/27),
for normal protein turnover or termination of the signaling. Alternatively,
receptor-bound ligands inside endosomes can begin a signal amplification

pathway inside the cell (/77).
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Figure 6. Schematic representation of clathrin-mediated endocytosis. The process begins when
adaptor and clathrin complexes associate with the selected cargo, initiating the formation of a
coated pit. As the pit matures, additional adaptor and scaffold proteins (CLASPs) bind the inner
face of the cell membrane, promoting its bending. Upon dynamin intervention, the forming vesicle
is released from the original site to the cytoplasm (scission). Finally, the clathrin-coated vesicle
loses its coating and the cargo can be trafficked to the endosomal compartment of destination.
Examples of different cargos are reported in different colors. Blue and violet cargos contain motifs
able to recognize and bind clathrin-associated adaptors. These type of cargos can therefore be
engulfed into the forming CCP. Conversely, yellow cargos are internalized through a clathrin-
independent pathway. Reproduced from Reider and Wendland, 2011 (/22).

The ability of DAB2 to internalize and mediate the recycling of surface receptors
like ITGs and E-cadherin is associated to the modulation of the spatial
organization and polarization of the cells (/05). DAB2 downregulation determines
a disorganized and basement membrane-independent growth of cells, as it occurs
in ovarian and breast carcinomas (/23). Furthermore, DAB2 is important for a
normal embryonal development, mediating the internalization of megalin, cubilin,
cholesterol and E-cadherin in the visceral endoderm of mice embryos (//71).
Before the formation of placenta, transport across the visceral endoderm is the
only way the developing embryo can assimilate maternal proteins and lipids. As
consequence, the genetic ablation of Dab2 in mice results lethal due to
developmental defects, caused by loss of nutrients and endodermal cell
organization (//4).

DAB2 was shown to have a role also in kidney functioning. Conditionally mutant
Dab?2 KO mice showed defects in the formation of CCP in kidney proximal tubule
cells and in the transport of the megalin lipoprotein receptor. Consequently, KO
mice had excessive levels of plasma proteins in the urine (//4).

DAB2 is also expressed in platelets and has been implicated in homeostasis and in
the positive control of blood clotting by interacting with G protein-mediated

thrombin signaling (/24).

2.3 DAB2 can act either as tumor suppressor or promoting factor

DAB2 is considered to be a tumor suppressor and has long been described as a
predictor of poor prognosis and metastasis (/25). DAB2 depletion or
downregulation has been observed in tumors of the ovary, colon, breast, prostate,

oesophagus, bladder, head and neck, nasopharynx, and in some of these cases in
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the associated metastases (/25-127). Forced re-expression of Dab?2 restrained cell
growth and tumorigenicity of cancer cell lines (/23). However, DAB2 negatively
regulates cell growth and survival not only in cancer. For example, during
pregnancy and lactation in mice, mammary epithelial cells proliferate and their
DAB?2 level is low; in contrast, during mammary gland evolution, mammary
epithelial cells are partially eliminated and DAB2 level is high.

The tumor suppressor and growth inhibitory role of DAB2 derives from its
intervention in the modulation of several cancer-related pathways including
Ras/mitogen-activated protein kinase (Ras/MAPK) (/10), TGF-B (/28), and Wnt
(129) signaling.

The Ras/MAPK pathway is activated by mitogens like EGF and leads to the
transcriptional regulation of several genes, a prominent fraction of which is
involved in cell cycle entry and proliferation (/30). Under physiological
conditions, DAB2 inhibits this pathway by blocking extracellular signal-related
kinase (ERK) and c-Fos activation (/30), whereas under a pathological context,
DAB?2 is downregulated, often by the oncogene Ras itself, and cells can
proliferate without control (/30).

DAB2 was also shown to participate in the signal transduction from the TGF-f
receptors to the transcriptional activators belonging to the small mothers against
decapentaplegic homolog (SMAD) family (/25). In normal epithelial cells, TGF-3
acts as tumor suppressor by inhibiting cell proliferation and stimulating apoptosis.
DAB?2 depletion in cancer cells is associated with the loss of the TGF-B tumor
suppressor function and a promotion of TGF-B-aided cell motility, EMT and
tumor growth (/25).

In the late phases of tumor progression, TGF-f assumes a pro-metastatic role that
might be due to its ability to stimulate EMT (/37). Autocrine TGF-f signaling
loop, stimulated by the tumor-associated activation of Ras/MAPK signaling, can
stabilize further EMT phenotype and tumor cell invasive properties in vitro and in
vivo (132). Moreover, DAB2 loss caused a reduction in TGF-B receptor
internalization via CME and the consequent accumulation of TGF-f in
extracellular space resulted into conversion of naive CD4" T cells to pro-tumor

Tregs (133).
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Finally, the Wnt pathway plays a pivotal role in modulating cellular proliferation
and differentiation, as well as tissue organization and embryonic development. It
initially requires caveolin-dependent internalization of low-density lipoprotein
receptor-related protein 6 (LRP6). DAB2 acts as a negative regulator of the Wnt
signaling in several ways, but in particular by engaging LRP6 in CME so that it is
not available for caveolin-mediated endocytosis (/34). Cancer cells can suppress
this DAB2-mediated inhibitory activity and can divide in an uncontrolled manner
(134).

In addition to the literature showing a role for DAB2 as a tumor suppressor, other
evidence suggests a DAB2 pro-tumor role. Recently, a signature of genes
including DAB2 (e.g. DOCK10, DAB2, ITGA11, PDGFRA, VASN, PPAP2B, and
LPARI genes) was described to be expressed by an epigenetically distinct
subpopulations of breast tumor cells. These cells are named “trailblazer” cells due
to their enhanced capacity to initiate collective invasion and guide migration of
passenger cancer cells. This seven-gene signature correlated with poor outcome in
human triple negative breast cancer (TNBC) patients (/35). Moreover, DAB2 is
required for migration and invasion of prostate cancer cells (/36). In another
work, DAB2-expressing cancer cells were showed to release TGF-f, which in

turn induced ECs migration and angiogenesis (/37).

2.4 DAB2 in myeloid cell populations

Despite studies on tumor cells and fibroblasts, the role of DAB2 in myeloid cells
has not been completely elucidated yet. One of the few works about the
localization and the function of DAB2 in these cells was published by Rosenbauer
and colleagues. They demonstrated that DAB2 is expressed in BM-derived
macrophages and is essential for both cellular adhesion and spreading on the ECM
components LN and collagen type IV (COL IV) (138).

DAB2 was reported to be expressed in M2 macrophages and down-regulated in
M1 macrophages isolated from both humans and mice. Interestingly, mice lacking
Dab?2 in myeloid lineage and treated with LPS or fed with high-fat food showed

an increased M1 macrophage polarization along with a pro-inflammatory gene
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signature compared to control mice. DAB2 directs phenotypic polarization
interacting with TNF receptor-associated factor 6 (TRAF6) and reducing the
activation of the pro-inflammatory transcription factor NF-xB p65 (139).

A role for DAB2 was also proposed in both human and mouse DCs, where DAB2
was significantly induced during the CSF-2—driven differentiation and required
the activation of STATS and heterogeneous nuclear ribonucleoprotein (hnRNPE)
1 as well as the expression of forkhead box P3 (FOXP3). Remarkably, DAB2 was
associated with a reduced IL-12 and IL-6 expression, Ag uptake, migration, T cell
stimulation and therapeutic efficacy when DCs were used as vaccines. In contrast,
Dab?2-depleted DCs displayed an increase in all these functions (/40). These
studies indicate that DAB2 has an anti-inflammatory role, but further work is

necessary to elucidate its function and regulation in the myeloid compartment.
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Chapter 3: Integrins and extracellular matrix in

mechanotransduction

3.1 Extracellular matrix: composition

ECM is one of the major components of the cellular microenvironment. It
provides physical scaffolding for cellular constituents and participates in several
key processes such as cellular growth, differentiation, survival, adhesion and
migration. ECM is a complex three-dimensional macromolecular network,
composed of a variety of fibrillary molecules, such as COL and FN, and non-
fibrillar molecules like proteoglycans and glycosaminoglycans. These components
interact with each other and with resident cells (fibroblasts, immune cells,
endothelial cells, epithelial cells and pericytes) through cell surface receptors
(ITGs, discoidin domain receptors — DDRs, HA receptors etc.), with the aim of
regulating the biochemical and biomechanical properties of each tissue. Notably,
ECM is highly heterogeneous and dynamic; indeed, ECM undergoes a constant
remodeling, either enzymatical or non-enzymatical, and its components are
subject to a large number of post-translational modifications. Considering that
ECM is continuously remodeled either during normal and pathological conditions,
a fine-tuning of ECM composition and structure is necessary for tissue wholeness

and functionality.

e Collagen
Collagens are the most abundant fibrous components in the ECM and connective
tissue, representing approximately 25% of the total dry weight of mammals. They
provide extensive tensile strength, regulate cell adhesion, support chemotaxis and
direct tissue development (/417). They also participate in cell organization through
the binding with other matrix proteins and cellular receptors. In particular, COL
interact with four different ITGs (al1B1, 021, al0B1 and al1p1). Considering that
the family comprises 28 different collagen types, classified in fibrillary and non-
fibrillar collagens, tissues are characterized by a heterogeneous network of fibers
with a triple helical conformation or packed side-by-side to form a stronger

reticulum.
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Extensive COL deposition is one of the main pathological characteristic of some
cancers and results in poor survival outcome in patients (/42). Under hypoxic
conditions, the upregulation of lysyl-hydroxylase (LOX) mediates the cross-
linking of COL I microfibrils and the promotion of invasive properties of human
cancer cells through focal adhesion kinase (FAK) activity and cell-matrix
adhesion (/43). LOX has recently been implicated in hypoxia-induced metastasis
and it might be required to create a permissive niche for metastatic growth (/44).
During cancer progression, mutations to oncogenes also alter the COL conditions
within the tumor matrix. Mutated p53 in cancer cells, along with the activation of
STATS3, influence COL production (/45). Similarly, deletion or silencing of
PTEN result in the increased recruitment of CAFs, which promote COL
deposition (/46). An increased COL synthesis is also promoted by NF-«B and
STATS transcription factors (/47), as well as by the crosstalk between TGF- and
RAS/MAK pathway (/48). High-density COL significantly impairs tumor-
infiltrating CD8" T cell proliferation in mammary tumors compared to low-
density matrix (/49).

Fibrillar COL I, COL III, and COL V are mainly produced by fibroblasts, whereas
COL 1V is predominantly expressed by epithelial and endothelial cells. Notably,
cancer cells and TAMs also produce COL under some circumstances (/50). COL
interacts with cells mainly by directly binding with DDRs. COL-DDRs interaction
promotes EMT transition and MMPs secretion (/5/). TAMs orchestrate the
deposition, crosslinking, and linearization of COL fibers at areas of tumor
invasiveness. Additionally, degraded COL acts as a strong chemoattractant for
macrophages that mediate cancer promotion (/52). Although macrophages do not
exhibit efficient COL internalization of mesenchymal origin, those originating
from circulating CCR2 monocytes internalize COL in an MMP-dependent manner
(153).

Considering that the increased expression and the dense organization of COL are
indicative of cancer progression (/54) and poor clinical outcome (/55), these
molecules can be viewed as predictor of prognosis. In esophageal cancer,
increased COL content was associated with chemotherapy resistance via the

MAPK and PI3K/AKT signaling pathways (/56). In the same way, COL
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crosslinking at the metastatic site correlated with increased tissue stiffness and
reduced treatment efficacy (/57). Therefore, the combination of COL inhibitors

and standard therapeutics could represent a promising anticancer strategy.

e Fibronectin
FN is a fibril-forming glycoprotein, which dimerizes starting from two identical
proteins of 250 kDa, covalently attached via disulfide bonds at their C-terminal.
FN can be found in soluble form in the plasma or self-assembled in
interconnected fibers. FN is highly resilient to mechanical stress and its force-
dependent unfolding causes the exposure of ITG-binding sites, among which the
a5B1 ITG binding site. Considering its activity in this process, FN could be
considered a mechano-regulator.
Under homeostatic conditions, FN is involved in cell growth, differentiation,
migration, wound healing and blood coagulation (/58). However, it has been
demonstrated that this protein has also a role in cancer progression and cancer cell
exposure to cellular FN is sufficient to activate the EMT transition via STAT3
signaling pathway (/59). In cancer, the upregulation of FN by CAFs is linked to a
decreased survival and a limited tumor cell responsiveness to therapy (/60).
Besides increasing production, CAFs align FN fibers in a highly organized
structure that allows the tumor cells to move according to a mechanism called
haptotaxis. The aligned fibers in fact provides tensile support for cancer cells to
pull itself outside the primary tumor (/6/). When CAFs are removed, ECM
assumes a disorganized structure at the tumor interface, which translates into
slower tumor invasion.
From a molecular point of view, the interaction between FN and aS5p1
heterodimers rapidly activates FAK, which in turn trigger a downstream invasion
cascade. Notably, FAK inhibition is sufficient to abrogate the ability of FN to
drive invasiveness in lung cancer (/62).
Considering its pro-tumor role, FN has emerged as possible therapeutic target.
Nowadays, human trials are still preliminary but promising (/63). Other

therapeutic approaches rely on interrupting the interactions between FN and its
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ITG partners. At the present time, a growing preclinical literature supports the

anti-tumor effect of a5B1-directed antibody (/64).

e Laminin

LN is an important component of basement membranes consisting of large cross-
shaped heterodimers of a, B and y-chains, encoded by five LAMA, three LAMB
and three LAMC genes, respectively. Although numerous possible heterodimers
could exist, only 16 LN combinations have been found in vivo. These proteins are
known to form a self-assembled network, which interacts with COL IV and
epithelial cells through cell surface receptors. Four ITGs recognize laminins as
their extracellular ligands: a3B1, a6f1, a7B1 and a6p4 (165).

