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1. INTRODUCTION

1.1 IL-33

Interleukin (IL)-33 is an epithelial-derived ‘alarmin’ for the immune system that can be
released upon tissue damage, stress or infection. It was initially described as a nuclear
factor associated with chromatin that binds H2A and H2B histones (Roussel et al.,
2008). IL-33 belongs to the IL-1 family of cytokines and it is involved in different
immune processes: i) inflammatory diseases, ii) allergies, iii) infections and iiii) cancer
(Liew et al., 2016). IL-33 is expressed by a number of cell types, such as endothelial
cells, fibroblasts, epithelial cells and other stromal cells (Andreone et al., 2020; Cayrol
et al., 2018). IL-33 binds to a heterodimer formed by its primary receptor ST2 and the
co-receptor IL-1 receptor accessory protein (ILIRAP). This interaction activates the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), c-Jun N-
terminal kinase (JNK) and mitogen-activated protein kinase (MAPK) signaling through
a MyD88-IRAK-dependent pathway. This results in the release of a plethora of soluble
mediators by different immune cells (Drake et al., 2017). ILIRAP is constitutively
expressed at low levels by all cells, including immune cells (Boraschi et al., 2018) while
ST2 is expressed primarily by cells that act in Th2 responses, such as eosinophils,
basophils, mast cells, T regulatory cells (Treg) and type 2 innate lymphoid cells (ILC2)
and secondarily by T helper (Th) 1 cells, CD8" T cells, natural killer (NK) cells,
macrophages, neutrophils, dendritic cells (DCs) and B cells (Afferni et al., 2018; Lu et
al., 2015). Therefore, IL-33 has the capacity to stimulate both Th2 and Thl-type of
immune responses (Mattei et al., 2020). IL-33 displays multiple functions in a wide
variety of pathologies, such as allergy, cardiovascular diseases, chronic obstructive
pulmonary disease (COPD), fibrotic diseases, musculoskeletal diseases, inflammatory
bowel diseases, diseases of the central nervous system (Alzheimer), obesity, diabetes

and cancer (Liew et al., 2016).

1.2 IL-33 and cancer

IL-33 has a controversial role in cancer immunity. Both pro- and anti-tumoral functions
have been reported depending on the tumor type and the specific microenvironment. In

breast cancer mouse models, the IL-33/ST2 axis promotes the growth as well as lung
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and liver metastases of 4T1 mammary tumors facilitating the intratumoral accumulation
of immunosuppressive cells, such as myeloid Gr-1" tumor growth factor (TGF) -B1°
myeloid -derived suppressor cells (MDSCs), IL-10-expressing CDI1lc" DCs,
alternatively activated M2 macrophages, ILC2 and Treg cells, while dampening the
expansion of activated NK cells (Jovanovik et al., 2014). It was also observed that in
colorectal cancer IL-33 promotes tumorigenesis and tumor progression (Akimoto et al.,
2018). Conversely, in a murine model of acute myeloid leukemia (AML), the
administration of IL-33 significantly inhibited leukemia growth and improved mice
survival rate in a CD8" T cell dependent manner (Spits et al., 2013).

Moreover, the combination of programmed cell death 1 (PD-1) checkpoint blockade
with IL-33 prolonged mice survival and induced complete leukemia regression in 50%
of animals (Duault et al., 2017). In a human papilloma virus (HPV)-associated model
for cancer immunotherapy, IL-33 acts as a potent vaccine adjuvant augmenting Thl and
CD8" T-cell responses, leading to regression of established TC-1 tumors in mice
(Villarreal et al., 2014). In an acute myeloid leukemia (AML) model, IL-33 treatment
significantly increased the percentage of effector memory liver CD8" T cells, leading to
delayed leukemia development and improved overall survival (Qin et al., 2016).
Lucarini et colleagues demonstrated that in mice IL-33 inhibits melanoma tumor growth
and pulmonary metastasis in an eosinophil-dependent manner. They observed increased
metastatic load and reduced lung eosinophilia in ST2-deficient compared to wild type
(WT) mice and that the depletion of eosinophils completely abolished the anti-tumor
effects of IL-33 administration (Lucarini et al., 2017). Moreover, overexpression of IL-
33 was reported to inhibit tumor metastasis in the B16 melanoma model (Gao et al.,
2013).

The axis IL-33/ST2 might be considered as a predictive biomarker of tumor progression
and patient survival. There is a positive correlation between IL-33 expression in tumor
tissues and positive outcomes in cancer patients. In fact, it was reported that IL-33 and
ST2 levels were up-regulated in non-transformed lung cells and were significantly
downregulated in both adenocarcinoma and squamous cell carcinoma of lung tissues
(Yang et al., 2018). Plasma IL-33 levels were elevated during the early stage of lung
cancer and decreased with advanced cancer stages, probably due to lung volume
reduction containing bronchial epithelium and vascular endothelium as sources of 1L-33
(Kim et al., 2015). Tumor, epithelial and immune cells express the soluble form of ST2

(sST2) at various levels, which may contribute to regulate the availability of IL-33 in
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the tumor microenvironment (TME), modulating tumor immunity (Chang et al., 2020).
The current literature suggests that the anti-tumor functions of IL-33 can be attributed to
its ability to stimulate immune cells (such as CD8" T cells, NK, DCs, eosinophils and
ILC2). Immune cell activation plays a fundamental role in the first containment of
tumor development through the secretion of several soluble mediators that orchestrate
tumor immunity by recruiting cells responsible for the initiation of adaptive responses

(Varricchi et al., 2017; Marone et al., 2020; Mattei et al., 2020; Ercolano et al., 2019).

1.3 Eosinophils

Eosinophils (Eo) are a rare blood-circulating and tissue-infiltrating innate immune cell
population representing 1-3% of total granulocytic leukocyte under physiological
condition (Mattei, 2020). These granulocytes are known to originate and differentiate in
the bone marrow (BM) in response to IL-5, IL-3 and granulocyte and monocyte colony
stimulating factor (GM-CSF), which support both maturation and survival of Eo
(Ghaffari et al., 2023). Upon response to certain inflammatory conditions (i.e., allergies,
parasitic infections, and autoimmune diseases), Eo can rapidly expand and infiltrate
inflamed tissues, where they play diverse roles in inflammatory responses due to Th2
functions. Eo can carry out i) effector functions, ii) tissue remodeling, iii) cell
As an innate immune cell, Eo exhibit antibacterial (Arnold et al., 2018), antiviral
(Phipps et al., 2007), antiparasitic (Hogan et al., 2008) and anti-tumor effector activities
(Andreone et al, 2019; Jia et al., 2019; Lucarini et al., 2017; Varricchi et al., 2017).
Their cytoplasm is characterized by multi-lobated nucleus and by the presence of lytic
granules that contain cytotoxic proteins (Granzyme B; EPX, Eo-peroxidase; ECP, Eo
cationic protein) which mediate the cytotoxic functions of Eo through degranulation.
After activation with endogenous alarmins, pathogen- and damage-associated molecular
signals or cytokine stimulation, Eo migrate through the bloodstream to inflamed sites.
Activated Eo exhibit increased survival and expansion, high adhesion receptor
activation and finally release stored mediators (Kvarnhammar et al., 2012; Arnoult et
al., 2011). Recent evidences demonstrated that IL-33 constitutes a potent stimulus that
sustains eosinophilopoiesis at various levels, promoting Eo survival and, indirectly, Eo

recruitment, via stimulation of tumor cell-derived chemokines. 1L-33 activates Eo



directly, up-regulating CD69, the adhesion molecules intercellular adhesion molecule
(ICAM)-1 and CDI11b/CD18 and the degranulation marker CD63 (Andreone et al.,
2019). In the steady state, resident Eo perform functions related to tissue
development/maintenance, tissue regeneration and remodeling, metabolism and immune

homeostasis, all of which are integral to innate immunity (Ghaffari et al., 2023).

