UNIVERSITA
DI TORINO

Department of Medical Science
PhD in Medical physiopathology
35t% cycle

IL-3Ra: a new tool to reprogram tumor

Presented by

Tutor

Coordinator

SSD

microenvironment

Malvina Koni
Prof. Maria Felice Brizzi
Prof. Franco Veglio

Internal Medicine (MED/09)

2019-2022



Index

INtrOdUCtiON ..o 3
Breast CANCET ..o s 3
Classification of breast carcinoma..............cccccooiiiiiiiiiiii s 4

Histological classification ..o 4
Molecular classification..............ccooiiiiiiiiiiiiiii e 4
Triple-negative breast cancer (TNBC) ..............ccccooiiiiiiiii e 6
TNBC classification...........cccccociiiiiiiiiii e 6
Angiogenesis and vascular Mimicry ... 8
The interleukin-3/interleukin-3 receptor & axis ...........ccccccceiiiiiiiiiiiiiiiii e 10

Aim of the StUAY ......ccciii 12

RESULES: ...ttt 13
Interleukin-3-Receptor-a in Triple-Negative Breast Cancer (TNBC): An Additional Novel
Biomarker of TNBC Aggressiveness and a Therapeutic Target...............cccccovviiiiiiiiiicnnns 13

Extracellular Vesicles ... 34
TEVs: trafficking, sorting, and function in TME.............c.cccccooiiiiiiiies 35
The role of TEV cargo in tumor angiogenesis...............cccccuvvriiiiniiiiiiniiiiees 36
TEVs: multi-faced tools for tumor immune escape.............ccccccviiiiiiiiiiinniies 38

RESULES: ... 40

Targeting IL-3Ra on tumor-derived endothelial cells blunts metastatic spread of triple-
negative breast cancer via extracellular vesicle reprogramming.............c.ccococovviiiiiiicinnes 40

IL-3 signalling in the tumour microenvironment shapes the immune response via tumour

endothelial cell-derived extracellular vesicles.............ccccooevririiiniiiniiiniinncc e 54
The Wnt Signalling Pathway: A Tailored Target in Cancer...............cccccoovviiiiinniiicccns 65
COMCIUSIONS: ...ttt b et bbbttt b ettt e b et n b 91
REEEIEIICES: ...ttt h et bbb bttt b ettt e b et e bt e e bt et e bt b e bt st et e b et et enes 92



Introduction
Breast cancer

Breast cancer (BC) is the most diagnosed malignancy worldwide and the leading cause of
death related cancer [1]. BC accounts more than 12% of all new annual cancer cases and
represents a widespread pathology in less-developed countries [2].The 90% of breast
malignancies are defined as sporadic i.e. developed in the absence of a genetic or familial
substrate, while 10% are due to a genetic predisposition. In this subgroup of patients, the
most frequent germline mutations are in the breast cancer gene 1 and 2 (BRCA1/BRCA?2),
which together confer a 70% lifetime risk of developing cancer (72% for BRCA1 and 69% for
BRCAZ2) [3]. Patients carrying this type of mutation are at a higher risk of developing other
malignancies such as ovarian, pancreatic, and prostate carcinoma [4]. Other germline
mutations that are associated with an increased risk of developing BC are the tumor protein
53 (TP53) (Li-Fraumeni syndrome) and phosphatase and tensin homolog (PTEN) (Cowden
syndrome) mutation, E-Cadherin (CDH1), serine/threonine kinase 11 (S5TK11), partner and
localiser of BRCA2 (PALB2) [5-8]. In addition to genetic and familial predisposition,
additional risk factors for developing BC have been identified. Risk factors can be further
divided into modifiable and non-modifiable.

Not modifiable risk factors include: age, family history of breast neoplasia, ethnicity, breast
tissue density, personal history of benign breast disease, personal history of irradiation,
reproductive history [9,10].

Numerous modifiable risk factors are involved in the development of BC. Among
modifiable risk factors the following are included: body mass index, hormonal factors,
alcohol consumption, and cigarette smoking [9].

Beyond factors positively influencing the likelihood of developing breast cancer, several
protective factors such as breastfeeding, physical activity, and low-fat dietary intake in post-
menopausal women are included [11-14].

Risk reduction can be also achieved by chemoprevention (performed with aromatase

inhibitors in post-menopausal women or with tamoxifen in pre- and post-menopausal



women) or by prophylactic mastectomy. These medical-surgical strategies are only

applicable in well-selected subjects [15-17].

Classification of breast carcinoma
Histological classification

Breast carcinoma can be initially classified as carcinoma in situ (ductal carcinoma in situ -
DCIS) or as invasive breast carcinoma when the neoplastic cells go beyond the basal lamina.
According to the latest World Health Organisation (WHO) classification of 2019, invasive
BC can be divided into 44 different types [18]

The most frequent subtype is no special type (NST), previously defined as ductal carcinoma,
which individually accounts for 40% to 80% invasive breast carcinomas [19]. Consequently,
NST breast carcinoma represents a 'basket category' into which heterogeneous neoplasms
fall. In the latest WHO classification several histotypes previously considered as separate
entities (i.e. oncolytic, lipid-rich, glycogen-rich, clear cell, sebaceous and medullary
carcinoma) have been reclassified as morphological variants of NST carcinoma [20]. Other
types of BC include: invasive lobular carcinoma, mixed ductular-tubular carcinomas,
tubular and cribriform carcinoma, mucinous carcinoma, papillary carcinoma, and apocrine
carcinoma.

Several entities are also described by the WHO (e.g. inflammatory breast carcinoma, male
breast carcinoma). From practical and clinical research, the main mode of subdivision

involves the distinction between NST, lobular and sometimes mixed carcinoma [20].

Molecular classification

Since 2000s, a molecular classification has been introduced, independent of the histological
subtype, while related to the gene expression pattern of the neoplasm.

The classification originally comprised 4 molecular subtypes: 1) luminal (based on gene
expression of estrogen receptor (ER), ER regulatory genes and genes normally expressed by

luminal epithelial cells) 2) human epidermal growth factor receptor (Her-2) positive (based
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on Her-2 overexpression/amplification); 3) basal (based on expression of ER genes,
progesterone receptor (PgR), negativity for Her-2 and expression of genes normally
expressed in breast myoepithelial cells) and 4) normal-like, which mimics the gene
expression of healthy breast tissue.

Numerous studies have subsequently identified the possibility of reproducibly predicting
the molecular subtype by assessing the expression of only 3 genes (ER, PgR and HER-2) and
have shown that the molecular profile of these genes is also conserved on microarray
analysis [21,22].

These studies pose the way for the foundations of current molecular classification
representing the mainstay of breast carcinoma medical treatment.

The current molecular subtypes include luminal A, luminal B, Her-2/neu positive and basal-
like (i.e. triple-negative breast cancer (TNBC)) and their main clinical-pathological features
are reported in Table 1.

Table 1. Clinical-pathological features of breast cancer molecular subtypes.

Luminal A Luminal B Her-2/neu Basal-
like/TNBC

Diagnostic Expression of Expression of Negative for ER | Negative for ER
criteria ER and/or PgR | ER and/or PgR | and PgR, and PgR.

onatleast1in | on atleast1 cell | amplification of | Her-2/neu not

100 cells. per 100. Her-2/neu amplified

Her-2/neunot | Amplification

amplified. of Her-2/neu

Ki-67 <20% and/or Ki-67 >

20 %.

Frequency 50% of 20% of 15 % of 15 % of

invasive breast | invasive breast | invasive breast |invasive breast

carcinomas carcinomas carcinomas carcinomas
Most Tubular, NST, High-grade High-grade
represented cribriform, micropapillary | NST NST,
histotypes lobular, medullary,

low-grade NST metaplastic
Response to Good response | Response to Response to Non-responsive
therapy and to hormone hormone anti-Her-2 to hormone and
prognosis therapy. therapy inferior | target therapy | target therapy.

Variable to luminal A. (e.g. Sensitive to

response to Trastuzumab). | platinum-based
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chemotherapy. | Response to Response to regimens.
Good prognosis | chemotherapy | anthracycline- | Generally has a
greater than based worse
luminal A. regimens. prognosis than
Intermediate Worse the other
prognosis, less | prognosis subtypes
than luminal A | compared to
other subtypes

NST: No Special Type, ER: estrogen receptor, PgR: progesterone receptor.

Triple-negative breast cancer (TNBC)

As previously described, TNBC refers to a particularly aggressive molecular subtype of
breast carcinoma lacking the expression of ER, PgR, and Her-2/neu amplification [23].
According to the American society of clinical oncology/college of American pathologists
(ASCO/CAP), this entity is defined by the expression at the immunohistochemistry (IHC)
of ER and PgRin less than 1 in 100 cells and the expression at the IHC of Her-2/neu classified
as 0 or 1+ [24].

TNBC accounts for about 15% of invasive BC, tends to affect younger women than the other
subtypes, and is more frequent in African-American women [25].

Moreover, TNBC appears to affect, disproportionately compared to other molecular types,
individuals carrying PALB2. TNBC patients' prognosis is closely related to insensitivity to
hormone therapy and the absence of targeted therapies. Prognosis is 8-16% lower than in

hormone-sensitive neoplasms [25].

TNBC classification

Following the studies of Perou et al. [26] who introduced the molecular classification of BC,
several systems were developed providing the fundamentals of current TNBC molecular
classification [27,28]. It is increasingly evident, that TNBC represents a group of molecularly
heterogeneous neoplasms that share the same immune phenotype rather than a single
entity, and a similar approach has been applied to TNBC sub-classification. Lehman et al.

[29] were the first to propose a classification into 6 molecular subtypes based on gene

6



expression and activation of different molecular pathways: basal-like 1 (BL1) and basal-like
2 (BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL) and
luminal androgen receptor (LAR). Subtype BL1 has predominant expression of genes
involved in the cell cycle and DNA repair while BL2 of growth factors. The IM subtype
expresses the genes responsible for immune cell function, the M and MSL subtypes express
genes responsible for epithelial to mesenchymal transition (EMT), and the LAR subtype is
characterised by the activation of the androgen receptor (AR) signalling. The same team has
shown that gene expression of IM and MSL subtypes is due to the lymphocyte infiltrate and
mesenchymal stromal cells rather than tumour cells, respectively, and consequently refined
the classification into four subtypes: BL1, BL2, M and LAR [30]. Finally, a further
classification derives from the studies of Burstein et al. [31] who proposed the following
subtypes: basal-like immune suppressed (BLIS), basal-like immune activated (BLIA), M and
LAR. The subtypes introduced with respect to Lehrman's classification are BLIS and BLIA.
Both share TP53 mutation (>90%) and DNA repair defects (e.g.* mutation of BRCA1/2) while
are characterized by the high prevalence of stromal tumor infiltrating lymphocytes (TILs)
in the BLIA subtype and the depletion of TILs in the BLIA subtype. BLIS and BLIA tumours
have respectively the worst and best prognosis among all TNBC molecular subtypes [31].
Table 2 shows the main molecular features of the subtypes according to the classification
proposed by Burstein et al.

Table 2. Main characteristics of the molecular subtypes of triple-negative breast cancer.

Molecular subtype | Gene expression and recurrent mutations and

microenvironment

BLIS Common TP53 mutation (>90%)

Common homologous repair defects (>80%)
Poor lymphocytic infiltrate

BLIA Common TP53 mutation (>90%)

Common homologous repair defects (>80%)

Abundant lymphocytic infiltrate

M Relatively frequent (50%) homologous repair defects
Frequent PI3K pathway activation

Very poor lymphocytic infiltration




LAR Rare homologous repair defects (5%)
Activation of the AR pathway

Poor lymphocytic infiltrate

Angiogenesis and vascular mimicry

Angiogenesis is the process by which new blood vessels are generated and is orchestrated
by many soluble factors that stimulate (pro-angiogenetic) or inhibit (anti-angiogenetic) neo-
vessel formation [32]. In normal tissues, the balance between pro- and anti-angiogenetic
factors controls physiological angiogenesis. This depends on various exogenous and
endogenous stimuli, mainly related to the concentration of O: at the tissue level. Pro-
angiogenic factors include growth factors (e.g.: vascular-endothelial growth factor (VEGEF),
platelet-derived growth factor (PDGF), tumor necrosis factor a (TNF-a), angiogenin,
cytokines (interleukin 1 (IL-1), IL-6, IL-8)), as well as numerous anti-angiogenic factors (e.g.:
IL-10, IL-12, angiostatin, plasminogen activator inhibitor-1 (PAI-1), interferon-a (INF-a)).
Within solid neoplasms, the balance between angiogenesis-inducing and angiogenesis-
inhibiting factors is abnormal and imbalanced, thereby favouring pro-angiogenic factor
action and the genesis of newly formed vessels in an aberrant process known as tumour
angiogenesis [33].

Angiogenesis is a key step in tumour progression and recognised as one of the main
hallmarks of cancer [34].

Weinder et al. [35] first correlated the microvascular density with lymph node and distant
metastases in BC. Other studies, investigating the prognostic significance of angiogenesis in
BC, have also demonstrated a poorer survival in patients with tmours connoted by the
presence of high microvascular density [36]. In TNBC, micro-vascular density appears even
more represented than in other non-TNBC BC subtypes (p<0.001), as shown by Mohammed
et al. [37] in a study including 830 breast carcinomas. In the same study, the 20-year survival
of TNBCs with vascular invasion was almost halved compared to cases without vascular
invasion. VEGF is one of the main regulators of angiogenesis and therefore, its increase

reflects neo-vascular formation. The more active tumour angiogenesis in TNBC was further
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supported by the presence of VEGF in the TME. Based on these observations it has been
stated that tumour vasculature is even more relevant to therapeutically target TNBC. For
instance, Lopatina et al. [38] have recently shown that blocking the signal mediated by
interleukin-3 receptor a (IL-3Rat), expressed on tumour endothelial cells (TECs), interferes
with the formation of neo-vessels and metastasis formation in mouse models of BC.
Unfortunately, trials investigating the therapeutic role of anti-angiogenic drugs alone in
metastatic TNBC failed to provide a clear survival benefit [39-41].

Vascular mimicry (VM) is a process by which tumour cells differentiate and arrange
themselves to form neo-vessels. This was first described in 1999 by the observation that
vascular structures containing erythrocytes were negative for the expression of endothelial
markers (factor VII, CD31) while positive for Shiff's periodic acid reaction (PAS) in uveal
melanoma [42]. Subsequent experiments on cell lines of different human neoplasms identify
the main signalling pathways involved in VM. Indeed, it has been shown that hypoxia in
the tumour microenvironment (TME) stabilises the level of hypoxia inducible factor-1a
(HIF-1a) and induces EMT resulting in vascular-endothelial cadherin (VE-cadherin), ephrin
type-A receptor 2 (EPHA2) and CD44 expression [43].

As represented in Figure 1, VE-cadherin-mediated activation of EPHA2 can activate signals
through phosphatidylinositol 3-kinase (PI3K), extracellular signal-regulated protein kinase
1/2 (ERK1/2), the expression of metalloproteinases MMP14, MMP2 and laminin, and induce
cell migration [44,45]. In fact, inhibition of these molecules interferes with VM [46,47].

In addition to the above mentioned molecules, orchestrating VM, BC has additional
molecular peculiarities. In a study of 200 human breast carcinoma samples, Gu et al. [48]
demonstrated an association of VM with the expression of osteopontin. Cell lines capable of
forming tubular structures in vitro expressed more osteopontin, and this was inversely
correlated to the expression of the microRNA hsa-mir-299-5p [49]. In addition, miR-204, was
also found inversely correlated with VM in BC [50]. VM is not an isolated process but is
closely related to the stemness of neoplastic cells (the presence of CD133+ cells) and EMT
through the activation of several transcription factors such as zinc finger E-box binding

homeobox (ZEB), twist-related protein (TWIST), and suppressor of mothers against
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decapentaplegic (SMAD). VM was also found in the other molecular subtypes. However,
given its higher prevalence in TNBC and the lack of targeted therapies in this group of

malignancies, it has been considered a potential therapeutic target.

Hyploxia

Figure 1. Molecular pathways involved in vascular mimicry. Source: Andonegui Elguera et al., 2020

The interleukin-3/interleukin-3 receptor a axis

Interleukin-3 (IL-3), also referred to as multilineage-colony stimulating factor (Multi-CSF),
is a cytokine with a molecular weight of 20-26 kDa predominantly produced by CD4+ T
lymphocytes, monocyte and stromal cells initially identified as a growth factor for immature
bone marrow cells [51,52]. The gene coding for IL-3 is located on chromosome 5q31 [53]. IL-
3 plays an important role in haemopoiesis: it has been shown to induce the proliferation of
haematopoietic stem cells, neutrophils, megakaryocytes, macrophages, lymphoid and
erythroid cells [54].

To exert its action on target cells, IL-3 binds to its receptor resulting in the activation of
downstream signalling pathways. The interleukin-3 receptor is a heterodimeric receptor

consisting of two subunits: an a subunit (IL-3Ra, also known as CD123) and a 3 subunit
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shared with the interleukin-5 receptor (IL-5R) and the granulocyte-macrophage colony-
stimulating factor receptor (GM-CSF), called the 3 subunit (Bc) (Figure 2).

Generally, in the absence of stimulation, the receptor is not in its dimer form but, in the
presence of IL-3, undergoes ligand-induced hetero-dimerization. IL-3Ra, specifically,
contains an extracellular domain, a transmembrane domain, and a cytoplasmic domain.
Several molecular studies have shown that IL-3Ra is required for the activation and
phosphorylation of signal transducer and activator of transcription 5 (STAT-5) [55,56]. In
addition to its well-documented role in haemopoiesis, Evans et al. [57] demonstrated that
activation of IL-3Ra in murine pluripotent cells can induce not only proliferation but also
differentiation, suggesting that within haemopoiesis, IL-3Ra activation is involved in cell
fate determination. The role of the IL-3/IL-3R axis in conditions other than haemopoiesis has
been also investigated over the years. A great deal of evidence has shown that IL-3 is
involved in several pathological processes. IL-3Ra expression is frequent (45-95%) in acute
myeloid leukaemia and its expression has been associated with a worse prognosis [58,59].
IL-3Ra seems to be involved in the pathogenesis of some lymphoid neoplasms, 90% of
Hodgkin's lymphomas express CD123 [60].

IL-3 also contributes to the remodelling of the pathological vasculature, particularly tumour
vasculature. Dentelli et al. [61] have shown that TECs produce IL-3 which, in an autocrine
manner, promotes their migration through the induction of membrane-bound c-kit ligand
(mbK:itL). It was also shown that the inhibition of the IL-3/IL-3Ra axis switched off 3-catenin
signalling in tumour endothelial cells by interfering with the formation of tumour neo-
vessels [62]. Despite its action as hemopoietic growth factor, its pro-inflammatory action,
and role in neoplastic angiogenesis, CD123 expression has been poorly investigated in solid

neoplasms.
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Figure2. Representation of the interleukin-3 receptor with its two subunits.

Aim of the study

TNBC is a specific molecular subtype that lacks immunohistochemical expression of ER,
PgR, and Her2/neu expression and/or amplification. Unlike other molecular subtypes,
TNBC does not benefit from the use of hormonal therapies or targeted anti-Her2/neu
therapies. For these reasons, TNBC tends to be characterized by a lower therapeutic
response and a worse prognosis.

In recent years, the concept that, despite its extreme heterogeneity, TNBC shares the lack of
expression of the aforementioned markers has been increasingly consolidated. Therefore,
the identification of immunohistochemical and molecular markers capable to distinguishing
specific tumor entities could both improve patient prognostic stratification and provide new
therapeutic targets for a neoplasm currently lacking targeted therapies. The IL-3/IL-3Ra axis
was initially studied for its hematopoietic function but, over the years, it has been
considered for its pro-inflammatory and angiogenic activities.

Despite the biological relevance covered by the IL-3/IL-3Ra axis, its expression, and its role
in solid tumors, and in particular in TNBC, has never been investigated.

Therefore, the aim of the work was to retrospectively evaluate the expression of IL-3Ra on
human TNBC samples and to study its role as prognostic marker and possible TNBC

therapeutic target. The results of this study are reported in the attached published paper.
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Results:

Interleukin-3-Receptor-a in Triple-Negative Breast Cancer (TNBC): An
Additional Novel Biomarker of TNBC Aggressiveness and a Therapeutic Target.
Koni M, Castellano I, Venturelli E, Sarcinella A, Lopatina T, Grange C, Cedrino M,

Femmino S, Cossu-Rocca P, Orru S, D'Ascenzo F, Cotellessa I, Tampieri C,
Debernardi C, Cugliari G, Matullo G, Camussi G, De Miglio MR, Brizzi MF.
Cancers (Basel). 2022 Aug 13;14(16):3918. doi: 10.3390/cancers14163918.
https://www.mdpi.com/2072-6694/14/16/3918
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Simple Summary: Molecular and histological profiling is crucial for biomarker and therapeutic
target discovery, for example, in TNBC. We demonstrated that T1.-3Ra expression led to the identi-
fication of a subgroup of TNBC patients displaying a peor overall survival. Moreover, we refined
TNBC molecular annotation and drew a model including [I.-3Re, PID-1.1, and genes related to EMT,
which finely discriminates cancer aggressiveness. Finally, we first demonstrated that I1.-3R« is
instrumental in granting tumour adaptation and progression by reprogramming TNBC cells to form
large dysfunctional vessels and reshaping PID-L.1 expression in primary tumours and metastases.
Therefore, the I1.-3/11.-3R« axis may be proposed as a marker of TNBC aggressiveness, as a novel
TNBC therapeutic challenge.

Abstract: Tumour molecular annotation is mandatory for biomarker discovery and personalised
approaches, particularly in triple-negative breast cancer (TNBC) lacking effective treatment options.
In this studly, the interleukin-3 receptor « (IL-3Re) was investigated as a prognostic biomarker and
therapeutic target in TNBC. IL-3R« expression and patients” clinical and pathological features were
retrospectively analysed in 421 TNBC patients. [L-3R was expressed in 69% human TNBC samples,
and its expression was associated with nodal metastases (p = 0.026) and poor overall survival (hazard
ratio = 1.50; 95% CI = 1.01-2.2; p = 0.04). The bioinformatics analysis on the Breast Invasive Carcinoma
dataset of The Cancer GGenome Atlas (TCGA) proved that IL.-3R« was highly expressed in TNBC
compared with luminal breast cancers (p = 0.017, padj = 0.026). Functional studies demonstrated
that IL-3R« activation induced epithelial-to-endothelial and epithelial-to-mesenchymal transition,
promoted large blood lacunae and lung metastasis formation, and increased programmed-cell death
ligand-1 (PD-I.1) in primary tumours and metastases. Based on the TCGA data, TT.-3Re, PD)-1.1, and
EMT coding genes were proposed to discriminate against TNBC aggressiveness (AUC = (.86 95%
CI = 0.82-0.89). Overall, this study identified [[.-3Rx as an additional novel biomarker of TNBC

aggressiveness and provided the rationale to further investigate its relevance as a therapeutic target.

Keywords: interleukin-3/interleukin-3 receptor a; triple-negative breast cancer; vascular mimicry;
programmed cell death-ligand 1

1. Introduction

Triple-negative breast cancer (INBC) is a subtype of breast cancer characterised by the
lack of oestrogen, progesterone, and human epidermal growth factor receptor-2 (TTER2) [1].

Cancers 2022, 14, 3918. https:/ /doi.org/10.3390/cancers14163918
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TNBC mostly arises in young women and accounts for approximately 10-15% of all breast
cancers [2]. TNBC is generally a highly aggressive metastatic carcinoma, displaying a high
mortality rate and recurrence [3]. Moreover, TNBC patients identified by the WNT/f3-
catenin network classifier have a greater risk of metastases [4]. The complexity of the disease
also stems from the lack of accepted predictors of response to therapy. More importantly,
as TNBC lacks oestrogen, progesterone, and HER?2 receptors, it is unresponsive to currently
available targeted approaches [5]. Thus, new prognostic molecular markers and therapeutic
target(s) are required. Currently, many clinical trials targeting specific receptors in tumour
and stromal cells are ongoing, and targeted therapies based on immunohistochemical
studies are under investigation [6,7].

The human IL-3R is a heterodimeric receptor consisting of an IL-3 specific hind-
ing subunit, the « chain (IL-3R«) [8], and a common B chain (c) [9] shared with the
granulocyte—macrophage colony-stimulating factor (GM-CSF) and interleukin-5 (IL-5) re-
ceptor [10,11]. Hemopoietic stem cell commitment as well as monocyte [12], eosinophil [13],
basophil [14,15], and neutrophil [16] functional activation requires IL-3R. IL-3 binding to
its receptor (IL-3R) triggers a variety of cellular signals upholding the homeostasis of the
haemopoietic tissue [17,18]. However, vascular cells also express IL-3R, the activation of
which increases the expression of adhesion molecules as well as the inflammatory and
immune responses [19-21]. We have recently shown that the interleukin-3 binding subunit
(IL-3R«) is expressed in human TNBC samples by endothelial and inflammatory cells [22].
IL-3 was originally described as a haematopoietic factor [17]; however, IL-3, mainly re-
leased by tumour-infiltrating lymphocytes (TILs) [23], acts as a proinflammatory and
proangiogenic cytokine [24]. Moreover, it has been shown that, in response to IL-3, tumour-
derived endothelial cells (TECs) release extracellular vesicles (EVs) able to promote vessel
growth [25], epithelial-to-mesenchymal transition (EMT), TNBC metastatic spread [22], and
tumour immune evasion by upregulating the programmed cell death-ligand 1 (PD-L1) in
myeloid cells [26]. All these data sustain the contribution of IL-3 signalling in the tumour
microenvironment (TME). The TME consists of different cell types that provide the ground
for tumour development and progression either directly through different mechanisms
or by means of the release of soluble factors. Moreover, each of these events most likely
contributes to the dynamic changes triggering both tumour immune editing and tumour
plasticity [27]. Tumour cell plasticity refers to the dynamic changes that affect cancer cells
and explains the reversible mesenchymal transition, the acquisition of stemness traits, and
the epithelial-to-endothelial transition [28]. The acquisition of an endothelial phenotype by
tumour cells and their ability to form blood vessel lacunae is a process denoted as vascular
mimicry (VM), generally referred to as a hallmark of TNBC aggressiveness [29-31]. VM
represents an alternative mechanism of tumour adaptation to the demands of oxygen and
nutrients required for their outgrowth [32] and spreading [33]. Indeed, in TNBC, VM
correlates with different prognostic features including haematogenous and lymph node
metastases, and the rate of survival [34].