Over the last decades evidence for a LN role in cancer has emerged (/66). LN -
332, -511 and -111 appear to be particularly important in tumor cell growth and
migration. o3pB1, a6pfl, and a6p4 are entailed in cancer development and
progression, but there is little evidence for such role of a7B1 in tumorigenesis
(167). Among these ITGs, a6p1 heterodimer has been described as tumor
promoter, contributing to the tumor cell spreading as well as mediating
dissemination and the formation of metastasis in areas rich in LN (/68). Recently,
LNs were defined as regulators of CSCs, suggesting their role in long-term cancer
maintenance, metastasis development and therapeutic resistance. The
accumulating evidence in this emerging research area indicates that LNs represent
potential therapeutic targets for anti-cancer treatments against CSCs and that they

may be used as predictive and prognostic markers (/69).

e Other proteins
Matricellular proteins are nonstructural matrix glycoproteins whose function is
dependent on the interaction with ECM components, cell-surface receptors (ITGs,
TLRs, growth factor receptors), cytokines and proteases that, in turn, interact with
the cell surface (/70). They are present in the ECM, but they can be also found in
the body fluids. Among these proteins thrombospondins, tenascins, ospeopontin,
periostin and VN can be listed. VN is defined as matricellular protein due to its

substantial presence in plasma and its function as organizer of the extracellular
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microenvironment. The activity of VN is determined by interactions with ligands,
which induce conformational change and multimeric complexes formation. The
VN interaction with avB1, avp3, avp5, avp6, and avp8 ITGs (/77) stimulates
phosphorylation of intracellular targets and ITG clustering on the cell surface,
linking ECM components to outside-in signaling cascades. Through interactions
with cancer cell-surface ITGs and urokinase-type plasminogen activator receptor
(uPAR), VN modulates cancer metastasis, acting as a scaffold for tumor and ECs
migration during invasion and angiogenesis, respectively (/72). In vitro,
migration of highly metastatic breast cancer cell lines is affected when avp3 and
avp5 receptors are blocked with antagonists (/73). These ITGs are also critical for
angiogenesis. Indeed, in the absence of VN, the structural components of
coagulation (e.g. FN, fibrinogen, COL and serine protease zymogens) are not able
to self-assemble and regulate ‘outside-in’ and ‘inside-out’ signaling events (/74).
VN is also known to be up-regulated in the extravascular space of tissues
experiencing stress, e.g. pro-inflammatory response (/75). It also accumulates in
the interstitial space around tumor islands (carcinomas and sarcomas) and in
immune complexes associated with chronic inflammatory diseases (e.g.
rheumatoid arthritis) and chronic fibrotic diseases (e.g. lung, liver and kidney

fibrosis) (175).

3.2 Contribution in cancer cell invasion: ECM stiffness and degradation

The TME is the cellular environment in which tumor cells co-exist along with
tumor-infiltrating immune cells (e.g. lymphocytes, DCs, MDSCs and TAMs) and
non-hematopoietic stromal cells such as CAFs and ECs. The TME also consists in
ECM and cytokines secreted by those cells (2) and the interaction between the
stromal compartment and immune cells within TME promote tumor growth,
metastasis and chemoresistance (/76). During tumor progression, ECM undergoes
extensive changes, among which rearrangement, cross-linking, deposition and
degradation of specific proteins can be listed.

Deposition of new matrices is a typical process occurring in neoplastic tissues,

considerably stiffer compared to their normal counterpart (/77). This ECM
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protein accumulation provides tumor support, drug resistance and causes the
disruption of tissue morphogenesis by increasing cell tension. In clinic, the ratio
of stiff tissue (proteins and connective tissue) and soft tissue (adipocites)
correlates positively with the risk of developing breast cancer (/78). ECM
stiffness can also be predictive of an increased number of metastases and a poor
clinical outcome (/79).

The other main modification that occurs during tumor progression is the matrix
proteolysis, which involves the release of growth factors, cytokines and MMPs.
VEGF and TGFp promote neo-angiogenesis facilitating tumor cell intravasation,
while MMPs, a family of highly conserved zinc-dependent endopeptidases, are
responsible for ECM degradation, which in turn favors cancer cell escape from
the primary tumor and neoplastic cells dissemination to distant organs. These
enzymes are released in an inactive form and, in healthy tissues, their activity is
under strict control of endogenous tissue inhibitors (TIMPs), which guarantee a
balance between enzyme activation and inhibition. Under pathological conditions
(i.e. tumors), the ratio MMP/TIMP is destroyed and MMPs are activated by
oxidation or proteolytic cleavage. Notably, cancer cells are known to contribute in

the MMP activation process releasing reactive oxygen species (/80).

3.3 Signals related to ECM-cells contact

Interactions between cells and ECM are bi-directional. On one hand, cells actively
modify ECM through remodeling, degradation and deposition of new matrix. On
the other hand, the composition and the mechanical properties of the ECM
modulate key processes in cells (/77). Cells sense the surrounding environment
through mechanical linkers such as ITGs (/87). As previously mentioned, ITGs
are 24 different heterodimers yielded by the combination of 18 a and 8 3 subunits,
each specific for one or more ligands (/82). ITGs regulate a large number of
cellular biological functions, acting as bidirectional signal transducers. These
receptors take contact with specific ECM proteins through their extracellular
domains, whereas their cytoplasmic domains indirectly interact with actin

cytoskeleton.

43



Introduction

When ITG receptors undergoes activation, other ITGs, APs (e.g. talin and
vinculin) and kinases (e.g. FAK) accumulate in proximity of the activated site,
inducing downstream pathways in a process called mechanotransduction (/87).
ITG activation could be triggered by an inside-out or an outside-in signal. Inside
out activation requires the interaction between the cytoplasmic tail of ITG f-
subunit and the intracellular protein talin, which provokes a conformational
change in the ITG structure. Talin promotes the separation of a and 3 cytoplasmic
domains, causing the intracellular interaction with vinculin and then, in turn, with
actin cytoskeleton. The subsequent extension of extracellular domains is
associated with an increased ligand affinity (/173).

Alternatively, ITGs can activate a cascade of outside-in signaling. ITG bound to
ECM proteins are able to sense the tissue rigidity by an increased tension on the
actin cytoskeleton, which results in focal adhesion complexes (FAs) formation
(/83) and cell migration. FAK are one of the major component of the FA and, in
fibroblasts, their recruitment has been suggested to precede talin recruitment
(1/84), while their activation occurs by an auto phosphorylation at tyrosine 397
(Y397) after ITG clustering (/85). This post-translational modification generates a
high affinity site for binding with Src proteins to form a FAK-Src complex (/86).
However, Src may also bind FAK in a process independent from Y397
phosphorylation (/87). Upon binding, Src trans-phosphorylates FAK at multiple
sites (Y576 and Y577), and exposes binding sites for scaffold/adaptor proteins
like paxillin and CAS30. This process leads to downstream activation of Rho-
family of GTPases: Rac, Ras and Rho (/88). Rac induces actin polymerization
(/89) and activation of MMPs. Ras promotes the ERK/MAPK pathway, which
stimulates mitogenesis, proliferations and MMP secretion (/85). Rho is a
regulator of adhesion and cytoskeleton dynamics, proliferation, migration and
MMP secretion (/90). Moreover, Rho inhibits myosin light chain 6 phosphatase
(MLCP) and activates myosin light chain kinase (MLCK) via Rho-associated
kinase (ROCK) activity, increasing actomyosin contractility (26). Similarly to
ROCK, ERK prompts actomyosin contractility through MLCK activation (/88).
Furthermore, the FAK-Src complex can activate PI3K, which phosphorylates
PIP2 (phosphatidylinositol 4,5-bisphosphate) to form PIP3 (phosphatidlyinositol-
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3.,4,5-trisphosphate). PIP3 activates the serine/threonine-specific protein kinase
AKT (185), a key factor involved in regulation of proliferation and survival (/91).
ECM-unbound (i.e. inactive) ITGs, freely diffusing in the phospholipidic bilayer
or localized in focal adhesions that are no more useful for the cell, are internalized
by DAB2 adaptor protein (/92). In this way, DAB2 maintains an internal pool of
ITGs that can be either degraded for normal ITG turnover or recycled back to the
plasma membrane in order to assemble new focal adhesions for either anchorage
or migration (/93, 194). The position of these new contact sites with the ECM
depends on the cell type and on the biological context: for example, in some cases
cell motility requires assembly of focal adhesions at the front of the cell (leading
edge-driven movement), while in others at the cell rear (rear-steering movement)
(192). Thus, the CME-dependent vesicular trafficking that occurs inside the cell
has the important function to arrange ITGs in specific regions of the plasma
membrane where they can carry out their functions. The resultant ‘molecular
polarization’ of the cell confers to DAB2 a key role in many processes, such as
epithelial cell spatial organization, cellular adhesion to the ECM, cell migration
and spreading. Up to date, DAB2 involvement in ITG endocytosis has been

studied almost exclusively in fibroblasts and tumor cell lines (794, 195).

3.4 Role of YAP/TAZ in cell-matrix adhesion-mediated signaling and

mechanotransduction

Cells sense the surrounding environment not only through soluble signals, but also
through physical and mechanical cues, such as ECM stiffness or cell-cell contact.
By mechanotransduction, cells translate these stimuli into biochemical signals,
inducing the activation of specific downstream pathways, including the regulation
of cell growth, cell differentiation, tumor progression and ECM reorganization.
Among transcriptional factors regulated by ECM, YAP and TAZ are related to
cancer progress, well-studied in tumor cells and fibroblast, and recently emerged
as sensors of ECM mechanical properties (Figure 7). Indeed, soft matrices induce
their cytoplasmic retention, whereas rigid matrices cause their nuclear transfer and

activation (/96). Once in the nucleus, YAP and TAZ interact with other
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transcription factors, in particular the transcriptional enhancer factor TEF (TEAD)
family members, and activate the expression of growth- and differentiation-related
genes (196, 197). Once bound to DNA, they promote enhancer acetylation and

transcription elongation (/98).

A B

Low Low cell mechanics High cell mechanics
resistance

Figure 7. YAP and TAZ as sensors and mediators of mechanical inputs from the
extracellular matrix. (A) In soft matrices, YAP and TAZ are inactivated and localized into the
cytoplasm. Reduced YAP and TAZ activity determines apoptosis and growth arrest. (B) In stiff
condition, YAP and TAZ accumulate in the nucleus, activating pathway related to cellular
proliferation and inhibition of apoptotic signals. Adapted from Totaro et al. 2018 (/99).

It has to be mentioned that, YAP/TAZ activation is not only depended on the
physical shape of the microenvironment, but it is the result of the integration of
several signals. YAP and TAZ are negatively regulated by the kinases of Hippo
pathway and they respond to growth factors and soluble signals through crosstalk
with many signaling pathways, including WNT, TGF and EGFR signaling. The
YAP/TAZ activity is also mediated by the G-protein-coupled receptors activation
and by cellular metabolic state, intended as nutrient availability (glucose, amino
acids and lipids) (200). Under physiological conditions, YAP/TAZ participate in
tissue repair process, provoking the regrowth of the missing or damaged tissue.
This mechanism is potentiated during tumorigenesis, where changes in ECM
composition and rigidity are common. Considering that neoplastic tissues are

stiffer in comparison to healthy tissues, it is not surprising that YAP/TAZ
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transcriptional factors are highly expressed in human and mouse malignancies and
that their activation seems to sustain stiffness-dependent tumor initiation and
progression (/98). In transformed cells, they foster excessive proliferation (even
when contact inhibition of proliferation should block it), survival and motility in
response to mechanical inputs from the ECM (/97). The genes they activate are
involved in DNA duplication and repair, S-phase entry and mitosis. Moreover,
YAP/TAZ could turn on c-Myc (207) and other proto-oncogenic transcription
factors, such as AP-1 family (JUN and FOS-like factors) (202).

YAP/TAZ in cancer cells have also been associated with increased resistance to
anoikis and apoptosis, preventing both the intrinsic and the extrinsic pathways
(203), as well as increased autophagy rate aimed at rescuing cells from senescence
(204). Interestingly, these transcription regulators are expressed in CSC
subpopulations and promote CSC characteristics, such as the abilities to generate
undifferentiated precursors, initiate tumor growth, survive chemotherapy and form
metastases (205). Furthermore, YAP and TAZ promote the cytoskeletal
remodeling necessary for the metastatic process, by the regulation of F-actin
dynamics through the promotion of the transcription of genes encoding Rho-
GTPase activating proteins (/83). The communication between the YAP/TAZ-
expressing tumor cells and the neighbors stromal cells is bi-lateral. On one hand,
YAP/TAZ in tumor cells coordinate the responses of stromal cells. On the other
hand, CAFs have been demonstrated to express YAP/TAZ in a pathway that
foster the deposition of ECM by CAFs themselves in order to increase ECM
stiffness and sustain expression of YAP/TAZ in a self-reinforcing loop (206).
Another pro-tumor mechanism of action carried out by YAP/TAZ in cancer cells
consists in their capacity to reprogram the TME: for example, they induce
epithelial cells to release angiogenic factors like amphiregulin (AREG) or recruit
myeloid suppressor populations (797, 207).

In conclusion, all these findings on YAP and TAZ activities can explain why their
expression in human and mouse cancers correlates with malignant clinico-
pathological features, such as high histological grade, cancer stemness, metastasis,

chemoresistance, relapse and general poor outcome (798).
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AIM OF THE STUDY

Metastases represent the end product of a multi-step biological process that
involves the spreading of malignant cells to anatomically distant organ sites and
their subsequent adaptation to a favorable microenvironment. Despite high
frequency and mortality associated to the metastasis development, the knowledge
of cellular and molecular mechanisms that underlies this pathological process
remain limited.