1.4 Eosinophils and cancer

An increasing number of studies have highlighted an important role of Eo in cancer. As
mentioned above, these cells secrete a wide array of soluble mediators and effector
molecules that are involved in immunoregulatory activities and/or cancer immunity in
the TME (Mattei et al., 2020). Reportedly, these granulocytes are known to infiltrate
most tumors and this evidence has given importance to these cells in the context of
TME. This condition is referred to as tumor-associated tissue eosinophilia (TATE)
which may have prognostic and predictive role in human cancers (Simon et al., 2019;
Varricchi et al.,, 2018). Pro-tumoral functions of Eo were described in cervical
carcinoma patients where high percentage of TATE correlate with a less effective
antitumor response and a worse overall survival (Xie et al., 2015). In hematological
tumors, such as Hodgkin’ lymphoma and T-cell leukemia/lymphoma, Eo constitute an
unfavorable prognostic factor for overall survival (Von Wasielewski et al., 2000; Enblad
et al., 1993; Utsunomiya et al., 2007).

By contrast, several studies highlight the anti-tumor activity of Eo, considering their
presence in peripheral blood or in TME as a favorable prognostic factor. Recent clinical
observations in melanoma patients undergoing immunotherapy, targeting the immune
checkpoints cytotoxic T-lymphocyte antigen 4 (CTLA-4) and PD-1, have unraveled a
predictive role of Eo counts for therapeutic response (Buder-Bakhaya et al., 2018).
Further evidences reported that, in melanoma, the treatment with pembrolizumab (PD-1
antibody) or the synergistic activity of nivolumab (anti-PD-1) and ipilimumab (anti-
CTLA-4) increases Eo number both in TME and peripheral blood, together with an
increase of tumor-infiltrating CD8" T cells, indicating the effectiveness of
immunotherapy (Simon et al., 2020). It has been recently reported that IL-33 activated
Eo can perform direct anti-tumor activity through the release of Eo cationic/cytotoxic
proteins contained in their granules. Andreone and colleagues elegantly demonstrated

that, upon activation with IL-33, Eo exert cytotoxic functions against several tumor cell
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lines through CD11b/CDI18 integrin complex and synapse polarized degranulation,
resulting in tumor cell apoptosis (Andreone et al., 2019).

Moreover, Eo were reported to exert cytotoxic activity against colorectal cancer, in a
CD8" T cell independent manner (Reichman et al., 2019). Eo may promote anti-tumor
immunity triggering direct tumor cell killing or through the interaction with other
immune cells in TME. In breast cancer is demonstrated that Eo, infiltrating lung
metastases, can promote CD4" and CD8" T cell recruitment (Grisaru-Tal et al., 2021).
Eo and T cells synergize to promote up-regulation of vascular cell adhesion molecule
(VCAM)-1 expression, decreasing hypoxia, increasing vascular profusion and
polarization of tumor-associated macrophages towards the M1 phenotype expressing
low levels of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF)

(Carretero et al., 2015).

1.5 Exosomes

Exosomes (Exo) are nanosized (30-150 nm) extracellular vesicles (EVs) secreted by all
cell types that play central roles in intercellular communication in health and disease.
Exo are membrane bound carriers that transfer their molecular bioactive cargo that
consists of nucleic acids, proteins, lipids and metabolites and that reflects the nature of
donor cell and its physiological state, to recipient cells inducing downstream signaling
cascades (Deatherage et al., 2012; Doyle et al., 2019). Although initially identified as a
cellular mechanism to excrete unwanted cellular products, Exo are now known to
influence a broad range of physiological processes such as immune responses (Nolte-'t
Hoen et al., 2009), tissue repair (Zhang et al., 2015; Cui et al., 2017), stem cell
maintenance (Ratajczak et al., 2006), central nervous system diseases (Men et al., 2019)
and pathological processes in cardiovascular diseases (Bang et al., 2014; Zamani et al.,
2019), neurodegeneration (Howitt et al., 2016), cancer (Osaki et al., 2019) and
inflammation (Deng et al., 2009). The rigid bilayer membrane of Exo includes lipid
components, such as sphingomyelin, cholesterol and ceramides, which influence cargo
sorting, Exo secretion, structure and signaling (Skotland et al., 2019).

Exo are present in various biological fluids (breast milk, blood, serum, urine, saliva,
amniotic and synovial fluids) and might undergo multiple cell uptake and release cycles
to allow access to several layers of tissues (Lakhal et al., 2011). Several studies

demonstrated that both cell-derived and body fluid-derived Exo show tropism to most
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organs, such as liver, lung, kidney, pancreas, spleen, ovaries, colon and brain after oral
administration. Intravenous administration, by contrast, causes a predominant Exo
sequestration in the liver, spleen, lungs and the gastrointestinal tract (Murphy et al.,
2019). Proteins, metabolites and nucleic acids delivered by Exo into recipient cells can
effectively alter their biological response. Exo-mediated responses can be disease
promoting or restraining (Kalluri et al., 2016). The intrinsic properties of Exo in
regulating intracellular pathways have advanced their potential utility in the therapeutic

control of many diseases, including cancer.

1.6 Exosome biogenesis

Exo biogenesis is preceded by endocytosis, whereby the plasma membrane invades the
cytoplasm and then forms a cup-shaped structure resulting in the formation of early
endosomes that incorporate a molecular cargo into intraluminal vesicles (ILVs) forming
multivesicular bodies (MVBs), a subset of specialized endosomal compartments rich in
ILVs which sequester specific proteins, lipids and cytosolic components (Gurung et al.,
2021). MVBs are transported to the plasma membrane via cytoskeletal and microtubule
network and undergo exocytosis post fusion with plasma membrane whereby the ILVs
are secreted as Exo into the extracellular space.

Multiple mechanisms involved in Exo biogenesis have been identified. ILVs biogenesis
and secretion are driven by the endosomal sorting complex required for transport
(ESCRT) complex with soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) proteins and their effectors, such as RAB GTPases. Ubiquitinated
cargoes are recognized and sorted by the hepatocyte growth factor-regulated tyrosine
kinase substrate (Hrs) of ESCRT-0. Phosphatidylinositol-3-phosphate (PI3P) promotes
cargo organization through Hrs interaction. Subsequently, ESCRT-0 recruits ESCRT-I
by interacting with the ESCRT-subunit tumor susceptibility gene 101 (Tsg101). ESCRT-
I, together with ESCRT-II, promotes endosomal inward budding around clusters of
ubiquitinated proteins while ESCRT-III recruits the charged MVB protein (CHMP) that
polymerizes as a coil around the neck of the budding ILV pouch. ALG-2 (apoptosis-
linked gene 2)-interacting protein X (ALIX) is an accessory ESCRT protein, which
binds ESCRT-III subunits and facilitates the budding and abscission process for ILV
formation (Gurung et al., 2021).



Above all, the existence of a route (ESCRT-independent lipid-mediated) that involves
complex lipid and other protein related pathways in Exo biogenesis have also been
highlighted (Skryabin et al., 2020). In ESCRT-independent lipid-mediated pathway,
complex lipids, such as ceramide, can self-associate to form raft-like structures that
contribute to the initial membrane curvature for inward budding to form intraluminal
vesicles (Trajkovicet al., 2008). Tetraspanins, which constitute a subset of highly
conserved membrane integral proteins, play important roles in protein scaffolding and
anchoring in cellular membranes. Among them, CD9, CD63 and CD81 are often used as
Exo biomarkers and it is well reported that they may influence Exo biogenesis and
composition (Perez-Hernandez et al., 2013). CD63 (LAMP-3) interacts with
apolipoprotein E to regulate ILVs sorting and is one of the main proteins used in
engineered Exo to facilitate increased loading of cargoes and reporters (Babelman et al.,
2020). CD9 interacts with metalloproteinase CD10 to enhance exosomal loading of
CD10 and CDS8l-enriched microdomains and to provide cargo sorting (Perez-
Hernandez et al., 2013). ESCRT-independent lipid-mediated regulation of Exo
biogenesis depends on cell type. ESCRT-dependent and ESCRT-independent lipid-

mediated pathways co-exist in numerous biological processes.