Therefore, the pleiotropic actions of the IL-3/IL-3Re axis provide the rationale to
explore [L-3Rx as a prognostic additional biomarker, and a potential therapeutic target in
TNBC aggressiveness and, thus, a forthcoming therapeutic challenge.

2. Materials and Methods
2.1. Sample Recruitment

To evaluate the clinical significance of the IL-3R« expression, we selected patients
diagnosed with TNBC who underwent surgical treatment and with available follow-up
data (n = 421). According to the guidelines and clinical indications, some patients were also
treated with neo-adjuvant chemotherapy, adjuvant chemotherapy, radiation therapy, or a
combination of these treatment modalities. The data of 163 primary TNBC patients who
underwent surgery from 2001 to 2019 were collected from the Pathology Unit of Citta della
Salute e della Scienza Hospital in Turin, while those of 258 patients undergoing surgeries
from 2000 to 2015 were recovered from the Department of Histopathology of Oncologic
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Hospital in Cagliari, Italy. The specimens were processed as previously described [22] in
the two different Pathology Units. Three experienced pathologists independently evaluated
all tumour cases. Histologic subtyping referred to the 2019 WHO classification [35]. The
TNBC database includes the personal and medical data collected from the medical records
of each TNBC patient. The study was conducted in accordance with the guidelines and
regulations defined by the Research Ethics Committee for Human Biospecimen Utilisation
(Department of Medical Sciences—ChBU) of the University of Turin and from the Research
Ethics Comumittee of Sardinia Region (#224/CE/12). Written consent was not required
considering the retrospective nature of the study and no impact on patients’ care. Tumour
samples were analysed using IHC to assess the expression of IL-3R« (anti-IL-3R« clone 5-12
antibody Santa Cruz Biotechnology, Dallas, TX, USA, sc-455). To classify each individual
tumour sample as IL-3R«-positive or -negative, the results of IHC were compared via light
microscopy using acute myeloid leukaemia cells (M07 cell line) as a positive control, which
displays a high receptor expression. Based on this control, we categorised tumours as
IL-3Rx-negative or -positive (cut-off 1-3 plus).

2.2. Immunohistological Analysis

Tissue microarrays including representative formalin-fixed, paraffin-embedded (FFPE)
blocks of TNBC specimens were used to cut 3 pum thick tissue sections for haematoxylin-
and-eosin stains (I1&E). The TIL evaluation was reported as the percentage of cells in the
stromal tissue inside the invasive tumour, avoiding areas with crushed artefacts, necrosis,
and inflammation around biopsy sites or hyalinisation [36]. Immunochistochemistry for the
expression of IL-3R« was performed as previously described [22].

2.3. Cell Lines

The following TNBC cell lines were used: MDA-MB-231, MDA-MB-453, MDA-MB-
436, MDA-MB-157, BT-549, HCC-1395, and Hs-578T. The pathological features of each cell
line are reported in Supplementary Table 51; the MCF10A cell line, a non-neoplastic breast
cancer cell subtype, was cultured as indicated by the manufacturer and served as a negative
control. All cell lines were provided by the ATCC (Manassas, VA, USA) and cultured as
indicated by the manufacturers. The M07 leukaemic cells were established in the lab [37].
Supplementary Information reports the details.

2.4. Western Blot Analysis

Cells were lysed using a RIPA buffer and processed as previously described [22]. The
following antibodies were used: anti-Vimentin (Abcam #ab8978), anti-N-Cadherin (Abcam
#ab18203), anti-GAPDH (Abcam # ab8245), anti-B-Actin (Abcam #ab8227), anti-CD31
(Abcam #ab28364), and anti-IL-3Rec/CD123 (R&D Systems #MAB301-100). Secondary
antibodies conjugated with peroxidase were purchased from Cell Signalling Technologies
(Danvers, MA, USA). Supplementary Information reports the details.

2.5. FACS Analysis

For the FACS analysis of IL-3Ra/CD123 surface marker, MDA-MB-231, MDA-MB-453,
MDA-MB-436, MDA-MB-157, BT-549, Hs-578T, HC(C-1395, MCF10A, and M07 cells were
harvested and stained with human anti-CD123 antibody for 30 min. Flow cytometric
analysis was performed using a Cytoflex flow cytometer (Beckman Coulter, Brea, CA, USA).
Supplementary Information reports the details.

2.6. Real-Time PCR Analysis

Real-time polymerase chain reaction (PCR) was performed to detect SLUG, ZEB 1,
and TWIST transcript in s-578T, FICC-1395, MDA-MB-231, and MDA-MB-436 cell lines
untreated or treated with IL-3 (5 ng/mL of recombinant human IL-3) (BD Biosciences,
San Jose, CA, USA) for 24 h. The Primer sequences and additional details are reported in
Supplementary Information.

16



Cancers 2022, 14, 3918

40f 18

2.7. Tube-like Structure Formation Assay

Cells were non-enzymatically detached and seeded onto a thick layer of growth factor
reduced Matrigel (BD Biosciences, San Jose, CA, USA) in a 24-well plate (Corning, Corning,
NY, USA). Supplementary Information reports the details.

2.8. In Vivo Model

Animal studies were performed in accordance with the Italian National Institute of
Health Guide for the Care and Use of Laboratory Animals. All procedures were approved
by the Ethics Committee of the University of Turin and the Italian Health Ministry (protocol
No. 833/2020-PR). The Committee approved the research before the study began. Mice
were housed according to the guidelines of the Federation of European Laboratory Animal
Science Association. Blinded investigators (at least 2) assessed the outcome. Tumours
were obtained by injecting MDA-MB-231 or MDA-MB-436 cells (2 x 108 cells) in 100 uL of
growth factor reduced Matrigel into the mammary fat pad of NSG mice purchased from
Charles River Laboratories (Calco, Italy) (8 weeks/female) (3 mice/group: control vs. rhIL-
3-treated mice (20 ng/mL)). From T0, corresponding to tumour cell injection, the animals
were locally treated with saline or rhIL-3 (20 ng/mL) every 2 days for 4 weeks. Once a
week, the size of the tumours was blindly evaluated using a digital calliper: Maximum and
minimum diameters were measured, and the volume was calculated using the following
ellipsoid formula: (4/3m (d/2)2+D/2). Mice were euthanised using a COy chamber 4 weeks
later. Primary tumours were collected and fixed as previously described [22], for further
analyses. Immunohistochemistry was performed using an automated slide-processing
platform (Ventana BenchMark AutoStainer, Ventana Medical Systems, Tucson, AZ, USA),
with Universal DAB Detection Kit detection systems. Briefly, 5 um paraffin-embedded
tumour sections were stained with CD31 and PAS to quantify CD31+ vessels and VM
(expressed as CD31— /PAS+ vessels). Ten sections/tumour were examined using Image]
1.50g software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA), and
the results are expressed as the number of CD31+/PAS+/fields + SEM. PD-L1 expression
was evaluated using an anti-human PD-L1 rabbit polyclonal antibody (Abcam #ab233482)
diluted in a ratio of 1:100. Secondary HRP-labelled anti-rabbit antibody (Goat Anti-Rabbit
1gG (H + L)-HRP Conjugate, Bio-Rad, Hercules, CA, USA) was used at 1:1000 dilution for
1 hat room temperature. Sections were counterstained with haematoxylin, dehydrated, and
mounted. The quantification of the PD-L1 expression was performed using Fiji software
(Image]). Lung metastases were counted according to human PD-L1 expression. The
results are expressed as the mean 4 SEM of PD-L1-positive area (related units) per sample
(n = 3/each condition).

2.9. Bicinformatics Analysis

Using The Cancer Genome Atlas (TCGA), limited to the BRCA data, the datasets
were downloaded from the TCGA website (https//tcga-data.ncinih.gov, accessed on
14 November 2021) for gene expression analyses [38-40]. Supplementary Information
reports the details.

2.10. Sample Size Calculation

For animal studies, according to our previous data, the minimum sample size that
would permit us to detect a 40% difference between the experimental groups with 90%
power was 1 = 3 mice/group. For patient validation, based on the data provided by
Urruetal. [41], a simulation study of the number of events per variable in logistic regression
analysis [42] revealed that 250 patients are needed to test the independent predictive power
of the IL-3Ra expression.

2.11. Statistical Analysis

Data are representative of at least 3 independent in vitro experiments, performed in
triplicate. Comparison between 2 groups was performed using Student’s t-test, while
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comparisons between 3 or more groups were performed using a one-way ANOVA test, and
the significance level (p < 0.05, p < 0.01, p < 0.001) was evaluated using the Newman-Keuls
multicomparison post hoc test. The correlation and distribution of IL-3Re and baseline
clinical-pathological parameters were assessed using the %2 test and Fisher’s exact test.
Baseline parameters such as age at diagnosis (we arbitrarily set the cut-off at 55 years
old since we failed to detect differences in the median of age); histotype (ductal, lobu-
lar, or others); pT = primary tumour; pN = lymph nodal invasion; M = metastasis (TNM
classification); G = grade (G1, G2, G3); Ki67 (%), and the percentage of TILs = tumour-
infiltrating lymphocytes in every single tumour specimen were considered. The overall
survival (OS) analysis was performed using the Kaplan—Meier estimates. We used Cox
regression and the Wilcoxon-Breslow—Gehan test to assess the hazard ratio and expected-
versus-observed events in the two groups of patients. Cox multivariate adjustment was
performed including the IL-3Rx expression and pT. The association between the relative
gene expression values was performed through Spearman’s correlation analysis. Lo-
gistic regressions were performed to evaluate the synergistic effect of several genes in
discriminating the tumour subtype based on its aggressiveness. The receiver operative
characteristic (ROC) curve considering the area under the curve (AUC) was used to judge
the discrimination potential of the models. Statistical analyses were performed using R
vd.1.2, R Core Team (2017); R: a language and environment for statistical computing; R
Foundation for Statistical Computing, Vienna, Austria. URL (https:/ /www.R-project.org/,
accessed on 1 November 2021); Software and Bioconductor (https:/ /www.r-project.org/,
accessed on 1 November 2021). Figure results were plotted using the Ggplot2 R package
(https://CRAN.R-project.org /package=ggplot2, accessed on 25 January 2022) and STATA
(https:/ /www.stata.com, accessed on 20 April 2021), Copyright 1985-2019 StataCorp LLC,
serial number: 401709301228; licensed to Universita degli Studi di Torino). Statistical
significance was set at p < 0.05.

3. Results
3.1, IL-3Ra Is Expressed and Associated with Poor Prognesis in Human TNBC

We performed a retrospective study to evaluate the expression of [L-3R« in TNBC
samples obtained from two different centres in Italy (n = 421). Notably, IL-3R« expression
was found in 291 out of 421 human TNBC samples, and at baseline, IL-3R&-positive patients
displayed a significantly high nodal invasion (N2) (p = 0.026) (Table 1). The representative
images of positive and negative IL-3Ra samples are shown in Figure 1A B. In our cohort, we
detected 133 events, 99 in IL-3Rx-positive and 34 in IL-3Ra-negative patients. The hazard
ratio for IL-3Ra-positive samples corresponded to 1.50 (CI =95% 1.01-2.2; p = 0.04) and was
near to significance after multivariate adjustment (hazard ratio = 2.01:0.89-4.89, p = 0.089).
Additionally, using the Wilcoxon-Breslow—Gehan test, we found that the expected events
were significantly lower (IL-3Ra-positive: 88 vs. 99) and higher (IL-3Rx-negative: 45 vs. 34)
than the observed (p = 0.0245) (Figure 2).

Table 1. Clinical and pathological features of TNBC patients. Histologic classification refers to
the WHO classification. IL-3Roe = IL-3 receptor «, NST = no special type, N/A = not available,
pT = primary tumour, pN = lymph nodal invasion, M = metastasis, G = grade, TILs = tumour-
infiltrating lymphocytes. * The p-value refers to differences between IL-3Rwx expression (positive and
negative) using Fisher’s exact test (in bold the significant data).

Total TL-3R x-Positive IL-3R o-Negative
p-Value
n=421 n =291 (69%) #=130 (31%)
Age, 7 (%)
<55y 191 (45%) 128 (44%) 63 (48%) 0.394
>55y 230 (55%) 163 (56%) 67 (52%)
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Table 1. Cont.

Total IL-3R«-Positive IL-3Rax-Negative
p-Value
n=421 1n =291 (69%) n =130 (31%)
Histologic subtype, 1 (%)
NST 295 (70%) 201 (69%) 94 (72%)
Tobular 20 (5%) 18 (6%) 2 (2%) 0.169
Others 96 (23%) 64 (22%) 32 (24%)
N/A 10 (2%) 8 (3%) 2(2%)
Primary Tumour, n (%)
pl1 162 (38%) 117 (40%) 45 (35%)
pT2 194 (46%) 130 (45%) 64 (49%) 0794
pr3 31 (8%) 22 (8%) 9 (7%) :
pT4 24 (6%) 15 (5%) 9 (7%)
N/A 10 (2%) 7 (2%) 3(2%)
Lymph node involvement, n (%)
pNO 230 (55%) 157 (54%) 73 (56%)
pN1 94 (22%) 61 (21%) 33 (25%)
pN2 40 (10%) 36 (12%) 4 (3%) 0.026 *
pN3 31 (7%) 21 (7%) 10 (8%)
N/A 26 (6%) 16 (6%) 10 (8%)
Metastasis, 1 (%)
Mo 409 (97%) 283 (97%) 126 (97%) —
M1 5 (1%) 3 (1%) 2 (2%) *
N/A 7 (2%) 5 (2%) 2 (2%)
Grade, 1 (%)
G1 4(1%) 3(1%) 1(1%)
G2 56 (13%) 45 (15%) 11 (8%) 0.115
G3 354 (84%) 240 (82%) 114 (88%)
N/A 7 (2%) 3 (1%) 4 (3%)
Ki67, n (%)
<15% 21 (5%) 13 (4%) 8 (6%) 0.463
>15% 400 (95%) 278 (96%) 122 (94%)
TILs, n (%)
Present 164 (40%) 106 (37%) 58 (46%) —
Absent 121 (30%) 90 (32%) 31 (25%) Z
N/A 124 (30%) 87 (31%) 37 (29%)

IL-3Ra positive TNBC @

IL-3Ra negative TNBC  IL-3Ra positive TNBC >
ative TNBC

5
s ina. [y, =

Figure 1. Human TNBC cells express [[.-3R«. Representative tissue microarrays from human TNBC
samples were stained with anti-IL-3R« antibodies. IL-3Rx-positive and -negative TNBC samples
are shown. Original magnification 10x and 20, scale bar: 100 pm and 50 pm, respectively. Panel
(A) (red square) refers to Turin samples and panel (B) (black square) to Sassari samples.
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Figure 2. Kaplan-Meier of overall survival. Using the Cox regression test, we obtained a p = 0.04,
while using the Wilcoxon—Breslow—Gehan test, the p corresponded to p = 0.0245.

3.2. IL-3Ra Activation Impacts EMT and Reprograms TNBC Cells towards an
Ewndothelial-like-Phenotype

To gain insights into the biological relevance of [L-3Re in TNBC, its expression was first
investigated by selecting a panel of TNBC cell lines displaying different phenotypic features
(Table S1). As in human samples, IL-3Ra was expressed in TNBC cell lines (Figure 3A,B).

Based on our retrospective study, we selected four different TNBC cell lines (two
originated from pleural effusion and two from primary tumours) to evaluate whether the
activation of the IL.-3/11-3R« axis impacts TNBC aggressiveness. For this purpose, 11.-3
was used to activate IL-3Ra and to investigate cell proliferation and the expression of EMT
markers in TNBC. IL-3 was unable to promote TNBC proliferation in all the analysed cell

lines. Therefore, Vimentin and N-Cadherin were selected as EMT markers (I'igure 4A-D).

IL-3 upregulated N-Cadherin in MDA-MB-231 and MDA-MB-436 and Vimentin in I1s-578T

and HCC-1395 cells, while downregulated N-Cadherin in HCC-1395 cells (Figure 4D).

[-catenin expression was not affected by IL-3. The SLUG, TWIST, and ZEB1 mRNA
expression levels were analysed and are reported in Figure 4F-T1. Possibly due to the high
basal expression of these genes in TNBC cell lines, IL-3 significantly upregulated their
expression only in HCC-1395 cells (Figure 4H).

Epithelial-to-endothelial transition and the formation of tumour-cell-derived vessel-like

structures (vascular mimicry (VM)) are common hallmarks of TNBC aggressiveness [32,34].

Thereby, the ability of IL-3 to reprogram TNBC cells towards an endothelial-like phenotype
was investigated in vitro using a three-dimensional tube-formation assay. As shown in
Figure 5A,B, IL-3 induced morphological changes in cancer cells, translating in their ability
to form tube-like structures.

3.3. IL-3 Boosts VM and PD-L1 Expression in Primary Tumours and Lung Metastases

The impact of the IL-3/IL-3R& axis in TNBC biology was also investigated in vivo by
injecting MDA-MB-231 and MDA-MB-436 cells in NSG mice. These cell lines were selected
for their parallel EMT marker modulation, phenotype, and growth in mice [43]. The
protocol is shown in Figure 6A. We failed to detect significant differences in primary tumour
size between the untreated and TL-3-treated animals (Figure S1). Therefore, based on the
in vitro results, the tumour-associated vasculature was examined. As shown in Figure 65-D
and Figure 6F—H, tumours from animals treated with IL-3 displayed a significant increase
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in PAS-positive/CD31-negative vessels, corresponding to the vascular network built by
tumour cells and denoted as VM. Conversely, vessels, mainly formed by endothelial cells,
were found in control mice. Moreover, a significant increase in vessel size was detected in

the animals treated with IL-3 (Figure 6E,I).
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Figure 3. [L-3R« expression in different TNBC cell lines: (A) representative Western blot of IL-3R«
expression in the indicated TNBC cell lines. Actin served as housekeeping gene. The uncropped blots
are shown in Figure S2; (B) FACS dot plots of IL-3R« expression (purple dots) and appropriate IgG
controls (left panel in each cell line) of the indicated TNBC cell lines. M07 and MCF10A cells served

as positive and negative controls, respectively.
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Figure 4. IL-3R«x activation impacts EMT: (A-D) representative Western blot and quantification of
Vimentin and N-Cadherin expression levels in MDA-MB-231, Hs-578T, MDA-MB-436, and HCC-1395
cells untreated (Ctrl, circles on diagrams) or treated with IL-3 (1 ng/mL, squares on diagrams or
5 ng/mL, triangles on diagrams). Data are expressed as the mean + SEM normalised to housekeeping
genes (Vinculin, Actin, and GAPDH). (E-H) SLUG, TWIST1, and ZEB 1 mRNA expression levels
in MDA-MB-231, Hs-578T, MDA-MB-436, and HCC-1395 cells untreated {Ctrl) or treated with I1.-3
(1 ng/mL or 5 ng/mL). Data are expressed as the mean + SEM normalised to housekeeping genes.
The uncropped blots are shown in Figure S3.

We have recently shown that the EVs released by TEC upon IL-3R& blockade modulate
PD-L1 expression in myeloid cells [26]. Since cancer cells also express PD-L1, and its expres-
sion contributes to TNBC aggressiveness, PD-1.1 was also evaluated in our in vivo model.
IL-3 was able to significantly increase PD-L1 expression in primary tumours (Figure 7A,B),
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as well as the number of lung lesions and the magnitude of the scattered PD-L1-positive
tumour cells in the lung (Figure 7C-H). Overall, these data provide evidence that the IL-
3/IL-3Ra signalling is a crucial remodelling pathway contributing to TNBC aggressiveness.

A
HCC-1395

MDA-MB-231 Hs-578T MDA-MB-436

Ctrl

1L-3 24h
1 ng/ml

5 ng/ml

100 100
<0.0001

80 0.006 80 <0.0001

60 €.005

Tude Number

ctrl 1 ng/ml 5 g/ml cul 1rg/ml 5 ng/ml ctrl 4ng/ml 5 ng/ml ctrl 1 ngsml 5/l

Figure 5. IL-3R« activation reprograms TNBC cells towards an endothelial-like phenotype: (A) phase
images of cells plated on growth factor reduced Matrigel in serum-free medium or supplemented
with 1 ng/mL or 5 ng/mL of IL-3; (B) quantification of the vessel number was performed over at least
three independent replicates for each cell line. MDA-MB-231, Hs-578T, MDA-MB-436, and HCC-13%5
cells untreated (Ctrl, circles on diagrams) or treated with IL-3 (1 ng/mL, squares on diagrams or
5ng/mL, triangles on diagrams) are shown. The results are expressed as mean & SEM. Original
magnification 20, scale bar: 80 pumn. Comparisons were performed using one-way ANOVA followed
by Tukey’s multiple-comparison test.

3.4. Bioinformatics Analysis on TCGA Data Recognises IL-3Ra as a Marker of
TNBC Aggressiveness

The association between the expression of IL-3R« and breast cancer aggressiveness
was also evaluated by interrogating The Cancer Genome Atlas (TCGA) data. The results of
the differential expression analysis, based on a limited number of TNBC data, indicated that
IL-3Ra was highly expressed in TNBCs compared with luminal breast cancers (p = 0.017,
padj = 0.026, (Figure 8A). The TCGA data analysis also identified EMT and VM coding genes
as differentially expressed in the two breast tumour groups. Moreover, [L-3R« positively
correlated with VIM (tho = 0.52, p < 2.2 x 10716), ZEB2 (rho = 0.47, p < 2.2 x 10716), SPRY2
(tho = 042, p < 2.2 x 10716), MMP2 (rho = 0.37, p < 2.2 x 1071%), and CD274 (PD-L1)
{tho = 0.38, p < 2.2 x 1071%) (Figure 8B). Univariate and multivariate logistic regression
analyses were performed by selecting those genes with the best individual p-value (SNAI1,
NFKB2, ZEB1, SMAD3, VIM, CD274, CTNNB1, MMP2, SPRY2, SNAI2, and IL-3Rx) as
candidate predictors for breast cancer aggressiveness (Figure 8B). Finally, by considering
the genes recapitulating IL-3 biological functions, we proposed a model, including I[-3R«,
SNAI1, ZEB1, VIM, CTNNB1, MMP2, SPRY2, and CD274, that remarkably discriminates
cancer aggressiveness (AUC = 0.86 95% CI = 0.82-0.89) (Figure 8C).
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Figure 6. IL-3Ro activation promotes VM and increases the vessel size in vivo: (A) NSG mice were
injected with tumour cells (as indicated) and treated from day 0 with saline or IL-3 (20 ng/mL) twice
a week for 4 weeks. The figure was partly generated using Servier Medical Art templates, which
are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com,
(accessed on 5 August 2022). Tumours were recovered at day 30; (B) representative images of MDA-MB-
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MDA-MB-231

23- derived tumours untreated (Ctrl) or treated with IL-3 (20 ng /mL) stained with anti-CD31 antibody
(brown colour) and PAS (violet colour); (C,I)} relative quantification of VM/endothelivm expressed
as the number of CD31+/PAS+ per field & SEM ((C) corresponds to control, while (D) refers to IL-3
treatment); (E) quantification of the vessel size in MDA-MB-231-derived tumours. The results are
expressed as mean & SEM; (F) representative images of MDA-ME-436-derived tumours untreated
(Ctrl) or treated with IL-3 (20 ng/mL) stained with anti-CD31 antibody and PAS; (G,H) relative
quantification of YM/endothelium expressed as the number of CD31+/PAS+ per field £ SEM
((G) corresponds to control, while (H) refers to IL-3 treatment); (I) Quantification of the vessel size in
MDA-MB-436 derived tumours. Circles on diagrams represent the quantity of CD31+ structures per

field, squares represent the quantity of PAS+ structures per field. The results are the mean 4= SEM.

Original magnification 20, scale bar: 80 pun. Comparisons were performed using Student’s #-test.
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Figure 7. IL-3Ra activation boosts PD-L1 expression in primary tumours and lung metastases:
(A,B) representative images and quantification of PD-L1 expression in primary tumours derived
from mice injected with MDA-MB-231 (A) and MDA-MB-436 (B) cells untreated or treated with
[L-3; (C,D) representative images and quantification of PD-L1 expression in the lung tissues of
mice injected with MDA-MB-231 (C) and MDA-MB-436 (D) cells left untreated or treated with IL-3.
Diagram data are presented as PD-L1+ area/lung + SEM; (E,G) representative images of scattered
PD-L1+ cells in the lung tissues of mice injected with MDA-MB-231 (E) and MDA-MB-436 (G) cells
untreated or treated with IL-3; (F,H) diagrams reporting the number of lung metastases counted
according to PD-L1 expression in mice injected with MDA-MB-231 (F) or MDA-MB-436 (H) cells
untreated or treated with IL-3. Diagram data are expressed as PD-L1+ metastasis/field + SEM.
Circles on diagrams represent PD-L1 quantification in control mice tissues, squares represent the
quantity of PD-L1+ structures in the mice treated with IL-3. Original magnification 20x scale bar:
100 pm. Comparisons were performed using Student’s t-test
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Figure 8. Bioinformatics analysis of TCGA dataset: (A) volcano plots of DEGs in TNBC and luminal
breast cancers. Log2FC is displayed on the y-axis and the —logl0 of p-value on the x-axis. Dots
represent upregulated and downregulated genes; the blue points are those whose p-values were
statistically significant {(p < 0.05); (B) correlation of gene expression between IL-3Rx and genes
involved in EMT and CD274 (PD-L1}) (correlation test). The closer the RHO corresponds to 1, the
more the correlation. Results of the univariate model show the discriminating power of single genes
(AUCQ). The p-value of the multivariate model showed that all selected genes were relevant for the
efficiency of the model. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; (C) ROC curve
representing the multivariate logistic model. This model, composed of IL-3Re, SNAI1, ZEB1, VIM,
CTNNB1, MMP2, SPRY2, and CD274 (PD)-1.1), showed the effectiveness in discriminating breast
cancer aggressiveness. (AUC = 0.86 95% CI = 0.82-0.89).