During tumor progression, cancer cells have the capacity to arrange intricate
interactions within TME and to reprogram stromal cells, receiving their support in
ECM synthesis or degradation, neoangiogenesis and tumor cell growth.
Transformed cells are also able to affect normal hematopoiesis, recruiting myeloid
cells with pro-tumor functions. Among these cells, TAMs are one of the most
abundant leukocyte population in the tumor context, responsible of ECM
remodeling and metastatic promotion.

Considering the recent exciting literature regarding the importance to overcome
TAM functions for the therapy of established cancers, we aimed at identifying
new molecular pathways involved in tumor dissemination. Here, we propose
DAB?2, a clathrin adaptor protein upregulated in tumor-infiltrating myeloid cells,
as a novel target to control the metastatic process.

The aim of this project was to dissect the role of DAB2 in regulating the myeloid-
assisted tumor cell spreading and metastasis formation. For this purpose, we
exploited conditional Dab?2 deficient mice, missing the gene in the hematopoietic
lineage. The first step of our work was to identify in which myeloid subset DAB2
was expressed and where DAB2" cells were localized within the TME. We then
evaluated the mechanism through which DAB2" macrophages were able to guide
cancer cell invasion and, in particular, we explored the ITG-mediated ECM
remodeling process with both in vitro and in vivo experiments. To confirm further
the role of DAB2-expressing macrophages in tumor promotion, we used the
genome editing CRISPR/Cas9 technology, which allowed us to fully prevent the

expression of DAB2 and DAB2-interacting ITGs in a mouse macrophage cell line
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and demonstrate how ECM composition was essential for the tumor invasive
ability promoted by DAB2.

Successively, we identified which stimuli were responsible for DAB2 expression
and whether this protein was involved in other steps of the metastatic cascade
(e.g. extravasation, cell seeding and proliferation).

Finally, considering the functions exerted by DAB2-expressing macrophages in
mouse tumor models, we moved to the clinic in order to disclose the presence of
these DAB2" cells in human patients and, overall, to confirm DAB-expressing
macrophages as a potential biomarker for cancer patient stratification and

outcome.
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MATERIALS AND METHODS

Animal studies

Eight-week-old C57BL/6 WT mice were purchased from Charles River
Laboratories Inc. (Calco, Italy). Tie2-Cre and Dab2"¥1* mice were originally
provided to P.J. Murray (then at St. Jude Children’s Research Hospital) from J.A.
Cooper (Fred Hutchinson Cancer Center) and were crossbred in order to generate
Dab2 KO mice. LySM-Cre mice were a gift from P. Scapini (University of
Verona, Italy). MMTV-PyMT mice on the C57BL/6 background were kindly
provided by M.P. Colombo (Fondazione IRCCS Istituto Nazionale dei Tumori,
Milan, Italy). MMTV-PyMT, Dab21¥1°%  Tie2-Cre* mice were generated in
house by crossing three strains and maintained by intercross. Yap/Taz KO mice
were kindly provided by S. Piccolo (University of Padua, Italy). OT-1 TCR-
transgenic mice (C57BL/6-Tg(TcraTcrb)1100Mjb/J) and CD45.1" congenic mice
(B6.SJL-PtrcaPepcb/BoyJ) were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). All mice were maintained under specific pathogen-free
conditions in the animal facility of the University of Verona. Animal experiments
were performed according to national (protocol number 12722 approved by the
Ministerial Decree Number 14/2012-B of January 18, 2012 and protocol number
BR15/08 approved by the Ministerial Decree Number 925/2015-PR of August 28,
2015) and Europeans laws and regulations. All animal experiments were approved
by Verona University Ethical Committee and conducted according to the
guidelines of Federation of European Laboratory Animal Science Association
(FELASA). All animal experiments were in accordance with the Amsterdam
Protocol on animal protection and welfare: mice were monitored daily and

euthanized when displaying excessive discomfort.

Breast cancer patients

In order to explore the prognosis (in terms of disease-free survival, DFS)

according to DAB2 expression, tumor samples with clinical annotations from a
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series of 32 patients affected by pure invasive lobular carcinoma (ILC) (Table 1),

surgically treated at the University Hospital of Verona, were collected. A database

for individual data and information was appropriately fulfilled. The study was

approved by the local Ethics Committee (Prot. CESC n° 24163, May 20", 2014)

Clinical-pathological characteristics Subcategories Number of
Patients (%)
Menopausal status Premenopausal 10 (31.2)
Postmenopausal 22 (68.8)
Performance status (ECOG) 0 28 (87.5)
1 3094
2 1(3.1)
Ki67 <4% 9 (28.1)
>4% 21 (65.6)
Unknown 2(6.3)
Grading 1 4 (12.5)
2 7 (21.8)
3 6 (18.8)
Unknown 15 (46.9)
Oestrogen Receptor status Positive 27 (84.3)
Negative 2(6.3)
Unknown 3(9.4)
Progesterone Receptor status Positive 22 (68.8)
Negative 3094
Unknown 7(21.8)
HER?2 status Positive 3(9.4)
Negative 15 (46.9)
Unknown 14 (43.7)
T category according to TNM 1 11 (34.4)
2 18 (56.3)
[7° Edition] 3 2(63)
4 1(3.1)
Lymph-nodal Status Positive 13 (40.6)
Negative 19 (59.4)
Vascular Invasion Present 9 (28.1)
Absent 11 (34.4)
Unknown 12 (37.5)
Multifocality Present 6 (18.8)
Absent 26 (81.2)
Type of Surgery Conservative 16 (50.0)
Mastectomy 16 (50.0)
Lymph-node Dissection Yes 26 (81.2)
No 6 (18.8)

Table 1. Clinico-pathological characteristics of invasive lobular breast cancer patients.

Gastric cancer patient

The potential prognostic role of DAB2 in gastric cancer was evaluated in terms of

cancer-specific survival (CSS) and overall survival (OS). Data and samples from

59 patients affected by gastric cancer undergone surgery at the University
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Hospital of Verona were collected (Table 2). Tumor samples were available in
tissue microarrays with tumor cores of each considered case and obtained from
the inner part of the tumors. The study was approved by the local Ethics
Committee (Prot. CESC n° 19147 November 28", 2011).

Clinical-pathological characteristics Subcategories Number of
Patients (%)
Gender Male 18 (30.5)
Female 41 (69.5)
Grading 1 9(15.3)
2 24 (40.7)
3 21 (35.5)
Unknown 5(8.5)
T category according to TNM 2 9 (15.3)
[7° Edition] 3 18 (30.5)
4a 28 (47.5)
4b 4(6.7)
Node status according to TNM 0 18 (30.5)
[7° Edition] 1 11 (18.6)
2 15(25.4)
3a 9 (15.3)
3b 6 (10.2)
Site Antrum 22 (37.3)
Body 15 (25.4)
Fundus 20 (33.9)
Gastric stump 2(3.4)
Type of Surgery Partial gastrectomy 15(25.4)
Total gastrectomy 39 (66.1)
Gastroesophagectomy 5(8.5)

Table 2. Clinico-pathological characteristics of gastric cancer patients.

Cell culture

Mouse E0Q771 breast cancer cells derived from C57BL/6J mice (CH3 BioSystems)
were cultured in RPMI 1640 supplemented with 2mM L-glutamine, 10mM
HEPES, ImM sodium pyruvate, 150U/mL streptomycin, 200U/mL
penicillin/streptomycin (all from Euroclone, Milan, Italy) and 10% heat-
inactivated fetal bovine serum (FBS; Superior, Merck, Darmstadt, Germany).
Mouse MN-MCA1 fibrosarcoma cell line (gift from Prof. A. Sica, Istituto
Humanitas, Milan, Italy), RAW264.7 macrophages cell line (ATCC®), SVEC4-10
endothelial cell line (gift from Prof. A. Viola, Istituto di Ricerca Pediatrica,
Padua, Italy), EL4 lymphoblast cell line (ATCC®), MCA203 3-
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methylcholanthrene-induced fibrosarcoma cell line (ATCC®) and MCA205
weakly immunogenic fibrosarcoma cell line (gift from Prof. L. Zitvogel, Institut
Gustave Roussy, Vilejuif, France) were cultured in Dulbecco’s modified Eagle’s
medium (Euroclone, Milan, Italy) supplemented with 10% heat-inactivated FBS
(Superior, Merck, Darmstadt, Germany), 2mM L-glutamine, 10mM HEPES,
150U/mL streptomycin, 200U/mL penicillin/streptomycin (all from Euroclone,
Milan, Italy) and 20uM B-Mercaptoethanol (Sigma-Aldrich, Saint Louis, MO,
USA). The cultures were maintained at 37°C in 5% COz-humidified atmosphere.

In vitro BMDMs generation

Tibias and femurs were removed in sterility from C57BL/6J and Dab2 KO mice,
and BM cells were flushed. Red blood cells were lysed with a hypotonic solution
containing 8.3% NH4Cl, 1% KHCO3 and 0.5M EDTA. To obtain differentiated
macrophages, BM-cells were cultured in RPMI 1640 (Euroclone, Milan, Italy)
supplemented with 100ng/mL CSF-1 (Miltenyi Biotec, Bologna, Italy), 10% heat-
inactivated FBS (Superior, Merck, Darmstadt, Germany), 2mM L-glutamine,
10mM HEPES, 1mM sodium pyruvate, 150U/mL streptomycin, 200U/mL
penicillin/streptomycin (all from Euroclone, Milan, Italy). Cultures were
maintained at 37°C in 5% CO;-humidified atmosphere for 7 days. On day 4 of
culture, fresh cytokine-supplemented complete medium was added. To evaluate
the number of macrophages during in vitro CSF-1-induced differentiation of BM
precursors, every two days cells were harvested and counted. Final values were
obtained multiplying the number of counted cells for the percentage of

macrophages, as assessed by flow cytometry.

Spontaneous and experimental metastases assays

For spontaneous metastasis formation, breast cancer (E0771) and fibrosarcoma
(MN-MCAT1) cell lines were orthotopically injected into the mammary fat-pad
(5x10° cells/mouse) and into the left quadriceps of mice (10° cells/mouse)

respectively. Tumor growth was monitored every 2 days using a digital caliper.
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The greatest longitudinal diameter (length) and the greatest transverse diameter
(width) were determined and tumor volume calculated by the modified ellipsoidal
formula: tumor volume = 1/2 (length x width?). In the case of E0771-injected
mice, tumors were resected at 800mm?® of volume, to favor distal dissemination.
For experimental metastasis formation, eight-week-old WT or Dab2 KO females
were injected with 4x10° EQ771 cells into the tail vein. Mice were euthanized 20
days after tumor cell injection and lungs were analysed for metastasis formation.
10® E0771-mCherry/Luc cells were intravenously injected in WT or Dab2 KO
mice to follow metastasis seeding and growth at the metastatic site using in vivo
bioluminescence imaging every week (Imager Ottico (OI) IVIS Spectrum). For
spontaneous tumorigenesis and metastasis studies, MMTV-PyMT female mice
carrying the specific oncogenes were examined weekly for mammary tumors to
define tumor incidence. 13 weeks after the appearance of the first tumor, mice

were euthanized and lungs were analysed for metastasis formation.

Lung metastasis detection and quantification

In already euthanized mice, lungs were flushed from blood by injecting PBS
solution into the right ventricle. Organs were then harvested and fixed in 10%
formaldehyde (PFA). To optimize the detection of microscopic metastases and
ensure systematic uniform and random sampling, lungs were cut transversally into
2 mm-thick parallel slabs with a random position of the first cut in the first 2 mm
of the lung, resulting in 5-8 slabs per lung. The slabs were then embedded and
sections stained with hematoxylin and eosin (Bio-Optica, Milan, Italy). The
number of lung micrometastases was blindly evaluated by two pathologists with a

Leica DMRD optical microscope.

Anti-PD-1 immunotherapy

The effect of anti-PD-1 immunotherapy was investigated in C57BL/6J mice, WT
or Dab2 KO, after a subcutaneous challenge with 8x10° MCA205 cells. Tumor-

bearing mice with established tumor masses were treated using 4 iterative
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intraperitoneal administrations of anti-PD-1 mAb (clone RMP1-14; InVivoMAD,
West Lebanon, NH) or isotype Ab (clone 2A3;) every 2 days. The complete
treatment consists in 1 mg of Ab. Tumors were measured using digital calipers.

Mice were euthanized when tumor area reached 1680 mm?>.