1.7 Internalization and exosome cargo release within target cells

Exo travel across the extracellular environment where they interact with target cell.
They are incorporated into early endosomes following the typical endosomal pathway
and may be released again through recycling endosomes (O’Brien et al., 2022). Exo are
integrated through three different mechanisms. 7) membrane fusion, in which SNARE
and RAB proteins are required; i) receptor-ligand binding, through major
histocompatibility complex (MHC)-peptide complexes and tumor necrosis factor o
(TNFa) ligands; iii) internalization via endocytic pathways, in which clathrin-mediated
endocytosis (CME), caveolin-dependent endocytosis (CDE), lipid raft endocytosis,
macropinocytosis and phagocytosis contribute to Exo uptake (Lau et al., 2023). Each
mechanism is regulated by molecular pathways and environmental factors, leading to
changes in Exo amount and composition.

Cellular signature is conserved in the secreted Exo and acts as recognition motifs for
uptake by recipient cells and tissues in vitro and in vivo. Although specific targeting to

recipient cells is crucial to deliver Exo molecular content and exert its function (Horibe
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et al., 2018), a non-specific uptake is shared by all cell types (Zech et al., 2012) and is
mediated by the Exo surface composition.

As already emphasized, the intracellular fate of integrated Exo follows the typical
endosomal pathway, which involves fusion with lysosomes and may result in
degradation. It is well reported that Exo fuse with lysosomes with the aim to degrade
the excess cargoes. Endoplasmic reticulum (ER) is a nucleation site for translation and
may be a route for lysosomal escape enabling Exo cargo release as ER scanning after
Exo sorting into the endosome trafficking circuit. This would be a route of choice for
Exo carrying mRNAs and miRNAs to release their cargoes in ER for rapid translation
and modulation of gene expression (Santos et al., 2018; Gurung et al., 2021). Another
option to evade lysosomal degradation implies that Exo are routed to a specialized and
surface-accessible CD81 positive and lysosomal-associated membrane protein (LAMP)-
1 negative intracellular compartment contiguous with the plasma membrane, in a
manner similar to human immunodeficiency virus (HIV-1) and other viruses.
Commonly, Exo cargoes effortlessly bypass degradation, thus affecting Exo-mediated
functional changes in recipient cells (Deng et al., 2019; Gurung et al., 2021; Ha et al.,
2016). Of note, through their molecular content, Exo can trigger downstream signaling
cascade, impacting target cell activities. Cargo molecular content consists of lipids,
proteins and nucleic acids, such as DNA, mRNA and noncoding RNA species (Doyle et
al., 2021; Mashouri et al., 2019). Packaging of RNA within the lipid bilayer membrane
is thought to provide protection from RNase digestion once released into the
extracellular environment. Alternatively, different RNA species can also be stably
associated with ribonucleoproteins (RNPs), such as Argonaute 2 (AGO2), or high- and
low-density lipoproteins (HDLs and LDLs) (Abels and Breakefield, 2016).

Using various techniques, including next-generation sequencing (NGS), an abundance
of small RNAs have been characterized. MicroRNAs (miRNAs) are one of the most
abundant RNA species in Exo and play crucial roles in multiple biological processes,
such as exocytosis, hematopoiesis and angiogenesis and participate in Exo-mediated
cell communication and modulation of gene expression (Zhang et al., 2019). Other
exosomal noncoding RNA species include ribosomal RNA (rRNA), long non-coding
RNA (IncRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), small nucleolar
RNA and p-element-induced wimpy testis (piwi)-interacting RNA, all of which impact

biological processes, particularly influencing tumor development (Zhang et al., 2019;
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Ge et al., 2020). Interestingly, circular RNAs are also enriched and stable in Exo (Abels
and Breakefield, 2016).

Exo can induce molecular signaling within target cell by directly interacting with
extracellular receptors, be captured by direct fusion with the plasma membrane or get
internalized. Exo exhibit on their surface a number of surface transmembrane ligands
that can directly bind the membrane receptors on the recipient cell and generate
downstream signaling cascade to activate the target cells. This is a common route to
mediate immunomodulatory and apoptotic functions. Exo can also fuse with the plasma
membrane and release their content directly into the cytosol of target cells and the
uptake process is rapid and temperature-sensitive (i.e., decreased by low temperature)
(Gurung et al., 2021). The latter process is a common route to affect gene expression of
the recipient cell through regulatory noncoding RNAs carried by Exo, as observed in
dendritic and tumor cells. Low pH in the TME, resulting in higher rigidity and increased
sphingomyelin, could facilitate exosome fusion, thus making it a likely route to be
adopted by tumor cells (Parolini et al., 2009).

Exo give rise to a vesicle-mediated pathway that is employed by cells in order to convey
their own functions to distant sites. Although the main mechanisms of Exo biology have

been delineated, the regulation of these EVs remains to be fully clarified.

1.8 Exosomes in cancer

In the TME, tumor progression is orchestrated by an extensive network of tumor,
nonimmune and immune cells. In this scenario, a central role appears to be played by
Exo, which participate to the transfer of a broad spectrum of signaling molecules
between all these cells. Indeed, it was reported that Exo can alter the expression of
molecules of the extracellular matrix (ECM), stromal cells such as cancer -associated
fibroblasts (CAFs), cancer stem cells (CSCs), mesenchymal stem cells (MSCs) and
immune cells in the TME (Zhang et al., 2019). Exo can further impact tumorigenesis
and metastasis by regulating the interaction between T lymphocytes, B lymphocytes,
macrophages, NK cells and the TME.

Moreover, the signaling molecules delivered by Exo could activate or inhibit immune
cells to affect tumor progression (Filipazzi et al., 2012). Particularly, immune cells and
lymphoid components of the TME, such as B and T lymphocytes, NK cells and

macrophages, can be activated or inhibited by growth factors and cytokines carried by
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Exo, resulting in the modulation of immune responses and tumor progression (Zou et
al., 2021). Therefore, Exo may exert anti-tumoral or pro-tumoral activities depending on
the tumor type, the TME features, the physiological conditions of the producing cell and
the molecular content that Exo carry. Tumor cells may use an indirect and vesicle-based
mechanism to affect either tumor growth or immune cell surveillance while complex
lipids can influence Exo targeting in TME (Boussadia et al., 2021; Zech et al., 2012).
Both colorectal and prostate cancer-derived Exo induce T cell apoptosis by carrying Fas
ligand (FasL) (Abusamra et al., 2005; Huber et al., 2005). Treg -derived exosomal
miRNAs, including miR-150-5p and miR-142-3p, can be delivered to DCs, prompting
those DCs to produce more IL-10 and decreasing IL-6 upon lipopolysaccharide
stimulation. In this context, these exosomes inhibit immune cell activities in tissues
(Tung et al., 2018). Tumor associated macrophage (TAM)-derived Exo can deliver
hypoxia inducible factor (HIF)-1a-stabilizing IncRNA which enhances the aerobic
glycolysis and apoptotic resistance of breast cancer cells, while TAM-derived exosomal
miR-365 significantly decreases the sensitivity of pancreatic ductal adenocarcinoma
(PDAC) cells to gemcitabine supplying triphosphonucleotide pool and enhancing the
activity of enzyme cytidine deaminase in PDAC cells (Chen et al., 2019; Binenbaum et
al., 2018). M2 macrophage-derived exosomal miR-21-5p and miR-155-5p enhance
colorectal cancer cell mobility, migration, and invasion (Lan et al., 2018).