26



Cancers 2022, 14, 3918

14 of 18

4. Discussion

In the present study, we identified IL-3Rx as an additional TNBC prognostic biomarker
and provided the proof of concept that TNBC aggressiveness also stems from the IL-3/IL-3R
signalling pathway.

TNBC is a deep heterogeneous breast cancer lacking canonical breast cancer markers
such as the oestrogen, progesterone, and HER2 receptors [1], and thus targeted treat-
ments [5]. Herein, we demonstrated that 291 out of the 421 TNBC specimens examined
(69%) were positive for IL-3Ra. The TCGA data analysis, grouping 1080 luminal breast
cancer samples and 125 TNBC samples, confirmed this observation.

IL-3 is a proinflammatory and proangiogenic cytokine mainly released by activated
T lymphocytes and mast cells in the TME [44] and acts as an autocrine factor for human
breast and kidney tumour-derived endothelial cells [24]. The biological relevance of
IL-3 and its receptor has been extensively investigated in the haemopoietic and vascular
compartments [45], while their role in TNBC is yet unknown. We herein demonstrated
that the expression of [L-3R« in human TNBC samples correlates with the presence of
metastatic nodes and with a poor overall survival rate. The data from TCGA established that
several genes closely linked to EMT, and angiogenesis positively correlate with the TL-3Re
expression in TNBC. The angiogenic process is instrumental for tumour development and
metastatic spread [46]. However, cancer dissemination also relies on the ability of cancer
cells to build their own vascular network embedded into the endothelial layer, in a process
known as VM [47]. Notably, EMT regulators and EMT-related transcription factors are
generally regarded as hallmarks of VM and TNBC progression [48]. Consistent with the
TCGA molecular annotation, our data proved that the IL-3/IL-3R« axis drives changes in
EMT markers and acts as a booster of VM in vivo, translating into tumour cell homing and
outgrowth in the lung.

Tumour cells sense cues released by TME components and promptly adapt to any
favouring challenge [49]. These reciprocal interactions within the TME translate into tu-
mour cell reprogramming and shift towards specific “phenotypic identity”, outgrowth, and
dissemination [50]. Among these reprogramming plans, the dynamic and reversible EMT
to mesenchymal-epithelial transition and the epithelial-to-endothelial switch appear rele-
vant [50]. We herein reported that the activation of IL-3R« drives endothelial-like features,
enhances the formation of large blood lacunae, which replace and fulfil endothelial cell
functions, and boosts TNBC metastatic spread. VM is highly prevalent and more frequently
identified in TNBC compared with luminal or HER2+ breast cancers and is generally as-
sociated with tumour progression [51,52]. Therefore, the close relationship between VM,
EMT, and the expression of a functional IL-3R« provides additional insight into the role
of IL-3/1L-3R« in the complex molecular programme guiding TNBC metastatic spread
and aggressiveness. Moreover, since resistance to antiangiogenic treatments also relies
on the occurrence of VM [53], the activation of the IL-3/IL-3Rx-mediated signalling may
represent one of the rescue pathways granting tumour cell survival in this clinical scenario.
In addition, consistent with “omics technologies” [54], our results provide evidence of the
heterogeneity of IL-3R« response in different TNBCs (the ability to induce the expression of
EMT marker was tumour-specific), as well as on the ability of IL-3R« to activate common
pathways (the induction of the epithelial-to-endothelial switch was detected in all the cell
lines tested).

The TME in TNBCs is unique and dynamically contributes to tumour immune evasion
via discrete mechanisms including the aberrant expression of immune checkpoint proteins,
such as PD-L1 and the programmed cell death-ligand 1 receptor [55]. PD-L1 is highly ex-
pressed in several cancer types [56] and much more in TNBCs compared with other breast
cancer subtypes [57]. Genetic and epigenetic mechanisms, as well as inflammatory stimuli,
control PD-L1 expression in cancers [58,59]. We demonstrated that IL-3Ra activation in-
creases PD-L1 expression in primary tumours and in metastatic lung lesions, sustaining a
role in the control of anti-tumour immune response. Soluble factors released in the TME
also dictate the clinical benefits of checkpoint inhibitors [54]. As an example, the vascular
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endothelial growth factor (VEGEF) was found instrumental for TME immunosuppression by
inducing vascular defects and rearranging the anti-tumour immune response [60]. There-
fore, our observations that, in tumour-bearing mice, the IL-3Rx-mediated signal blunted the
“physiological” angiogenesis, boosted the VM, and increased the PD-L1 expression indicate
that, as VEGE, IL-3 can “highjack” the TME, thereby contributing to tumour evasion.

5, Conclusions

A molecular classification based on both transcriptomics and genomics is mandatory
to identify novel targets and develop innovative therapeutic options [61]. Our study, be-
sides refining the TNBC molecular annotation, proposed a model recapitulating cancer
aggressiveness. Moreover, since tumour molecular profiling supported the IL-3R« expres-
sion in human samples and its potential role in driving tumour aggressiveness in vivo,
we proved that its activation drives tumour progression; thus, investigating [L-3Rx as a
potential therapeutic target presents a valuable challenge.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /cancers14163918/sl. Supplementary Table S1: Clinical and
pathological features of different TNBC cell lines expressing IL-3R«. Supplementary Figure S1:
Images refer to primary tumours of mice injected with MDA-MB-231 cells (A) and MDA-MB-436
(B) untreated or treated with IL-3 (20 ng/mL); Figure S2. Full pictures of the Western blots for
Figure 3A; Figure 53. Full pictures of the Western blots for Figure 4A-D.
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Overall, we have demonstrated for the first time that IL-3Ra is highly expressed in human
TNBC tumor cells. In our study, 291 out of 421 tumors, corresponding to 69%, expressed IL-
3Ra at the immunohistochemical evaluation. The use of two cohorts from two different
centres allowed us to confirm the percentage of its positivity, suggesting that the expression
of IL-3Ra on TNBC is highly reproducible and frequent in this neoplasm. The expression of
IL-3Ra was then confirmed in cell lines derived from human TNBCs, confirming that the
receptor is widely expressed in tumor derived from both primary and metastatic lesions. To
corroborate its relevance as a biomarker, we demonstrated that IL-3Ra was not expressed
on non-neoplastic breast cells (MCF-10A). The association with a higher lymph node
invasion and a significantly lower survival together with the high reproducibility of the
immunohistochemical expression of IL-3Ra, suggest that the receptor can be used as a
biomarker for the characterization of a more aggressive and poorer prognosis subset of
TNBC. We also demonstrated that IL-3, when administered in vitro to TNBC cell lines
confers a more aggressive phenotype by including EMT, VM, and impairing the anti-tumor
immune response. We demonstrated that, when stimulated with IL-3, TNBC cells, undergo
profound phenotypic changes forming tubular structures assuming endothelial-like
characteristics. IL-3 has been also shown to regulate EMT- and VM-related transcription
factors.

The deep association of IL-3Ra expression with other genes involved in EMT and MV was
turther confirmed by gene expression analysis on a large number of TCGA-derived BC. IL-
3Ra expression positively correlates with the expression of pivotal VM genes, suggesting
that stimulation of the IL-3/IL-3Ra axis is instrumental in the activation of mechanisms that
confer tumor aggressiveness. From the analysis of the TCGA data also emerged that a set of
genes related to EMT and VM, together with the expression of IL-3Ra accurately
discriminate this molecular subtype.

Finally, we evaluated the role of IL-3Ra in an in vivo model using NGS mice. In vivo
experiments demonstrated that IL-3 administration increases the metastatic potential and

the formation of large vascular lacunae lined with tumor cells. We also demonstrated that
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the activation of the IL-3/IL-3R« axis in vivo favours VM and dissemination of tumor cells.
Moreover, IL-3 showed the ability to remodel tumor immunogenicity by increasing the
expression programmed cell death ligand 1 (PD-L1). PD-L1 is differentially expressed by
neoplastic cells and contributes to the inhibition of the anti-tumor immune response,
thereby facilitating tumor cell evasion. IL-3 in vivo administration, significantly increased
the expression of PD-L1 on both primary tumor and metastases, thus promoting an
immunosuppressed environment.

In conclusion, this study identified IL-3R« as a potential new biomarker of aggressiveness
in TNBC, thus, supporting the possibility that the IL-3/IL-3Ra axis may represent a new

therapeutic frontier in TNBC.
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During the three years of my PhD, I also contributed to other studies investigating the pro-
tumor effects of the extracellular vesicles and to the preparation of a review focused on Wnt

signalling pathway.

Extracellular Vesicles

Extracellular vesicles (EVs) were first identified in 1967 as membrane particles, termed
‘platelet dust’, released from activated platelets and considered as cellular components
lacking any function [63]. Since then, many studies have been performed to understand the
composition of EVs and their biological function. EVs are heterogeneous small membrane-
bound carriers secreted in physiological and pathological conditions. EVs are composed by
a lipid bilayer which encloses several cytoplasmic proteins, lipids, as well as nucleic acids,
recapitulating the “cargo” of their cell of origin.

Almost any cell release EVs and they have an important role in intercellular communication
modifying the behaviour of target cells at close or distant sites. EVs are shed by almost any
cell including primary cells, stem cells and cancer cells [64,65], and can be identified in many
biological fluids, including blood and urine [66,67].

According to the International Society of Extracellular Vesicles (ISEV), EVs can be classified
as small EVs (less than 100 nm in diameter) and medium-large EVs (more than 100 nm in
diameter) [68].

Since EVs are important in cell-to-cell communication, they have gained increasing interest
in the past decades, and several studies have provided methodologies of isolation and
characterization from several cell types and their presence was also demonstrated in body
fluids [69].

Once released, EVs can act on target cells through different mechanisms. Transmembrane
proteins on EVs membrane can interact with receptors expressed on target cells [70]. These
receptor-ligand interactions can then activate signalling cascades affecting target cell
activities. EVs can also fuse with their recipient cells to release their cargo, either by direct

fusion with the cell membrane or by endocytosis [71]. The cargo and EVs function depend
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on their producing cells, and it has been shown that cellular stress also affects EVs content,
suggesting that intercellular communication through EVs is dynamic [11].

As above stated, EVs may differ in both protein and genetic cargo depending on their
parental cell and most of the researches have focused on cancer. It has been shown that
tumor-derived EVs (TEVs) carrying pro-tumorigenic proteins, such as transcription factors,
miRNAs, and growth factors, strictly control tumor growth and metastasis [72,73].
Therefore, inhibiting TEVs functional effects would most likely yield some significant

advantages in the treatment of neoplasms.

TEVs: trafficking, sorting, and function in TME

The TME is highly complex and dynamic affecting cancer dissemination and progression.
The milieu comprises stromal cells, endothelial cells, immune cells, and various resident
cells [74].

Several studies have extensively demonstrated that TEVs are active components of the TME,
providing autocrine, paracrine, and other signals supporting EMT and leading to tumor
growth, metastasis, immune evasion [75-77] The ratio of TEVs/normal cell-derived EVs is
various, but generally, TEVs represent a majority of total EVs in patients with advanced
malignancies. In the TME, TEVs participate to the intercellular crosstalk and transfer
messages from the parent tumor cells to recipient cells. It has been shown that TEVs impact
in non-tumorigenic cells within the TME [78]. Indeed, Paggetti et al. [79] demonstrated that
TEVs released by chronic lymphocytic leukemic cells induced the transition of stromal cells
into cancer-associated fibroblasts. On the same line, a recent study demonstrated that TEVs
shed from non-small cell lung cancer cells drive invasion and permeability of normal
epithelial cells [80].

In the TME, TEVs can also “seed the soil” for metastasis. Cancer metastasis is a complex
process where cancers spread from a primary tumor to different organs [81]. The priming
of the secondary site occurs before cancer cell colonization. This process employs soluble

factors such as cytokines, growth factors, proteins, metabolites as well as TEVs. TEVs also
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play significant and flexible roles in cell-to-cell communication at long-distance. This
property makes them ideal candidates for cancer cells to find and prime healthy tissue in
distant organs to form metastatic niches.

A study has tracked GFP-labelled TEVs released by BC demonstrating that they can be up
taken by other cancer cells and by normal lung tissue in orthotopic nude-mouse model,
providing strong evidence that TEVs also work as long-distance messengers [82]. Another
study by Costa-Silva at al. [83], demonstrated the TEVs priming activity. TEVs from
pancreatic ductal adenocarcinomas induced the production of transforming growth factor-
B (TGF-B) and fibronectin by hepatic stellate cells. TEVs cargo was found enriched in
macrophage migration inhibitory factor involved in liver pre-metastatic niche formation.
Moreover, macrophage migration inhibitory factor was found higher in TEVs of patients
who developed liver metastasis.

Recently, Maji et al. have shown that TEVs originated from metastatic BC carry high levels
of annexin II. Annexin II-TEVs triggered the nuclear factor kappaB (NF-kB), p38, mitogen-
activated protein kinase (MAPK), and STAT3 pathways in macrophages. These pathways
lead to the secretion of inflammatory cytokines, IL6 and TNF-a, and supported the
establishment of the pre-metastatic niche both in brain and lung [84].

EV-mediated mechanisms of metastatic regulation also involve the recruitment of
mesenchymal stem cells. Mesenchymal stem cells derived from bone marrow were found
crucial to initiating metastatic process. Lindoso et. al [85] have shown that mesenchymal
stem cells are susceptible to renal cancer stem cell-EVs. Indeed, it has been shown that TEVs
can boost the expression of genes associated with cell migration (C-X-C chemokine receptor
type 4 (CXCR4) and CXCR7), matrix remodelling (collagen type IV alpha 3 chain

(COL4A3)), angiogenesis and tumor growth.

The role of TEV cargo in tumor angiogenesis

Tumor cell proliferation and metastasis highly depend on new blood vessel formation.

Angiogenesis consists of sequential steps: i) degradation of basal membrane and the
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subsequent extracellular matrix surrounding the blood vessels; ii) endothelial cells
activation, migration and proliferation; iii) the formation of capillary tubes developing into
novel basal membrane [86]. The literature suggests that angiogenesis is caused by hypoxia.
The sprouting process is regulated by the balance between proangiogenic and anti-
angiogenic factors, dominated by the overproduction of VEGF triggered by tissue hypoxia
[87]. VEGF mediates angiogenesis and results as a key in the “angiogenic switch”.

As tumor expands and grow excessively in size, cancer cells are exposed to an imbalanced
oxygen supply due to diffusion from normal functional vessels. To overcome hypoxic
microenvironment, malignant cells increase the TEVs release with a subsequent
enhancement of EV-mediated angiogenesis. In a recent study, it was demonstrated that BC
patients released TEVs into circulation that stimulate cellular changes involved in
angiogenesis. More specifically, EV fractions deprived of platelet EVs increased migration,
invasion and formation of new tubules when compared to the same fraction of EVs released
by healthy subjects [88]. Another study demonstrated that TEVs carry VEGF on their surface
promoted tumor angiogenesis. Moreover, the enrichment of VEGF in TEVs was also
associated with tumor progression in patients with anti-cancer therapy [89].

HIF is a highly conserved transcription factor that controls the expression of genes
regulating angiogenesis, metabolism, and cell cycle. Accordingly, hypoxia promotes vessel
growth by upregulating multiple pro-angiogenic pathways that mediate key aspects of the
vascular network. Interestingly, recent studies show that hypoxia influences additional
aspects of angiogenesis, including vessel patterning, maturation, and function. Through
extensive research, Seo et al. [90] demonstrated that E74-like ETS transcription factor 3
(ELF3) is over-expressed in epithelial ovarian cancer under hypoxia. ELF3 transcriptionally
upregulated insulin-like growth factor-1 (IGF1). IGF1 promoted the stability of HIF-1a
thereby increasing its protein level and enhancing VEGF expression and tumor
angiogenesis.

TEVs influence endothelial cells to stimulate vascular permeability and angiogenesis.
Studies suggested that these TEVs contribute to angiogenesis. Dentelli et al. [61] showed

that BC tissue released IL-3, which influences TECs in the TME. IL-3-treated cancer cells also
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secreted TEVs, serving as a paracrine mechanism for neighbour cells. When tumor TECs
were treated with a blocking IL-3Ra antibody, TEVs miR-214-3p content was upregulated,
while miR-24-3p downregulated. These two miRNAs regulated neovessel structures
through the Wnt/p-catenin pathway. Moreover, TEVs derived from TECs pre-treated with
anti-IL-3Ra antibody induce regression of tumor neovessels in vivo [62].

A hypoxic TME, due to a fast and uncontrollable growth of cancer influences tumor cells to
secrete not only several chemical mediators but also EVs, which contribute to

neovasculature.

TEVs: multi-faced tools for tumor immune escape

To guarantee and support its development, tumors adopt many strategies to affect the
surrounding microenvironment. One of the most powerful strategies through which cancer
protects its growth involves the immune evasion [91].

The mechanisms underlying immune escape has attracted particular attention in the
scientific community in the last years. Recent data highlighted the contribute of TEVs in
cancer immune evasion acting on T cells exhaustion, regulatory T cells (Treg) and myeloid-
derived suppressor cells (MDSCs) expansion.

In a study published by Shen et al. [92], it has been shown that prostatic cancer TEVs
negatively regulate T cell functions. They treated CD8+ T cells with prostatic cancer TEVs
and demonstrated that TEVs induced apoptosis in CD8+ T cells by activating endoplasmic
reticulum stress via the p38 MAPK signalling pathway. Furthermore, TEVs induced Treg
amplification through the upregulation of forkhead box O (FOXO) transcription factor and
nuclear translocation in FOXP3+ Treg cells. Another study showed that TEVs induced the
expansion of human Treg. More specifically, TEVs-associated IL-10 and TGF-31 mediate
Treg induction and expression of FasL, IL-10, TGF-p1, cytotoxic T-lymphocyte antigen 4
(CTLA4), granzyme B, and perforin [93].

T cells exhaustion exhibits dysfunctional function and decreased viability and proliferation.

There is a consensus that exhausted T cells display some common marker, including:
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programmed cell death protein-1(PD-1), lymphocyte activation gene 3 (LAG3), CTLA4 and
T cell immunoglobulin mucin 3 (TIM3) along with a reduced proliferative capacity when
stimulated [94].

In a study by Wang et colleagues [95] the relationship between CTLA4 and LAG3 in TILs
from patients with esophageal squamous cell carcinoma was investigated. They found a
positive correlation between LAG3 and CTLA4 expression. The double positive cells
(LAG3+and CTLA4+) were significantly associated with worse recurrence-free survival and
overall survival.

A recent study demonstrated how B cell lymphoma derived TEVs were able to activate
CD19 CAR-T cells and induce the release of multiple inflammatory cytokines including: IL-
2, IL-4, interferon gamma (IFN-vy), IL-10, IL-6, and TNF-a. A persistent contact of CD19
CAR-T cells to TEVs resulted in exhausted cells. CD19 CAR-T exhausted cells upregulated
PD-1 and CTLA4 expression, decreased their expansion, overstated effector cell
differentiation, and impaired the anti-tumor activities [96].

Tumor cells can generate an immunosuppressive TME by increasing the expression of the
inhibitory ligand PD-L1. PD-L1 prevents T cells response by binding to PD-1 expressed by
T lymphocytes, avoiding cancer cell death. PD-L1 expression was found higher in advanced
tumor stage and associated with poor prognosis [97]. A study demonstrated that
glioblastoma TEVs carried PD-L1 on the surface. PD-L1 by binding to PD-1 blocked T cell
activation and proliferation in response to T cell receptor stimulation. The use of an anti-
PD-1 receptor blocking antibody reversed TEV-mediated inhibition of T cell activation [98].
During tumor development and expansion cancer cells can promote the expansion of
MDSCs, a heterogeneous group of immature cells that derive from the myeloid lineage and
are able to enhance immunosuppression within the TME.

Moreover, TEVs had the power to transform normal myeloid cells into MDSCs, impairing
the anti-tumor immune response. Melanoma cells released TEVs able to upregulate PD-L1
expression on bone marrow immature myeloid cells as well as on immortalized myeloid
suppressor cells, leading to the loss of T cell expansion. The mechanism under PD-L1

expression and the immunosuppressive potential of TEVs was found dependent on the
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expression of toll-like receptors (TLR) as well as on the heat-shock protein 86 (HSP86)
carried by TEVs [99].

The ability of TEVs to promote MDSCs expansion has been attributed to their functional
cargo. Recently, a study provided evidence of glioma TEVs in MDSCs expansion. Authors
collected TEVs from normoxic and hypoxic glioblastomas. Hypoxia-TEVs allowed a
significant immunosuppressive function of MDSCs compared both in vitro and in vivo.
MicroRNA sequencing revealed that miR-10a and miR-21 enriched in glioma TEVs
promoted the expansion and function of MDSCs in hypoxia condition. This was mediated
by RAR Related Orphan Receptor A (RORA), a miR-10a target, and Phosphatase and tensin
homolog (PTEN), a miR-21 target gene [100].
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Abstract

antago-miR-24-3p-EvV-mediated apoptotic cues.

The lack of approved targeted therapies highlights the need for new treatments for triple-negative breast cancer
{TNBC) patients. Interleukin-3 (IL-3) acts as an autocrine factor for tumor—endothelial cells (TEC), and exerts pro-
angiogenic paracrine action via extracellular vesicles (EVs). IL-3Ra blockade on TEC changes TEC-EY (anti-IL-3R-EV)
microRNA (miR) content and promotes the regression of established vessels. As TEC is the doorway for "drug” entry
into tumors, we aimed to assess whether IL-3R blockade on TEC impacts tumor progression via its unigue EY cargo.
First, the expression of IL-3Ra was evaluated in 27 human TNBC samples. It was noticed that, besides TEC and
inflammatory cells, tumor cells from 55.5% of the human TNBC samples expressed IL-3Ra. Using human TNBC cell lines
for in vitro studies, we found that, unlike native TEC-EVs (nEVs), anti-IL-3R-EVs increase apoptosis and reduced cell
viability and migration. In vivo, anti-IL-3R-EV treatment induced vessel regression in established tumors formed of
MDA-MB-231 cells, decreased Vimentin, B-catenin, and TWIST1 expression, almost abolished liver and lung metastases
from primary tumors, and reduced lung metastasis generated via the intravenous injection of MDA-MB-231 cells. nEVs
depleted of miR-24-3p (antago-miR-24-3p-EVs) were effective as anti-IL-3R-EVs in downregulating TWISTT and
reducing metastatic lesions in vivo. Consistent with network analyses of miR-24-3p gene targeting, anti-IL-3R-EVs and
antago-miR-24-3p-Evs upregulate SPRY2 in MDA-MB-231 cells. Finally, SPRY2 silencing prevented anti-IL-3R-EV and

Overall, these data provide the first evidence that IL-3Ra is highly expressed in TNBC cells, TEC, and inflammiatory cells,
and that IL-3Ra blockade on TEC impacts tumor progression.
\

Introduction

Interleukin-3 (IL-3), a cytokine mainly produced by
activated T and mast cells, is involved in the regulation of
hemopoietic pluripotent and pregenitor cell expansion’.
Moreover, the role of IL-3 in controlling the proliferation/
survival of various target cells, including normal and
tumor-derived endothelial cells (TEC), has also been
reported®®. IL-3 binding to its receptor promotes
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numerous biological effects by regulating the expression
of proteins, transcriptional factors®®, and regulatory
noncoding RNA, such as microRNAs (miRs)®”.

IL-3 has seen most study in hematologic malig-
nancies®. However, the observation that tumor-
infiltrating lymphocytes (TILs)'® and TEC are able to
produce TL-3"", sustains the possibility that IL-3 can also
control the tumor microenvironment (TME). IL-3 acts as
an autocrine pro-survival factor, particularly in TEC™. It
is widely accepted that the autocrine mechanism of
growth, increased AKT signaling pathway activation'>'%,
and the expression of pro-tumorigenic and angiogenic
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receptors and proteins reflects the unique TEC pheno-
type, which is distinct from that of normal endothelial
cells"*"". Moreover, TEC, besides providing oxygen and
nutrient supply, regulates tumor cell viability and the
epithelial-mesenchymal transition (EMT) in the TME",
EMT is a highly regulated process that occurs during
developmental processes and contributes to chemoresis-
tance and metastasis'’. A number of different transcrip-
ticnal factors, including the zinc finger enhancer (E)-box-
binding homeobox (ZEB), SNAIL, and TWISTL, strictly
control EMT?®. Morecver, there is considerable evidence
for the interplay between these transcriptional factors and
miRs coordinating the entire EMT process™. Cancer
aggressiveness has also been associated with the ability of
cancer cells to build their own vascular network without
recruiting endothelial cells, a process denoted as vascu-
logenic mimicry (VM™%

Triple-negative breast cancer (TNBC) is the most
aggressive and prevalent subtype of breast cancer in
women worldwide. Chemotherapy is still the main ther-
apeutic approach at the early stage, as no approved tar-
geted therapy for TNBC is currently available”. Tumor
initiation, metastasis, relapse, and therapeutic resistance
are triggered by dynamic changes in tumors that mainly
depend on the conditions to which tumeors are usually
exposed, and on cell-to-cell communication in the TME,
which occcurs via soluble mediators and extracellular
vesicles (EVs)**. EVs regulate cell-to-cell communication
both locally in the TME and at distant sites?®. EVs are
complex multifunctional structures containing receptors,
growth factors, other proteins, and different types of
RNAZ. It has been shown that EV molecular composition
and functions depend on numercus cues, including those
emanated inside TME by different cell types™”®. For
example, tumor-derived EVs carrying pro-tumorigenic
proteins, such as transcription factors, miRs, and growth
factors, strictly contrel tumor growth and metastasis>> 20,
Moreover, EVs released by TECs (TEC-EVs) acquire
unique miR-EV cargo, granting them their paracrine pro-
angiogenic properties™.