CRISPR-Cas9 gene editing

For each DNA target coding sequence (Dab2, Itgfl, Itga5, Itgn6), three sgRNAs
(small guide RNAs) with the highest scores on target and lowest numbers of off-
targets were chosen using the MIT CRISPR design tool (http://crispr.mit.edu/) and
cloned in pSpCas9(BB)-2A-GFP (PX458) vector (Addgene, Massachusetts,
USA), coding also for a reporter gene (green fluorescent protein, GFP) and Cas9
protein. Control digestion and Sanger sequencing were performed to evaluate the
success of cloning. Plasmid transfection in RAW264.7 cells was performed with
K2® reagent (Biontex, Miinchen, Germany). After two days, cells were collected,
enriched for GFP using FACS Aria II flow-cytometer-cell-sorter (BD biosciences,
San Jose, CA, USA) and cultured as single cell-derived clones. Clones were

screened by protein (flow cytometry and WB) and genetic analysis (Sanger

sequencing) (Table 3).
Forward sequence Reverse sequence Function
Dab2 KO 1 | Deletion 1bp at 63bp | Deletion 1bp at 61bp Stop at 144 bp (48aa)
Dab2 KO 2 | Insertion 1bp at 61bp | Insertion 1bp at 61bp Stop at 96bp (32aa)
Dab2 KO 3 | Deletion 2bp at 73bp | Deletion 2bp at 73bp Stop at 96 bp (32aa)
ItgBI KO 1 | Deletion 2bp at 99bp | Deletion 2bp at 99bp Stop at 192bp (63aa)
(frameshift) (frameshift)
ItgB1 KO _2 | Deletion 2bp at 98bp | Deletion2bp at 98bp Stop at 192bp (63aa)
(frameshift) (frameshift)
ItgBl KO _3 | Deletion 2bp at 99bp | Deletion 2bp at 99bp Stop at 192bp (63aa)
Itgo5 KO 1 | Deletion 8bp at 142bp | Deletion 8bp at 142bp Stop at 258bp (86aa)
Itga5 KO 2 | Deletion 2bp at 145bp | Deletion 2bp at 145bp Stop at 258bp (86aa)
Itga5 KO 3 | Deletion 2bp at 145bp | Deletion 2bp at 145bp Stop at 258bp (86aa)
Itga6 KO 1 | Deletion 2bp at 272bp | Deletion 2bp at 272bp Stop at 294bp (98aa)
Itga6 KO 2 | Insertion 2bp at Insertion 2bp at 273bp Stop at 387bp (129aa)
273bp
Itgu6 KO 3 | Deletion 1bp at 107bp | Deletion 1bp at 107bp Stop at 387bp (129aa)

Table 3. CRISPR-Cas9 single-cell derived clones screened by genetic analysis (Sanger

sequencing).
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Endocytosis assays

In vitro uptake experiments were performed on differentiated WT or Dab2 KO
BMDMs to evaluate the endocytosis of ECM proteins. FN (ThermoFisher
Scientific, Waltham, MA, USA), COL I (Corning Inc., New York, USA), COL IV
(BD Biosciences, San Jose, CA, USA) and LN (ThermoFisher Scientific,
Waltham, MA, USA) were labelled by using the FluoReporter FITC Protein
Labeling Kit (ThermoFisher Scientific, Waltham, MA, USA) in accordance with
the manufacturer’s instructions. At day 7 of culture, macrophages were starved at
4°C for 30 minutes in complete medium without FBS to synchronize cell cycle
and increase the endocytic ability. Labelled proteins were diluted in serum-free
media, supplemented with CSF-1 (100 ng/ml), and added on cells for 2 hours at
4°C to permit binding to cell membranes. Macrophages were incubated at 37°C
for 5, 18 or 22 hours. Not treated macrophages were used as basal background
control; in addition, cells treated with proteins but not incubated (0-hour control)
were used to assess the signal of non-internalized, surface-bound proteins. At the
end of culture, cells were resuspended in 0.04% Trypan Blue (Sigma-Aldrich,
Saint Louis, MO, USA) to quench the FITC fluorophore on non-endocytosed
proteins and fixed in 4% PFA (Sigma-Aldrich, Waltham, MA, USA). Finally,
samples were analysed with LSR II flow cytometer (BD Biosciences, San Jose,
CA, USA) and uptake of ECM proteins was expressed as percentage of FITC*

cells normalized on the 0-hour control.

Invasion assays

In vitro invasion assays were performed using matrigel (Corning Inc., New York,
USA), a fibrosarcoma-derived matrix, and 8um pores-transwells (Corning Inc,
New York, USA). BMDMs or RAW264.7 cells were resuspendend in 2% FBS
growth medium and seeded on the top of the polymerized matrigel, whereas 20%
FBS growth medium was added in the well as cell chemoattractant. For BMDMs,
CSF-1 (100 ng/ml) was added both in the underneath well and on top of the
matrigel. After 4 days, matrigel was removed, invading cells were fixed, stained

with crystal violet and eluted with a solution containing 50% ethanol and 0.1%
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acetic acid. Absorbance was measured at 595nm using a microplate reader
(VersaMax™, Molecular Devices, San Jose, USA). In the invasion assay with
tumor cells, BMDMs were left in culture for 3 days to remodel the matrix and
finally killed with puromycin (5 pg/ml) for 48h. After several washes, E0771
breast cancer cells were seeded on top of the matrigel in 2% FBS culture medium,
while 20% FBS medium was added in the underneath well. Breast cancer cells
invasion ability was evaluated after 24h by crystal violet elution and absorbance
measurement. To study the correlation between DAB2, ITGs and EMC
components in the metastatic process, Puramatrix synthetic matrix (Corning Inc.,
New York, USA) was mixed with different amounts of FN and LN
(ThermoFisher Scientific, Waltham, MA, USA); COL I and VN (Corning Inc.,
New York, USA); COL IV (BD Biosciences, San Jose, CA, USA), coated on 8um

pores-transwells. Invading ability was assessed by crystal violet elution after 72h.

Inverted invasion assay

Macrophage ability to remodel the ECM and to guide invasion of cancer cells was
tested by in vitro inverted invasion assays. Breast cancer cells (E0771) and TAMs
or RAW264.7 cells were labelled with CellVue™ (ThermoFisher Scientific,
Waltham, MA, USA) and PKH dyes (Sigma-Aldrich, Saint Louis, MO, USA)
respectively and mixed with matrigel (Corning Inc., New York, USA) on
chambered cell culture slides (ThermoFisher Scientific, Waltham, MA, USA).
After the polymerization, a layer of matrigel mixed with 5% COL I-FITC
conjugate was added on the top. Once polymerized, matrigel was covered with
complete medium, creating a chemotactic gradient. After 72h, 6 random field for
each condition were imaged at fixed intervals (10pm) starting at the fluorescent
layer and in a direction towards the chemotactic gradient using z-stack setting of
Leica TCS SP5 confocal microscope. To evaluate tumor cell invasion ability,

distance travelled and invaded areas were quantified using ImagelJ software.
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xCELLigence

Invasion ability of monocytes to cross an endothelial cell monolayer was
monitored using the xXCELLigence Real Time Cell Analysis (RTCA) technology
(Acea Bioscience, San Diego, CA, USA). The impedance-based detection of cell
invasion was assessed by using gold microelectrodes attached to the well bottom.
Briefly, mouse SVEC4-10 endothelial cell line were seeded in E-16-well plates
and allowed to grow until they form a confluent monolayer, evidenced by a
flattening of cell index. Then, E0771 and monocytes sorted from spleen of tumor-
bearing mice, were seeded as mono- or co-culture on the top of the endothelial
monolayer. The drop in electrical resistance, due to the retraction of endothelial
junctions and penetration by invading cells through SVEC4-10 cells layer, was
monitored in real-time for at least 12h. Results were normalized to the time of
addition of monocytes. The level of cell invasion was assessed by slope analysis

of the generated curves.

Chemotaxis assay

In vitro chemotaxis assays were performed using 8um pores-transwells (Corning
Inc, New York, USA). Serum-deprived RAW264.7 and BMDM cells, WT or
Dab2 KO, were added on top of the filter membrane and let migrate towards the
lower chamber containing serum-free media supplemented with 100ng/ml of
different cytokines (CXCLI12, CCL2 or CCL3; R&D Systems, Minneapolis,
USA) or 20% FBS growth media. After 24h, transwell membranes were fixed and
stained with crystal violet. The directional movement towards chemokine gradient
was assessed using an elution solution containing 50% ethanol and 0.1% acetic
acid. Absorbance was measured at 595nm using a microplate reader

(VersaMax™, Molecular Devices, San Jose, USA).

Organ cryoconservation and tissue sectioning

Tumors and lungs were explanted and immediately fixed in 4% PFA for 3h at

4°C. After fixation, organs were progressively dehydrated in 20% sucrose for 48h
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and, subsequently, in 30% sucrose for other 48h. Then, organs were included in
cryostat embedding medium (Killik, Bio-Optica, Milan, Italy), frozen on liquid
nitrogen vapours and stored at -80°C. Frozen organs were cut with a Leica CM
1950 cryostat in 7um-thick slices, which were stored at -20°C until staining for

immunofluorescence or immunohistochemistry.

Immunofluorescence (IF)

For IF on cell lines or tissue sections, respectively coverslips and slides were
rehydrated, fixed in 4% PFA and washed once in PBS and twice in PBS + 0.1%
Tween20 (Sigma-Aldrich, Saint Louis, MO, USA). Cells were permeabilized with
PBS + 0.1% Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA) and then
washed. Unspecific binding sites were blocked with either PBS + 10% FBS or
PBS + 15% FBS + 3% BSA + 0.25% gelatin for more intense backgrounds to be
reduced. Primary antibodies were incubated over-night at 4°C in PBS + 10% FBS.
After washes, conjugated secondary antibodies were added and kept for 2h at RT,
while nuclei were stained with DAPI (ThermoFisher Scientific, Waltham, MA,
USA) for 10 minutes at RT. To visualize YAP on tissue sections, some variations
were introduced (adapted from (208)). Permeabilization was done in PBS + 0.3%
Triton X-100; blocking antibody and wash solutions were supplemented with a
0.1% of Triton X-100 to enhance intra-cellular staining. Coverslips and slides
were mounted by using Fluorescent Mounting Medium (DAKO) and analysed
with a Leica TCS SP5 confocal microscope. Images were acquired and processed
with the Leica LAS AF software. The following primary antibodies were used for
IF: rabbit anti-DAB2 H-110, mouse anti-YAP 63.7, rabbit anti-YAP H-125 (all
from Santa Cruz Biotechnology), rabbit anti-YAP1 (Proteintech Europe,
Manchester, UK), rat anti-F4/80, Cl:A3-1 (Bio-Rad laboratories, Hercules, CA,
USA), mouse anti-CD68, KP1 (Abcam, Cambridge, UK). The secondary
conjugated antibodies were purchased from Jackson ImmunoResearch: anti-rabbit

RRX, anti-rat Alexa Fluor 647, anti-mouse Alexa Fluor 488.
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Immunohistochemistry (IHC)

For IHC on tissue sections from mouse organs, slices were fixed as in IF and
endogenous peroxidases were inactivated with PBS supplemented with 0.3% FBS
and 0.3% H202. Permeabilization, blocking and incubation with primary
antibodies were performed as in IF. The subsequent steps were performed
following Elite ABC Kit (Vectastain) protocol. Briefly, slices were incubated with
the provided anti-rabbit biotinylated secondary antibody, washed, incubated with
the avidin-HRP (horse radish peroxidase) reagent, washed and stained with the
DAB chromogen (Sigma-Aldrich, Saint Louis, MO, USA) until colour developed.
Nuclei were stained with Mayer’s hematoxylin (Sigma-Aldrich, Saint Louis, MO,
USA) and dehydrated in increasing concentrations of ethanol. Finally, slices were
mounted with the Eukitt mounting medium (Bio-Optica) and observed with a
Leica DMIL LED inverted optical microscope equipped with a Leica EC3 CCD
camera.

For histological evaluations on tissue sections from patients, paraffin was
removed from slices with xylene and decreasing concentrations of ethanol. Ags
were unmasked by heating slices at sub-boiling temperature in 10mM citrate
buffer (pH 6). The profiling for DAB2 was automatically performed on a Bond
TM Polymer Refine Detection System (Leica). Then, sections were lightly
counter stained with hematoxylin.

For prognosis and survival correlation analyses in patients, an average number of
DAB2" cells into the peritumoral and intratumoral infiltrates was obtained by
analyzing 10 HPFs (40x). Positive endothelial and neoplastic cells were not
retained for scoring.

The IHC staining for DAB2 in gastric cancers was scored in the TMA scores and
the number of positive cells with a macrophage-like morphology were counted in
three separate 40x HPFs. Tumors were dichotomized as DAB2 low if the number

of DAB2" cells was <20 and DAB2 high when >20.
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Second harmonic generation (SHG) imaging

In order to evaluate possible differences in ECM organization within tumors
derived from WT or Dab2 KO mice, we took advantage from second harmonic
generation imaging (SHG) to image fibrillar, crosslinked COL in tissues. SHG
signal was acquired through an 80-um z-stack in fixed tumor samples, using a 25x
NA 1.05 water-immersion objective (Olympus XLPLN25XWMP2) on a custom-
build microscope, described in details elsewhere (209). A 800nm laser
wavelength/ 395nm + 25nm emission wavelength was used to collect SHG signal
from COL I fibres. Images were then analysed for signal intensity of each single
z-step (8pum steps) or maximum projection intensity of z-stack, using Imagel

software.

Preparation of cell suspensions from organs

Spleens, lungs and tumors were collected from sacrificed mice and processed as
previously described (210). Spleens were mechanically disaggregated and filtered
(Corning Inc, New York, USA). Tumors and lungs were cut in small pieces with
scissors, enzymatically digested at 37°C for 1h with a solution containing
collagenase IV (1mg/ml), hyaluronidase (0.Img/ml) and DNase (4.5mg/ml)
(Sigma-Aldrich, Saint Louis, MO, USA). Cells were then collected, filtered and
red blood cells were lysed. Cell suspensions were used for immunomagnetic

sorting, FACS or Western blot analysis.