On the other hand, a number of anti-tumoral Exo-triggered activities have been
described. Lung carcinoma cell-derived Exo targeted the expression of CD107a in NK
cells and produced immunosuppression through exosomal miR-23a (Berchem et al.,
2016). Intestinal epithelial cell-derived Exo target T cells through the functional
molecules MHC class I and II. These exosomal MHC complexes activate T cells by
enhancing antigen presentation of DCs (Mallegol et al., 2007). CT26 mouse colon
carcinoma cell and B16-F1 mouse melanoma cell-derived heat shock protein (HSP) 70-
enriched Exo induce Th1l immune responses, resulting in the elimination of cancer cells
in vivo (Cho et al., 2009). Chronic B lymphocytic leukemia-derived Exo transport
glycoprotein (gp) 350 which binds to the CD154 receptor on B cells, rendering these
cells immunogenic (Ruiss et al., 2011). Umbilical cord blood-derived Exo expressing
tumor antigens such as MHC-I, MHC-II and tetraspanins (CD34, CD80) stimulate T
cell proliferation to produce antitumor activity (Guan et al., 2014). Ligands, including
TNFa, FasL and TNFa related apoptosis inducing ligand (TRAIL) expressed on Exo

surface released by DCs can bind to TNFa receptors on tumor cells and trigger caspase
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activation for apoptosis (Gurung et al., 2021). B-cell -derived Exo deliver MiR-330-3p
that has been identified as a key factor in tumor progression. It downregulates TPX2
resulting in inhibition of melanoma cell proliferation (Xiong et al., 2023; Yao et al.,
2018). NK cells that were previously exposed to neuroblastoma (NB) can secrete Exo
containing NK cell receptors, such as CD56, NKG2D and KIR2DL2. These Exo can
subsequently educate normal NK cells, providing increased cytotoxicity against NB
tumor cells. Furthermore, NK cell-derived exosomal miR-186 promotes cytotoxicity
against NB by directly targeting MYC-N, AURKA, TGFp receptor (R) 1 and TGFBR2
(Yan et al., 2020).

Exo give rise to a considerable interest for clinical application as diagnostic biomarkers
and therapeutic cargo carriers. A lower immunogenicity due to their biocompatibility
and a bi-layered lipid structure, which protects the genetic cargo from degradation,
makes them attractive as therapeutic. Another important aspect concerns the
nanodimensions and membrane composition, which allow Exo to cross major biological
membranes including the blood brain barrier. At present, the implementation of
engineered Exo constitutes an active field in disease research, which fosters assessment
of various therapeutic cargoes, enhancement of target selectivity and optimization of
manufacturing (Zhang et al., 2019; Bunggulawa et al., 2018; Haney et al., 2015; Gurung
et al., 2021). The cell-specific proteins and genetic materials contained in Exo could be
explored as preclinical biomarkers in many types of cancers, such as lung cancer,
hepatocellular carcinoma, pancreatic cancer, colorectal cancer, melanoma, breast cancer,
prostate cancer, ovarian cancer, glioblastoma and nasopharyngeal carcinoma.
Additionally, alternative therapeutic strategies, such as the inhibition of Exo secretion,
the blockage of the uptake of Exo to specific receptors, or their tailor-made engineering

have been proposed as novel approaches in cancer interventions (Zhou et al., 2021).
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2. AIM OF THE STUDY

Eosinophils are important components of the TME where they play diverse roles
depending on the type of cancer and on the environmental stimuli capable of shaping
their phenotype and functions. IL-33 is a potent activator for eosinophils. IL-33 is
expressed in several human cancers and can attract eosinophils directly via the ST2
receptor or indirectly through the activation of ILC2 and mast cells that in turn produce
IL-5 and chemokines CCL5 and CCL24/eotaxin-2 released by tumor cells (Varricchi et
al., 2017). Our previous studies demonstrated that mouse eosinophils activated with IL-
33 acquire anticancer properties through the formation of eosinophil-tumor cell
synapses (Andreone et al., 2019) that result in degranulation and tumor cell killing. As
already reported in literature, eosinophils are able producers of exosomes through which
they promote and autoregulate their functions (Caifias et al., 2017). Recent studies have
highlighted that eosinophils from asthmatic subjects release greater quantities of
exosomes, which produce several effects on lung structural cells, influencing the
development and course of disease and airway remodeling (Caiias et al., 2018). Since
extracellular vesicles, and particularly exosomes, play a major role in the TME and in
anti-cancer responses (Cho et al., 2018; Filipazzi et al., 2012; Guan et al., 2014), in the
present study we aimed to investigate the involvement of extracellular vesicle-mediated
pathway deployed by IL-33 activated eosinophils for their anticancer activities. For this
purpose, we employed mouse and human eosinophils stimulated with either IL-5 (Eo5)
or IL-33 (Eo033) and confronted their capacity to reprogram tumor cell phenotype
through the release of exosomes. We evaluated the impact of IL-33 on the quantity of
exosomes released by eosinophils and their subsequent incorporation into target human
and mouse tumor cells, as a mechanism to modulate gene expression and to
subsequently induce functional variations (Deatherage et al., 2012; Doyle et al., 2019).
We analyzed whether exosomes released by eosinophils following activation with I1L-33
affected the expression of genes involved in tumor progression and in turn able to shape
tumor cell phenotype. To do this, we focused on the study of several biological
processes leading to cancer progression, such as cell cycle, proliferation, epithelial to
mesenchymal transition and migration in mouse melanoma, fibrosarcoma,
adenocarcinoma and in human melanoma models. Finally, we carried out bulk RNA
sequencing (RNA-seq) of Eo5 and Eo33-derived exosomes in order to identify the

molecules that could be involved in the regulation of the examined biological processes.
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The results obtained in this project will provide further details on the role of exosomes
in the tumor-immune crosstalk and their involvement in anti-tumor mechanisms which
might affect tumor progression. Our findings will provide novel insights on the
exosome-mediated potential of eosinophils within the TME and may open perspectives

for possible exosome-based therapeutic options against cancer.
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3. MATERIALS AND METHODS

3.1 Tumor cell lines

Murine B16.F10 metastatic melanoma cells (ATCC, CRL-6475), TC1 lung
adenocarcinoma cells (provided by Dr. Guido Kroemer, Gustave Roussy Cancer
Institute, France), MCA205 fibrosarcoma cells (Merk Millipore, SCC173) and human
metastatic melanoma A375P cells (ATCC, CRL-3224) were employed. B16.F10 and
A375P were cultured in DMEM High Glucose (EuroClone), while MCA205 in RPMI
1640 (EuroClone) both supplemented with 10% FBS, 1% glutamine, 1% penicillin
streptomycin fungizone (PSF). TC1 were cultured in supplemented RPMI 1640 by
adding 1% sodium pyruvate, 1% Hepes and 1% NEAA. All cell lines were constantly
tested for morphology, absence of mycoplasma and passaged for no more than 3-4 times

from thawing.

3.2 Generation of bone marrow -derived eosinophils

Bone marrow (BM) -derived murine eosinophils (mEo) were obtained following a
differentiation protocol already described (Andreone et al., 2019) starting from BM
cells from naive C57Bl/6 mice. BM cells were extracted from both tibia and femur and
treated with ACK lysis buffer (140 mM NH4Cl, 17 mM Tris HCI, pH 7.2) to discard
erytrocites. Cells were plated at 2x10%mL in RPMI 1640 containing 20% FBS, 1%
glutamine, 1% PSF, 25 mM Hepes, 1X NEAA, 1 mM sodium pyruvate, supplemented
with 100 ng/mL rmSCF (Cell Guidance Systems) and 100 ng/mL rmFLT3-L (Cell
Guidance Systems) and cultured at 37 °C in 5% COz. On day 4, 10 ng/mL rmIL-5
(Peprotech) were added directly to the culture media. On day 8, cells were harvested,
counted and splitted (2x10%/mL) in two new T75 flasks containing fresh medium
supplemented with 10 ng/mL rmIL-5. On days 10 and 12, 5 mL of fresh medium
containing 10 ng/mL rmIL-5 were added. On day 14, cells were harvested, counted and
replated 2x10°mL in a new flask containing fresh medium and supplemented with 10
ng/ml rmIL-5 to generate a population of IL-5 eosinophils (mEo5) or with 100 ng/ml
rmIL-33 (Biolegend) to generate a population of IL-33 eosinophils (mEo33). Cells are
used on day 15 or 16, after overnight incubation with 10 ng/ml rmGM-CSF
(MiltenyiBiotec), directly added in the culture media. At the end of differentiation,

17



eosinophil purity (>80%) was tested by flow cytometry (CD11b", Siglec-F, Ly6G™ and
CD11c") and/or cytospin.