Antibody-based anticancer therapy is currently seen as
one of the most successful strategies for the treatment of
both hematologic and solid tumors®’. Monaoclonal anti-
bodies (mAbs) can directly act on tumor cells, induce cell
killing by immune-mediated mechanisms, and specifically
interfere with tumor vasculature and stromal cells. IL-3Ra
is highly expressed in hematological malignant cells?33%
and its expression translates into blast proliferation,
increased cellularity, and poor prognosis™. Therefore, the
anti-IL-3Ra antibody has been proposed, and a Phase I
clinical trial in patients with acute myeloid leukemia has
demonstrated its safety™®,

We have recently provided evidence that blocking IL-
3Ra (anti-CD123mAb) on TEC leads to the release of EVs
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(anti-IL-3R-EVs) that display antiangiogenic properties™.
In particular, we have shown that the IL-3Ra blockade
changes EV miR composition, translating into the inhi-
bition of the Wnt/[3-catenin pathway. The loss of miR-24-
3p was found to be crucial in mediating anti-IL-3R-EV
vessel regression in vivo. Since TEC is the gateway to
tumors, we sought to determine whether IL-3Ra blockade
on TEC could challenge tumors and hamper progression
via their reprogrammed EVs.

Results
Human TNBC expresses the IL-3Ra in TME

Mesenchymal and mesenchymal stem-like subtypes of
TNBC tumors have recently been associated with high
angiogenetic signatures® . Since IL-3 is released in
TME'® and acts as an autocrine growth factor for breast
and renal TEC', the expression of its binding subunit,
IL-3Ra, was analyzed in 27 TNBC human samples.
Supplementary Table S1 reports human TNBC features.
As shown in Fig. 1, immunohistochemical analysis
demonstrated that IL-3Ra is expressed by inflammatory
cells and TEC. Interestingly, tumor cells also expressed
IL-3Ra in 15 out of 27 (55.5%) samples. To confirm
these data, IL-3Ra was alsc evaluated in the TNBC cell
lines, MDA-MB-231 and MDA-MB-453, and in the
nonneoplastic breast cancer cell line, MCF10A. As
shown in Supplementary Fig. S1, TNBC cell lines, but
not MCF10A, express IL-3Ra.

Since TEC in TNBC expresses IL-3Ra and TEC targeted
by the anti-IL-3Ra antibody release paracrine signals that
induce vessel regression™, we hypothesize that IL-3Ra
blockade on TEC, via EVs, would be effective in driving
dynamic changes in tumors/TME interfering with cancer
progression.

Anti-IL-3R-EVs, unlike naive EVs (nEVs), reduce cell number
and migration and increase apoptosis of TNBC cell lines
Naive EVs derived from TEC (nEVs) and anti-IL-3R-
EVs were isolated from TEC and analyzed by TEM
(Supplementary Fig. S2A) and NanoSight (data not
shown). No differences in nEV and anti-IL-3R-EV size
were detected. Fluorescence-activated cell sorting (FACS)
analysis, using the MACSPlex exosome kit, revealed a
similar pattern of surface marker expression. They
expressed exosomal markers (CD9, CD63, and CD81)
(Supplementary Fig. S2C) and integrins (CD49e/Integrin
a-5 and CD29/Integrin B-1). The CD63 exosomal marker
was also demonstrated by western blot (Supplementary
Fig. $2B). Therefore, their effects were first evaluated on
MDA-MB-231 and MDA-MB-453 cell lines in vitro. We
demonstrated that, while nEVs were effective in increas-
ing cell number, anti-IL-3R-EVs significantly reduced
their number compared to untreated and nEV-treated
cells (Fig. 2a, Supplementary Fig. S3A). Apoptosis and
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Negative TNBC

A Positive TNBC

Lobular

Ductal

Positive vessel and inflammatory cells

Fig. 1 IL-3Ra immunoreactivity on human TNBC samples.
Representative tissue microarrays obtaned from human IN3C
samples stainec with anti-IL-3Ra antibody {n = 27). a Positive and
negative expression of anti-IL-3Ra in neoplastic cells (ductal and
lobular TNBC samples as indicated;. Original magnification 40X, scale
bar: 200 um. b Focal and moderate |[-3Ra immunoreactivity of
stromal inflammatory and endothelial cells indicated by arrows.
Qriginal magnification, 100x and 150X, scale bar: 100 um and 75 pm,
respectively.

u J

cell migration were also evaluated. Unlike nEV-, anti-IL-
3R-EV treatment increased the number of apoptotic cells,
and significantly reduced cell migration (Fig. 2b, ¢, Sup-
plementary Fig. S3B, C). These results were also sup-
ported by the expression of E- and N-cadherin (Fig. 2d)
and by the in vitro sphere-formation assay of nEVs and
anti-IL-3R-EV-treated MDA-MB-231 cells (Fig. 2¢). nEVs
and anti-IL-3R-EVs were ineffective in inducing pro-
liferation of MCF10A cells (Supplementary Fig. S3D).
Opverall, these results suggested that nEVs boost tumor
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cell growth/migration, while anti-IL-3R-EVs induce inhi-
bition of cell growth and migration, and drive apoptosis.
To evaluate whether this effect specifically relied on the
abnormal TEC phenotype, EVs released by normal
endothelial cells (EC) exposed to IL-3 (EV IL-3) were
evaluated in tumor cells. Naive EC-derived EVs (EV ctr)
served as controls. As shown in Fig, 2f-h, EV IL-3 failed
to increase tumor cell number, its migration, or apoptotic
rate. This indicates that the pro-tumorigenic action of
nEVs mainly relies on TEC unique phenotype.

Anti-IL-3R-EVs impair tumor angiogenesis and the
formation of lung and liver metastasis of established
tumors

To investigate the effects of nEVs and anti-IL-3R-EVs
in vivo, MDA-MB-231 cells were used for mammary fat
pad injection into SCID mice. After 3 weeks when
palpable tumors were detected, vehicle, nEVs, or anti-IL-
3R-EVs were locally injected twice a week and the tumors
followed for an additional 21 days (Fig. 3a). Mice were
sacrificed at day 45, and primary tumors, the liver and
lung, were analyzed by histology. As shown by the ana-
lysis of tumor vascular density, tumors from animals
treated with anti-IL-3R-EVs displayed significantly
reduced CD31-positive vessels (Fig. 3b, ¢, Supplementary
Fig. S4). Moreover, a slight, but not significant reduction
of PAS-positive/CD31-negative vessels, corresponding to
the vascular network built by tumor cells (VM), was
observed upon anti-IL-3R-EV treatment (Supplementary
Fig. S5). Accordingly, increased apoptosis was found
in the tumors of animals treated with anti-IL-3R-EVs
(Fig. 3d). Of note, when compared to control animals, we
found an increased apoptotic rate in tumors from animals
treated with nEVs. Although we do not have direct pieces
of evidence, we can speculate that hypoxia or depletion of
survival factors may suppress apoptotic cues in control
tumors®,

Since the inhibition of the canonical Wnt/B-catenin
pathway was reported as a relevant mechanism of anti-IL-
3R-EV action®, B-catenin expression was evaluated. As
shown in Fig. 3e, treatment with anti-IL-3R-EVs was
associated with significant downregulation in B-catenin.
Moreover, as with B-catenin, the downregulation of
Vimentin was detected in tumors from animals treated
with anti-IL-3R-EVs (Fig. 3f). It has been shown that the
Wnt/B-catenin network correlates with high metastatic
TNBC behavior®#’, Therefore, metastases generated
from primary tumors were evaluated. Liver macroscopic
evaluation, shown in Fig. 4a, demonstrated the presence
of huge metastatic nodules in tumors from mice treated
with saline and nEVs, but not with anti-IL-3R-EVs. To
confirm these data, immunofluorescence analysis was
performed on the liver and lung, using an anti-human
HLA I antibody to identify human cells in the mouse
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tissues. Interestingly, mice treated with anti-IL-3R-EVs
displayed a significantly reduced number of HLA I+ cells
in the liver and lung compared to saline- and nEV-treated
animals (Fig. 4b—d). In several pathological contexts,
including cancer, phenotypic processes that drive migra-
tory and invasive properties rely on the expression of

Oncogenesis

specific transcriptional factors®, and TWIST1 has been
recognized as one of the main regulators®'. Accordingly,
anti-IL-3R-EV treatment led to the downregulation of
TWISTL, both in vitro (Supplementary Fig. S6A, B) and in
tumor tissues (Fig. 41e). We failed to detect changes in the
expression of SNAI1 and SNAI2 (data not shown).
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(see figure on previous page)

Fig. 3 Effects of nhEV and anti-IL-3R-EV treatment on MDA-MB-231-derived in vive tumors. a Schematic representation of the experirnental
design to test TECEVs (nEVs and anti-IL-3R-EVs) on MDA-MB-231-derived tumors. b Representative images of tumors untreated (CONTROL) of treated
with TEC-EVs (nEVs and anti-IL-3R-EVs) {n =4). ¢ Representative images of tumors untreated {CONTROL) or treated with TEC-EVs (nEVs and anti-IL-3R-
EVs) stained with anti-CD31 antibody and PAS. Vessels within MDA-MB-231 tumors were expressed as the number of CD314-/PAS+ per field + 5D
(h=4). Original magnification 400x, scale bar: 25 um. d Representative micrographs showing apoptosis within tumors stained using the Tunel assay.
Quantification of tumor apoptosis expressed as the number of apoptotic cells/field (n = 4). Original magnification 400x, scale bar: 25 pm.

e Representative immunohistochemical images of [3-catenin-positive staining of MDA-MB-231-derived turmors of animals that had been left
untreated {CONTROL] or treated with TEC-EVs (nEVs and anti-IL-3R-EVs). Quantification of B-catenin positivity was calculated using the Quick score +
SO {n=4). Criginal magnification 400x, scale bar: 25 pm. f Representative immunohistochemical images of Vimentin-positive staining on MDA-MB-
231 -derived tumors from animals that had been left untreated {CONTROL) or treated with TEC-EVs (nEVs and anti-IL-3R-EVs). Quantification of

Vimentin-positive area expressed as the percentage of Vimentin + areastotal area + SD (n =4). Original magnification 200x, scale bar: 50 pm.

TEC-EVs depleted of miR-24-3p (antago-miR-24-3p-EVs)
impair proliferation and migration of MDA-MB-231 cells

and, as anti-IL-3-EVs, interfere with lung metastasis
generated by intravenous injection of MDA-MB-231 cells

We have previously shown that the regression of TEC-
derived vessels observed in mice subjected to anti-IL-3R-
EVs can be recapitulated by EVs recovered from TEC
transfected with antago-miR-24-3p*'. A comparison of
MIRNOMIC analyses of anti-IL-3R-EVs and antago-miR-
24-3p-EVs demonstrated that antago-miR-24-3p-EVs
carried a rearranged miR cargo that was still ther-
apeutically effective and able to recapitulate the in vivo
anti-IL-3R-EV effects®’. We therefore sought to evaluate
whether the same cargo could be effective in mediating
anti-IL-3R-EV antitumor effects. To this end, MDA-MB-
231 cells were first investigated for miR-24-3p expression
upon treatment with either nEVs or anti-IL-3R-EVs. We
found that anti-IL-3R-EVs were able to decrease miR-24-
3p content, compared to nEVs (Supplementary Fig. S6A).
Similar results were detected when antago-miR-24-3p-
EVs, obtained by transfecting TEC with antago-miR-24-
3p (Supplementary Fig. S7), were used (Supplementary
Fig. S6A). Although no difference in miR-24-3p centent
was detected when contrel and nEV-treated cells were
compared, an increased miR-24-3p/TWIST1 level was
found in cells transfected with scramble EVs (Supple-
mentary Fig. S6A). Cell transfection may explain such a
difference.

One of our previous studies has demeonstrated that two
proteins of the P-catenin disruption complex were tar-
geted by miR-24-3p in TEC?. These data and the in vivo
results led us to evaluate B-catenin expression in TNBC
cell lines treated with nEVs, anti-IL-3R-EVs, and antago-
miR-24-3p-EVs. Unlike in tumor samples recovered from
mice subjected to anti-IL-3R-EVs, we failed to demon-
strate changes in B-catenin in vitro (data not shown).
However, antago-miR-24-3p-EVs, like anti-IL-3R-EVs,
were able to significantly reduce TWIST1 expression,
tumor cell number, and migration, and increase the
apoptotic rate in vitre (Supplementary Fig. S6C-E).

Oncogenesis

Possibly, due to a rapid mRNA translation, a high level of
TWIST1 protein was detected, even in control cells. The
basal level of TWIST1 detected in MDA-MB-231 cells
may explain the high SD noticed in our experimental
conditions.

Hence, since nEVs were able to promote the metastases
generated from primary tumors, we first sought to
determine whether circulating nEVs can also contribute
to lung metastasis formation of intravenously injected
MDA-MB-231 cells. The effect of nEVs was compared to
that of anti-IL-3R-EVs. To address this issue, either nEVs
or anti-IL-3R-EVs were injected intravenously for 5 con-
secutive days. On day 5, MDA-MB-231 cells were injected
intravencusly, and the animals were followed for 5 weeks
(Fig. 5a). As shown in Fig. 5b, lung metastasis formation
increased in mice treated with nEVs. Interestingly, this
effect was significantly reduced by anti-IL-3R-EV treat-
ment. We therefore investigated whether antage-miR-24-
3p-EVs could recapitulate anti-IL-3R-EV-mediated pro-
tection against lung metastasis formation. As shown in
Fig. 5¢, antago-miR-24-3p-EVs were as effective as anti-
IL-3R-EVs in reducing lung metastasis formation. Saline
and scramble miR served as controls. To evaluate whether
vascularization could contribute to these results, the
whole lung vessel area was evaluated in mice primed with
nEVs, anti-IL-3R-EVs, or antago-miR-24-3p-EVs. Indeed,
a significantly reduced number of the lung vessels was
found in the mice primed with anti-IL-3R-EVs or antago-
miR-24-3p-EVs (Fig. 5d), indicating that circulating TEC-
EVs may provide the soil for cancer cell homing possibly
due to their pro-angiogenic properties.

SPRY2 undergoes upregulation in response to anti-IL-3R-
EV and antago-miR-24-3p-EV challenge

To gain further insight inte anti-IL-3R-EV and antago-
miR-24-3p-EV mechanisms of action, an integrated miR-
24-3p interaction network was performed. The network
that was predicted by ingenuity pathway analysis (IPA) for
miR-24-3p target genes identified several genes (Fig. 6a).
Some genes with a direct relationship with miR-24-3p,
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Fig. 5 Anti-IL-3R-EV and antago-miR-24-3p-EV priming reduces lung metastasis formation. a Schematic representation of the experimental
design to test the effect on metastasis formation of nLYs, anti-IL-3R-LY, and antago-miR-24-3p pretreatment before intravenous injection of tumor
cells. b Representative hematoxylin and ecsin images and cuantification of lung metastasis derived from mice that hac been left untreated
(CONTROL) or treated with TEC-EVS ("EVs and ant-IL-3R-EVs) (n = 4). Original magnification 100x, scale bar: 100 um. The number of metastases was
expressec as the numboer of metastases/ ung + SO {n = 4). ¢ Representative hematoxylin and ecsin images and guantification of lung metastases
derivea from mice that had been left untreated (CONTROL} or treated with scrambled EVs and antago-miR-24-3p-EVs (n = 4). Original magnification
100x, scale par: 100 um. The number of metastases was expressed as the number of metastases/lung + SD (n = 4}. d Eva uation o vessel density in
lungs derived from mice that had been left untreated (CONTROL) o treated with nEVs ang anti-I_-3R-EVs and with scramile EVs and antago-miR-24-
3p-FVs. Data are expressed as number of vessels per feld +SD {(n=4}.

such as HNF1A, HNF1B, SPRY2, TAZ, YAP, C-MYC, antago-miR-24-3p-EVs. As shown in Fig. 6b and Sup-
NET1, PARPI1, and NDST1, were therefore evaluated in  plementary Fig. S8, only SPRY2 was significantly upre-
MDA-MB-231 cells treated with anti-IL-3R-EVs and  gulated upon anti-IL-3R-EV and antago-miR-24-3p-EV
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treatment. These data suggest that upregulation of SPRY2  Discussion

may contribute to either anti-IL-3R-EVs or antago-miR- TNBC is an aggressive highly metastatic breast cancer
24-3p-EV mechanism of action. Indeed, we found that subtype lacking estrogen, progesterone, and HER-2
SPRY?2 silencing inhibits anti-IL-3R-EV- and miR-24-3p-  receptors™ and proven target therapies™. The identifi-
EV-mediated apoptosis (Fig. 6¢, Supplementary Fig. §9).  cation of meolecular markers/effective therapeutics that
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impact upon tumor progression is therefore a future
clinical challenge.

EVs derived from different TME components, including
TEC, influence key aspects of cancer growth/progression,
and have recently been recognized as being of great
importance for tumor targeting™. The goal of this study
was to investigate whether IL-3Ra blockade en TEC
impacts tumor progression via EVs. A previous study
demonstrated that IL-3Ra blockade on TEC, by an anti-
IL-3Ra™, changed the miR-EV cargo and had striking
effects on tumor vessel formation®', suggesting that
reprogramming TEC-EVs may also be instrumental in
tumor targeting. To provide the rationale for TEC tar-
geting in TNBC, IL-3Ra expression was evaluated in
human TNBC samples. We demonstrated that tumor
cells highly expressed IL-3Ra in 55.5% of the TNBC
examined. Of note, TNBC cell lines, but not MCF10A
cells, also expressed IL-3Ra. How the IL-3Ra and its
ligand, IL-3, take part in TNBC cell biology is still to be
established, and further studies are required to address
this issue. However, our data suggest that TNBC may
serve as a valuable model with which to investigate the
impact of IL-3Ra targeting on cell-to-cell communication
in TME, as IL-3Ra was highly expressed in TEC.

We have demeonstrated herein that nEV treatment
boosts cancer cell viability and migration, while anti-IL-
3R-EVs significantly impair both, and induce apoptosis
in vitro. E- and N-cadherin expression in cells treated
with anti-IL-3R-EVs further sustains their biological
activity. EV composition differs significantly in untrans-
formed and transformed cells and accounts for the dif-
ferent biological actions™, Accordingly, EVs from normal
endothelial cells have no effect on tumor cell growth/
migration/apoptosis, whether they were unstimulated or
stimulated with IL-3, indicating that the effects of nEVs
strictly rely on the unique TEC phenotype.

Intercellular crosstalk can occur via secreted mediators
and EVs in the TME®. Indeed, tumor-derived EVs and
EVs from the TME impact upon tumor progression also
by promoting angiogenesis®®, Purthermore, vessel density
in primary tumors correlates with metastasis“®. We herein
demonstrated that, unlike nEVs, anti-IL-3R-EVs inhibit
tumor neovascularization without significantly impacting
VM?L. Proteins, mRNAs, and miRs shuttled within TME-
derived EVs largely provide services to the tumor®. In
fact, a previous study of ours demonstrated that miR-214-
3p and miR-24-3p, which target the canonical wingless
Wnt/B-catenin pathway, were differentially regulated in
nEVs and anti-IL-3R-EVs, and mediate their pro- and
antiangiogenic effects, respectively®. In this study, we
have demeonstrated that anti-IL-3R-EVs also reduce
B-catenin expression in tumor-bearing mice, suggesting
that anti-IL-3R-EVs are also able to target the canonical
wingless Wnt/p-catenin pathway in neoplastic cells.

Oncogenesis
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B-catenin accumulation and the acquisition of mesench-
ymal markers, as Vimentin, in tumeor cells, are associated
with cancer cells’ ability to spread to distant sites™ %,
Indeed, anti-IL-3R-EVs were found effective in reducing
the expression of Vimentin, and animals treated with anti-
IL-3R-EVs were almost protected from the occurrence of
liver and lung metastasis. A harmonized set of tran-
scriptional factors drives the activation of the metastatic
programzo, and TWIST1 is one of them®'. TWIST1
belongs to a family of transcriptional factors highly
expressed in most cancers, and particularly in those highly
metastatic®®*!, We demonstrated that TWIST1 was
reduced in vitro and more importantly, in mice treated
with anti-IL-3R-EVs. TWIST1 expression is strictly con-
trolled at transeriptional and post-transcriptional levels™.
Several different miRs have been shown to regulate
TWIST1 at the post-transcriptional level™. Herein, we
have demonstrated that, as anti-IL-3R-EVs, EVs depleted
of miR-24-3p reduced TWIST1 expression in stimulated
cells. miR-214-3p, which was also found enriched in anti-
IL-3R-EVs and miR»24~3p»EVsal, has been involved in
TWIST1 post-transcriptional regulation in ovarian can-
cers®. Unfortunately, we failed to detect changes in
TWIST1 expression when nEVs enriched in miR-214-3p
were used to stimulate MDA-MB-231 and MD-MB-453
cells (data not shewn). Vimentin, TWIST1, and B-catenin
have been linked through STAT3%, and more recently,
the role of miR-551b-3p in controlling STAT3 tran-
scription and TNBC progression has been documented®.
Again, we failed to detect miR-551b-3p among miRs dif-
ferentially expressed in nEVs and anti-IL-3R-EVs*' and
differences in STAT3 expression/activation in our model
(data not shown). This suggests that the anti-IL-3R-EV-
and antago-miR-24-3p-EV-mediated downregulation of
TWIST1 as well as their biological activities may rely on
the combined action of a pattern of shared miRs, we have
previously described®". However, as EVs also induce their
biological effects by transferring lipids, proteins, mRNAs,
and transcription factors*”*®, it might be necessary to
consider the entire EV cargo to explain the anti-IL-3R-EV
and miR-24-3p-EV mechanism of action.

Although chemotherapy is still the main modality for
TNBC treatment, the recurrence of metastasis hampers
the improvement of patient outcomes™*°. The develop-
ment of novel therapeutic options te improve TNBC
patient survival is therefore a concrete clinical need. The
results in primary tumors and the ability of antago-miR-
24-3p-EVs to recapitulate anti-IL-3R-EV action in vitro
led us to determine the impact of circulating anti-IL-3R-
EVs/antago-miR-24-3p-EVs in preventing the formation
of lung metastasis generated by tumor cell intravenous
injection. Indeed, we demonstrated that lung metastasis
formation was reduced in mice that had been primed
with both anti-IL-3R-EVs and antago-miR-24-3p-EVs.
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EVs released by cancer stem cells were found to be
instrumental for premetastatic niche formation®®. We
herein demonstrate that nEVs are also instrumental for
metastasis formation, while anti-IL-3R-EVs and antago-
miR-24-3p-EVs were therapeutically effective in reducing
their formation. The possibility that this effect relied on
their pro-angiogenic/antiangiogenic properties is sus-
tained by the increased/reduced vascular network in the
lung of animals primed with nEVs or anti-IL-3R-EVs and
antago-miR-24-3p-EVs, respectively.

To gain insight into the potential signaling involved in
the anti-IL-3R-EV and antago-miR-24-3p-EV mechan-
isms of action, IPA was interrogated to identify miR-24-
3p-interacting genes. Of the most significant miR-24-3p
interactors evaluated, only SPRY2 was found to be upre-
gulated upon anti-IL-3R-EV and antago-miR-24-3p-EV
challenge. SPRY2, which belongs to the sprouty gene
family, acts as a negative regulator of several receptor
tyrosine kinases that are also involved in angiogenesis®’.
Moreover, the expression of the SPRY2 gene was found to
be repressed in breast cancers®®. Accordingly, we found
that SPRY2 was downregulated upon nEV treatment,
while anti-IL-3R-EVs and antage-miR-24-3p-EVs rescued
SPRY2  expression. Moreover, we found that
SPRY?2 silencing prevented anti-IL-3R-EV- and antago-
miR-24-3p-EV-mediated apoptosis.

Overall, this study demonstrates that IL-3Ra blockade
on TEC reprograms EVs, which then acquire the ability to
change the expression of Vimentin, (-catenin, and
TWIST1, and reduce angiogenesis and the metastatic
spread of primary tumors. Moreover, anti-IL-3R-EV
priming was found to be therapeutically effective in
reducing lung metastasis, possibly due to its anti-
angiogenic properties and/or interference with cancer cell
homing. Moreover, we provide the first evidence that
inflammatory cells, TEC, and, more impertantly, tumor
cells, in human TNBC samples, express IL-3Ra. Finally,
since EVs released upon TEC targeting can be considered
the leading effectors of IL-3Ra blockade, the results of the
present study provide evidence for the therapeutic effec-
tiveness of this antibody-based targeted approach
in TNBC.

Materials and methods
Detailed information in this section is reported in
Supplementary Information.