Flow cytometry

0.5-2x10° cells were washed in PBS and incubated with FcReceptor Blocking
reagent CD16/32 (Biolegend, San Diego, CA, USA) to saturate FcR. The
following mAbs were then used for cell labelling: anti-mouse CD11b (M1/70),
Ly6C (HK1.4), Ly6G (1A8), B220 (RA3-6B2), CD3 (145-2C11), CD45 (A20),
CD45.2 (104), I-A/I- E (M5/114.15.2), F4/80 (CL:A3-1), CD11c (N418), CDS8
(53-6.7), NK1.1 (PK136), Aqua LIVE/DEAD dye. For ITG surface expression
analysis, cells were detached with PBS-2mM EDTA, kept on ice, stained with
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Aqua LIVE/DEAD dye (ThermoFisher Scientific, Waltham, MA, USA) and fixed
in 4% PFA. The ITG staining was performed using anti-mouse CD29 (ITGpI;
clone HMb1-1), CD49a (ITGal; clone Ha31/8), CD49¢ (ITGa5, clone SH10-27)
and CD49f (ITGa6; clone GoH3) antibodies. All the antibodies were purchased
from the following companies: BD Bioscience (San Jose, CA, USA),
eBiosciences (ThermoFisher Scientific, Waltham, MA, USA), Bio-rad
Laboratories (Hercules, CA, USA) and Biolegend (San Diego, CA, USA). The
MFI (mean fluorescence intensity) of ITGs was used to calculate the fold change
relative to WT BMDMs or RAW264.7 cells. Samples were acquired with FACS
Canto II (BD, Franklin Lakes, NJ, USA) and analyzed with FlowJo software
(Tree Star, Inc., Ashland, OR, USA).

Immunomagnetic sorting

Mouse CD11b" cells were isolated by immunomagnetic sorting (using CD11b
Microbeads, Miltenyi Biotec, Bologna, Italy) according to manufacturer’s
instructions and their purity was evaluated by flow cytometry. For all separations,

the positive fraction was obtained with a purity of > 95%.

Ex vivo T cell suppression assays

The immunosuppressive activity of CDI11b" cells immunomagnetically sorted
from MN-MCAI1, E0771 and PyMT tumors growth in WT or Dab2 KO mice was
evaluated. CD11b" cells were plated in 96-wells plate at decreasing percentages of
total cells (24%, 12%, 6%, 3%) in culture in presence of splenocytes from OT-I
transgenic mice, labelled with 1uM CellTrace (Thermo Fisher Scientific,
Waltham, MA, USA) and diluted 1:10 with CD45.1" splenocytes, in the presence
of SIINFEKL peptide (Ipg/ml final concentration; JPT Innovative Peptide
Solutions, Berlin, DE). After 3 days of co-culture, cells were stained with anti-
CD45.2 (clone 104, eBioscience, Thermo Fisher Scientific, Waltham, MA, USA)
and anti-CDS8 (clone 53-6.7, eBioscience, Thermo Fisher Scientific, Waltham,

MA, USA). CellTrace signal of gated lymphocytes was used to analyze cell
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proliferation. Samples were acquired with FACS-Canto II (BD, Franklin Lakes,
NJ, USA) and analyzed by FlowJo software (Tree Star, Inc., Ashland, OR, USA).
The percentage of suppression exerted by tumor-infiltrating CD11b" cells was
calculated with the formula [1-(% divided cells in sample/% divided cells in

activated control)]x100, as previously described (211).

In vitro Dab?2 induction

In order to understand if Dab2 expression is modulated by adhesion, CD11b" cells
were isolated from tumor-free mice and cultured for 6h in adhesion on a plastic
surface or in suspension. In both conditions, CSF-1 or EQ0771 supernatant were
added to the serum-free growth media. Samples were harvested for RNA
isolation. Dab2 expression was analysed by real-time PCR and normalized on

unstimulated cells.

Real-time PCR

Total RNA from BM precursors (CD11b") was isolated by TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA). The amount and purity of
isolated RNA was analyzed by the ND-1000 Spectrophotometer (NanoDrop
Technologies). ¢cDNA was prepared using the SuperScript® VILO cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instruction. Real Time PCR was run using 2x SYBR Green master
mix (ThermoFisher Scientific, Waltham, MA, USA). All samples were
normalized using GAPDH endogenous control primers. Post-qRT-PCR analysis
to quantify relative gene expression was performed by the comparative Ct method
(2744CY),

Western blot (WB)

Cell lysates were prepared in Laemmli Buffer (for DAB2 detection) or in a lysis

buffer (for YAP detection) (272), sonicated and denatured at 100°C. Insoluble
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materials was removed by centrifugation. Samples were subjected to SDS-
polyacrylamide 10% Tris-Glycine or Bis-Tris gel electrophoresis and blotted onto
PVDF-membrane (Immobilon P membranes, Millipore, Billerica, MA, USA).
Tris-buffered saline plus 0.05% Tween-20 and 5% non-fat dry milk were used to
block unspecific sites. Membranes were incubated with rabbit anti-DAB2 primary
antibody (H-110 clone, Santa Cruz Biotechnology Inc., Dallas, USA) or rabbit
anti-YAP primary antibody (Proteintech Europe, Manchester, UK) and with
donkey anti-rabbit HRP-conjugated secondary antibody (GE Healthcare, Chicago,
llinois, USA). HRP-conjugated anti-f actin (Cell Signaling Technologies,
Danvers, MA, USA) and HRP-conjugated anti-GAPDH (Cell Signaling
Technologies, Danvers, MA, USA) were used as reference. Proteins were
revealed by GE ImageQuant LAS400 with Femto substrate (ThermoFisher
Scientific, Waltham, MA, USA).

Analysis of gene expression data

Gene expression data of mouse invasive TAMs, general TAMs, and splenic
macrophages are publicly available at GSE18295 and GSE18404. The annotated
gene-centered expression matrix comprising 15,242 unique gene symbols for a
total of 18 samples has been obtained from the authors of the original publications
(213, 214). Data have been normalized, background-corrected and log2 scaled
using a robust multi-array procedure (RMA) as implemented in NimbleScan
software.

For functional enrichment, the expression profile of Dab2 in TAMs and normal
splenic macrophages has been used as input in the Gene Set Enrichment Analysis
software (GSEA) to search for gene sets enriched in genes whose expression was
highly correlated with Dab2. GSEA software was applied to a list of gene sets
comprising adhesion, differentiation, proliferation and survival branches of CSF-1
receptor pathway as defined like in (215); the autophagy pathway as elaborated
from (216); the gene sets of the immune system activation, angiogenesis
regulation, Wnt signal transduction and the Yap conserved signature (2/7) from
the Molecular Signatures Database (MSigDB) collection. Gene sets were

considered significantly enriched at FDR <0.05 when weighted enrichment
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statistic, Pearson’s correlation as metric for gene ranking, and 1,000 permutations

of gene sets.

Statistical analyses

Student’s t-test was performed on parametric groups, while Wilcoxon-Mann-
Whitney and One-way ANOVA tests were used on non-parametric groups.
Values were considered significant at p < 0.05 and are indicated as *p < 0.05, **p
< 0.01 and ***p < 0.001. Values are reported as mean =+ standard error (s.e.) or
standard deviation (s.d.). All analyses were performed by using SigmaPlot (Systat
Software Inc). Descriptive statistics was adopted. Follow-up was analyzed and
reported according to Shuster (2/8). DAB2 expression data were obtained from
the IHC staining on patient biopsies. The receiver operating characteristic (ROC)
analysis was applied to the DAB2 continuous score to dichotomize the obtained
values according to DFS for ILC patients. To correlate DAB2 expression with
clinico-pathological data, Pearson’s chi-squared test or Fisher’s exact test were
used, depending on sample size.

DFS, CSS and OS curves were elaborated by using the Kaplan-Meier method and
significance was calculated with the Log-Rank test. p-values were considered
significant when < 0.05. The SPSS 18.0, R 2.6.1 and MedCalc 14.2.1 statistical

programs were used for all analyses.
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RESULTS

DAB2 is mainly expressed by tumor-associated macrophages localized along

the tumor invasive frontline

Over the last few years, researchers focused their attention on the ability of TME
cell components to generate a cancer-promoting environment. Cancer cells alter
the normal hematopoiesis and promote the expansion of immature myeloid cells
with pro-tumor and pro-metastatic functions (/5). The comprehension of specific
mechanisms of action used by myeloid cells in favoring malignant progression
could support the development of new promising therapeutic strategies to block or
eradicate cancer. For this reason, we decided to investigate the role of tumor-
infiltrating myeloid cells in different tumor settings.

Previous studies of gene profiling analysis performed by our group on CDI11b*
tumor-infiltrating myeloid cells isolated from tumor-bearing mice showed a
significant up-regulation of several genes in comparison to the same population
purified from the spleen of healthy mice. Among these genes, we decided to
concentrate our studied on Dab?2 (193). Despite numerous studies on tumor cells,
the role of this protein in myeloid cells has not been investigated yet.

To confirm the data obtained by gene chip analysis, DAB2 expression on CD11b"
cells isolated from primary tumors and spleens was assessed by western blot. The
two isoforms of DAB2 (p96 and p67) were expressed in intratumoral myeloid
cells, but not in splenic myeloid cells from both healthy and tumor-bearing mice
(Figure 8A). These results highlighted that Dab?2 induction in myeloid cells was
tumor-related and that DAB2 protein could have a role within the TME. This
prompted us to explore the localization and the functions exerted by DAB2-
expressing myeloid cells in a tumor-driven context.

We first analyzed the expression of DAB2 among different cells. Myeloid cells
were FACS-sorted from primary tumors of mice challenged with highly
metastatic MN-MCA1 fibrosarcoma cell line or MMTV-PyMT mice. These latter
mice represent a model of autochthonous metastatic breast carcinoma (2/9).

Protein expression was evaluated by western blot analysis, which revealed the two
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isoforms of the DAB2 protein in TAMs isolated from MN-MCA 1-bearing mice,
to a much lower extent in monocytes (defined as Ly6G~ Ly6C"e" cells) and
completely absent in granulocytes (defined as Ly6G"™ Ly6C¥ cells) (Figure 8B).
Moreover, DAB2 expression was detected in TAMs (CD11b" MHCII" cells)
sorted from PyMT primary tumors but not in resident mammary tissue
macrophages (MTMs: identified as CD11b* MHCII"€" cells) (Figure 8C) (56). We
demonstrated that TAMs are DAB2-expressing cells (Figure 8D), and that DAB™
TAMs were mainly localized along the tumor border and not in the tumor core. In
particular, DAB2 expression was detected in F4/80" TAMs localized around
muscle fibers, partially or not-yet reached by invading tumor cells in the MN-
MCA1 model (Figures 8E and 8F left). In PyMT tumors, DAB2-expressing
F4/80" TAMs mainly resided along the border between tumor mass and
surrounding healthy breast (Figures 8E and 8F right). Only few DAB2-expressing
resident macrophages were found both in healthy muscle and in normal breast,
suggesting that DAB2 upregulation in myeloid cells might occur only in a tumor-

driven context.
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Figure 8. DAB2 protein is expressed in TAMs that localize along tumor borders.

(A) WB analysis for the expression of DAB2 isoforms (p96 and p67) in CD11b" cells isolated
from spleens and tumors of mice injected with mouse lymphoblast (EL4) and fibrosarcoma
(MCA203) cell lines. Splenic CD11b" cells from healthy mice were used as negative control
(CTRL). Actin was used as loading control. (B,C) WB analysis for DAB2 expression on FACS-
sorted myeloid cell subsets (granulocytes, monocytes, and TAMs) infiltrating primary tumors from
either MN-MCA 1-tumor bearing mice (B) or TAMs and MTMs from PyMT mice (C). Actin was
used as loading control. (D) TAMs, FACS-sorted from MN-MCAI1 tumors, were analyzed by IF
for DAB2 and F4/80 expression. DAPI was used as nuclei marker. Scale bar: 50 um. (E,F) Slices
of primary tumors from MN-MCAI1 tumor-bearing mice (left) or PyMT mice (right) were
analyzed by IHC and IF. (E) Representative IHC images for DAB2 staining along the tumor
borders (dashed lines) and within the tumor areas. (F) Representative IF images from different
areas of the tumor and from healthy tissue. Scale bar: 50 um. Below quantification of DAB2*
TAMSs on total TAMs evaluated on HPF images from different areas of either MN-MCAT1 (left
panel) or PyMT tumors (right panel).
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DAB2-expressing TAMs support the metastatic process

In order to investigate the contribution of DAB2" TAMs in tumor progression and
metastatic spread, we generated a transgenic mouse model, the Dab210¥1°%; Tije2-
Cre (specifically Dab2%°¥1x; Tek-Cre, here referred as Dab2 KO) strain, lacking
the protein DAB2 in the entire myeloid cell lineage and in a portion of ECs (54).
WT and Dab2 KO mice were orthotopically injected in the quadriceps with
syngeneic MN-MCAL fibrosarcoma cells, which have high metastatic potential
for the lungs. Dab2 KO mice showed an impaired development of lung
micrometastases compared to WT mice (Figures 9A and 9B), while there were no
remarkable differences in the primary tumor growth (Figure 9C).

The effect of Dab2 deficiency in vivo was further tested in two different breast
cancer models, i.e. E0771 and MMTV-PyMT models. Dab2 KO mice
orthotopically injected with syngeneic E0771 cells showed a significant reduction
in the number of lung metastases when compared to WT mice (Figures 9D and
9E), without any alteration in primary tumor growth (Figure 9F). Similarly, in
PyMT-Dab2¥ox; Tie2-Cre* (PyMT-Dab2 KO) we depicted a decrease in
metastasis number compared to their control littermates (PyMT-WT) (Figures 9G
and 9H). Indeed, Dab2 KO PyMT mice displayed a slightly slower growth of the
primary tumor compared to control mice (Figure 91), even though the tumor onset
was unaltered (Figure 9L). To exclude the contribution of ECs in the metastatic
process, we also generated Dab21°¥1°%; LysMCre* (Dab2%°¥1%; [72-Cre) mouse
strain, where Cre-mediated recombination results in deletion of the targeted gene
only in monocytes/macrophages and neutrophils and not in the ECs (53). Also
these mice, when challenged with MN-MCALT cells, presented a reduction in the
number of lung metastases (Figure 9M), reinforcing the role of DAB2" myeloid

cells in metastatic cascade.
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Figure 9. Dab?2 deficiency in myeloid cells affects the metastatic process.