3.3 Isolation of human eosinophils

Human eosinophils (hEo) were isolated starting from peripheral whole blood of healthy
donors. Blood was stratified by dextran gradient (Dextran 70 BioChemica A1847,
PanReac Applichem) to discard red blood cells. Once leukocytes have been collected
from the higher phase, they were stratified by the use of the commercially Lymphosep,
Lymphocyte Separation Media (Aurogene) to obtain, following 1800 rpm at room
temperature for 20 minutes centrifugation without brake, the granulocyte pellet. Cells
were treated with ACK lysis buffer to discard the survived erytrocites to the previous
stages of separation. hEo were selected from the fraction of total granulocytes through
negative immunomagnetic selection by the use of the commercially available Human
Eosinophil Isolation Kit (Miltenyi Biotec). Highly pure hEo were obtained by depletion
of the magnetically labeled CD16" cells. hEo purity (>86%) was tested by flow
cytometry (Siglec-8", CD3™ and CD16°). Once the purity of hEo was assured, cells were
plated 2x10%/mL in RPMI 1640 containing 1% glutamine, 1% PSF, 20% FBS, 25 mM
Hepes, 1X NEAA, 1 mM sodium pyruvate, stimulated with 10 ng/mL rhIL-5 (Cell
Guidance Systems) or with 50 ng/mL rhIL-33 (Prospec-Tany Technogene Ltd.) to
generate a population of IL-5 -stimulated hEo (hEoS5) or IL-33 -activated hEo (hEo33),
respectively. Cells were placed in a 37 °C, 5% CO3 incubator.

3.4 Isolation of exosomes from mouse and human eosinophils

For isolation of exosomes from mouse eosinophils, supernatants of mEoS5 (Sup mEo5)
and supernatants of mEo33 (Sup mEo033) at day 16 were subjected to centrifugations
(1400 rpm 10 minutes at 4°C, then 3500 rpm 20 minutes 4°C) to remove intact cells and
debris. Subsequently, Sup mEo5 and Sup mEo33 were subjected to serial ultra-
centrifugations: 10000 x g 20 minutes at 4°C to remove granules and larger extracellular
vesicles followed by 100000 x g 2 hours at 4°C to collect the resulting pellet of mEo5
and mEo33-derived exosomes (mExo05 and mEx033, respectively) (Coscia et al. 2016).
For isolation of exosomes from human eosinophils, supernatants of hEo5 (Sup hEo5)

and supernatants of hEo33 (Sup hEo33) were harvested, centrifuged 1400 rpm 10

18



minutes 4°C to remove cells and debris. Exo were purified by employing the Cell
Culture Media Exosome Purification KIT (Norgen Bioteck Corp.) to obtain hEo5 and
hEo33-derived exosomes (hExo5 and hExo033). Once isolated, all exosome preparations

were resuspended in PBS or fresh medium depending on experimental requirements.

3.5 Transmission electron microscopy

mEo5 and mEo33 were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH
7.4. Following washes in cacodylate buffer, cells were post-fixed in 1% OsO4 in the
same buffer and further washed with 0.1 M cacodylate. Cells were then dehydrated in
ethanol gradient from 50% to 100% (v/v) and embedded in Agar 100 resin (Agar
Scientific) at 65 °C for 48 h. Ultrathin sections were obtained using an ultra-microtome
and collected on 200-mesh grids, counterstained with uranyl acetate for 10 min and lead
citrate for further 10 min. Samples were observed in a Philips 208s transmission

electron microscope at 100 kW (Philips).

3.6 Western blot

Western blot analysis was performed according to standard procedures. Mouse and
human Exo5, Ex033, and their Eo5 and Eo33 producing cells, were resuspended in
sample buffer with freshly added 50 uM DTT. Mononoclonal antibodies (mAb) listed
below were used in accordance to the manufacturer’s instructions: mouse anti-Alix
mAb (3A9 #MAI183977, Thermo Scientific); mouse anti-TSG101 mAb (4A10
#GTX70255, GeneTex); human anti-CD81 mAb (1D6 #BTMC a-184 7T,
Clinisciences). Protein concentrations were measured with BCA Protein Assay (Thermo
Fisher Scientific). Eight pg of each sample were loaded in 10% gel (SureCast
Acrylamide Solution (40%), Invitrogen), and transferred to nitrocellulose membrane
(Amersham). The acquisition of the images and the quantifications analyses were
achieved using FluorChem (Protein Simple). Bands were quantified by densitometry

using Imagel software.
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3.7 Generation and quantification of metabolically labeled fluorescent mouse
or human exosomes by BODIPY FL Clé6labeling

To quantify the number of secreted Exo from the producing mouse and human Eo, we
generated fluorescent extracellular vesicles by labeling eosinophils with BODIPYFL
Cl6 (4,4-difluoro5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic  acid)
(C16) (Thermo Fisher), a fatty acid analogue that enters the cellular lipid metabolic
pathway without affecting the natural lipid metabolism and homeostasis inside the cell.
C16 rapidly integrates into major phospholipid classes producing green fluorescent Exo
as a direct result of biogenesis (Coscia et al., 2016). Murine and human Eo5 and Eo33
were seeded 1x10%/mL in a 0,3% FBS RPMI 1640 cell-labeling medium containing 7
pM C16 and were incubated for 5 hours at 37°C in 5% COa. Cells were then washed
and seeded at 1x10° cell/mL in presence or absence of 0.05x10%mL melanoma cells
(mouse setting). Following 24 h incubation, C16" Exo-containing culture supernatants
(ECSs) were harvested and ultra-centrifuged at 10000 x g, 4 °C to remove granules and
larger extracellular vesicles. Subsequently, 1 mL aliquots (diluted 1:100) of fluorescent
C16" Eo5 or C16" E033 ECS were analysed and enumerated through flow cytometry,
by employing CytoFlex (Beckman Coulter) and analysed with the CytExpert Analysis

Software (Beckman Coulter).

3.8 Exosome uptake by target tumor cells

The transfer of secreted C16" Exo5 and C16" Ex033 within tumor cells was evaluated
using 0.4 um pore-sized cell culture inserts (Corning Costar Corporation) that allow the
transit of EVs but not of cells. Mouse and human Eo5 and Eo33 were labeled with C16,
as described above. Mouse tumor cells (B16.F10, TC1, MCA205) were seeded (2x10°
in 600 pL) in the bottom compartment of the 24-well plate while mouse C16" Eo5 and
C16" Eo33 were plated (2x10° cells in 100 pl) in the upper insert (Eo:Tumor cells 10:1
ratio). Human A375P cells were seeded (1x10° in 600 pl) in the bottom compartment
while human C16* Eo5 and C16" Eo33 (1x10°in 100 ul) were placed in the topside of
the transwell (Eo:Tumor cells 10:1 ratio). Controls consisted of tumor cells cultured
alone, in the absence of eosinophils. After 2 to 18 h incubation at 37°C in 5% COo,
tumor cells were harvested and analysed by flow cytometry for acquisition of green

fluorescence, indicative of C16" Exo transfer to target tumor cells.
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3.9 Culture of tumor cells with eosinophils, eosinophil supernatants and
eosinophil -derived exosomes

For co-culture of Eo5 and Eo33 with tumor cells, mouse B16.F10, TC1 or MCA205 and
human A375P were cultured alone or with, respectively, mouse or human Eo5 or Eo33
at an Eo:tumor cells 4:1 ratio. Co-cultures were placed at 37°C and 5% COz incubator.
The following day, culture supernatants were collected, centrifuged 1400 rpm, 10
minutes, 4°C and stored for further analyses. Eosinophils were removed by extensive
washes with PBS and adherent tumor cells were harvested and employed for flow
cytometry and gene expression analyses.