Immunohistochemistry and immunofluorescence on
human and animal samples

A series of 27 patients diagnosed with TNBC between
2011 and 2012 was retrieved from the files of the
Pathology Department of the Cittd della Salute e della
Scienza Hospital (Turin). The study was conducted in
accordance with the guidelines and regulations defined by
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the Research Ethics Committee for human Biospecimen
Utilization (Department of Medical Sciences—ChBU) of
the University of Turin. Representative blocks were
obtained as previously described®. Immunchistochem-
istry was performed using an automated slide-processing
platform (Ventana BenchMark AutoStainer, Ventana
Medical Systems, Tucson, AZ, USA), with Universal DAB
Detection Kit detection systems. In all, 5-pm paraffin-
embedded tumor sections were stained with CD31 and
PAS to quantify CD31+ vessels and VM expressed as
CD31—/PAS+ vessels. Masson’s trichrome staining was
also used. Ten sections/tumors were analyzed using
Image] software, and the results were expressed as the
number of CD31+/PAS+/fields + SD. Moreover, tumeor
sections were analyzed using the ApopTag®Plus Perox-
idase In Situ Apoptotic Detection kit (Millipore, #S7101).
Immunohistochemistry for the detection of Vimentin,
TWIST1, and P-catenin was performed using a monoc-
clonal anti-Vimentin antibody (Sigma #V5255), a poly-
clonal anti-TWIST1 antibody (Abcam #ab49254), and a
polyclonal anti-B-catenin antibody (Abcam #ab16051).
Quantifications of Vimentin- and TWIST1-positive area
were performed using Fiji software®®. The analysis of
B-catenin-positive cells was performed by two indepen-
dent pathologists and expressed as Quick score Q.
MDA-MB-231 cells were detected in livers and lungs by
immunofluorescence using anti-HLA I (Santa Cruz Bio-
technology, #sc-25619). Details are reported in Supple-
mentary Information.

Cell cultures

The MDA-MB-231, MDA-MB-453, and MCF10A cell
lines were purchased from ATCC.

Human-derived TEC was obtained from surgical tumor
specimens using anti-CD105-positive selection®. Cells
were cultured as described previouslyn‘62.

Primary human umbilical vein endothelial cells, pur-
chased from ATCC and used as controls of nontumeral
endothelial cells, were untreated or treated with IL-3
(10ng/ml) to obtain EVs (EV ctr and EV IL-3, respec-
tively), as previously described®.

EV isolation and characterization

In selected experiments, starved TEC was cultured for
24 h in the presence of 1 pg/ml Human IL-3Ra/CD123
MAb (R&D Systems, #MAB301-100, Clene 32703).
Untreated TEC served as controls. For EV isolation, TEC,
untreated or pretreated by blocking IL-3Ra, was cultured
for 24 h in fetal bovine serum (FBS)-free EndoGro med-
ium. The conditioned medium was centrifuged for 30 min
at 3000 g to remove cell debris and apoptotic bodies, and
then submitted to microfiltration with 0.22-um filters
(ME-Millipere™) to remove larger vesicles. The TEC-EV
suspension was then stored at —80°C until further use.
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In specific experiments, TEC was transfected with antago-
miR-24-3p (Ambion, cat #4464085, assay ID MH1073) or
scramble siRNA (Ambion, cat #4464077). Details are
reported in Supplementary Information.

EV characterization

EVs were analyzed using NTA, electron micrescopy,
and FACS analysis. Moreover, EV flow cytometry analysis
was performed using the MACSPlex Excsome Kit
(human, Miltenyi Biotec), following the manufacturer’s
protocol®. The CD63 exosomal marker was also analyzed
by western blot. Details are reported in Supplementary
Information.

Cell counting, apoptosis, scratch test, and SPRY2 silencing

Apoptosis assay: cells seeded in 6-well plates were sti-
mulated for 24 h with different types of TEC-EVs (nEVs,
anti-IL-3R-EVs, scramble EVs, and antago-miR-24-3p-
EVs) (2 x 10° EVs/ml) in FBS-free DMEM. The effective
dose was selected with reference to the preliminary results
obtained using different EV concentrations (data not
shown). Treated and untreated cells were analyzed using
Muse® Annexin V & Dead Cell Kit (Millipore,
#MCH100105). Cell proliferation was assayed by direct
cell count by two different operators. Scratch assay: cells
seeded in 24-well plates and grown until confluence in
DMEM 10% FBS were stimulated with TEC-EVs (as
above) in DMEM FBS-free medium and analyzed 24h
later. The results were expressed as mean distance
(0-24h) + SD. In selected experiments, SPRYZ was
silenced in MDA-MB-231 cells by transfecting siRNA
scramble (Qiagen, Cat No. 1027310) or siRNA for SPRY2
(Qiagen, Cat No. SI00081788) using HiPerFect Trans-
fection Reagent (Qiagen, Cat No. 301704) (Supplementary
Information).

Sphere-formation assay

To test the ability of MDA-MB-231 cells to grow in
nonadhesive conditions as floating spheres, cells were
plated in 6-well nonadherent plates, at a concentration
50 x 10°fwell, in 2 ml of sphere-formation medium in the
presence of nEVs or anti-IL-3R-EVs (1x10° EVs/ml). Data
are expressed as the number of sphere/sample + SD
(Supplementary Information).

Tumor growth and model of metastasis formation in vivo

Animal studies were conducted in accordance with the
Italian National Institute of Health Guide for the Care and
Use of Laboratory Animals (protecol No. 944/2015-PR).
Mice were housed according to the guidelines of the
Federation of European Laboratory Animal Science
Association and the Ethical Committee of the University
of Turin. The investigators (at least 2) were blinded
when assessing the outcome. Tumors were obtained by
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injecting MDA-MB-231 cells in Matrigel into the mam-
mary fat pad of SCID mice (8 weeks/female) (4 mice/
group) (1x 10° cells per injection). After 3 weeks, when
tumors became palpable, animals were treated with saline,
nEVs, or anti-IL-3R-EVs (1 x 10" EV/tumor) twice a
week for 3 additional weeks (Fig. 3a). At day 45, tumors
were embedded in paraffin (1 =4/each condition). To
evaluate metastasis formation after intravenous tumeor
injection, EVs (1 x 10%° EV/injection) were intravenously
injected for 5 days into SCID mice (Fig. 5a). On day 5,
0.6 x 10° MDA-MB-231 cells were injected intravenously.
The mice were sacrificed after 5 weeks and lungs ana-
lyzed. Lung metastases were counted using Image] in five
nonsequential sections. The results were expressed as
mean + SD of metastasis per lung (n=4/each condi-
tion)®®. Lung vessels with red blood cells inside were
quantified in lung sections stained with Masson’s tri-
chrome and expressed as the number of vessels/field + SD.
Details are reported in Supplementary Information.

Real-time PCR

Real-time pelymerase chain reaction (PCR) was per-
formed to detect miR-24-3p, SPRY2, and TWIST1 in
TEC-EVs and MDA-MB-231 cells as indicated. Total
RNA from TEC-EV samples and MDA-MB-231 cells was
extracted using the RNAeasy kit (Qiagen). RNA was
reverse-transcribed using miScript II RT Kit (Qiagen).

Western blot
Western blot was performed as previously described™
and reported in Supplementary Information.

miR-24-3p target validation

Ingenuity pathway analysis (IPA) was used to
predict the target genes for miR-24-3p. The miR Target
Filter tool was set up on IPA (Qiagen: http://www.
qiagenbioinformatics.com/products/ingenuity-pathway-
analysis/) to associate miR-24-3p with predicted mRNA
targets. miR-24-3p target expression (HNF1B, TAZ,
PARP1, HNF1A, SPRY2, MYC, YAP, NET1, and NDST1)
was evaluated by RT-PCR using actin-$ as the house-
keeping transcript. Primer sequences and details are in
Supplementary Table 52

Statistical analysis

All data are reported as mean + SD. Comparison between
two groups was carried out by # test. Our data passed
normality and equal-variance tests. Comparisons among 23
were performed by one- way ANOVA followed by Tukey’s
multiple-comparison test. The cutoff for statistical sig-
nificance was set at p < 0.05. All in vitro or in vive results
are representative of at least 3 independent experiments. All
statistical analyses were carried out on Graph Pad Prism
version 5.04: (Graph Pad Software, Inc., USA).
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ARTICLE INFO ABSTRACT
Keywords: Antibody-based anti-cancer therapy is considered a successful approach to impair tumour progression. This study
Extracellular vesicles aimed to investigate the clinical impact of targeting the IL-3 signalling in the microenvironment of solid tumours,
L3 . . We intended to investigate whether the 11-3Ra blockade on tumour-derived endothelial cells (TEC) can modulate
;E;ﬂi'im microenvironment PD-L1 expression in tumour cells and peripheral blood mononuclear cells (PBMC) to reshape the anti-tumour

immune response. Extracellular vesicles released by TEC after IL-3R« blockade (al'iV) were used as the ulti-
mate effectors of the antibody-based approach, while naive TEC-derived extracellular vesicles (nTEV) served as
control. Firstly, we demonstrated that, either directly or indirectly via nTEV, IL-3 controls the expression of its
receptor on TEC and PBMC respectively. Moreover, we found that nl'EV, moulded by the autocrine secretion of
IL-3, increased PD-1.1 expression in myeloid cells both ir vitre and in vive. In addition, we found that nTEV-
primed PBMC favour tumour cell growth (TEC and MDA-MB-231 cells), whereas PBMC-primed with aTEV
still retain their anti-tumour properties. Isolated 1-cells pre-conditioned with nTEV or alEV and co-cultured with
TEC or MDA-MB-231 cells have no effects, thereby sustaining the key role of myeloid cells in tumour immune
editing. In vive nTEV, but not aTEV, increased the expression of PD-L1 in primary tumours, lung and liver me-
tastases. Finally, we demonstrated that the enrichment of miR-214 in alEV impacts on PD-L1 expression in vivo.
Overall, these data indicate that an approach based on IL-3Ra blockade in TEC rearranges TV cargo and may
reshape the anti-tumour immune response.

Tumour endothelial cells
Tumour immune editing

1. Introduction depends on the presence of co-stimulatory factors. Indeed, it has been

extensively reported that TEV promote tumour immune escape through

Tumour immune regulation leading to tumour tolerance is also
orchestrated by tumour-derived extracellular vesicles (TEV) [1,2].
Extracellular vesicles (EV) are heterogenic membrane structures with a
specific molecular composition dictated by their cell of origin. TEV have
surface receptors and stimulating factors, such as, TLR4, HLA class I,
HLA G, as well as inflammatory cytokines (TGF(1, IFN, IL-6, IL-10) [2].
TEV are also enriched in immune relevant microRNA (miR-146,
miR-214 and many others) [3-5].

TEV express tumour-associated antigens and neo-antigens conveyed
by the parental tumour cells as well as major histocompatibility complex
(MHC) class 1 and class Il molecules [ 1]. Thus, TEV could present tumour
antigens to antigen presenting cells and drive specific immune response
[6]. The cheice to trigger cytotoxic effect or immunosuppression

different mechanisms [1,2]. This implies that, since TEV regulate the
immune response, by facilitating communication between immune cells
and cancer cells, they also impact on tumour progression and metastasis
formation.

The programmed cell death-1 receptor (PD-1) is an immune check-
point inhibitor, expressed on the surface of immune effector cells [7].
PD-1 is mainly activated by the programmed cell death ligand 1 (PD-L1),
expressed by several cell types [6]. The PD-1,/PD-L1 pathway fine-tunes
inflammation also supporting tolerance of circulating T-lymphocyte [8].
In cancer, the expression of PD-L1 is recognized as one of the major
immune escape mechanisms [7,9]. Indeed, in several cancers, PD-L1 is
highly expressed and the PD-L1/PD-1 signalling is engaged to evade the
T-cell-mediated immune regulation [7]. Additionally, PD-L1 was found
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in TEV, derived from melanoma [8], prostate cancer [11], glioblastoma
[10], and leukaemia [13] and has been detected in blood samples of
cancer patients [14], Recent studies have suggested that EV isolated
from the blood samples of cancer patients express PD-L1, and that EV
PD-L1 content comrelates with patient’s pathological features [12,15,
16].

Tumour endothelial cells (TEC) strictly control tumour development
and metastasis formation by allowing nutrient and oxygen supply, im-
mune cell entrance, and managing the escape of tumour cells to reach
secondary sites [17,18]. TEC are unique and differ from normal endo-
thelial cells in term of proliferation surface protein expression, secre-
tome, and released EV [19,20]. Moreover, naive EV released by TEC
(nTEV) share with TEV several activities: the ability to promote vessel
formation, the capability to restrain of the immune surveillance, and the
enhancement of tumour growth and metastasis formation [2,4]. We
have previously shown that TEC also express the receptor for interleukin
3 (IL-3Rx) [21]. More recently we provided evidence that the IL-3Ro
blockade on TEC changes the content of their released EV (aTEV),
impairing their oncogenic action [3,4]. Due to its highly expression in
leukemic cells the impact of the IL-3Ra blockade has been extensively
investigated in leukaemia patients [22], while poorly explored in solid
tumours. Since nTEV suppress the immune respense [2,6], while the
impairment of IL-3 signalling in TEC, by the receptor blockade, in-
terferes with tumour progression, we aimed to evaluate whether and
how aTEV can also revert the immunosuppressive funetions of nTEV in
solid tumours. Particular attention has been devoted to investigate the
impact of nTEV and aTEV in the regulation of PD-L1 expression.

2. Materials and methods
2.1. nTEV and aTEV isolation

TEC were isolated as previously described [23] and grown in the
complete EndoGro medium (Millipore) supplemented with 2% of fetal
bovine serum (FBS). TEC were functionally evaluated to form vessel-like
structures at different passages. The expression of IL-3Ro on TEC un-
treated or stimulated with IL-3 was evaluated by Fluorescence-activated
cell sorting (FAGS) using anti-human IL-3Rx antibody (Miltenyi Biotec,
#130-113-322).

For nTEV isolation, confluent TEC were cultured in serum-free
DMEM for 18 h. For aTEV collection, TEC were reated with 1 pg/ml
of anti-human IL-3Rx mouse antibody (R&D Systems, #MAB301-100,
Clone 32703) in serum-free DMEM. The conditioned medium from TEC
untreated or treated with the blocking IL-3Rx antibody was centrifuged
for 30 min at 3.000 g to remove cell debris and apoptotic bodies. Then
the supernatant was filtered with PES membrane filters (0.22 pm, Mil-
lipore) and submitted to ultracentrifugation for 2h at 100.000 g at 4 °C,
using the Beckman Coulter Optima L-100K Ultracentrifuge with the
roter type 45 Ti 45000RPM. The EV pellets were resuspended in DMEM
supplemented with 1% of DMSO and stored at — 80 °C until further use.
After thawed, EV aliquots were resuspended in PBS and analysed using
the Nanoparticle tracking analysis (NTA) by NanoSight NS300 system
(Malvern Instruments, Ltd) and transmission electron mieroscopy (Jeol
JEM 1400 Flash electron microscope, Jeol, Tokyo, Japan) [24]. For
further characterisation ExoView analysis (NanoView Biosciences), and
MACSPlex exosome kit (Miltenyi Biotech) were used according to
manufacturer instructions.

Western blot analysis for nTEV and aTEV was performed using 7%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immuno-
blotting with anti-human CD63 (Abcam, #ab134045), CD81 (Abcam,
#ab109201), CD9 (Abcam, #ab223052), CD29 (Invitrogen,
#Mab-17103), and GM-130 (Abcam, #ab52649) antibody was per-
formed overnight at 4°C. Appropriate secondary HRP-labelled anti
rabbit or mouse antibody (BioRad) were used at 1:1000 dilution for 1 h
at room temperature. The protein bands were visualized with chem-
iluminescence (ECL) detection kit and ChemiDoc™ XRS + System
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(BioRad). Lysates from cells, nTEV, and aTEV were loaded at concen-
ation of 10 pg/well.

2.2. PBMC isolation and treatinent with nTEV or aTEV

Fresh human PBMC were isolated by density gradient (Ficoll, Sigma)
centrifugation from heparinized blood samples obtained from healthy
donors. The use of PBMC was approved by the Ethic Committee of A.O.
U. Citta della Salute e della Scienza di Torino, Turin, Italy (CS2/
1255-Protocol number 0050416, May 16, 2019). PBMC were seeded in
6-well plates at the density of 2 x 107/well in 2 ml of serum-free AIM V
medium, nTEV or aTEV were added to PBMC at the concentration of
1 % 10'%/ml (approximately 1 x10° EV/cell) for at least 24 h. As contral,
we used non-stimulated PBMC. After 24 h or 5 days, PBMC were counted
using Muse® Count & Viability Kit (Luminex), analysed by FACS using
the anti-human IL-3Rx antibody (#306014, Biolegend), or used for co-
culture experiments or for T-cell isolation. In selected experiments, T-
cells were isolated from fresh PBMC (naive) seeded at the density of
1107 /well in 2ml of serum-free AIM V medium and stimulated as
indicated.

For PD-L1 analysis, approximately 1 x 108 PBMC, cultured for 48 h
in the presence of nTEV or aTEV were resuspended in 100 pl of PBS
supplemented with 0.1% bovine serum albumin and incubated with
anti-human PD-L1 antibody (Miltenyi Biotec, #130-122-809) or PE
non-immune isotypic IgG for 30 min at 4 °C. Then the cells were washed
and analysed using CytoFlex from Beckman Coulter.

T-cells were isolated before or after preconditioning PBMC with
nTEV or aTEV using Dynabeads™ Untouched™ Human kit (Invitrogen,
#11344D) according to the manufacturer instructions.

2.3. ELISA assay

Relative quantification of IL-1p, IL-10, and TGFp1 secretion by PBMC
pre-treated with nTEV or aTEV alone or co-cultured with tumour cells
(MDA-MB-231 and TEC) was performed using DuoSet ELISA Develop-
ment Systems (R&D Systems) according to manufacturer instructions.
Naive PBMC served as internal control.

2.4. Co-culture of PBMC and TEC or MDA-MB-231 cells

To study the expression of the IL-3Rx on TEC, 0.4 pm pore transwells
(Costar, #3412) were used for co-culture experiments with PBMC pre-
treated with nTEV or aTEV. 1 x 10° TEC were seeded in 6-well plates
and PBMC were stimulated withnTEV or aTEV as above deseribed. After
24h pre-stimulated PBMC were plated in the upper chamber of the
wanswell at the concentration of 5 x 10%/well and put onto TEC. After
additional 48 h TEC were analysed by FACS using the anti-human IL-3R¢
antibedy (Miltenyi Biotec, #130-113-322).

To evaluate the cytotoxic effects of PMBC against tumour, a direct
cell-to-cell contact cultures were used. To this end, freshly isolated
PBMC were stimulated with nTEV or aTEV as above described for 24 h,
meanwhile TEC or MDA-MB-231 cells were labelled with CGFSE and
seeded in 6-well plates, at the concentration of 1 x 10%/well, The day
after, 5 x 10° of pre-stimulated PBMC were plated on TEC or MDA-MB-
231 cells for 48h. As control, we used TEC or MDA-MB-231 cells
cultured alone or co-cultured with untreated PBMC. Six independent
experiments were performed in duplicates.

2.5. Tumour in vive models

Animal studies were conducted in accordance with the Italian Na-
tional Institute of Health Guide for the Care and Use of Laboratory An-
imals (protocol No. 833/2020-PR). Mice were housed aceording to the
guidelines of the Federation of European Laboratory Animal Science
Association and the Ethical Committee of the University of Turin. The
investigators (at least 2) were blinded when assessing the outcome. To
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Fig. 1. Scheme of the in vitro and in vivo studies. FAGS or IHC were used for PD-L1 detection. FACS analysis for IL-3Rx expression. I.V.: intravenously; THC:

immunechistochemistry.

investigate nTEV- or aTEV-mediated immune regulation in vivo, we used
the immunocompetent female BALB/C mice. We treated mice intrave-
nously (1.V.) with nTEV or aTEV (1 x10"%/injection) 5 times during 2
weeks, The day after the last nTEV or aTEV injection, mice were sacri-
ficed and PD-L1 was analysed in different tissues by FACS. To this end,
the tissues were homogenized and cells positive for mouse PD-L1 (Bio-
legend, #124334) and CD45 (Miltenyi Biotee, #130-110-798) were
detected.

Primary tumours were obtained by injecting subcutaneously Matri-
gel containing TEC in SCID mice (8 weeks/female) (4 mice/group)
(1 x10° cells/injection). Matrigel plugs containing TEC were locally
injected with saline, nTEV, or aTEV (1 x10%°/plug) at the third and
seventh day after implantation. At day 10, the recovered plugs were
embedded in paraffin (n = 4/each condition) and PD-L1 expression was
analysed by immunochistochemistry, using the anti-human rabbit PD-L1
antibody (Abcam, #ab233482).

For the metastasis model, SCID mice were pre-treated intravenously
with nTEV or aTEV for 5 days (1 x10'%injection). On day 5, 0.6 x 10°
MDA-MB-231 cells were injected 1.V. The mice were sacrificed after 5
weeks and lung and liver tissues analysed for PD-L1 expression. Liver
metastases were also counted according to human PD-L1 expression.

2.6. Immunohistochemistry for PD-L1 detection in the lung and liver

Immunchistochemistry was performed using an automated slide-
processing platform (Ventana BenchMark AutoStainer, Ventana Medi-
cal Systems), with Universal DAB Detection Kit detection systems. The
anti-human PD-L1 rabbit polyelonal antibody (Abcam #ab233482) was
diluted 1:100. Secondary HRP-labelled anti-rabbit antibody (Goat Anti-
Rabbit IgG (H+L)-HRP Conjugate, BioRad) was used at 1:1000 dilution
for 1h at room temperature. Sections were counterstained with hae-
matoxylin, dehydrated, and mounted. Quantification of the PD-L1
expression was performed using Fiji software (ImageJ). The results
were expressed as mean £ SD of PD-L1 positive area (related units) per
sample (10 images/section, 4 samples/each condition).

2.7. miR-214 enrichment in nTEV

To obtaining nTEV enriched in miR-214, TEC growing in 75cm
cultured flasks were transfected with HiPerfect reagent (Qiagen) using
20 M hsa-miR-214 Pre-miR™ miRNA Precursor (PM12124, Invitrogen)
according to manufacturer instructions. TEC transfected with scramble
mimic were used as control. The day after transfection fresh FBS-free
DMEM was replaced for additional 24h and collected for nTEV_miR-

214 or Seramble miRNA_TEV isolation. We used PCR to confirm the
enrichment of miR-214 innTEV_miR-214. Briefly, single-stranded cDNA
was generated from total RNA sample (80ng) by reverse wanscription
using miScript Reverse Transeription Kit (Qiagen) following the manu-
facturer’s protocol. miR-214 content was measured by qRT-PCR using
the miSeript SYBR Green PCR Kit (all from Qiagen). All reactions were
performed using an Applied Biosystems 7900HT real-time PCR instu-
ment and run in triplicate (3 ng of ¢<DNA for each reaction) as deseribed
by the manufacturer’s protocol (Qiagen). Relative miR-214 expression
was normalized to the mean expression value of RNU6 and actin
housekeeping genes. Data were analysed using Expression Suite Soft-
ware (ThermoFisher).

2.8. Statistical Analysis

All data are reported asmean =+ SD. Comparison between two groups
was analysed by Student’s t-test. Data passed both normality and equal-
variance tests. One-way ANOVA followed by Tukey's multiple-
comparison test was used for comparison among 3 oI more groups; p-
value < 0.05 was considered as significant. All in vitro or in vive data are
representative of at least 4 independent experiments. Graph Pad Prism
version 5.04 (Graph Pad Software) was used for all statistical analyses.

3. Results
3.1. nTEV and aTEV characterisation

Firstly, nTEV and aTEV were characterized (see the scheme of the
study, Fig. 1). As shown by TEM and NanoSight (data not shown), nTEV
and aTEV did not differ in size (Supplementary Fig. S1). ExoView
(NanoView Biosciences), MACSPlex (Miltenyi Biotech), and Western
blot analyses, revealed a similar pattern of surface marker expression
(CD9, CD29, CD63, and CD81) (Supplementary Fig, S1). We failed to
detect PD-L1 on both nTEV and aTEV (data not shown).

3.2. IL-3Ra expression in TEC

This study has been designed to investigate the potential “clinical”
impact of targeting TEC using a blocking IL-3 receptor antibody, and, in
particular, the effect on PD-L1 expression. Therefore, the expression of
IL-3Ru was first evaluated on naive or IL-3 stimulated TEC. Moreover,
since IL-3 is mostly released by activated T-cells [24], to mimic the TME,
IL-3Rx was also analysed on TEC stimulated with nTEV-primed PBMC
(Fig. 1). As shown by FACS analysis, IL-3 significantly up-regulated the
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Fig. 2. IL-3Ro is up-regulated in TEC co-cultured with primed PBMC and T-cells, and stimulated with IL-3. (A) Representative FACS dot plots of untreated or IL-3
stimulated TEGC (24 h). (B) Representative FAGS dot plots of TEG co-cultured with control PBMC (¢tPBMG) or PBMG primed with nTEV or aTEV (24 h). (G)
Representative FACS dot plots of TEG co-cultured with unstimulated T-cells or T-cells primed with nTEV or aTEV (24 h). Data are presented as the mean+ SD, n 6.

expression of its receptor on TEC (Fig. 2A). No differences in PBMC
viability at both 24 h and 5 days, as well as in IL-3Ra expression (24 h)
upon nTEV and aTEV priming were detected (Supplementary
Fig. S2A-B).

Then we evaluated the expression of IL-3Ra in TEC co-cultured with
nTEV or aTEV-primed PBMC. We demonsuated that PBMC primed with
nTEY, but not with aTEV, significantly increased the expression of the
IL-3Ro (Fig. 2B). Interestingly, naive T-cells (isolated from naive PBMC)
pre-treated with nTEV or aTEV failed to induce the expression of IL.-3Rx
on TEC (Fig. 2C), suggesting a key role of myeloid cells in the ransfer of
nTEV signals.