(A) Representative H&E-stained microscopy images of the lung metastases in either WT or Dab?2
KO mice orthotopically injected with MN-MCA1 fibrosarcoma cells. Scale bar: 800 pm. (B)
Quantification of lung metastases number by H&E staining on lung sections. (C) Primary tumor
growth reported as tumor weight (g). WT (n=20) or Dab2 KO (n=17), pooled from 3 independent
experiments. (D) Representative H&E-stained microscopy images of the lung metastases in either
WT or Dab2 KO mice orthotopically injected with EQ771 breast cancer cells. Scale bar: 800 um.
(E,F) Number of lung metastases (E) and primary tumor growth over time (F) are reported. WT
(n=28) and Dab2 KO mice (n=19), pooled from 3 independent experiments. (G) Representative
H&E-stained microscopy images of the lung metastases in either WT or Dab2 KO PyMT
transgenic mice. Scale bar: 800 pm. (H) Quantification of lung metastasis numbers by H&E
staining on lung sections of PyMT-WT (n=13) or PyMT-Dab2 KO (n=12) mice. (I) Tumor
growth reported as tumor volume (mm?) evaluated over time. (L) PyMT-WT and PyMT-Dab2 KO
mice are compared for lung metastasis (log-rank p-value). (M) Lung metastasis numbers induced
by MN-MCA1 tumor in Dab21¥1x_ysM-Cre mice and their littermates. Data are presented as
mean + s.e. *p < 0.05, **p < 0.01 and ***p < 0.001, Mann-Whitney test (B,C,E,H,M) and one-
way analysis of variance (ANOVA) (F,I).
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Absence of DAB2 in vivo does not affect the accumulation of tumor-

infiltrating myeloid subpopulations or checkpoint therapy efficacy

Considering the participation of myeloid cells in regulating the anti-tumor
immune response (220), we tested whether Dab2 gene deficiency provoked any
alteration in the immunosuppressive functions of tumor-infiltrating myeloid cells.
As shown in Figure 10A, Dab2 KO CDI11b" cells were not impaired in their
immunosuppressive activity as compared to WT CD11b" cells.

Moreover, analysis of different immune subpopulations infiltrating MN-MCAL,
E0771 and PyMT tumors showed that the absence of DAB2 in mice did not affect
the recruitment and the accumulation of any myeloid subsets. Indeed, the
percentages of granulocytes, monocytes, DCs and TAMs were comparable
between WT and Dab2 KO mice (Figure 10B).

Moreover, Dab2 deficiency in myeloid cells did not change the efficacy of
immune checkpoint inhibitors. Anti PD-1 immunotherapy restrained primary
tumor growth and increased mouse survival without significant differences
between WT and Dab2 KO mice injected with MCA205 fibrosarcoma cell line
(Figures 10C and 10D). Taken together, these data denote that DAB2" TAMs are
responsible for tumor cell spreading, but their mechanism of action is independent

from the suppression of anti-tumor adaptive immune response.
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Figure 10. Dab2 deficiency does not affect immune cell recruitment or myeloid cell inhibitory
function.

(A) Different percentages of tumor-infiltrating CD11b* myeloid cells were tested for their ability
to suppress the proliferation of OV A-specific, OT-I CD8" T cells stimulated by the SIINFEKL
peptide in culture. Data reported as mean + s.d., pooled from 3 independent experiments. (B)
Accumulation of different immune populations among CD45%-gated cells in MN-MCA1, E0771,
and PyMT tumors from either WT or Dab2 KO mice (MN-MCA1, n=6 mice/group; E0771, n=4
mice/group; PyMT, n=6 mice/group). (C-D) WT (n=16) or Dab2 KO (n=16) mice were
subcutaneously injected with MCA205 cells and treated with either anti-PD-1 antibody or with its
isotype control. The tumor volume of each mouse per group was measured (C), whereas the
survival is showed in the Kaplan-Meier curve (p <0.05) (D).

DAB2* macrophages promote tumor cell invasiveness by ECM remodeling

Demonstrating that the mechanism by which DAB2" macrophages promote tumor
cell invasiveness is not dependent on the activation of pro-tumor immune

responses, we hypothesized that this process may be related to the remodeling of
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the ECM, one of the main function of macrophages (/53). Further proof that
DAB2-expressing macrophages could be involved in the promotion of matrix
reorganization is that these cells are localized at the tumor invasive front and thus
they may be prone to favor tumor cell motility in the surrounding environment. In
order to recapitulate these processes in vitro, we optimized an inverted invasion
assay, where TAMs isolated from a WT or Dab2 KO mice were tested for their
ability to remodel the ECM and guide invasion of cancer cells (2217). E0771 breast
cancer cells and TAMs, isolated from tumor-bearing mice, were differently
labeled and mixed in an EMC-mimicking matrix (matrigel). E0771 cells acquired
an increased invasive ability through the tridimensional matrix when co-cultured
with WT TAMs in comparison to EO771 cells alone or in co-culture with Dab2-
deficient TAMs (Figures 11A and 11B), highlighting a DAB2-dependent matrix
digestion followed by cancer cell dissemination.

To investigate the mechanism through which DAB2" macrophages move and
drive tumor cell invasion, we took advantage of in vitro-differentiated BM-
derived macrophages (BMDMs), obtained from WT or Dab2 KO mice. BMDMs
were seeded on transwell porous membrane and let migrate towards chemokines
responsible of the recruitment of myeloid cells, including CXCL12 (stromal cell-
derived factor 1 - SDF1), CCL2 (monocyte chemoattractant protein 1 -
MCPI1) and CCL3 (macrophage inflammatory protein 1-alpha or MIP-1-alpha)
(Figure 11C) (222). Alternatively, cells were embedded in matrigel and let invade
towards a serum gradient (Figure 11D). WT or Dab2 KO BMDMs exhibited a
similar directional movement towards chemokine gradients and a defective
invasion through the substrate when lacking Dab?2, indicating a defect in
haptotaxis but not chemotaxis (223). Moreover, the ability of E0771 cells to
invade the Dab2 KO macrophage-remodeled matrigel was significantly impaired,
confirming that tumor cells invasion requires DAB2-assisted matrix
reorganization (Figure 11E). Furthermore, using a second harmonic generation
analysis of primary explants of MN-MCA1 tumors, we demonstrated that, also in
vivo, the ECM exhibited a less organized and loose structure in WT tumors

compared to Dab2 KO ones (Figure 11F-G).
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Figure 11. DAB2 regulates tissue invasion and ECM remodeling by macrophages.

(A) Representative image of inverted invasion assay of E0771 tumor cells, either alone or co-
incubated with TAMs isolated from WT or Dab2 KO tumor-bearing mice. (B) The area of
invasion and the mean invasive distance of E0771 cells were evaluated by confocal microscopy.
(A-B) Data are presented as mean + s.d.; *p < 0.05, **p < 0.01 and ***p < 0.001 by Student’s ¢-
test. (C) Chemotaxis assay of BMDM, either WT or Dab2 KO, carried out in Boyden chambers.
CXCL12 (100 pg/mL), CCL2 (100 pg/mL) and CCL3 (100 pg/mL) were added in the lower
compartment. Cell migration was evaluated by measuring the absorbance at 595nm of invasive
cells stained with crystal violet. (D) Transwell invasion assay of BMDM from WT or Dab2 KO
mice. The macrophages ability to remodel the matrix was evaluated measuring the absorbance at
595nm of invasive cells stained with crystal violet and reported as fold change over WT cells. (E)
Transwell invasion assay with matrigel mixed with either WT or Dab2 KO BMDMs. After 3 days
of culture, macrophages were killed with puromycin and E0771 tumor cells were added on the top
of the matrigel to monitor their movements through the pre-digested matrix. Cancer cells invasion
was evaluated measuring the absorbance at 595nm of crystal violet-stained cells and reported as
fold change over WT+E(0771 cells. (F) Representative SHG images of COL fibrils organization in
MN-MCA1 WT and Dab2 KO tumors. (G) Quantification of the SHG signal (integrated density)
of each single z-step or maximum projection intensity through 0—-80 pum z-stack (insert) within
MN-MCA1 (WT and Dab2 KO) tumors. (B,C,D,E,G) Data are presented as mean + s.e.; *p <
0.05, **p <0.01 and ***p <0.001 by Student’s t-test.
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DAB2 regulates integrin traffic

DAB?2 is an endocytic adaptor involved in the internalization and the recycling of
membrane ITGs, a family of receptors that mediates the interactions between
the cytoskeleton of a cell and the ECM (/82). Active ITGs participate to FA
assembling and are internalized by DAB2 for a subsequent re-collocation or
degradation when unbound to their ligand (/92). We demonstrated that DAB2
absence could compromise this turnover, leading to an accumulation of some
ITGs on the cell surface. Indeed, Dab?2 deficiency in BMDMs is associated with
significant lower ITG uptake and higher membrane expression of 1, a5 and a6
ITGs (Figure 12A). Notably, the ITGs surface level abundance in Dab2 KO
BMDMs was not associated with an increased protein expression (Figures 12B
and 12C), indicating that DAB2 only regulates the ITG traffic between the cell
surface and the cytoplasm.

We speculated that the ITG turnover defect observed in Dab2-depleted BMDMs
was correlated with an impaired uptake of ECM proteins known to interact with
specific ITGs. In particular, alf1, a5p1 and a6p1 heterodimers, bind COL, FN
and LN, respectively (Figure 12D) (224). During the matrix remodeling process,
ECM proteins are degraded following the release of tissue proteases and, when
ITGs are recycled by the endocytic machinery, they are transported inside the cell
as fragments (//3). In line with our expectations, the altered ITG surface
distribution in Dab2 KO BMDMs significantly reduced the ability to internalize
FITC-labelled ECM fragments (Figure 12E). Our data indicate that DAB2-
expressing macrophages regulate matrix remodeling through ITG recycling and

ECM proteins internalization.
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Figure 12. DAB2" macrophages regulate ITG traffic.

(A) Surface expression of B1, al, a5 and a6 ITGs evaluated by flow cytometry on either WT or
Dab2 KO BMDMs. The fold change of MFI relative to WT is reported for each ITG (n = 6
independent experiments). (B) Total expression of f1, a5 and a6 ITGs evaluated by WB. (C) Total
expression of Bl, al, o5 and a6 ITGs evaluated by qRT-PCR analysis. (D) Schematic
representation of some ITG receptors and their ligands. (E) Uptake of FITC-labeled ECM proteins
by BMDMs is reported as percentage of FITC™ cells measured by flow cytometry at different time
points (n=3 independent experiments).

DAB2 and integrins are required for cell-ECM interaction and tumor cell

invasiveness

Cancer cells need continuous tissue remodeling for both local invasion and
spreading to distant sites (2). To confirm the involvement of DAB2 in tumor and
metastasis promotion through ECM reorganization, we exploited the genetic
editing by CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic
Repeat/CRISPR-associated protein 9) technology and generated single clones

with a mutation in the gene encoding DAB2.
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As represented in Figure 13A, both DAB2 isoforms are detectable in cells
transfected with a non-specific sgRNA CRISPR plasmid (control), while
RAW264.7 Dab2 KO CRISPR-engineered clones (referred as Dab2 1, Dab2 2
and Dab?2 3 clones) show no protein expression.

Moreover, we explored whether DAB2 absence in RAW264.7 clones affected
ITGs turnover, as already reported in Dab2 KO BMDMs. We demonstrated that
Dab?2 deletion did not impact on ITGal and ITGa6 recycling, but led to a highly
significant increase of ITGB1 and ITGa5 on the membrane (Figure 13B) (225).
Dab?2-depleted clones were also used to perform invasion and trailblazer assays.
Similar to Dab2 KO TAMs and BMDMs, Dab2 absence in RAW?264.7 clones
affected ECM remodeling and impaired E0771 breast cancer cells invasion
(Figure 13C).

To identify the ECM components critical for DAB2-mediated matrix remodeling,
Boyden chambers were coated with a synthetic matrix supplemented with
different ECM proteins. RAW264.7 WT controls displayed an increased invasive
ability in comparison to Dab2-deleted clones, in the presence of the ECM proteins
interacting with DAB2-regulated ITGs (i.e. FN, LN, COL I and IV) (Figure 13D).
However, the motility of WT or Dab2 KO clones was unaltered when exposed to
VN, which binds avp3 ITG (226), a DAB2 independent dimer. Indeed, the surface
levels of ITGaV in Dab2 KO RAW264.7 clone were not significantly increased in
comparison to the control clone (Figure 13E). These data suggest that ECM
composition is a key factor for the invasion competence promoted by DAB2.
Furthermore, we noticed that, after coating different amounts of ECM proteins,
RAW264.7 control but not Dab2 KO clone exhibited a dose-dependent
invasiveness (Figure 13F). Nevertheless, where protein concentration was too
high we could not observe differences, indicating that mechanotransduction and
stiffness could have a role in the DAB2 expression modulation, as we will discuss

later.
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Figure 13. DAB2" macrophages favor tumor cell invasion by ITG and ECM interaction.