In some experiments, tumor cells were directly exposed and overnight incubated with
Sup Eo5 and Sup E033 or with tumor cells plus Eo5 or Eo33 co-culture supernatants. At
the end of overnight incubation, tumor cells were washed with PBS once, harvested and
employed for molecular studies.

To evaluate the Eo Exo -mediated activities on tumor cells, preparations of human or
mouse Exo5 and Exo33 were administered to the tumor cell culture: 20-40 x10°® mExo5
or mEx033 per well, 40-80 x10° hExo5 or hExo33 per well that corresponds to Exo
amount contained in each mL of the deriving ECS in which Eo were initially plated
2x10° cells/mL. Tumor cells were cultured with Exo overnight at 37°C in 5% CO> and

subsequently harvested and employed for flow cytometry and molecular analyses.

3.10 Cell proliferation assays

To test the capacity of eosinophils in inhibiting melanoma cell proliferation, 1x10°
A375P were co-cultured, as described, with 3x10°> hEo5 or hEo33 in 6-well plates for 24
hours (Eo:Tumor cells 3:1 ratio). Following incubation, hEo5 and hEo33 were washed
out with PBS and the remaining adherent tumor cells were fixed with methanol, stained
with 0,1% Crystal Violet (in a 20% ethanol solution). A number of images of Crystal
Violet stained tumor cells were captured by using an EVOS-FL fluorescence
microscope (Life Technologies) and quantitative analysis of the tumor cell covered area
was performed with Image] Software. To test the anti-proliferative capacity of
eosinophil-derived exosomes, an MTS assay was carried out by plating one thousand
tumor cells in 200 uL of fresh medium in flat 96-well plates (Corning Inc.). Once tumor
cells have adhered, mExo5 or mEx033 were added to the tumor cell culture as described

above and incubated up to 120 h. At the end of each incubation, 20 pL per well of 3-
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(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) (Promega CellTiter 96™ AQueous Nonradioactive Cell Proliferation
Assay Kit, Thermo Fisher Scientific) were added and incubated for 1 hour at 37°C in

5% COz. Absorbance was measured in a spectrophotometer at a wavelength of 490 nm.

3.11 Annexin V apoptosis assay

Mouse B16.F10 melanoma cells were labeled with PKH26 Red fluorescent Cell Linker
(Sigma) and were plated 5x10* per well in 100 pL of fresh medium in round bottomed
96-well plates (Corning Inc.). mEo5 and mEo033 were either untreated or pre-treated,
respectively, with 2 pM and 8uM GW4869 (N,N’-Bis[4-(4,5-dihydro-1H-imidazol-2-
yl)phenyl]-3,3’-p-phenylene-bis-acrylamide dihydrochloride) (Sigma), an inhibitor of
exosome biogenesis/release, by incubation for 4 hours at 37°C in 5% CO2. Eo were
washed with PBS and resuspended at 2,5x10° per 100 pL and co-cultured with B16.F10
(Eo:Tumor cells 50:1 ratio) for 5 hours at 37°C in 5% CO». Tumor cells were then
stained with Annexin-V (e-Bioscience, Thermo Fisher Scientific) and then analyzed by
flow cytometry. Apoptosis of target tumor cells was calculated as the percentage of

Annexin-V* cells among gated PKH26" population.

3.12 Tumor spheroid formation

Multicellular tumor spheroids from murine B16.F10 melanoma, MCA205 fibrosarcoma,
TC1 adenocarcinoma and human A375P melanoma cells were generated in flat
ultralow-attachment surface 96-well plates (Corning Inc.). Five hundred cells were
cultured in 200 pL of fresh medium, 200 pL of supernatants (diluted 1:2) or in in 200
pL of fresh medium in which were added purified exosomes.

Visible photomicrographs were generated at various times (from the fourth to the sixth

day) by using an EVOS-FL fluorescence microscope (Life Technologies).

3.13 Cell cycle assay

Mouse B16.F10 melanoma, TC1 lung adenocarcinoma and human A375 melanoma
cells were plated in 6-well plates and incubated for 24 hours and 48 hours with the
corresponding mouse and human Exo5 or Ex033. At the end of each incubation, tumor

cells were harvested, washed with PBS and resuspended in PBS, 0,1% Glucose. Tumor
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cells were fixed in 1 mL of ice-cold 70% ethanol. One day later, samples were
centrifuged 1000 rpm, 10 minutes, 4°C and pellets were stained with 0,5 mL of the
commercially available FxCycle™ PI/RNase Staining Solution (Thermo Fisher
Scientific). Samples were incubated for 15-30 minutes at room temperature, protected
from light, and then run on a Gallios flow cytometer (Beckman Coulter). DNA content
was measured using fluorescent PI DNA stains that exhibit emission signals
proportional to DNA mass. Analysis was performed by using the Kaluza Analysis

Software (Beckman Coulter).

3.14 Wound healing scratch assay

For migration tests, 5x10° B16.F10 cells were plated in 6-well plates and exposed
overnight to mExo5 or mEx033. Confluent cells were scratched using a 200 pL sterile
tip and then incubated at 37°C in 5%CO;. Images were captured at various time points
by using EVOS-FL fluorescence microscope. Captured images were analysed using

Imagel software.

3.15 mAbs and flow cytometry

Mouse eosinophils were characterized with the following fluorescently labeled mAbs:
APC anti-CD11b (clone M1/70), BV421 anti-Siglec-F (clone ES50-2440; BD
Biosciences), FITC anti-Ly6G (clonel A8; Biolegend) and PE anti-CD11c¢ (clone N418;
Biolegend). Human eosinophils were characterized with the following fluorescently
labeled mAbs: PE-Vio770 anti-Siglec-8 (clone 7C9; Miltenyi Biotec), FITC anti-CD16
(clone REA423; Miltenyi Biotec) and anti-CD3 (clone OKT3; Biolegend). For the
investigation of E-Cadherin expression on tumor cells, mouse tumor cells (B16.F10 and
TC-1) were labeled with PKH26 Red fluorescent Cell Linker (Sigma) prior to co-
culture with mEo5 or mEo33 and then stained with fluorescent anti-mouse/human

CD324 (clone DECMA-1; Biolegend).

3.16 Real time gPCR

Total RNA was extracted from tumor cells by using TRIsure reagent (Bioline). mRNA
was reverse transcribed by means of Tetro cDNA Synthesis Kit (Bioline). Quantitative

real time PCR (qPCR) with forward and reverse primers (Eurofins Genomics) was
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performed using Sensimix Plus SYBR Kit containing the fluorescent dye SYBR Green
(Bioline) and by means of an ABI 7500 Real-time PCR system (Applied Biosystems,
Thermo Fisher Scientific). The conditions of real time qPCR reaction were given as
follows: 15 seconds at 95°C, 30 seconds at 60°C and 45 seconds at 72° for 40 cycles.
Triplicates were performed for each experimental point. Quality and specificity of
amplicons in each sample were detected by dissociation curve analysis. For
quantization, threshold cycle (CT) values were determined by the sequence detection
system software (Applied Biosystems). Data were normalized to HPRT housekeeping

gene (2-ACt method).