3.3. PBMC primed with aTEV retain their anti-tumour properties

TME immunosuppression alse stems from EV-mediated communi-
cations [1]. Therefore, the effect of nTEV and aTEV in shaping PBMC
anti-tumour action was further investigated. To this end, PBMC were
pre-stimulated with nTEV or aTEV for 24 h, and the secretion of in-
flammatory factors was first analysed. We found that nTEV significantly
enhance the secretion of IL-10 and TGFf1, while aTEV increase the
release of IL-1p (Fig. 3 A). We then investigated the impact of PBMC,
either untreated or primed with nTEV or aTEV, in co-cultures (direct
contact) with CSFE-labelled MDA-MB-231 cells or TEC for 48 h. As
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Fig. 3. nTEV, unlike aTEV, primed PBMC are impaired in their cytoxic activity. (A) Diagrams of IL-1p, IL-10, and TGFp1 secretion by naive (ctrPBMC) or PBMC pre-
treated with nTEV or aTEV. (B) Representative FACS dot plots of MDA-MB-231 cells co-cultured with ctrPBMC or PBMC pre-treated with nTEV or aTEV. Diagram
represents data on MDA-MB-231 cells cultured alone (circles) or with the aforementioned PBMC (triangles). (C) Representative FACS dot plots and diagram of MDA-
MB-231 cells co-cultured with T-cells, isolated from ctrPBMC or from PBMC pre-treated with nTEV or aTEV. (D) Representative FACS dot plots and diagram of MDA-
MB-231 cells co-cultured with naive T-cells (isolated from ctrPBMC) pre-treated with nTEV or aTEV. (E) Diagrams of IL-1p, IL-10, and TGF1 secretion by ctrPBMC or
PBMC pre-treated with nTEV or aTEV co-cultured with MDA-MB-231 cells. Diagram data are presented as the mean + SD (at least n = 6 independent experiments).

@

59



T. Lopating et al

Pharmacological Research 179 (2022) 106206

A c D
- IGG control - . CONTROL
O = ==
— 3 P4(0.93 %) -3 9 %)
L+ 7 L1 1
=3 23
> =1 k20 =l
an o 11— 3
@ g 3 g 1
= 5
B iy N Tt
0 50 100 0 50 100
S5C-A SSC-A
B E e nTEV F o aTEV
0.0443 o IR ST
30— 0.005 ] 3
L] d 4
= % % |
¥ . <3 -3
% 20+ - ] 3
g =10 3=
£ . o3 S
L 10+ - ] 1
_II - -
[m) ® =l
o -1 - é
o- z z
O WO WO e &
& N = L — R R e e
68 REARY, 0 50 100 0 50 100
é\(" 5" SSC-A SSC-A
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shown in Fig. 3B and Supplementary Fig. S3A we demonstrated that,
while the percentage of living cells decreases in the presence of PBMC,
the cytotoxic activity of nTEV primed PBMC was reduced compared to
both naive and aTEV primed PBMC. To investigate whether changes in
PBMC secretome may contribute to the different immune response,
ELISA assay was also performed on these conditioned media. The results
reported in Fig. 3D and Supplementary Fig. S3E revealed that in the
presence of NnTEV primed PBMC IL-10 secretion was increased.
Conversely, and consistent with functional data, a reduced secretion of
IL-10 and an increased level of IL-1p were detected in co-cultures con-
taining aTEV primed PBMC. Of note, the release of TGFpl did not
change (Fig. 3E, Supplementary Fig. S3E). We also investigated the
contribute of T-cells. The role of T-cells in mediating the cytotoxic effect
was confirmed by the observation that T-cells isolated from
aTEV-primed PBMC were still able to exert anti-tumour effect when
seeded together with MDA-MB-231 cells (Fig. 3 C) and TEC (Supple-
mentary Fig. $3B). Conversely, no effect was detected when naive T-cells
primed with nTEV or aTEV were co-cultured with MDA-MB-231 cells
and TEC (Fig. 3D, Supplementary Fig. S3C). These data indicate that
nTEV contribute to suppress the immune response and myeloid cells are
key supervisars.

3.4. aTEV fine-tune PD-L1 expression

To evaluate if the expression of PD-L1 in myeloid cells may

contribute to our observations, FACS analysis was first performed on
PBMC primed with nTEV or aTEV. We found that, unlike aTEV, nTEV
significantly increased the expression of PD-L1 on myeloid cells (Fig. 4).

Since no data are so far available on the role played by nTEV and,
most importantly, by aTEV in an immunocompetent context, in vivo
experiments were performed in BALB/C mice intravenously injected
with nTEV or aTEV for 2 weeks (Fig. 5 A). PD-L1 and CD45 co-
expression were evaluated in lung, bone marrow, spleen, and periph-
eral blood by FACS analysis. As shown in Fig. 5B, the number of PD-L1 "/
CD45% cells was significantly increased in the lung of nTEV-treated
animals, but not in spleen, bone marrow, and peripheral blood (data
not shown). Of note, we found that aTEV in vivo administration reduced
the percentage of PDL17/CD45™ cells isolated from the lung,

Since tumour cells also express PD-L1 and contribute to immune
evasion, the ability of nTEV and aTEV to regulate its expression on TEC
derived tumours was further evaluated. We demonstrated that intra-
tumour injection of nTEV in Matrigel plugs containing TEC enhanced
PD-L1 expression, while aTEV significantly reduced its expression
(Fig. 5C,D). This indicates that nTEV and aTEV can control PDL-1
expression in different cell population in the TME, including, at least,
myeloid cells and tumour cells.

Finally, to investigate the possibility that aTEV may also impact on
tumour cell recruitment by regulating PD-L1 expression on homed cells,
nTEV and aTEV were injected intravenously for 5 consecutive days
before MDA-MB-231 cell administration (Fig. 6 A). The expression of
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Fig. 5. nTEV, but not aTEV, increase the expression of PD-L1 in the lung and primary tumours. (A) Schematic representation of the in vivo study. (B) Representative

FACS dot plot images showing CD45%/PD-L1" lung-derived cells from control, nTEV, and aTEV treated mice. Data are presented as the mean + SD, n

5. (C)

Schematic representation of the in vivo study in SCID mice. (D) Representative images of Matrigel containing TEC treated with nTEV, or aTEV stained with PD-L1

antibody. Saline treatment served as control. Scale bars
intravenously; THG: immunohistochemistry.

PD-L1 was analysed in the lung and liver of immune-deficient animals.
As shown in Fig. 6B-C, PD-L17 area were significantly increased in mice
primed with nTEV both in the lung and liver tissues. Again, in aTEV
treated animals a significant reduction of PD-L1" area was detected in
both organs. Finally, as previously reported in the lung [4] a reduced
number of metastatic foci was detected in the liver of aTEV primed
animals (Fig. 6 C).

This observation provides evidence that aTEV priming can prevent
the recruitment/homing of PD-L1* tumour cells both in the lung and in
the liver. More importantly, these results indicate that disturbing the IL-
3 signalling on TEC drives changes on their released aTEV, impacting on
the expression of PD-L1 in both tumour and CD45" cells.

3.5. miR-214 enrichment in aTEV regulates the expression of PD-L1

We have previously shown that aTEV miRNA content is relevant for
their biological action [3,4]. It has been shown that miR-214 post--
transeriptionally regulate PD-L1 expression in B-cell lymphoma [25].
Since miR-214 was found enriched in aTEV [3], we south to determine
whether miR-214 enrichment could also control PD-L1 expression in our

100 pm (original magnification, 400X). Diag|

data are pr d as the mean +SD, n 4. LV.:

model. To this end, the effect of nTEV enriched in miR-214 (nTEV -
miR-214) was evaluated in vivo. Matrigel plugs containing TEC were
therefore locally injected with nTEV, aTEV, or nTEV_miR-214, Similarly
to aTEV, nTEV_miR-214 treatment reduced the number of PD-L17 cells
in TEC formed tumours (Fig. 7) compared to nTEV. These data further
confirm the role of miR-214 in the regulation of PD-L1 expression [25].

4. Discussion

In the present study, we have shown that IL-3 signalling in TEC
regulates the release of pro-metastatic nTEV that suppress the immune
response by enhancing PD-L1 expression on tumour and myeloid cells.
Conversely, an approach based on IL-3Rx blockade on TEC led to the
release of aTEV enriched in miR-214 that retune the aberrant anti-
tumour immune response reshuffling PD-L1 expression. Overall, these
findings provide evidence that blocking IL-3 signalling in the TME
amends PD-L1 expression and reshapes the anti-tumour immune
response.

Blocking the interaction between PD-1 and PD-L1 became a revolu-
tion in cancer therapeutic approaches, particularly for lung, kidney, and
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Fig. 6. PD-L1 expression is increased in the lung and liver tissues of SCID mice systemically primed with nTEV. (A) Schematic representation of the in vivo study. (B)

Representative images and diagram of PD-L1 expression in lung tissues of control mice, and mice primed with nTEV or aTEV. Scale bars

100 um (original

magnification, 400X). Diagram data are presented as the mean + SD, n 4. (C) Representative images of PD-L1 expression in liver tissues of control mice, and mice

primed with nTEV or aTEV. Scale bars

bladder cancer, melanoma, and even for breast cancer [26-29]. How-
ever, the rate of success of PD-1/PD-L1 blockade in solid tumours is
relatively low and mostly accompanied by both immune-related side
effects [30] and TME-mediated acquired resistance [31,32]. Herein, an
additional mechanism regulating PD-L1 expression in the TME is re-
ported. In particular, we demonstrated that IL-3 signalling in TEC
translates in the release of EV displaying immunosuppressive properties.

IL-3 is a hematopoietic factor mostly produced by activated T-cells,
but also by monocytes/macrophages and other cell types [24]. Ac-
cording to proteinaltas.org  (https://www.proteinatlas.org/ENS-
G00000185291-IL3RA/tissue) the IL-3Rx is detected in cerebral cortex
and fallopian tubes in healthy subjects, while in several tumour types in
cancer patients (https://www.proteinatlas.org/ENSG00000185291-1L3
RA/pathology), thus suggesting the relevance of the IL-3 signalling in
solid cancer. IL-3, and in particular its binding subunit, the IL-3Ra, isa
well-established acute leukaemia therapeutic target, while its role in
solid tumours is yet largely undetermined [ 33]. The observation that the
IL-3R« is highly expressed in leukaemia stem cells, compared to their
normal counterpart, has provided the rational to specifically target
tumour cells [22] using an anti-IL-3Ra blocking antibody [34]. In the
present study, we demonstrated that a microenvironment containing
IL-3 generates a positive loop involving TEC and PBMC resulting in the
up regulation of the IL-3Rx in both cell types. This suggests that, as in the
leukemic microenvironment, in the TME of solid tumours, the

100 pm (original magnification, 400X). Diagram data are presented as the mean 8D, n 4.

up-regulation of IL-3Rx may represent a valuable therapeutic target.
Therefore, since TEC may be considered the gate for antibody entry in
the TME, an antibody-based approach was used to target IL-3Ra on TEC.
By means of this approach we investigated whether blocking the IL-3
signalling may “educate” TEC to rearrange the cargo of their de-
rivatives, aTEV, thereby refining the anti-tumour immune response.
TEV are involved in key aspects of cancer growth, metastatic spread,
tumour immune editing, thereby considered as relevant anti-tumour
targets [2,4,35]. The regulation of TEV molecular composition is high-
ly sensitive and specific. Protein, RNA, and lipid content changes in
response to microenvironment cues. We have previously shown that
blocking the IL-3 signalling in TEC led to a complex rearrangement of EV
molecular composition. This results in the inhibition of their
pro-oncogenic functions, according to their angiogenic and metastatic
actions [3,4]. Consistent with our previous results, using TEV from tu-
mours of different origin [2], we demonstrated that nTEV impair the
anti-tumour effect of PBMC against both TEC and MDA-MB-231 cells.
Notably, we demonstrated that the anti-tumour effect of PBMC was
retained by aTEV-primed PBMC, indicating that IL-3Rx blockade may
also act on PBMC to re-establish their cytotoxic activity. Moreover,
unlike T-cells isolated after PBMC pre-conditioning naive T-cells,
directly stimulated with nTEV or aTEV, have no effect on tumour cells.
This observation strongly supports the notion that nTEV-mediated im-
mune regulation mainly involves mechanisms orchestrated by
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antigen-presenting cells. As a matter of fact, we demonstrated that
nTEV, but not aTEV, increased the expression of PD-L1 on primary
myeloid cells in vitro and in vivo in an immunocompetent model. This
observation provides the first evidence that nTEV can control PD-L1
expression in an immunocompetent context,

PD-L1 is expressed by different tumour cell types [36], and its
overexpression represents one of the most relevant mechanisms of T-cell
exhaustion [37] and tumour progression. We herein demonstrated that
intra-tumour nTEV injections was able to increase the expression of
PD-L1 on tumour cells, and, more importantly, that aTEV bring back
PD-L1 expression to the control level. Using a different mouse model, we
also demonstrated that nTEV and aTEV can differently modulate PD-L1
expression in tumour cells engaged into metastatic sites. Of note, in this
model we found that the expression of PD-L1 correlated with the number
of metastases both in the lung and in the liver. Therefore, these results
demonstrate that an antibody-based approach against the IL-3Ro may
reshape PD-L1 expression and the anti-tumour immune response, via
aTEV.

Different mechanisms control PD-L1 expression in cancer [38]. In-
flammatory cytokines released in the TME have been reported to boost
the expression of PD-L1 in tumour and stromal cells [39,40]. We herein
demonstrated that the inflammatory cytokine IL-3, released in the TME,
besides conaolling the tumour vasculature takes part in cancer immune
escape, via nTEV. Moreover, the observation that IL-10 was increased
when PBMC were primed with nTEV and left in co-cultures with cancer
cells, sustains the role of nTEV in the reshuffle of the TME secretome and
in tumour immune suppression. The ability of aTEV to reverse PBMC
secretome and to re-establish PBMC-mediated anti-tumour cytotoxie
activity, further supports the role of IL-3 in tumour immune tolerance.

Several studies have designated EV as PD-L1 delivery system [10].
However, we failed to detect PD-L1 in nTEV suggesting that, rather than
transferring PD-L1 to immune or tumour cells, nTEV tune the adaptive
immune response by a mechanism involving their cargo.

6. Representative images (C) and diagram (D) of PD-L1
100 pm (original magnification,

Epigenetic mechanisms such as histene acetylation/methylation or
abnormal miRNA expression are instrumental for cancer immune escape
via PD-L1 expression [25,38]. miR-200, miR-326, miR-34a and miR-214
are from among the most relevant miRNAs involved in PD-L1 expression
[25,38,42]. Consistent with these data, we demonstrated that the
enrichment of miR-214 in aTEV down-regulates PD-L1 expression and
may conceivably break down tumour immune evasion. However, since
EV action rely on their entire cargo we cannot rule out the possibility
that cancer microenvironment ean hijack the TEV cargo at different
level to facilitate discrete mechanisms of the multi-step cancer process.

5. Conclusions

Overall, we provide evidence that interfering with the IL-3 signal-
ling, by blocking the activity of its receptor at the entrance of the TME,
may be instrumental for reschedule the anti-tumour immune response.
Downregulating PD-L1 expression in myeloid cells also improves the
response of combined immune checkpoint approaches [43]. Therefore,
our findings offer a new therapeutic window to boost and reshape the
aberrant immune response in solid tumour.
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Abstract: Cancer is one of the greatest public health challenges. According to the World Ilealth
Organization (WHO), 9.6 million cancer deaths have been reported in 2018. The most common cancers
include lung, breast, colorectal, prostate, skin (non-melanoma} and stomach cancer. The unbalance of
physiological signalling pathways due to the acquisition of mutations in tumour cells is considered
the most common cancer driver. The Wingless-related integration site (Wnt)/p-catenin pathway is
crucial for tissue development and homeostasis in all animal species and its dysregulation is one of
the most relevant events linked to cancer development and dissemination. The canonical and the
non-canonical Wnt/p-catenin pathways are known to control both physiological and pathological
processes, including cancer. Herein, the impact of the Wnt/B-catenin cascade in driving cancers
from different origin has been examined. Finally, based on the impact of Extracellular Vesicles
(EVs) on tumour growth, invasion and chemoresistance, and their role as tumour diagnostic and
prognostic tools, an overview of the current knowledge linking EVs to the Wnt/p-catenin pathway is
also discussed.

Keywords: Wnt/B-catenin dependent pathway; Wnt/p-catenin independent pathway; colorectal
cancer; breast cancer; ovarian cancer; extracellular vesicles

1. Introduction

The human wingless-related integration site (Wnt) genes encode 19 evolutionarily conserved
glycoproteins with 22-24 Cys residues. In the endoplasmic reticulum (ER), the Wnt ligands are
post-translationally acetylated by porcupine, a membrane associated O-acyl transferase. Acetylation
leads to palmitoylation, which is required for the release and binding of Wnt to the frizzled (FZD)
receptors. This, in turn, drives the biological response [1].

The Wnt signalling pathway regulates crucial cellular processes including cell fate determination,
organogenesis during embryonic development, normal adult homeostasis, motility, polarity and stem
cell renewal [2]. Moreover, its contribution in cancer has been extensively investigated [3].

The Wnt pathway has been widely studied and reviewed, and a general understanding of the
transduction cascade has been clarified. The Wnt cascade has been subdivided into different branches
due to its complexity [4,5]. They include the canonical Wnt/B-catenin (Wnt/p-catenin dependent
pathway) and the non-cancnical Wnt/B-catenin pathway ((3-catenin-independent pathway). The latter
was further allocated into two additional branches, the planar cell polarity (PCI’) and the Wnt/caleium
pathways [2]. Both of them contribute to cancer development and dissemination.

The aim of the present review is to provide an overview of the current knowledge about the
Wnt signalling pathway in tumour development and progression. Tumours from different origin
are discussed. Although the canonical and the non-canonical Wnt/f-catenin pathway work together
to control physiological and pathological processes [2], data related to each one are independently
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debated. Finally, the contribution of extracellular vesicles (EVs) in triggering the Wnt/{3-catenin cascade
is also analyzed.

2. Wnt Canonical Pathway: 3-Catenin Dependent

The canonical pathway turns around the (3-catenin intracellular level (Figure 1). In the absence of
Wnt proteins, the 3-catenin “destruction complex” keeps low -catenin in the cell. The “destruction
complex” mainly consists of two kinases: casein kinase 1« (CK1a), glycogen synthase kinase 3 3
(GSK-3p) and two scaffolds: axis inhibition (Axin), and adenomatous polyposis coli (APC). Firstly,
{3-catenin undergoes phosphorylation by CK1a at serine 45 (Ser45), Ser33, Ser37 and threonine 41 (Thr41)
by GSK-38. Then, the E3 ubiquitin ligase, denoted as (3-transducin repeat-containing protein (8TrCP),
marks B-catenin ubiquitination and degradation [1]. This prevents (3-catenin nuclear translocation
while allowing histone deacetylation and chromatin compaction by the Groucho repressor, translating
into the inhibition of gene transcription [6] (Figure 1a).
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Figure 1. The Canonical Wnt signalling pathway. (a) OFF STATE. In the absence of Wnt ligands,
f3-catenin moves to the “destruction complex” consisting of casein kinase 1« (CK1a), glycogen synthase
kinase 3 3 (GSK-38) and two scaffolds: axis Inhibition (Axin), and adenomatous polyposis coli (APC).
f3-catenin undergoes phosphorylation at Ser45 residue by CK1a and at Ser33, Ser37 and Thr41 residues
by GSK-38. Then, the E3 ubiquitin ligase B-transducin repeat-containing protein (87rCP) marks
f3-catenin ubiquitination and proteasomal degradation. This prevents 3-catenin nuclear accumulation
while allowing chromatin compaction and Groucho-mediated promoter repression. (b) ON STATE.
The Wnt ligands bind to frizzled (FZD) receptor and the low-density-lipoprotein-related protein
5/6 (LRP5/LRP6); this results in dishevelled (DVL) phosphorylation and $-catenin release from the
“destruction complex”, allowing {3-catenin accumulation and nuclear translocation. In the nucleus, the
Groucho repressor undergoes displacement, allowing 3-catenin to interact with T-cell factor/lymphoid
enhancer factor (TCF/LEF), chromatin remodeling and transcription of genes such as c-myc and cyclin D1.

The activation of the canonical Wnt signal requires both the FZD family receptors and the
low-density-lipoprotein-related protein 5/6 (LRP5/LRP6) co-receptors, phosphorylation of which
is essential for receptor activation. Wnt binding to its receptor results in dishevelled (DVL)
phosphorylation, leading to Axin de-phosphorylation and decline of its cytoplasmic content [7].
Thereby, 3-catenin can be released from the “destruction complex”, and its degradation prevented
while stabilization is allowed. Accumulation of 3-catenin turns into its nuclear translocation [7].

Although several nuclear 3-catenin binding partners have been involved in the control of gene
transcription, the most relevant 3-catenin partners are the members of the T-cell factor/lymphoid
enhancer factor (TCF/LEF) family of transcription factors [7]. This complex binds to the promoter
region of target genes and regulates their transcription.
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Once in the nucleus, the engagement of {3-catenin transiently converts the TCF/LEF into
transcriptional activators, which displace Groucho and induce chromatin remodelling and
transcriptional activity (Figure 1b).

A number of genes are targeted by Wnt-B-catenin. Among them, genes involved in positive- and
negative-feedback regulation, cell-cycle progression, and stem cell homeostasis are the most commonly
included genes.

3. Wnt Non-Canonical Pathways: Wnt/Planar Cell Polarity (PCP) and Wnt/Calcium

To date, the canonical Wnt/B3-catenin pathway is much better characterized than the non-canonical
one (Figure 2).
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Figure 2. The Wnt non-canonical signalling pathways. (a) Wnt/planar cell polarity (PCP) pathway.
Wnt ligands bind to FZD receptors and co-receptor RAR-related orphan receptor (ROR) and convey
the signal to DVL. DVL forms the Disheveled associated activator of morphogenesis 1 (DVL-Daam-1)
complex, which triggers RioA, RHO and ROCK to control cytoskeletal rearrangement. On the other
hand, DVL triggers RAC, JNK and AP-1 involved in cell motility and polarity. (b) Wnt/Calcium
pathway. Wnt ligands bind to FZD and activate the phospholipase C (PLC), which hydrolyses the
phosphatidylinositol (4,5)-biphosphates (PIP2) to inositol (1,4,5)-triphosphates (IP3) and diacylglycerol
(DAG). This translates into intracellular calcium release and the activation of CaN and CamKII. The
calmodulin activation stimulates TAK-1 and NLK activity. CaN activates the NFAT, which moves to the
nucleus and modulates the expression of genes involved in the control of gastrulation, ventral cell fate
and tissue homeostasis.

In the non-canonical PCP pathway, Wnt ligands bind to FZD receptors and co-receptor protein
tyrosine kinase 7 (PTK7), RAR-related orphan receptor (ROR) or the receptor like tyrosine kinase (RYK)
and convey the signal to DVL. On the one side, DVL forms the disheveled associated activator of
morphogenesis 1 (DVL-Daam-1) complex, which triggers a small guanosine-5'-triphosphate (GTP)
GTPase, such as ras homolog gene family member A (RhoA), RHO and RHO-associated kinase
(ROCK). DVL also triggers ras-related C3 botulinum toxin substrate (RAC), JUN-N-terminal kinase
(JNK) and the activator protein-1 (AP-1). [7] The PCP pathway is involved in the cytoskeletal
rearrangement, cell motility and co-ordinates cell polarity. In vertebrates, the PCP pathway is
also required for morphology and migration of dorsal mesodermal cells undergoing gastrulation,
hair follicle organization, and orientation of stereocilia in the sensory epithelium of the inner ear [8]
(Figure 2a).

In the calcium-dependent pathway, Wnt ligands bind to FZD and activate the phospholipase
C (PLC), which hydrolyses the phosphatidylinositol (4,5)-biphosphates (PIP2) to inositol (1,4,5)-
triphosphates (IP3) and diacylglycerol (DAG). This translates into the release of the intracellular
calcium and the activation of both calcineurin (CaN) and calcium/calmodulin-dependent kinase II
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(CamKII). Moreover, the activation of calmodulin promotes the activation of the TGF-3-Activated
kinase 1 (TAK-1) and nemo-like kinase (NLK), thereby antagonizing and neutralizing the canonical
Wnt/f3-catenin cascade. CaN activates the nuclear factor of activated T-cells (NFAT), which moves to the
nucleus and regulates the expression of target genes [7] (Figure 2b). The calcium-dependent pathway
plays a crucial role in several processes, including early pattern formation during gastrulation [2],
ventral cell fate [9], dorsal axis formation [10], and tissue homeostasis [11].

4, Colorectal Cancer

Colorectal cancer (CRC) is one of most common cancers worldwide and represents a deep cause
of cancer mortality [12] with a rapid increase in incidence and death rate [13]. Dienstmann et al. [14]
established a new classification of CRCs into four consensus molecular subtypes (CM5s). Among
thermn CMS2, CMS3, and CM54 have a higher rate of APC mutations (over 50%) compared to CMS51.
Each CMS has unique features: CMS51 (M5] Immune, 14%): hyper- mutated, microsatellite instability,
strong immune activation; CMS2 (Canonical, 37%): epithelial, chromosomally unstable, marked Wnt
and myec signalling activation; CMS53 (Metabolic, 13%): epithelial, metabolic dysregulation; and CMS4
{Mesenchymal, 23%): a prominent transforming growth factor 3 (TGFg) activation, stromal invasion,
and angiogenesis. Samples with combined features (13%) represent transition phenotypes or are
supposed to reflect the intra-tumour heterogeneity [14].

The heterogeneous genetic ground underlying CRC initiation and progression mainly involves
gene fusion, deletion or amplification, somatic gene mutations and epigeneticalterations. Wnt/3-catenin
signalling has emerged as one of the most significant biological pathways in both the physiological
setting and in CRC development. Almost all CRCs are characterized by a hyper-active Wnt/3-catenin
pathway, which, in many cases, is considered the most critical cancer initiating and driving event.
Proteins and miRNAs guiding the Wnt/3-catenin pathway and proposed as potential CRC therapeutic
targets are discussed.