(A) Western blot analysis for the expression of DAB2 isoforms (p96 and p67) in RAW264.7,
CTRL or Dab2-depleted clones. Actin was used as loading control. (B) Three different RAW264.7
CRISPR Dab2 KO clones were analyzed by FC for the surface levels of B1, al, a5 and a6 ITGs.
The fold change of MFI relative to the controls is reported for each ITG. (C) Inverted in vitro
invasion assays of RAW264.7 CTRL or Dab2 KO single cell-derived clones co-cultured with
E0771 tumor cells in a matrigel layer. The area of invasion and the mean invasive distance for
either E0771 cells alone or in co-culture with RAW264.7 cells were quantified by confocal
microscope (n=3 independent experiments). (D) Transwell invasion assay of RAW264.7 CTRL
and Dab?2 KO single-cell-derived clones using a synthetic matrix (Puramatrix) supplemented with
FN (1 pg/ml), LN (1 pg/ml), COL I (1 pg/ml), COL IV (10 pg/ml) or VN (1 pg/ml). Cell invasion
was evaluated measuring the absorbance at 595nm of crystal violet stained cells. (E) RAW264.7
Dab2 KO clone and CTRL were analyzed by FC for the surface levels of aV subunit. The fold
change of MFI relative to the control is reported. (F) Transwell invasion assay of RAW264.7
CTRL and Dab2 KO clones using a synthetic matrix (Puramatrix) supplemented with FN (100-1
pg/ml), LN (200-1 pg/ml), COL I (100-1 pg/ml) and COL IV (200-1 pg/ml). Cell invasion was
evaluated measuring the absorbance at 595nm of crystal violet stained cells. Data are presented as
mean £ s.d.; *p <0.05, **p <0.01 and ***p <0.001, by Student’s r-test.
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ECM-integrin interaction supports DAB2-mediated neoplastic spread

Considering that changes in structure and matrix composition enable ITGs to
transmit biochemical and mechanical signals inside the cells and regulate cell
migration and invasion (/77), we chose to closely examine specific ITG
functions.

Using the CRISPR/Cas9 genetic approach, we generated single cell-derived
clones depleted for the expression of single ITGs. These ltgfl, Itgo5 and Iltga6-
depleted RAW264.7 cells allowed us to investigate whether the loss of an ITG
influences the surface expression of other ITGs and which is their contribution to
macrophage motility and tumor cell invasiveness.

As we expected, [tgf1-deficient clones did not show ITGB1 expression. However,
surprisingly, we observed that ltgB/ deficiency leads to a highly significant
ITGa5 cell surface reduction, while ITGa6 endocytosis was slightly affected
(Figure 14A). In fact, it is widely known that ITGB1 subunit is common to many
heterodimers and its abrogation could impair the binding with other alpha
subunits. In Figure 14B, Itga5 abrogation did not involve the ITGB1 and ITGa6
recycling, while /zga6-deficient clones showed a slight but significant increase in
ITGB1 membrane levels in 2 out of 3 clones, and a robust increment of ITGaS
membrane expression, suggesting a compensatory mechanism (Figure 14C). As
reported in Figure 14D, all /tg-deficient clones expressed similar levels of DAB2,
implying that the outside-in ITG signaling was not a direct regulator of DAB2

expression.
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Figure 14. Characterization of I7gs-deleted clones.

(A, B, C) RAW264.7 Itgf1 (A), ItgaS (B) and Itga6 (C) depleted clones (n=3 per group) and
CTRL were analyzed by FC for the surface expression of B1, a5 and a6 ITGs respectively. The
fold change of MFI relative to the control is reported for each ITG. (D) WB analysis for DAB2
expression isoforms (p96 and p67) in RAW264.7, CTRL or Dab2, Itgf1, Itgo5 and Iltga6-depleted
clones. Actin was used as loading control.

Next, we analyzed the ability of /zg-deficient RAW 246.7 clones to remodel the
ECM matrix and favor tumor cell spreading. Interestingly, only /tgf1 and Itga5
deleted clones showed a statistically significant impaired matrix remodeling and a
consequent reduced invasion ability (Figures 15A), mirroring the same effect
obtained by Dab2 deletion and indicating that a5B1, but not a6fl ITG
heterodimers are required for macrophage-assisted ECM remodeling. In

accordance with these data, EO771 tumor cell invasion was reduced only when 1
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and a5 were deleted (Figures 15B and 15C), but was unaffected by the loss of 06
ITG (Figure 15D).
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Figure 15. Effect of ITGs abrogation on ECM remodeling and macrophage-assisted tumor
cell spreading.

(A) ITGs role in the matrix remodeling process mediated by RAW264.7 clones was evaluated on
Boyden chambers coated with matrigel. The invasive ability of different clones was assessed
measuring the absorbance at 595nm of invasive cells stained with crystal violet and reported as
fold change over RAW264.7 CTRL cells. Data are representative of 3 independent experiments.
(B, C, D) Inverted in vitro invasion assays of RAW264.7 CTRL or ltgfil (B), Itga5 (C) and Itga6
KO (D) single-cell-derived clones co-cultured with EO771 tumor cells in a matrigel layer. The area
of invasion and the mean invasive distance either for EO771 cells alone or in co-culture with
RAW264.7 cells were quantified by confocal microscope (n=2 independent experiments). (A-D)
Data are presented as mean + s.d.; *p < 0.05, **p <0.01 and ***p <0.001, by Student’s #-test.

DAB?2 expression is induced by chemical and mechanical stimuli

In order to define the factors responsible of DAB2 induction, we performed a
gene set enrichment analysis (GSEA) to correlate Dab2 expression in
macrophages with known tumor-associated molecular pathways (Figure 16A).
Dab?2 gene resulted enriched in WNT signaling, CSFIR pathways and YAP
conserved signature. Among the resulting matches, the correlation between DAB2

and the signatures related to CSF1R and YAP appeared particularly interesting.
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Considering that CSF-1 is a cytokine, abundantly secreted in the TME, we
speculated that the same stimuli, which initiate the differentiation and
proliferation of monocytes and macrophages, were also responsible for the
expression of DAB2 (227). As predicted, both of DAB2 isoforms were
upregulated during the CSF-1-driven in vitro BM-derived macrophage
differentiation (Figure 16B).

To understand whether DAB2 expression was modulated only by the release of
this cytokine or by additional mechanical stimuli, CD11b" cells isolated from
tumor-free mice were cultured under adhesion or suspension, in presence of media
supplemented with CSF-1 (100 ng/mL) or tumor cells supernatant containing CSF-
1 (Figure 16C). Dab?2 expression resulted higher in response to CSF-1 and TDSFs
when cells were cultured on a stiff surface, proposing an interplay between the
chemical and mechanical stimuli in the Dab?2 induction during macrophage
differentiation.

Mechanical cues and ECM stiffness are associated with the ability of cells to
migrate and the activation of specific transcriptional programs. Among
transcriptional factors regulated by ECM, we pointed our attention to YAP and
TAZ, related to cancer progression and well-studied in tumor cells and cancer-
associated fibroblasts (796, 206). However, YAP/TAZ role in macrophage
mechanosensing has not been elucidated yet and the association between DAB2
and YAP has never been experimentally validated up to date. YAP protein was
detectable in TAMs isolated from E0771, MN-MCA1 and PyMT tumors and in
MTMs, which are negative for the expression of DAB2, suggesting that YAP
modulation is independent from DAB2 (Figures 16D and 16E). IF analysis
performed on PyMT tumor slices demonstrated that DAB2 is co-expressed with
YAP and that DAB2"YAP" cells are positive for the F4/80 staining (Figure 16F).
To confirm that DAB2 levels in macrophages can be influenced by
mechanotrasduction, we tested conditional Yap/Taz KO mice in myeloid cell
lineage. DAB2 expression was negligible in TAMs sorted from these mice,
indicating that Dab?2 transcriptional regulation is under control of YAP/TAZ
transcriptional complex in vivo (Figure 16G). The MN-MCALI cells injection in

Yap/Taz KO mice showed a reduction in lung metastases, comparable to Dab?2
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KO mice (Figure 16H), without any effect on leukocyte recruitment (Figure 161).
In conclusion, DAB2 expression was induced in TAMs by a synergism between
both chemical and mechanical cues, disclosing the role of CSF-1 and YAP as

regulators of DAB?2.
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Figure 16. CSF-1 and YAP as regulators of DAB2 expression in TAMs.

(A) Gene set enrichment analysis (GSEA) for tumor-related pathways associated with Dab?2
expression in macrophages. (B) DAB2 expression evaluated by WB analysis on BM precursors
from WT mice differentiated in the presence of CSF-1 for 7 days. Actin was used as loading
control. (C) Dab?2 expression assessed by qRT-PCR on CD11b" cells isolated from BM of tumor-
free mice and cultured for 6 hours either as adherent cells or in suspension, in presence of CSF-1
or supernatant of E0771 cells. Data are presented as mean + s.d. *p < 0.05, **p <0.01 and ***p <
0.001 by Student’s ¢-test, pooled from 3 independent experiments. (D, E) WB analysis for YAP
expression on FACS-sorted TAMs from E0771 and MN-MCA1 tumor—bearing WT or KO mice
(D) or TAMs and MTMs isolated from PyMT mice (E). GAPDH was used as loading control. (F)
IF performed to evaluate expression of YAP, DAB2 and F4/80 on PyMT tumor slices. Scale bar:
50 pm. (G) WB analysis for DAB2 expression on TAMs isolated from MN-MCAT1 tumor bearing
WT, Dab2 KO and Yap/Taz KO mice. (H) Quantification of lung metastases in WT, Dab2 KO,
and Yap/Taz KO mice orthotopically injected with MN-MCAT1 cells. (I) Accumulation of different
immune populations among CD45-gated cells in MN-MCA1 tumors from WT (n=3), Dab2 KO
(n=3) or Yap/Taz KO (n=3) mice.
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DAB2 is expressed in metastasis-associated macrophages (MAMs) and

supports lung colonization

Our previous results indicate that DAB2" macrophages are peculiar of TME and
play a central role in matrix remodeling at primary tumor site, where they assist
tumor cell spreading. However, DAB2 protein was also detected at the metastatic
site and, in particular, its expression was specifically present in MAMs isolated
from lungs of MN-MCAI1 tumor-bearing mice and not in any other myeloid
subsets (Figure 17A). Similar to the primary tumor, DAB2-expressing
macrophages were localized near the metastatic borders, while only few DAB2*
cells were present in healthy areas of metastatic lungs (Figures 17B and 17C).

To investigate whether Dab?2 deletion in the hematopoietic compartment could
affect the accumulation of myeloid cells in the metastatic site, we analyzed the
myeloid infiltrate in the lungs of WT and Dab2 KO mice injected with MN-
MCAT1 or E0771 cell lines (Figure 17D). We observed a similar accumulation of
granulocytes (Ly6GLy6C™ cells), monocytes (Ly6GLy6CMeh cells), tissue
resident macrophages (TRMs, CD11¢'CD11b"°% cells) and MAMs (Ly6G
Ly6C'*""F4/80" cells) between WT and KO mice, suggesting that Dab2
deficiency did not strongly impact the myeloid cell recruitment to distal metastatic

tissue.
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Figure 17. DAB2* macrophages are localized along metastasis border.

(A) WB analysis for DAB2 expression isoforms (p96 and p67) on FACS-sorted granulocytes,
monocytes, TRMs and MAMs infiltrating lungs from MN-MCA1-bearing mice. GAPDH was
used as loading control. (B) Lungs from MN-MCAI tumor-bearing animals were stained for
DAB2 by IHC; a representative image of metastasis is shown. (C) Exemplificative IF images of
DAB2 and F4/80 double staining in the metastasis border (left) and in the healthy lung (right), are
shown. Scale bars: 50 um. (D) Percentage of different myeloid subpopulations within metastatic
lungs on MN-MCA1 or E0771 tumor-bearing mice (n=3 mice/group). Error bars are mean = s.e.

Moreover, the presence of DAB2" macrophages in distal areas suggests that these
cells are not only involved in the first steps of metastatic cascade in the primary
tumors (i.e. local invasion and intravasation) but they probably regulate additional
phases, such as arrest and adhesion, extravasation, initial seeding and cell growth
at the metastatic site (/4, 93). Therefore, we experimentally dissociated the
contribution of the primary tumor in distal steps of metastasis development by the
intravenous injection of EQ771 tumor cells in either WT or Dab2 KO mice. This
setting allowed us to confirm that DAB2-expressing cells are involved in the late
phase of metastatic process since Dab?2 deficiency in myeloid cells negatively
affected the number, burden and mean area of lung micrometastases (Figures
18A-C).

Inflammatory monocytes are able to support the extravasation of tumor cells from
the blood to the lung (93). As previously reported in figure 1B, DAB2 was
detectable at low levels also in tumor-infiltrating monocytes (Figure 18B); we
thus decided to evaluate their possible assistance in endothelial trans-migration of
cancer cells. E0771 tumor cells extravasation through an endothelial layer was
comparable in presence of Ly6C" monocytes FACS-sorted from either WT or
Dab?2 KO-tumor-bearing mice, dismissing the participation of DAB2 in this step
(Figure 18D).

Moreover, generating mCherry/Luc-expressing EO771 tumor cells and combining
bioluminescence imaging and flow cytometry analysis, we were able to study the
process of tumor seeding and growth at the metastatic site. Pulmonary metastases
started to be detectable in WT mice, intravenously injected with mCherry/Luc
E0771 cells, 9 days after tumor cell challenge, whereas no significant
luminescence was detectable in tumor-bearing, Dab2 KO mice throughout the

observation time (Figure 18E). The mCherry/Luc E0771 cells initially seeded the
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lungs of WT and Dab2 KO mice without remarkably differences. However, after
28 days, when WT mice had to be euthanized, we noticed that cancer cells
proliferated from about 10 to 10° per lung, while they were barely detectable in
Dab2 KO mice (Figure 18F). These results suggest that DAB2 is required for the

tumor cell expansion at the metastatic site, but not in the initial seeding.
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Figure 18. DAB2 expression in MAMs regulates lung colonization.