3.17 RNA sequencing of IL-5 and IL-33 stimulated eosinophils and derived
exosomes

RNA Sequencing (RNA-Seq) was performed in collaboration with the Immunology
Unit of University of Palermo. RNA was extracted from mEo5 and mEo33 and from
mExo5 (~3 x 10%) and mEx033 (~ 6 x 10%) isolated from their respective culture
medium (day 16 of differentiation) by serial ultracentrifugations as described above.
Two experimental replicates for each sample (mEo5, mEo033, mExo5 and mEx033)
were prepared. Quality and quantity of extracted RNA from each sample were measured
by the use of the spectrophotometer NanoDrop 1000 (Myco Instumentation). For the
library preparation, the kit SQK-PBK004 (Nanopore Technologies) was employed. To
amplify all types of RNA molecules present in the samples, 1 pg or 280 ng of total RNA
extracted from eosinophils or their corresponding Exo, respectively, were reverse
transcribed into ¢cDNA using the LunaScript RT SuperMix Master Mix (NEB),
following the manufacturer's protocol. This master mix contains random hexamer and
poly-dT primers, ensuring even coverage across the length of the RNA targets.
Subsequently, the reverse transcribed samples were purified using AmpureXP beads
(Beckman Coulter), following the manufacturer’s instructions, and eluted in 49 pl of
nuclease-free water. To determine the amount of cDNA present in each sample,
Bioanalyzer 2100 (Agilent) was used with the Agilent High Sensitivity DNA Kit
(Agilent). The library for sequencing was prepared according to the SQK-PBKO004
protocol version PBK 9073 vl revR 14August2019, starting from the End-prep step.
Since the samples did not reach the suggested 100 femto-moles by the Nanopore

protocol for library preparation, the entire volume (48 pl) was mixed with 3.5 pl of
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Ultra 11 End-prep reaction buffer and 3 pl of Ultra II End-prep enzyme mix (NEB),
resulting in a final volume of 54.5 pl. Next, to increase the concentration and to add a
unique barcode sequence to each sample, an adapter ligation step was followed by an
amplification step using barcoded primers and the enzymes and Thermal Profile
recommended in the protocol. After amplification, each library was purified using
AmpureXP beads, and, to determine the library molarity, the samples were analyzed on
the Bioanalyzer 2100 using the DNA 12000 kit, following the manufacturer’s
instructions. Subsequently, the libraries were pooled into a total of 50 femto-moles in 10
ul of 10 mM Tris-HCI pH 8.0 with 50 mM NacCl. This pooled library was loaded onto
the MinlON MkIB (Oxford Nanopore, cat no MIN-101B) flow cell after the adapter
ligation step. The MinlON sequencer was connected to a PC, and MinKNOW software
version 22.12.7 was used to sequence the libraries and perform base-calling of the
generated reads, resulting in fast5 and fastq files, respectively. The produced fastq files
were sent to IFOM/Cogentech SRL company service for Bioinformatic analysis. Fastq
files were processed bynfcore/nanoseq pipeline (https://nf-co.re/nanoseq) by using the
Ensemble version 109 for both fasta (ftp:/ftp.ensembl.org/pub/release-
109/fasta/mus_musculus/dna/Mus_musculus. GRCm39.dna.primary _assembly.fa) and
gft(ftp://ftp.ensembl.org/pub/release109/gtf/mus_musculus/Mus_musculus. GRCm39.10
9.gtf) files. The following parameters were employed: input sample sheet, protocol
cDNA, skip demultiplexing, skip fusion analysis, skip differential analysis. Pipeline
was used for quality control, alignment, quality control of alignment, reconstruction and
quantification of genes and transcripts. FeatureCount and StringTie tools were used for
transcript quantification. DexSeq (|log2FC[>0.58) was employed for the differential
analysis. For normalization, Upper Quartile Normalization was employed. The data
fields are subdivided in metadata, grouping data and numeric data (reads and
computations, Table I), all associated to mEo and mExo information. This Excel dataset
file was used as staring dataset for bioinformatic analysis to identify key genes and to
display Volcano plot on mExo05 and mEx033 genes. Computed data were yielded by
specific ad hoc formula (Excel notation) extended to the whole data column (Table II).
The estimate of differential expression was calculated as log2 values of the Normalized
gene reads (log2(NormCount+1) in the two sample groups and were reported in
“Dataset.xlsx” Excel file (n=149223 genes). Bioinformatics workflow for the

differential analysis of the normalized RNA-seq data were performed on the basis of the
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data in “Dataset.xIsx”. Specifically, several metadata and grouping data fields were

available for both mEo and mExo reads (Table I and II).

Table I. Structure of the Excel dataset used to identify key exosomes mRNAs. Green text,
Eosinophils data; Red text, Exosome data.

Field label name*
transcript_id

gene_id

Chr

Start

End

Strand

gene_name

Data class
Metadata
(alphanumeric)

Data type
Alphanumeric

Field use
Gene identification

gene_biotype
transcript_biotype
gene_source
transcript_source
gft_source
transcript_support_level

Grouping data

Alphanumeric

Gene categorization
and filtering

EO_5 R1

Experimental data

Numeric, normalized data

Analysis* and filtering

EO_5_R2 associated to eosinophils

EO_33_R1 reads

EO_33_R2

EO_5_R1_2"n Experimental data Numeric, computed data Analysis*, filtering and
EO5_R2_2”n (eosinophil data) Volcano plot data
EO33_R1_2"n extrapolation
EO33_R2_2%n

EO33vsEO5_FC1
EO33vsEO5_FC2
EO33vsEO5_FC3
EO33vsEO5_FC4
EO33vsEO5_FC-AVG
log2(EO33vsEO5-FC-AVG)
minus_log10(pvalueEQ)

EXO_5 R1

Experimental data

Numeric, normalized data

Analysis* and filtering

EXO_5_R2 associated to exosome

EXO_33_R1 reads.

EXO_33_R2

EXO_5_R1_2%n Experimental data Numeric, computed data Analysis*, filtering and
EXO5_R2_2”n (exosome data) Volcano plot data

EXO33_R1 27n
EXO33_R2_2"n
EXO33vsEXO5_FC1
EXO33vsEXO5_FC2
EXO33vsEXO5_FC3
EXO33vsEXO5_FC4
EXO33vsEXO5_FC-AVG
log2(EXO33vsEXO5-FC-AVG)
minus_log10(pvalueEXO)

extrapolation

* R1, R2, FC1, FC2, FC3, FC4 acronyms delineate replicates of the same experimental condition. Eo and Exo acronyms

delineate the eosinophil and exosome data, respectively.
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Table Il. Employed formula per numeric normalized experimental data. Green text,
eosinophils; red text, exosomes.

Field label name*

Formula used for computations

Field usage

EO_5 R1 None. Eosinophil reads provided as logz(normalized Source read data; filter.
EO_5_R2 counts —1).

EO_33 R1

EO_33_R2

EO_5_R1_27n Exponential (base 2) values yielded by the EO_5_R1, Data for t test significance
EO5_R2_2”n EO_5_R2,EO_33 Rland analysis between
EO33_R1_2”n EO_33_R2 (eosinophils) data experimental conditions;
EO33_R2_2%n filter.

EO33vsEO5_FC1
EO33vsEO5_FC2
EO33vsEO5_FC3
EO33vsEO5_FC4

Fold change values obtained by
EO_33_27n/EQ_5_2"n ratios, (in combination) to
yield 4 different FC ratios.

Data used to compute the
Average fold change values.

EO33vsEO5_FC-AVG

Average value from the four eosinophil FC ratios.

Filter

Testt EO

Yields p values from T test between EO33 and EO5
replicate values.

Filter for significant vs non-
significant EO genes

log2(EO33vsEOS5-FC-AVG)

Base-2 logarithm from mean FC (eosinophils).

X Scale factor parameter for
Volcano plot of genes with
specific mean FCs

minus_log10(pvalueEQ)

Inverse of the base-10 logarithm associated to each
Test t EO value.

Y Scale factor parameter for
Volcano plot for significantly
expressed genes.

EXO_5_R1 None. Exosome reads provided as logz(normalized Source read data; filter.
EXO_5_R2 counts —1).

EXO_33_R1

EXO_33_R2

EXO_5_R1_2”n Exponential (base 2) values yielded by the Data for t test significance
EXO5_R2_2"n EXO_5_R1, EXO_5_R2, EXO_33_R1 and EXO_33_R2 analysis between

EXO33_R1_2%n
EXO33_R2_2%n

data

Experimental conditions;
filter.