5. Canonical Wnt/3-Catenin Pathway and CRC

Ring finger protein 6 (RNF6) is an oncogene frequently upregulated by gene amplification in
primary CRC. Moreover, APC mutation and RNF6 copy number amplification were commonly found
in CRC patients. RNF6 is a RING-domain E3 ubiquitin ligase and exerts its pro-metastatic effects by
promoting CRC cell growth, cell-cycle progression, and epithelial to mesenchymal transition (EMT).
Furthermore, RNF6 expression and its gene amplification have been considered independent patients’
prognostic factors. RNF6 mediates the polyubiquitination of the transducin-like enhancer of split 3
{TLE3), a transcriptional repressor of the 3-catenin/TCF4 complex, and its proteasome degradation.
The lack of TLE3/TCF4/LEF interaction enhances the Wnt/3-catenin transcriptional activity, and the
expression of its downstream target genes [15] (Table 1).

The leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) is a Wnt/3-catenin target
gene implicated in cancer cell proliferation and migration. It has been reported that LGR5 is highly
expressed in CRC tissues compared to the healthy ones. A decline in (3-catenin and c-myc mRINA
expression were detected by knocking-down LGR5 expression, suggesting that it may regulate the
Wnt/B-catenin activity by modulating the expression of 3-catenin. Furthermore, since targeting LGR5
improves the response to chemotherapy, LGR5 has been proposed as a novel therapeutic target in

CRC [16] (Table 1).
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Table 1. Proteins invelved in several tumours, their alteration, targets, and impact on tumours.
Protein Related Expression Pathway Interaction Impact on Tumour Ref.

Cancers Level
cell growth
. cell cycle progression
RNF6 CRC Upregulated B-catenin EMT [15]
metastasis
LGR5 CRC,BC  Upregulated B-catenin proliferation [16,17]
migration
TNIK Gastric Upregulated B-catenin cell growth [18,19]
~ . tumour growth
KYA1797K CRC Upregulated B-catenin stem cell features [20]
cellular proliferation
BCL6 CRC Upregulated B-catenin tumour development [21-23]
tumour progression
ZEB2and ZEBL  CRC Upregulated B-catenin fumonr progression [17,24-26]
invasion
~ ) proliferation
XIAP CRC Upregulated B-catenin chemoresistance [24,25]
metastasis
stemness
RHBDD1 CRC Upregulated B-catenin EMT [27]
migration
invasiveness
SLC35C1 CRC Downregulated R-caterin cell proliferation [28]
cell progression
tumour stages
NPTX2 CRC Upregulated B-catenin lymphaticinvasion [29]
metastasis
KLHL22 CRC Downregulated R-catenin nvason [20]
migration
CCL2 CRC Upregulated Non-canonical progression [31]
tumorigenesis
LGR4 BC Upregulated B-catenin metastasis [17,26,32,33]
CSC maintenance
ST7L, BC Downregulated GSK-3p proliferation 134]
invasion
cell cycle progression
TMED BC Upregulated B-catenin colony formation [35]
migration
migration
Wht5a BC Downregulated A-catenin lactate production [36,37]
invasion
3-catenin . .
WhniSa BC Downregulated ~cydlin D1 cell proliferation [38,39]
TGE-p aggressiveness
vessel invasion
Wnt5a BC Upregulated ALCAM tumour size [40]
migration
Nek2B TNBC Upregulated B-catenin chemoresistance [41]
migration
anchorage-dependent
VANGL2 TNBC Upregulated p62/SQSTMI1 (PCP) and independent cell [42]
proliferation
HePTP TNBC Upregulated -GSK.S.B metastasis [43]
f-catenin
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Table 1. Cont.

Protein Related Expression Pathway Interaction Impact on Tumour Ref.
Cancers Level
proliferation
DLC3 TNBC  Downregulated B-catenin colony formation [44]
migration
invasion
DKK1 oC Downregulated B-catenin stemness [45]
. cell growth
SFRP1 oC Downregulated B-catenin stemlike phenotype [46]
AXIN2 oC Downregulated {-catenin stem-like phenotype [46]
s stemness
LGR6 OC Upregulated B-catenin chemoresistance [47 A8]
proliferation
RAB14 OC Upregulated P-catenin chemortesistance [49,50]
invasion
EMT
FZD7 OC Upregulated Non-canonical cell cycle progression [51]
migration
. . migration
ITGBL1 QC Upregulated Non-canonical adhesion [52]
EMT
ALPL OoC Upregulated Non-canonical migration [53]
invasion
VDR Melanoma Upregulated B-catenin tumour growth [54]

immune response

The 3-catenin and RAS signalling pathways are frequently associated with the development and
progression of several different cancers. They mainly act on cancer stem cell (C5C) expansion. High
levels of B-catenin and RAS proteins are considered the major drivers of CSC expansion and cancer
dissemination and are associated with poor patient’s outcome [55].

Targeting the CSC pool without affecting the somatic stem cell (S5C) niche is one of the major
goals of recent decades. As reported by Lenz et al. [56], the B-catenin antagonist molecule, ICG-001,
effectively prevented the interplay between -catenin and its coactivator cAMP response element
binding protein (CREB)-binding protein (CBP). Moreover, ICG-001 effectively and without side effects
abrogated drug-resistant cells. On the same line, PRI-724, a second generation of CBF/3-catenin
antagonist, was found safe in pre-clinical studies and displayed an acceptable toxicity profile.

Yu et al. [18] investigated the traf2- and nck-interacting kinase (TNIK) amplification and its role in
tumor progression by applying siRNA technology, while Masuda et al. [19] have generated a small
molecule denoted as NCB-0846 acting as TNIK inhibitor. TNIK selectively binds both to TCF4 and
{3-catenin in order to promote cancer cell growth via Wnt/[3-catenin cascade and drives colorectal C5C
expansion. The NCB-0846 inhibitor was effective in interfering with TNIK activity tumour growth.

KYA1797K, a small molecule identified by Cha et al. [57], was found effective in suppressing CRC
growth due to the activation of GSK-3f via Axin binding and 3-catenin/RAS destabilization. In line
with this observation, treatment with KYA1797K abrogated CRC stem cell features hoth in vitro and
in vivo. Mechanistically, KYA1797K pushes [3-catenin and RAS towards the Axin binding [20] (Table 1).

In the last decade, miRNAs have gained particular attention in cancer [58]. miRNA profiling has
been linked to cancer types, stage, and invasion [59]. Moreover, oncogenic or tumour suppressive
actions have been linked to miRNA expression. For these reasons, miRNAs are considered valuable
tools for cancer diagnosis and prognosis and therefore useful therapeutic targets (Table 2).

70



Int. ]. Mol. Sci. 2020, 21, 7607

Table 2. miRNAs involved in the tumours, their alteration and tumour impact.

7of 26

miRNA

Related Cancer

Expression Level

Impact on Tumour

Ref.

miR-144-3p

CRC

Downregulated

cell proliferation

[21-23]

miR-377-3p

CRC

Upregulated

cell expansion
EMT
repression of apoptosis

[60]

miR-377-3p

CRC

Downregulated

proliferation
migration
chemoresistance

[e1]

miR-520e

CRC

Downregulated

cell proliferation
colony formation
invasion

[62,63]

miR106a

BC

Upregulated

cell growth
cdsplatin sensitivity

[64]

miR-5188

BC

Upregulated

tumour cell
proliferation
metastasis formation
EMT
chemoresistance

[65]

miR-148a

BC

Downregulated

cell migration
invasion

[66]

miR-6838-5p

BC

Downregulated

cell invasion
migration

EMT

[42,67]

miR-27a-3p

BC

Upregulated

proliferation
migration.

[68]

miR-1207

ocC

Upregulated

tumorigenicity
stem cell-like traits
stemness

[46]

miR-590-3p

ocC

Upregulated

cell growth
migration,
invasion

[69,70]

miR-1180

oC

Upregulated

cell proliferation
glycolysis

[71]

miR-939

PCa

Downregulated

tumour stage
metastasis

[72]

miR-92a-3p

CRCEVs

Upregulated

cancer progression
stemness
EMT
drug resistance

[73]

miR-1273f

HCC EVs

Upregulation

cell proliferation
migration
invasiveness
EMT

[74]

miR-1260b

LACEVs

Upregulation

cell invasion
metastasis

[75]

miR-214-3p

TEC EVs

Upregulation

neovessel formation

[76]

miR-24-3p

TEC EVs

Downregulation

neovessel formation

[76]

Sun and co-workers [21] identified miR-144-3p as a new biomarker for CRC diagnosis and
response to treatment. miR-144-3p was found downregulated and associated with CRC pathological
stages in CRC patients. Interestingly, miR-144-3p overexpression reduced CRC cell proliferation
by delaying G1/S phase transition in tumour cells. On the contrary, the B-cell lymphoma 6 protein
(BCL6), a nuclear protein belonging to the BTB/POZ/zinc finger (ZF) family of transcription factors,
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was found upregulated and surprisingly post-transcriptionally regulated by miR-144-3p. Previous
studies revealed that BCL6 is involved in the control of cell cycle progression and differentiation [22,23].
Indeed, miR-144-3p/BCL6 co-operate to inhibit cellular proliferation, development, and progression of
CRC by interfering with c-myc and cyclin D1 expression [21] (Table 1).

miR-377-3p displays an ambiguous role in CRC. Liu and colleagues [60] uncovered that
upregulation of miR-377-3p promotes G1-S phase transition, cell expansion and EMT, while repressing
apoptosis in CRC patients. Moreover, GSK-38, a direct miR-377-3p target, was found upregulated
upon miR-377-3p overexpression. These data suggest that a complex regulatory network boosting
tumour progression is associated with the expression of miR-377-3p in CRC.

Conversely, in a recent study, Huang et al. [61] have shown that miR-377-3p, significantly reduced
in CRC patients, is involved in the control of proliferation, migration and chemo resistance, particularly
at advanced tumour stage. The authors investigated miR-377 functions and mechanism of action
in CRC cells. The zinc finger E-box binding homeobox 2 (ZEB2) and the X-linked inhibitor of
apoptosis protein (XIAFP) are two positive regulators of the Wnt/R-catenin cascade [24,25]. In CRC,
ZEB2 enables tumour progression and invasion, whereas XIAP promotes cell proliferation and
chemoresistance. De facto, miR-377-3p overexpression was found to suppress the malignant CRC
phenotype, as well as cell proliferation, invasion and drug resistance by directly targeting the 3" UTR
sequence of both ZEB2Z and XIAP mRNAs. Since miR-377-3p/ZEB2-XIAP inhibited CRC progression by
reducing Wnt/B-catenin-associated gene expression (e.. cyclin D1, Axin2, TCF1, SOX2, c-niryc, matrix
metalloproteinase-2 (MMP-2), MMP-9, CD44, vascular endothelial growth factor (VEGF), and Twist),
approaches involving increasing its expression have been proposed for novel therapeutic options
(Table 1).

Functional experiments showed that miR-520e plays a pivotal role in regulating CRC cell
proliferation, colony formation and invasion [62]. Moreover, it has been reported that low miR-520e
expression is associated with the increased CRC growth and migration. The astrocyte elevated gene-1
(AEG-1), which acts as an oncogene [63], is a direct miR-520e target in CRC. Cells overexpressing
miR-520e displayed lower G5K-38 phosphorylation and {3-catenin expression. Mechanistically, it was
found that miR-520e regulates cancer cell behaviour by targeting AEG-1, which in turn inactivates
the Wnt/(3-catenin signalling and the transcription of its downstream genes. Hence, miR-520e
overexpression could represent a promising therapeutic target in CRC by AEG-1 suppression.

Approximately 40-50% of CRC patients develop metastasis, mostly to the liver and lung. In cancer
patients, metastases are associated with 90% of all cancer-related death; thereby, the mechanisms
accounting for the metastatic spread have been deeply investigated. Zhang et al. [27] demonstrated that
the rhomboid domain containing 1 (RHBDD1) plays a crucial role in driving metastasis formation in
CRC patients, via the Wnt/j3-catenin pathway. It has been shown that RHBDD1 is able to influence the
Wnit/p-catenin cascade by increasing the phosphorylation of (3-catenin at the Ser552 and Ser675 residue
without affecting its nuclear translocation. Moreover, it promotes EMT, stemness, migration and
invasiveness. RHBD D1 also improves the expression of the 3-catenin target gene, ZEBI. Furthermore,
the protein level of RHBDDI positively correlated with ZEB1. Thereby, RHBDDI has been proposed as
a novel therapeutic target and/or a clinically useful biomarker for metastatic CRC (Table 1).

SLC35C1, or GDP-fucose transporter 1, is a member of the solute carrier (SLC) superfamily of
solute carriers. Deng’s group [28] explored the mechanism throughout SLC35C1 that regulates the
canonical Wnt/B-catenin pathway in CRC. They demonstrated a reduction in SLC35CI and an increase
in B-catenin at all tumour stages. Indeed, silencing SLC35C7 resulted in the increased release of Wnt3a
and c-mye, Axin2 and cyclin-D1 expression. This suggests that SLC35C1 is involved in the control of the
canonical Wnt/3-catenin pathway, and thereby in tumour cell proliferation and tumour progression
(Table 1).

Neuronal pentraxin 2 (NPTX2) is a member of the neuronal pentraxin family and is essential for
the formation of synapsis. NPTX2 was found overexpressed at both mRNA and protein level in CRC,
particularly in metastatic lesions [29]. NPTX2, which was found to positively correlate with tumour
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stages, lymphatic invasion, distant metastasis, and poor patients’ outcome, promotes 3-catenin nuclear
translocation and the expression of c-myc, cyclin D1, Snail, and N-cadherin. No NPTX2 receptors have
been identified in CRC; however, its cellular internalization was found mediated by the Wnt/-catenin
receptor, FZD6. Additionally, it has been reported that NPTX2/ ZD6 interaction translates in cancer
cell proliferation and metastasis formation by triggering the Wnt/f-catenin pathway [29] (Table 1).

Aberrant gene expression and DNA methylation profiles are considered hallmarks of CRC
initiation and progression [77]. Due to the APC inactivating mutations, the Wnt/p3-catenin pathway
plays a key role in CRC metastatic spread [78]. Bruschi el al. [79] investigated the early transcriptional
and epigenetic changes resulting from APC inactivation in intestinal crypts in crypt base columnar
{CBC) cells. The authors have found that APC disruption rapidly induces changes in DNA methylation,
indicating that focal remodelling of the DNA methylation profile occurs early and concomitantly
with the first oncogenic event. Moreover, it has been demonstrated that the hyper-activation of the
Wnt/B-catenin pathway associated with the APC loss-of-function turns out in a rapid increase in
intestinal stem cell commitment towards differentiation. Again, it was correlated with the remodelling
of the DNA methylation profile. This study unveils that early changes in DNA methylation are crucial
for the impaired fate decision program associated with APC loss-of-function.

The kelch-like family member 22 (KLHL22) is a tumour suppressor protein involved in the
development/progression of several cancers [30]. Low expression of KLHL22 was found in CRC tissues.
KLHL22 overexpression was associated with decreased migration, invasion and reduced expression
of the EMT markers, vimentin, N-cadherin, Twistl and Snaill. Intriguingly, KLHL22 knockdown led
to increased expression of 3-catenin and LEF, while KLHL22 overexpression translates into G5K-38
upregulation and -catenin downregulation [30] (Table 1).

6. Non-Canonical Wnt Pathway and CRC

The canonical and non-canonical Wnt family members play discrete roles in CRC. The activation
of the Wnt/calcium pathway turns into stimulation of sensitive proteins such as CamKII and PKC [80].
A Ror family of receptor tyrosine kinases, the ROR2 has been shown to act as a Wnit5a receptor or
co-receptor [81]. Wntba has different roles in CRC. It can act as an antagonist or agonist of the canonical
Wnt/3-catenin pathway, depending on the cellular context. Lee et al. [82] noticed that the antagonism
between the canonical and the non-canonical Wnt/B-catenin signalling pathways is linked to Wnt5a.
Mechanistically, Wnt5a suppressed the canonical Wnt/pB-catenin cascade by acting as a ligand on the
RORa [81]. After PKCa-mediated phosphorylation, ROR« modifies its affinity and interacts with the
armadillo repeat domains of B-catenin, thus supressing its transcriptional activity.

Three relevant goals have been recently achieved by Voloshanenko et al. [83] supporting the
role of Wnt5a/b in cell growth, via the non-canonical 3-catenin pathway. First, they identified the
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLODZ2), the hydroxyacyl-CoA dehydrogenase
(HADH), ligand-dependent corepressor (LCOR) and the receptor expression-enhancing protein 1
(REEP1) as candidate genes regulated by the non-canonical Wnt/3-catenin pathway. Second, these
genes were found regulated by Wnt5a/b, as well as by RORZ, the DVL2, the activating transcription
factor 2 (ATF2) and ATF4 in a non-canonical Wnt/3-catenin independent manner. Lastly, Wnt5a/b
silencing was found to impair cancer cell proliferation.

Among several soluble Wnt proteins, Wnt11 was found to be upregulated in CRC patients [84].
Recently, Gorrofio-Etxebarria and colleagues [85] have shown that increased Wntl1, and its FZD6,
RYK, PTK7 receptors, positively correlate with poor prognosis. Additionally, Wnt11 downregulated
{3-catenin transcriptional activity and increased ATF2 via the non-canonical Wnt signalling pathway.
Thereby, Wntl1 has been proposed as a prognostic biomarker and therapeutic target in CRC patients.

Tumour micro environment (TME) has a pivotal role in cancer development [86]. Liu et al. [31]
reported that, unlike CRC cells, tumour associate macrophages (TAMs), and, in particular, M2-like
cells, express Wnt5a. Furthermore, it has been shown that Wntba positive TAMs regulate macrophages
infiltration, tumour cell proliferation and migration. Wntba pro-tumour activity was found to be
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associated with the overexpression of the C-C muotif chemokine ligand 2 (CCL2) in Wnt5a-treated
macrophages. Consistently, Wntba knockdown reduced CCL2 expression in TAMs and their
cancer-promoting activity. In WntBa-treated macrophages, both CaMKII and ERK1/2 undergo
phosphorylation and lead to CCL2 secretion. This study provided evidence for a new role of
Wntba in CRC and describes a potential novel therapeutic target (Table 1).

7. Breast Cancer

Breast cancer (BC) is the most diagnosed cancer in women [87], the first cause of cancer
death in women worldwide [88], and one of the most expensive in terms of health care costs [87].
Both the canonical and non-canonical Wnt/3-catenin pathways are essential for mammary gland
development [89] and for BC growth and dissemination [90]. Hyper-active Wnt/B-catenin was reported
in breast tumours [91]. In human BC, elevated intracellular B-catenin level has been associated with
high tumour grade [92] and poor prognosis. In addition, up to 90% of metaplastic carcinomas and
non-metastasizing fibromatosis have been associated with the highest f-catenin expression level [93].
Moreover, proteins such as Wnt3a [94] and xenopus frizzled 7 (Xfz7) [95] have been involved in the
activation of both the canonical and the non-canonical Wnt signalling pathways.

8. Canonical Wnt Pathway and BC

Dysregulation of the Wnt/B-catenin cascade has been associated with cancer initiation and
metastasis formation [96]. Moreover, high B-catenin expression has been reported in basal-like BC
subtype [91]. Additionally, it has been demonstrated that loss of secreted frizzled-related protein 1
(sFRP1) is an early event in BC patients and is associated with poor prognosis [97]. Furthermore,
the activation of the Wnt/3-catenin cascade has been associated with radio resistance of progenitor
cells. Thereby, the Wnt/B-catenin pathway has been proposed as a target to harm the self-renewal
potential of stem/progenitors [98].

A recent study demonstrated that high 3-catenin level is associated with miR106a overexpression
and involved in BC cell growth. Additionally, high levels of miR106a were reported to reduce cisplatin
sensitivity. Major results were obtained exploiting the Wnt inhibitor, FH535. In fact, FH535 treatment
reduced the expression of B-catenin, cyclin D1, c-myc and Ki67, impaired tumour growth and induced
apoptosis [64].

In a different study [99], the impact of the Wnt/B-catenin canonical pathway in cisplatin resistance
was investigated by silencing -catenin via small interfering RNA (siRNA). The authors demonstrated
that upon (3-catenin silencing, the cells become more sensitive to cisplatin treatment. These effects
were associated with the increased expression of the apoptotic proteins caspase 3/9.

A recent study demonstrated that miR-5188, aberrantly expressed in breast cancer patients,
positively correlates with poor prognosis. The molecular analyses revealed that miR-5188 directly
targets the forkhead box protein O1 (FOXO1). In the physiological setting, FOXO1 binds 3-catenin
and induces its degradation. This implies that miR-5188 overexpression leads to 3-catenin nuclear
accumulation and transcription of its downstream target genes, mainly involved in EMT, tumour cell
proliferation, metastasis formation and chemo resistance. Moreover, the authors elegantly showed
that miR-5188 expression is under the control of c-Jun, which directly binds to its promoter region.
This in turn generates a positive loop, accelerating tumour progression. Clinically, miR-5188 has been
proposed as a diagnostic or prognostic factor and/or a direct target for anti-cancer therapy [65].

The upregulation of the IncRNA hoxa transcript at the distal tip (HOTTIP) has also been linked to
poor prognosis in BC patients. Overexpression of HOTTIP correlates with the expansion of breast C5Cs
(BCSCs) and the expression of the stem cell markers, OCT4 and SOX2. Han et al. [66] demonstrated a
reduced expression of differentiation markers, such as CK18 and CK14 and that miR-148a inhibits BC
cell migration and invasion by directly targeting Wntl. Moreover, it has been reported that HOTTIP
controls miR-148a-3p by acting as a competing endogenous RNA (ceRNA). Thereby, HOTTIP promotes
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expansion of CSCs in vitro and tumorigenesis in vivo by regulating the miR-148a-3p/Wntl/p-catenin
axis [66]. These data are summarized in Table 2.

The LGR4 was identified as a prognostic marker in breast tumours displaying poor prognosis [32].
A tight molecular interplay between LGR4 and Wnt/(3-catenin signalling has been reported to control
stemness. Indeed, LGR4 binding to the soluble R-spondin proteins eases the Wnt/(3-catenin cascade [33].
Previous studies have proven that upregulation of ZEBI by SLUG (the protein product of SNAI2),
increased EMT [26]. As a matter of fact, LGR4 knockdown leads to SLUG and ZEB1 downregulation,
thereby impairing invasion and metastasis [17]. A correlation with poor outcome and the expression of
the LGR4 homolog LGRS was also reported. LGR5 maintains the pool of BCSCs and promotes tumour
progression and invasiveness by activating the Wnt/3-catenin canonical pathway [17] (Table 1).

Wang et al. [34] first demonstrated that the expression of the suppression of tumorigenicity 7 like
(ST7L) is downregulated in BC cells, and more importantly, that ST/L acts as an antitumor supervisor
by reducing GSK-38 phosphorylation and inducing 3-catenin degradation. However, the mechanisms
through which ST7L controls G5K-38 phosphorylation are still missing (Table 1).

A recent study [35] reported the overexpression of the transmembrane emp24 domain (TMED) in
BC and its correlation to poor prognosis. An aberrant level of TMED boosts cell cycle progression,
colony formation, migration and invasion and the expression of CDKZ2, CDK4, CDKb, cyclin E, B-catenin,
cyclin D1, c-myc, MMP-7 and TCF4. Conversely, silencing TMED3 drastically reduced migration
and invasion. Moreover, the observation that 3-catenin knockdown translates in the reduction of its
regulated genes supports the notion that the oncogenic effect of TMED goes through the Wnt/(3-catenin
pathway (Table 1).

Cryptotanshinone (CTS) is an herbal medicine derived from roots of salvia miltiorrhiza, which
displays anti-tumour properties. It has been shown that in vitro CTS reduces tumour cell growth,
migration and invasion by downregulating the pyruvate kinase muscle isozyme M2 (PKM2), a protein
involved in glycolysis, and more importantly in B-catenin activation [100].

9. Wnt Non-Canonical Pathway and BC

Among the Wntligands, the most extensively studied ligand, activating the 3-catenin independent
pathway, is WntSa. However, its different biological actions are enlightened by the observation that it
can also initiate the canonical B-catenin signalling cascade [101].

Wni5a is an evolutionarily conserved Wnt ligand, which plays an important role in developmental
processes. Wnt5a”" knockout mice showed perinatal lethality, due to developmental defects [102].

In tumorigenesis, Wntba signalling is central and displays multiple intriguing and opposite roles,
mainly acting as a 3-catenin antagonist. These data are discussed.

The Wnt5a suppressive properties detected in tumours connoted by 3-catenin hyper-activation
have been linked to the shift towards the stimulation of the B-catenin independent signalling pathway.

Foxy5 is a Wnt5a mimicking hexapeptide able to decrease BC cell migration and invasion [103].
More recently, Prasad et al. [36] confirmed these data and added new information on the role of Wnt5a
in the regulation of the expression of the phosphofructokinase platelet-type (PFKP). They have shown
that low PFKP level correlates to cancer cell migration and poor patients” survival. The growth and
expansion of tumour cells also rely on glucose consumption, resulting in the accumulation of lactate.
Cancer cell metabolism was also associated with 3-catenin activation [37]. In this regard, it has been
shown that Wnt5a affects the aerobic glycolysis by inhibiting the activation of 3-catenin. Therefore,
an onco-suppressive role was proposed for PFKP.

According to the study of Borcherding et al. [104], Roarty et al. [105] demonstrated that the
paracrine activity of Wnt5a suppresses the expression of both (3-catenin and cyclin D1. The authors
have shown that Wntba supports TGF-p-mediated tumour suppressive functions by antagonising
Wnt/B-catenin signalling and limiting tumour cell proliferation.