(A-C) Quantification of lung micrometastases number (A), burden (B) and mean area (C) at day
20 following E0771 i.v. injection in either WT (n=9) or Dab2 KO (n=12) mice. (D) Trans-
endothelial migration of Ly6C* monocytes, alone or in co-culture with EQ771 tumor cells,
evaluated using the xCELLiegence technology. Microelectrodes detect impedance changes
proportional to the number of transmigrated cells. Cell invasion was assessed by slope analysis of
the generated curves and reported as inverted histograms. Data represent mean + s.d.; n=2
independent experiments. (E) Metastasis formation in WT and Dab2 KO mice following
mCherry/Luc E0771 cells i.v. injection, evaluated by bioluminescence imaging. (F) Absolute
numbers of mCherry” E0771 cells per lung in WT and Dab2 KO mice 1 or 28 days after tumor
challenge (n= 3 mice/ group). Data are presented as mean =+ s.d. *p < 0.05, **p <0.01 and ***p <
0.001 by Student’s #-test.
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The presence of DAB2* TAMs in cancer patients correlates with worse

prognosis

To extend our findings in a clinical context, we examined the presence of DAB2
in human patients and investigated whether its levels could be correlated with
prognosis. In particular, we focused our attention on breast cancer, which is a
leading cause of cancer-related death, mainly for its metastatic potential.
According to a histological point of view, breast cancer can be divided in invasive
ductal and lobular carcinomas (IDCs and ILCs, respectively), while according to a
molecular approach, three main subtypes have been identified (luminal, HER2
and triple negative) and correlated with tumor aggressiveness (63, 104, 150).

To confirm data obtained from MMTV-PyMT, a spontaneous breast cancer model
of ILC, we assessed the possible prognostic role of DAB2" macrophages in a
cohort of 32 patients with early-stage ILC tumors who underwent surgery. The
presence of DAB2 positive, non-neoplastic and non-EC cells with macrophage
morphology was evaluated in both peritumoral and intratumoral areas by IHC
(Figure 19A). The number of DAB2" macrophages was significantly higher at
invasive frontlines as compared to intratumoral areas, mirroring what already
observed in our mouse models (Figure 19A). Moreover, high peritumoral and
intratumoral DAB2 levels were associated with significantly worse 10-year DFS
(Figure 19B). We can thus conclude that the presence of DAB2* macrophages at
the tumor site, in both regions, could be considered as a prognostic marker for
tumor progression and metastasis formation in patients with primary resected ILC.
Finally, we extended our analyses to a group of 59 early stage gastric cancer (GC)
patients, who underwent complete resection. Among different cases, we observed
heterogeneous levels of DAB2" macrophages (Figure 19C), which allowed us to
stratify patients in low-expressing and high-expressing-DAB2. Patients with high
DAB2 expression displayed a reduction in the 3-year CSS and OS (Figures 19D
and 19E).
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Figure 19. Prognostic value of DAB2 in different human cancers.
(A) Peritumoral and intratumoral DAB2 staining by IHC in pure, early-stage invasive lobular
carcinoma (ILC). Scale bars: 100 um. (B) Disease-Free Survival (DFS) according to peritumoral
or intratumoral DAB2 staining (IHC, low versus high, ROC-derived optimal cut-offs) in 32 ILC
patients undergone surgery (log-rank p-value). (C) Macrophages DAB2 scoring in gastric cancer
patients (IHC). (D-E) Cancer-Specific- and Overall-Survival (CSS, OS) according to DAB2
expression in 59 samples from gastric cancer patients (log-rank p-value).
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DISCUSSION AND FUTURE DEVELOPMENTS

Metastatic spread is a multi-step process responsible for as much as 90% of cancer-
associated mortality (5). In this study, we focused our attention on the ability of
tumor-associated stromal cells to generate a cancer-promoting environment and, in
particular, on the role of tumor-infiltrating myeloid cells in malignant progression and
metastatic spread. Among myeloid cells, TAMs are crucial for cancer cell invasion
both for intravasation at the primary site as well as extravasation, tumor cell seeding
and growth at the metastatic niche. Despite the increasing number of publications
regarding the pro-tumor functions exerted by TAMs (65, 67), the molecular
mechanisms through which these cells act are poorly known.

According to our data, DAB2, an adaptor protein involved in the CME (195), is
highly expressed in TAMs at the primary site and MAMs at the metastatic niche and
it can be considered as master regulator of the macrophage-assisted tumor cell
invasion. Indeed, its deletion in the myeloid compartment significantly affects lung
metastasis formation in different mouse tumor models (i.e. fibrosarcoma and breast
cancer). Interestingly, in Dab2 KO mice there are no remarkable differences in the
primary tumor growth compared to WT littermates, indicating that DAB2"
macrophages do not participate in the early phases of carcinogenesis. Moreover, the
unaltered immunosuppressive function of tumor-infiltrating immune cells or their
recruitment and accumulation at the tumor site suggests that DAB2-expressing
macrophages support the invasion process independently from a negative effect on
anti-tumor immune response.

The localization of DAB2" TAMs along tumor invasive frontline, and not in the
tumor core or healthy tissues, induced us to speculate that they are predisposed to
favor cancer cell expansion in the surrounding environment. Therefore, we evaluated
whether DAB2" TAMs could promote tumor cell invasiveness through ECM
remodeling, one of the main functions of macrophages. Distance covered by cancer
cells through a 3D matrix was higher when they were co-cultured in presence of
DAB2" TAMs, indicating a DAB2-mediated matrix remodeling necessary to guide
cancer cell diffusion by a process called trailblazer effect (/35). Moreover, a second

harmonic generation analysis proved that COL fibers in Dab2 KO mice were denser

89



Discussion

and more organized than ones in WT mice, due to the macrophage inability to digest
the matrix. Interestingly, we also showed that Dab?2 deficiency ablates haptotaxis,
but does not impair macrophage migration towards a soluble chemokine gradient,
i.e. chemotaxis. The mechanistic basis of this finding relies on the physical
interaction between cells and ECM proteins as prerequisite for ECM remodeling
and local migration.

DAB2 is an endocytic adaptor involved in the internalization and the recycling of
transmembrane receptors such as ITGs, which play a crucial role in mediating the
interactions between the cell and the nearby microenvironment (/92). In
particular, al, a5 and a6 ITGs bind ITGB1 on the surface of cells and the resulting
dimers (al1pB1, a5B1, a6B1) are able to interact with specific ECM proteins: COL,
FN and LN, respectively (224). In this regard, Dab2 ablation in BMDMs caused
an altered ITG uptake with a consequent higher accumulation of a5, a6 and B1
ITGs on their surface compared to WT cells. These results are consistent with
previous studies in which Dab? silencing in HeLa tumor cells led to an increase in
al, a2, a3 and B1 ITGs on the cell surface (194, 195). As expected, the defect in
ITG turnover caused an impaired endocytosis of ECM fragments and a
subsequent reduction in macrophage directional movement.

Confirming data previously obtained in BMDMs, Dab2-deficient RAW264.7
clones presented higher surface levels of f1 and a5 ITGs, a reduced capacity of
matrix reorganization and a diminished invasive ability in crossing the 3D
matrixes in comparison to DAB2-expressing clones. Considering that Dab2 KO
clones showed an impaired invasion only when exposed to ECM proteins
interacting with DAB2-regulated ITGs, but not with VN (226), it can be
concluded that the movement of these cells is dependent on ECM protein
composition.

Furthermore, the genetic deletion of single ITG chains proved the prominent
effect of a5PB1 heterodimers in DAB2-assisted tumor cells invasion. Interestingly,
this heterodimer preferentially binds FN, the major component of the p-mN (/4),
suggesting a role of DAB2" MAMs also at the metastatic site (228, 229).
Moreover, a5p1-dependent adhesions are known to be involved in stabilizing the

bond between ECs and tumor cells and favoring the intravascular arrest of CTCs,
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allowing them to resist to the shear stress from the blood flow and extravasate
(230).

The DAB2 continuous expression within TME is dependent on both chemical and
mechanical stimuli. DAB2 is upregulated in naive BM cells stimulated with
soluble CSF-1, a cytokine responsible for monocyte and macrophage
differentiation (227) and known to be related to tumor progression and metastases
in PyMT mice (237). Noteworthy, data reported in literature prove that
macrophages and tumor cells cooperate in the invasion process (82) due to the
establishment of a paracrine loop. Indeed, macrophages release EGF, which
supports cancer cell invasion and the formation of invadopodia, whereas CSF-1
produced by malignant cells promotes the secretion of EGF by macrophages. In
turn, EGF assists the expression of CSF-1 by cancer cells. Disruption of this
positive feedback loop by blockade of either EGF or CSF-1 receptor signaling can
inhibit macrophage and tumor cell migration and invasion (232). Moreover, either
elevated levels of CSF-1 in cancer cells or increased EGF signature in
macrophages correlate with high-grade tumors and poor prognosis in breast
cancer patients (233).

However, chemical stimuli are not the only factors involved in the DAB2 expression
in differentiated macrophages; indeed, we showed that its induction is higher in
presence of a mechanical stimulus. The composition and rigidity of ECM are
considered pivotal factors for the cellular invasion and the activation of specific
programs. Among factors modulated by the rigidity of the substrate, we focused
our attention on YAP and TAZ transcriptional factors: soft matrices induce their
cytoplasmic retention, while rigid matrices cause their nuclear transfer and
activation (/96). According to protein expression analysis, YAP was found in
TAMs but also in MTMs, negative for the expression of DAB2, indicating that its
expression is independent from DAB2 regulation. Moreover, DAB2 was not
detected in TAMs isolated from Yap/Taz KO mice, allowing us to propose YAP
as key regulator of DAB2. Moreover, an IF analysis showed that DAB2 is co-
expressed with YAP and that DAB2"YAP™ cells are macrophages, as revealed by
F4/80 staining. Similar to Dab2 KO tumor-bearing mice, Yap/Taz KO mice
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showed a reduced number in lung metastases, an unaltered primary tumor growth
and no difference in the accumulation of infiltrating immune cells.

In order to confirm in vitro that DAB2 is under the control of YAP in TAMs, it
would be interesting to explore whether the interaction with a COL-based
substrate with different stiffness has an effect on Dab2, Yap and Yap-correlated
genes (such as Crgf and Cyr61/) mRNA levels in TAMs. In addition, we plan to
interfere with YAP expression in vivo using inhibitors, already in clinic, such us
HA-1077 (234) and Visudyne (235).

In conclusion, for the first time, this project correlated DAB2 protein in
macrophages with the transcriptional YAP/TAZ complex, demonstrating that
DAB?2 is regulated by mechanical cues and acts as connector between ITG
endocytosis, ECM stiffness and macrophage-assisted tumor cell spreading.
Considering that DAB2" TAMs mainly localize along tumor borders, where the
matrix is stiffer in comparison to the core, we hypothesize that macrophages
movement could be guided not only by the ITG-ECM interaction but also by
rigidity gradient (i.e. durotaxis) (150, 236). In order to mimic the TME and follow
stromal changes recently reported for human breast cancer (/50), COL I-
fluorocrome conjugated with different concentrations could be stratified on
chamber slides and WT or Dab2 KO TAMs invasion across matrix layers could
be evaluated by confocal microscopy.

DAB2-expressing TAMs are able to promote the ECM degradation favoring the
invasion of cancer cells towards the endothelial vasculature; however, TAMs are
known to participate also in other phases of the metastatic process, such as
intravasation, extravasation, arrest and adhesion, seeding and tumor cell growth at
the metastatic niche (93). DAB2 is mainly expressed in MAMs localized along
tumor borders, reflecting the same gradient-like pattern already observed in the
primary tumor mass. Moreover, DAB2" macrophages promote the malignant cell
proliferation at the metastatic site, but not the initial seeding.

High levels of DAB2-expressing macrophages along tumor invasive frontline are
indicative of a worse prognosis also in human hosts, and in particular in patients
affected by early-stage ILC breast cancer and gastric cancer. Considering that

sampling of tumor borders might not be always feasible in the clinical practice,
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the possibility to detect DAB2" macrophages inside human tumors intensified its
prognostic value.

These findings are in accordance with data reported in literature in which TAMs
localization and density are associated with poor clinical outcome in several solid
cancers, including bladder, breast, renal, prostate, and gastric cancer (237). To
complete our studies, the analysis of DAB2 as prognostic marker has to be
extended to a large cohort of patients as well as to IDC breast cancer patients, to
the different molecular subtypes of breast cancer (luminal A/B vs. HER2 and
triple negative) and to other metastatic diseases.

The results achieved with this work allow us to propose a role for DAB2 in the
macrophage-assisted, mechanotransduction-driven metastatic process and
consequently to advance DAB2 as target for anti-metastatic therapy. In the last
few years, several macrophage-targeting drugs have been developed for depletion
(e.g. CCR2 and CSFIR antagonists), reprogramming (e.g. PI3Ky and HDAC
inhibitors), or interference with their effector functions (e.g. ARG1 and Fc-
receptors) and many clinical trials are ongoing (/04). However, all these
therapeutic strategies require further investigation due to their effects also on
normal macrophages and to their considerable toxicity over time. Indeed, the
knowledge of the TAM-specific targets, the immune reactions occurring during
all the phases of carcinogenesis and the mechanism of immunosuppression are
still limited.

In order to distinguish specific populations of tumor-infiltrating myeloid cells
with pro-tumor activities, it would be interesting to exploit single-cell RNA
sequencing and identify specific markers that license their targeting. Moreover, a
restricted comprehension of molecular mechanisms underlying the metastatic
cascade has led to the development of strategies based only on primary tumors
(8), without considering the metastasis inhibition. A DAB2-directed treatment
would interfere in the metastatic cascade, also operating after primary tumor
resection to cure hidden or dormant metastases.

We foresee that use of nanoparticles loaded with nucleic acids interfering with
DAB2 expression could represent a feasible strategy. Indeed, dendrimers

functionalized to target CD124 and loaded with shRNA or miRNA are able to
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target TAMs at the tumor site, where they can mediate the silencing of the genes
of interest (238). Whether targeting DAB2 could also impact MAMs activity is a
preliminary step to envision a combinatorial therapy with checkpoint inhibitors to

specifically improve the anti-metastatic effect.
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