Moreover, Leris and colleagues [38] proved that WntSa mRNA level was significantly lower in
tumour than in normal tissues, particularly in those displaying a more aggressive behaviour. Again,
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this observation has suggested a suppressive role of Wnt5a in cancers. It has also been reported that
loss of Wnt5a is associated with a higher histological tumour grade, increased risk of recurrence, and a
shorter recurrence-free survival in invasive BC [29] (Table 1).

On the contrary, Kobayashi et al. [40] reported that Wnt5a is expressed in ER-positive BC cells and
positively associates to vessel invasion, tumour size and migration. Mechanistically, Wnt5a induces the
expression of the activated leukocyte cell adhesion molecule (ALCAM), a protein involved in migration
and invasion. Knockdown of either Wnt5a or ALCAM inhibited tumour cell migration, confirming the
role of the Wnt5a/ALCAM axis in the migratory phenotype of ER-positive BC (Table 1).

A relevant role of Wnt5a in reprogramming the TME was also described [106]. It has been shown
that under pro-inflammatory conditions the non-canonical Wnt protein induces the expansion of the
CD163(+) immunosuppressive macrophages translating in the release of IL-10 and the inhibition of the
classical TLR4-NF-kB signalling pathway [106].

Moreover, higher level of Wnt5a was found in human monocyte-derived myeloid dendritic
cells (Mo-mDCs) than in normal monocytes and macrophages. Wnt5a was found to inhibit the
generation of Mo-mDCs by stimulating BC cells to produce IL-6. In addition, the presence of IL-6 in the
conditioned media of Wntha stimulated BC cells was found to be involved in the inhibition of Mo-mDC
differentiation [107]. Consistently, overexpression of Wnt5a mRNA was detected in metastases derived
from primary BC cells and in BC cell lines [108].

Wnit5a signalling is also able to modify the CD44-AKT signalling pathway, leading to a reduced BC
cell migration and invasion. In epithelial BC cells, silencing of Wnt5a drives EMT-like changes without
altering the expression of common EMT markers. On the contrary, it interferes with CD44 expression
and induces pAKT downregulation, thereby acting via a EMT-independent mechanism [109].

The dual activity of Wnt5a has also been ascribed to the Wnt5a isoforms. Bauer et al. [110]
have shown that the Wnt5a gene encodes for two distinct isoforms: the Wntba-long (Wittha-L)
and WntBa-short (Wntba-5) isoform. When analysed in several cell lines, Wnt5a-L reduced tumour
progression, while Wnt54-5 promoted tumour growth.

Overall, Wntba may play multiple roles. Whether it acts as a tumour suppressor or a tumour
promoter remains elusive and depends on the availability of essential receptors, the TME, and the
activation of discrete signalling pathways.

10. Triple-Negative Breast Cancer

Triple-Negative Breast Cancer (TNBC) is an invasive type of breast carcinoma that lacks the
expression of estrogen and progesteron receptor as well of the human epidermal growth factor receptor
2 (HER2) [111] and accounts from 10 to 15% of all BC [112].

TNBC patients have poor outcome due to the high grade of proliferation, early tumour
dissemination, and the lack of targeting approaches [113,114]. The malignancy is associated with
earlier age of onset, aggressive clinical course, and dismal prognosis [112]. TNBC gained attention due
to the aggressiveness and the lack of effective treatment options. Therefore, the most relevant data on
this breast cancer subtype are independently discussed.

Gene expression omnibus (GEO) databases were applied by Shen et al. [41] to gather gene
expression data in TNBC patients who underwent chemotherapy. They reported that co-expression
of NIMA-related kinase 2 (Nek2) and [3-catenin correlated with patients” poor prognosis. B-catenin
binds to and is phosphorylates by the Nek2B isomer. Thereby, in TNBC, Nek2B functions as a -catenin
regulator by activating the Wnt signalling pathway and its downstream target genes. In addition,
it has been suggested that Nek2B and [3-catenin may synergize to promote resistance to chemotherapy.
However, further studies are required to better elucidate the relationship between P-catenin and Nek2
and its possible implications in cancer development (Tahle 1).

TNBC aggressiveness also relies on the activation of the non-canonical Wnt/PCP pathway. Indeed,
the aberrant activation of downstream genes activated by the non-canonical Wnt/PCP pathway
has been implicated in tumour growth and poor prognosis. Results from Puvirajesinghe and
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colleagues [42] revealed that Van Gogh-like 2 (VANGL2), a core Wnt/PCP component, plays a crucial
role in cancer cell migration, anchorage-dependent and independent cell proliferation, as well as
in tumour growth. Since the scaffold p62/SQSTMI protein, a VANGL2-binding partner, has a key
role in the VANGL2-p62/SQSTM1-JNK pathway, the possibility to exploit p62/SQSTM1 as a potential
therapeutic target has been proposed. This would be of particular relevance since the J[NK targeting
approaches are associated with major side effects in the clinical setting (Table 1).

Yu and colleagues [43] demonstrated that the hematopoietic protein tyrosine phosphatase
(HePTP) stabilizes B-catenin in the cytoplasm and allows its nuclear translocation by regulating the
phosphorylation of GSK-38. This results in the transcriptional activation of target genes, leading to cell
migration and invasion. Since knockdown of HePTP significantly suppresses metastases formed by
TNBC cells, HePTP has also been proposed for therapeutic approaches in TNBC (Table 1).

Recently, Kong et al. [44] have shown that a Rho-GTPase-activating protein, the deleted in liver
cancer gene 3 (DLC-3), is downregulated in TNBC and its expression is linked to lymphatic metastases.
DLC-3 overexpression leads to [3-catenin and c-myc downregulation as well as in reduced in vitro cell
proliferation, colony formation, migration, and invasion. Hence, a tumour-suppressor role related to
the inhibition of the Wnt/3-catenin signalling pathway has been postulated (Table 1).

Liu and colleagues [67] have reported a low expression of miR-6838-5p in TNBC compared to
normal cells. miR-6838-5p overexpression reduced cell invasion, migration, EMT, 3-catenin, c-myc and
cyclin D1 expression by post-transcriptionally controlling Wnt3a expression.

Recently, miR-27a-3p was found overexpressed in tumour cells and linked to poor prognosis
in TNBC patients. miR-27a-3p leads to the activation of Wnt/f-catenin cascade and enhances cell
proliferation and migration by directly targeting the 3/-UTR region of GSK-34 [68] (Table 2).

11. Ovarian Cancer

Ovarian Cancer (OC) is a global issue representing the fourth most common cancer in the female
population, particularly in developed countries [115]. The poor survival rate is mainly due to the
lack of screening methods at the early stages along with the absence of effective treatment options for
advanced stages [116]. Among different OC subtypes, the epithelial subtype (ECC) holds about 90% of
the overall ovarian malignancies [117].

12. Canonical Wnt Pathway and OC

The Wnt/@-catenin signalling pathways play a crucial role in carcinogenesis of all OC subtypes [118].
In particular, several transcription factors, proteins and miRNAs acting on this pathway have been
explored [119].

Chen and co-workers [45] investigated the role of the Wnt/B-catenin pathway antagonist
dickkopf-related protein 1 (DKK1). They showed that DKKT is involved in the control of OC
stemness. Mechanistically, it has been shown that STAT3 directly activates the transcription of
miRNA-92a, translating in DKKI downregulation [45]. Moreover, overexpression of miR-1207 was
found to correlate with high nuclear 3-catenin level [46]. Wu et al. [46] investigated the effects of
miR-1207 on the expression of the SFRPI-AXIN2? and the inhibitor of 3-catenin and T cell factor 4
(ICAT). They found that miR-1207 overexpression was associated with a reduced SFRPI-AXIN2? and
ICAT expression and the appearance of a stem-like phenotype (Table 1).

Salem et al. [69] proved that miR-590-3p promotes OC growth and metastasis, by targeting
FOXA2. Moreover, it has been shown that miR-590-3p upregulation significantly increases cell growth,
migration, and invasion in BOC cells, both in vitro and in vivo [70]. Similarly, FOXA2, which exhibits
suppressive activity on EOC cells, has been identified as a miR-590-3p target [70]. The cyclin G2
gene (CCNG2) has also been reported to display several repressive actions on EOC-derived tumour
cell lines. It inhibits cell proliferation, migration, invasion and EMT. Thereby, since miR-590-3p
post-transcriptionally regulates FOXA2, FOXO3, CCNG2 and DDK1 expression, miR-590-3p has been
proposed as a potential target in EOC patients [70]. A crucial role of SFRPI in OC growth has also
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been proposed. Since miR-1180 is highly expressed in neoplastic tissues, Hu et al. [71] explored
the relationship between miR-1180 and the SFRP1/Wnt/(3-catenin signalling pathway in this context,
demonstrating that miR-1180 triggers the activation of the Wnt/(3-catenin cascade by targeting SFRPI.

The members of the R-spondin ligand family have been reported as positive effectors of
Wnt/3-catenin signalling [47]. LGR4-6 plays crucial roles in the activation of the Wnt/3-catenin
cascade [47,48]. Moreover, Ruan et al. [47] have reported that LGR6 induces stemness and chemo
resistance via the Wnt/3-catenin pathway in OC cells. Restrain of the stem phenotype and increased
sensitivity to chemotherapy have been proved by LGR6 silencing (Table 1).

A recent study established that the overexpression of the Rab GTPase family member, Rabi4,
regulates GSK-3p phosphorylation and B-catenin nuclear accumulation [49,50]. Moreover, high levels
of Rab14 were found to be associated with higher expression of Wnt/B-catenin target genes including
MMP-7 and c-myc [50] (Table 1).

Jiang et al. [115] have demonstrated that tetrandrine (TET) enhances the anti-tumour effect of
paclitaxel (PTX) by decreasing c-myc and cyclin D1 and increasing p21 expression, resulting in cell cycle
arrest. The pro-apoptotic effects of PTX+TET have also been investigated. TET was found to inhibit
{3-catenin downstream target genes by enhancing PTX activity and conferring sensitivity to PTX in
resistant cells [115].

Barghout and co-workers [120] demonstrated a more active Wnt/B-catenin signalling in
carboplatin-resistant cells than in sensitive ones. Unlike the Wnt ligands, the negative Wnt regulators
DKK1, SFRP1, and the FRZB have been found downregulated in cisplatin-resistant cells. These findings
suggest that Wnt/p-catenin blockade may be effective on resistant EOC.

13. Non-Canonical Wnt Pathway and OC

FZD7 is highly expressed in OC [51], and its overexpression in mesenchymal (Mes) and Stem-A
OC subtypes has been associated with the induction of EMT. The PCP pathway, which activates the
Rho—-ROCK axis, was found to be involved in the activation of actomyosin contractility, cadherin-based
cell-cell adhesion and migration, while the Wnt/calcium pathway in the metastatic spread and
cytoskeleton changesin this clinical setting [51]. Therefore, it has been proposed that the FZD7 controls
both cell cycle progression and cell migration via the non-canonical Wnt/PCP pathway (Table 1).

The integrin beta like 1 subunit (ITGBL1) was found to be highly overexpressed in OC [52]. It has
been shown that ITGBL1 promotes cell migration and adhesion via Wnt/PCF, RhoA, the focal adhesion
kinase, and the steroid receptor coactivator (FAK/src) pathway (Table 1).

The PTK7, which interacts with Wnt5A, LRP6 and FZD7 [121,122], may act as a tumour suppressor
or oncogene [123,124]. In EOC, PTK7 downregulation is indeed associated with a poor prognosis [123].

Luo and colleagues [53] have investigated the role of the alkaline phosphatase (ALPL) in OC. They
demonstrated that ALPL overexpression inhibits EMT, migration and invasion of high grade serous
OCs (HGSQOC) and FZD2 correlates with a poor survival rate [53]. Mechanistically, they have shown
that ALPL overexpression represses Wnt5a/F ZD2-mediated EMT activation, possibly by interfering
with STAT3 activation [53] (Table 1).

14. Wnt Pathway and Other Cancers

Glioma is an aggressive tumour of the nervous system displaying rapid progression and poor
prognosis. Zhao et al. [125] have found that overexpression of f-catenin and cyclin D1 is associated
with high level of the long noncoding RNA, FGD5 antisense RNA 1 (IncRNA FGD5-AS1). A close
relationship between them was straitened by the observations that inhibition of FGD5-AS1 reduced
B-catenin and cyclin D1 expression while f-catenin downregulation decrease IncRNA FGD5-AS1
expression. This results in the impaired tumour cell migration and invasion.

Prostate cancer (PCa) is among the most common tumour in male. A recent study by Situ et al. [72]
provided evidence for the involvement of the microRNA-939 (miR-939) in PCa. Downregulation of
miR-939 was found in tumour tissues at advanced tumour stage, in distant lesions, as well as being
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associated with poor prognosis. Molecularly, it was demonstrated that miR-939 upregulation interferes
with the Wnt/B-catenin cascade by directly targeting the hepatoma-derived growth factor (HDGF).

Osteosarcoma (OS) is a common bone paediatric tumour displaying high rates of lung metastasis.
The inhibition of B-catenin activation, metastasis formation and chemo-resistance were found
modulated by tegavivint (a Wnt/B-catenin inhibitor), which has been proposed as an alternative
therapeutic option in OS [126].

Melanoma is among the most immunogenic tumours displaying increased lymphocytic infiltration.
Low 1«,25-dihydroxyvitamin D3 and vitamin D receptor (VDR) level correlates to increased cancer
incidence and melanoma progression, respectively. Recently, it has been shown that high VDR
expression correlated with the inhibition of tumour growth, low Wnt/B-catenin activation and the
induction of the immune response [54] (Table 1).

The long non-coding RNA00261 (Linc00261) has been shown to display onco-suppressor properties
in Pancreatic Cancer (PC). Linc00261 overexpression inhibits PC cell proliferation, invasion, EMT and
metastasis. Bioinformatics analysis revealed that Linc0026 inhibits the activation of the (3-catenin/TCF4
cascade and the metastatic spread by regulating the miR-552 5p/FOX03 axis [127].

15. Extracellular Vesicles and the Wnt Pathway

EVs are heterogeneous small membrane-bound carriers with complex cargoes released under both
physiological and pathological conditions. Almost any cell can release EVs, which act as inter-cellular
mediators modifying target cell fate at closed or distant sites [128].

Based on the biogenesis, size, content, mechanisms of release and function, three discrete EV
subtypes are recognized: microvesicles (MVs), exosomes, and apoptotic bodies [128].

EVs-mediated transfers of specific molecules are known to dictate the phenotype of the recipient cell.
They can act on proliferation, motility, EMT, migration, invasion, immune evasion, chemo-resistance,
and TME reprogramming (Figure 3).

TME

TUMOUR EXPANSION 2 o TUMOUR EXPANSION NEOVESSEL FORMATION
CC DEDIFFERENTATION IN CSC
DRUG RESISTANCE

Figure 3. Schematic representation of cell-to-cell communication in the TME by EVs. EVs are released
by almost all cell types in the TME. EVs serve as inter-cellular mediators transferring specific molecules
(proteins including Wnt ligands and f-catenin, and miRNAs) to recipient cells, thus promoting
tumour expansion, cancer cell dedifferentiation in CSCs, chemo-resistance, and neovessel formation.
CCs: cancer cells; CSCs: cancer stem cells; TEC: tumour-derived endothelial cell; CAF: cancer
associated fibroblasts.
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Moreover, EVs derived from serum or other biological fluids have been proposed as tumour
biomarkers. More importantly, EVs have gained attention as anti-cancer tools. Indeed, EVs can be
used as drug delivery systems or potential cancer vaccines. Moreover, the transfer of Wnt ligands or
{3-catenin via EVs has been proposed as a Wnt signalling activation mechanism.

Kalra et al. [129] have shown that EVs released by CRC cells and containing the mutant 3-catenin
and high Wnt/B-catenin activity boost the expression of target genes as c-inyc and cyclin DI when
transferred to recipient cells (Table 3).

Table 3. EVs involved in several tumours, their alteration, targets, and impact on tumours.

EV Target Related Expression Pathway Impact on Tumour

EV Cargo Source Cells Cancers Level Interaction Cells Ref.
. migration,
Mutal; g;itemn LIM1215 RKO CRC Upregulated B-catenin metastasis [129]
tumour growth
p-catenin .
14-33Cin EVs  HEK293T oo CRC Upregulated GSK-3p survival [130]
SW480 DVL2 migration
Wt ligands in dedifferentiation
EgV CAFs CRC CRC Upregulated R-catenin drug resistance [131,132]
s colony formation
_ L : . . proliferation
B-catenin in EVs milk HCC HCC Silenced B-catenin frmour growth [133,134]
osteoclast activity
DKK-1in EVs MM MM MM Upregulated B-catenin osteoblast [135]
differentiation
metastasis
EVs QSCC QS5CC QSCC Upregulated B-catenin stemness [136]
chemoresistance
p-catenin
Caco-2 . .
Wnt5b in EVs and A549 Lung Upregulated dlependent and pro!.lferaltlon [137]
PANC-1 cancer independent migration
pathways
cell growth and
EVs CAFs BC BC Upregulated Wnt-PCP motility [138]

The 14-3-3 are conserved molecules displaying regulatory functions and promoting cancer
progression [130]. The 14-3-3C isoform, which binds both B-catenin and G5K-34, leads to the nuclear
translocation and accumulation of -catenin and enhances cell motility. Moreover, EVs enriched in
14-3-3C and (-catenin, after internalization, promote cell survival and migration by activating the
Wnt/pB-catenin cascade [130] (Table 3).

Hu et al. [131] have investigated the mechanism of drug resistance in CRC and have proven that
EVs released by fibroblasts drive dedifferentiation of CRC cells towards CSCs (Figure 3a). Additionally,
they found that EVs derived from fibroblasts contain the Wnt ligands that activate the Wnt/p-catenin
pathway in target cells, induce transdifferentiation of CRC cells into C5Cs and increase drug resistance.
Furthermore, it has been reported that collagen accumulation and the APC mutation in CRC cells
stimulate the release of EVs and, under hypoxia conditions, fibroblast derived EVs boost CRC colony
formation [132] (Table 3).

Accumulating evidence shows that EVs enriched in miRINAs are key determinants of human
cancer cell growth, invasion and metastasis [73]. CAF-derived EVs enclose miR-92a-3p, which
contributes to cancer progression, stemness, EMT, and drug resistance. Moreover, miR-92a-3p enriched
EVs correlated with the activation of the Wnt/B-catenin pathway [73] (Figure 3a).

Long non-coding RNA-APCT (IncRNA-APCI) is a negative regulator of CRC. Low levels of
IncRNA-APCI correlate with metastasis, advanced clinical stage and poor prognosis in CRC patients.
APC, via IncRNA-APCI1, promotes cell-cycle arrest and suppresses angiogenesis by lowering the
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release of CRC cell-derived EVs. Finally, it has been shown that EV-derived from CRC are enriched in
Wnitl and enhance CRC cell proliferation and migration via non-canonical Wnt/PCP signalling [139].

Hepatocellular carcinoma (HCC) is one of the most common causes of cancer-related deaths
worldwide. Constitutive activation of the Wnt/B-catenin pathway turns into the expression of the
epithelial cell adhesion molecule (EpCAM) [133]. Ishiguro et al. [134] provided evidence that loss in
j-catenin and reduced proliferation and invasion can be obtained by EpCAM positive liver cancer stem
cells (LCSC) targeted by EVs engineered with a B-catenin specific siRINA (Table 3).

Multiple myeloma (MM) is a hematopoietic malignancy associated with an altered homeostasis of
bone formation/resorption. MM-derived EVs enriched in DKK-1 were found to boost the Wnt/[3-catenin
signalling and contribute to the abnormal osteogenesis. The inhibition of EV shedding, combined to
chemotherapy, was found to impair tumour load, angiogenesis and osteolysis [135] (Table 3).

Furthermore, a recent study noticed that the release of EVs from HCC cells is increased in hypoxic
conditions and linked to cancer cell proliferation, migration, invasiveness and EMT. Mechanistically,
they have shown that miR-1273f enriched in EVs activates the Wnt/3-catenin signalling cascade by
targeting the Wnt/B-catenin inhibitor LHX6 [74].

Chen etal. [136] proved that EVs released from oral squamous cell carcinoma (OSCC) cells correlate
with an increased level of B-catenin, the expression of several oncogenic markers, the reprogramming of
normal gingival fibroblasts into CAFs, increased metastasis, stemness reprogramming, chemoresistance,
and poor patients’ survival (Table 3).

Xia et al. [75] have demonstrated the uptake of EVs and the delivery of functional miRNAs
in different cell lines. The exosomal-miR-1260b was found to be crucial for the activation of the
Wnt/B-catenin signalling and the invasivness of lung adenocarcinoma cells.

Harada et al. [137] purified and characterized WntBh-associated EVs. In pancreatic PANC-1 and
colorectal Caco-2 cell lines, Wnt5a carried by EVs displays the ability to enhance cancer progression
(Table 3).

Luga et al. [138] demonstrated that EV shedding by fibroblasts boosts BC cell growth and motility
via Wnt/PCP signalling. CAF-derived EVs were found to be crucial drivers of cell migration during
metastasis formation. Moreover, they found that EVs secreted from fibroblast L cells promote the
autocrine Wnt11-PCP cascade in tumour cells, increasing their motility and metastatic properties
(Table 3).

Lombardo et al. [76] provided evidence that EVs released by tumour-derived endothelial cells
{TECs-EVs) boost in vivo TEC-derived neovessels. Mechanistically, they showed that EVs released by
naive THCs-EVs regulate the expression of APC, GSK-38 and drive -catenin nuclear accumulation via
miR-214-3p and miR-24-3p (Figure 3b). Overall, this study revealed a key role of the Wnt/f3-catenin
cascade in TEC-derived neovessel formation. Moreover, they recently showed that naive TEC-EVs
were also able to boost TNBC metastatic spread and lung metastasis formation when injected
intravenously [140] (Table 2).

Overall, these data indicate a crucial contribution of EVs released by different cell sources in
driving tumor development and dissemination. Several data suggest that these effects mainly rely
on the transfer of their specific cargo into target cells. Therefore, approaches able to modify their
cargo, particularly miRs and proteins involved in their tumor promoting action, have been proposed
as useful therapeutic options. BV engineering by using siRNA for mutated protein has been tested and
its effectiveness demonstrated in pancreatic cancer [141]. This suggests that using siRINA for mutant
{3 catenin should be considered as an alternative option for CRC. Likewise, siRNA for different Wnt
proteins or rearrangement of dysregulated EV miRs can be used to target the Wnt/{ catenin cascade.
Alternatively, EVs loaded with Wnt/[3 catenin inhibitors can be used as natural delivery tools.
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16. Conclusions

Cell-to cell communication is part of the evolutional processes. Wnt ligands are essential for
homeostasis and, in the last 30 years, genetic, biochemical, and molecular investigations have uncovered
several Wnt signalling components [2,3]. Driving interest on this topic mainly relies on dysregulation
of the Wnt/f-catenin signalling and cancer development/progression [3]. Moreover, Wnt/B3-catenin
cascade seems to contribute to the TME shape, which plays a crucial role in the control of tumour
progression and immune regulation. Many different Wnt proteins have been described, and, among
them, Wnt5a plays a critical role, taking part in both the canonical and the non-canonical Wnt/3-catenin
pathway [104,105].

The identification of specific tools able to interfere with the Wnt/3-catenin cascade has been a
hotspot for many years. This is particularly true for CRC, in which almost 70% of CRC patients display
APC mutations [15]. Apart from CRC, the Wnt/B-catenin pathway is gaining attention in several
malignancies, such as breast, ovarian, melanoma, prostate and paediatric osteosarcoma [53,124,125].
In this regard, BC and in particular TNBC are featured by the abnormal activation of both the canonical
and non-canonical Wnt/B-catenin pathway [113,114]. Likewise, a hyper-active Wnt/3-catenin cascade
has been shown to play a crucial role in the progression, stemness, and drug resistance in OC [70,119].
Several miRN As have been identified to modulate this cascade and thereby widely studied as screening
markers or targets in different tumour settings [142].

In the TME, intercellular communication has been recently reported as mediated by the transfer
of EV molecular cargo and revised in [143]. Their cargo also includes a number of Wnt components.
Of note, wild-type and mutant 3-catenin, able to promote survival and proliferation of recipient
cells and, in several instances, dedifferentiation towards a CSC phenotype, have been detected in
EVs (Figure 3a). Moreover, their role in mediating drug resistance has been reported. Furthermore,
since EVs are released within the TME, their contribution in cancer growth and progression has
been extensively investigated [144]. EV shedding, blockade, or engineering have been proposed as
innovative anti-tumour instruments for fine-tuning the Wnt/ catenin pathway [142,145].

In recent decades, several efforts have been directed to the development of Wnt/{ catenin targeting
approaches in order to interfere with tumour progression. However, these efforts have been limited
by the crucial role of the Wnt/p catenin pathway in preserving tissue homeostasis. Therefore, future
energies should be directed to clearly dissect the mechanisms driving the unbalanced Wnt/$3 catenin
pathway in cancer, and the EV mechanism of action should be considered amid them. Should they be
identified, targeting approaches would become a suitable anti-cancer option.
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Conclusions:
The aim of my thesis was to explore the role of the IL-3/IL-Ra in the context of TNBC.

We demonstrated:

For the first time that IL-3Ra is expressed by TNBC samples and correlates with
metastatic nodes and with a poor overall survival. IL-3 stimulation induces vascular
mimicry and a general increase of cancer aggressiveness.

The use of an antibody blocking IL-3Ra on TEC reprograms their EVs. anti-IL-3R-EV
alter angiogenesis and the metastasis of primary tumors. Importantly, anti-IL-3R-EV
in vivo priming reduced lung metastasis, probably because of its antiangiogenic
functions and/or interference with cancer cell homing.

The blockade of IL-3Ra is a tool for anti-tumor immune therapy. The combination of
immune checkpoint targeting drugs and PD-L1 downregulation in myeloid and
tumor cells can ameliorate the response to immune therapy.
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