EXO33vsEXO5_FC1
EXO33vsEXO5_FC2
EXO33vsEXO5_FC3
EXO33vsEXO5_FC4

Exosome Fold change values obtained by
EXO_33_27n/EXO_5_2"n ratios, (in combination) to
yield 4 different FC ratios.

Data used to compute the
Average fold change values.

EXO33vsEXO5_FC-AVG

Average value from the four exosome FC ratios.

Filter

Test t EXO

Yields p values from T test between EXO33 and EXO5
replicate values.

Filter for significant vs non-
significant EXO genes

log2(EO33vsEXO5-FC-AVG)

Base-2 logarithm from mean FC.

X Scale factor parameter for
Volcano plot of genes with
specific mean FCs

minus_log10(pvalueEXO)

Inverse of the base-10 logarithm associated to each
EXO p-value from t test analysis.

Y Scale factor parameter for
Volcano plot for significantly
expressed genes.

* R1, R2, FC1, FC2, FC3, FC4 acronyms delineate replicates of the same experimental condition. Eo and Exo acronyms
delineate the eosinophil and exosome data, respectively.

RNA sequencing process has successfully identified 149223 transcripts in our samples,

including protein coding RNAs (mRNAs), miRNAs, long noncoding RNAs (IncRNAs),

ribosomal RNAs (rRNAs), pseudogenes, small nuclear and small nucleolar (sn and

snoRNAs), mitochondrial RNAs (mtRNAs) and other unprocessed transcripts. In order

to exclusively select mRNAs from “Dataset.xlsx” file, we applied a sequential Excel

filtering process on the “Gene-Biotype” and “protein coding” fields (Table I), resulting
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in 101830 selected mRNAs. The base-2 logarithmic expression values were converted
to exponential values to calculate all the computed data to be used for Volcano plot and
extrapolation of significant genes, which will be distinguished based on #-test analysis
on mEo and mExo data (exponential data, Table II). To cross-filter transcripts mainly
expressed in exosomes (either mExo5 or mEx033), which simultaneously displayed a
similar behavior in their producing cell (mEo5 or mEo033, respectively), we used the
mean FC and p-values data fields, by excluding all genes with Eo and Exo FC values
between 0.5 and 2 values. This cross-filtering process yielded transcripts whose
expression is significantly higher in mExo33 with respect to mExo5 (mExo033 genes,
n=22) and mRNAs whose expression is significantly higher in mExo5 compared to
mExo033 (mExo5 genes, n=16). To represent the differential expression of mExo5 and
mExo033 genes in Volcano plot, we generated an Excel dataset grouping the two cluster
of genes and the resting (non-significant) transcripts (Table II). The graph was obtained
by exploiting the VolcaNoseR2 R tool, an R script web-based tool
(https://huygens.science.uva.nl/VolcaNoseR2/; Goedhart and Luijsterburg, 2020).
Specifically, negative Logl0 from mEo or mExo p-values (namely, -loglO(p value),
Table I and Table II) and Log2 mEo or mExo mean FC values were used to obtain a
Volcano plot displaying the mExo5 and mEx033 genes. FC value threshold was set up
between -1 and +1, while the significance threshold was configured on 1.1 (namely,
around the 0.05 p raw value). The differential expression of these two clusters of genes
was visually plotted as a heatmap graph by using Orange Data Mining software
(https://orangedatamining.com/; Ramadhani et al., 2022). Heatmaps represent mExo05
and mExo33 hierarchically clustered genes (rows) and experimental conditions
(column) to depict the similarity extent between the clustered factors. Finally, to
evaluate the biological processes of the two mExo05 and mExo033 transcript clusters, we
performed a Gene Ontology (GO) analysis through the Logically Accelerated Gene
Ontology (LAGO) web-based tool (https://go.princeton.edu/cgi-bin/LAGO; Boyle et al.,
2004). GO terms were considered significant at a 0.05 cut off value. GO Biological
Process (BP) analysis was confirmed throw GO analysis on G-profiler database
(https://biit.cs.ut.ee/gprofiler/gost; Kolberg et al., 2023) by running mExo5 and mExo033
as multiquery. The significance threshold was calculated as False Discovery Rate

(FDR) upon a 0,05 value cut off.
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3.18 Statistical analysis

Statistical analyses were performed using GraphPad Prism Software (GraphPad, La
Jolla, CA). One-way ANOVA analysis of variance was performed to compare means
among multiple groups, followed by post-hoc testing (Tukey). Values were considered

significant when the probability was below the 5% confidence level (p < 0.05).
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4. RESULTS

4.1 Activation of human eosinophils with IL-33 promotes tumor cell killing

Our previous studies suggested that mouse bone marrow-derived eosinophils terminally
differentiated with IL-33 constitute a population of highly activated Eo (Lucarini et al.,
2017). In fact, we demonstrated that activation with IL-33 leads to both adhesion of
eosinophils to target tumor cells and convergence of lytic granules (containing cationic
proteins EPX and ECP) to the Eo-tumor cell synapses, responsible for degranulation
and subsequently tumor cell death through apoptosis (Andreone et al., 2019). Based on
these premises, we extended these findings in the human setting. We isolated hEo from
the peripheral blood of healthy volunteers by magnetic cell sorting. We characterized
the phenotype of hEo population and flow cytometry analysis revealed that cell purity
was higher than 86% (Siglec8" CD16~ CD3") (Figure 1). We cultured hEo for 18 h in the
presence of either IL-5 (hEo5) or IL-33 (hEo33) and then tested their cytotoxic activity
against A375P human melanoma cells. Upon activation with IL-33, we observed that
hEo promote human melanoma cell killing through a significant reduction of A375P
cell-covered area after 24 hours co-culture, with respect to the condition in which

A375P were co-cultured with hEo5 (Figure 2).
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Figure 1. Flow cytometry analysis of purified human eosinophils. Magnetically
sorted human blood-derived eosinophils were labelled with fluorescent mAb to
detect Siglec-8. CD3 and CD16. Eosinophils were identified as Siglec-8+ CD3-
CD16-.
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4.2 IL-33 activated eosinophils modulate the expression of genes involved in

tumor progression in mouse and human tumor cells

Since cytotoxicity does not occur in all cancer cells following co-culture with 1L-33
activated Eo, we explored further effects on the surviving tumor cells. We therefore
carried out gene expression analysis in mouse and human tumor cells after 24 h co-
culture with mouse or human, respectively, Eo5 and Eo33, focusing on cell cycle
inhibitor molecules that may result in cell cycle arrest and, therefore, a possible block of
tumor cell proliferation.

Our qPCR results revealed that A375P melanoma cells co-cultured with hEo33, but not
with hEo3, significantly up-regulated the expression of cyclin -dependent kinase (CDK)
inhibitor la (Cdknla) and CDK inhibitor 1b (Cdknlb) genes, whose role is inhibition of
the G1/S transition and consequently cell cycle arrest (Hume et al., 2021; Figure 3a).
Similarly, upon contact with mEo33, B16.F10 expressed higher levels of Cdknla
(Figure 3b) while MCA205 show a substantial overexpression of Cdknlb with respect

to cells cultured alone or in the presence of mEo5 (Figure 3c).
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Figure 3. IL-33 activated eosinophils modulate the expression of genes involved in cell cycle
blockade in mouse and human tumor cells. (a) Human melanoma (A375P). (b) murine melanoma
(B16.F10) and (c) fibrosarcoma (MCA205) cells were co-cultured for 24 hours respectively with
human and mouse Eo5, Eo33 or left alone. Eosinophils were washed out and adherent tumor cells
were subjected to RNA extraction. The expression of Cdknla and Cdknlb genes was analysed by
qPCR. Mean values =SD from triplicates and one representative experiment out of three are shown.
**¥P<(0.0001.One Way Anova analysis of variance with Tukey's Multiple Comparison Test.

To further investigate phenotypic changes induced by Eo33 in tumor cells, we studied
epithelial to mesenchymal transition (EMT) through the evaluation of the expression of
the main markers that orchestrate this tumor progression -associated process,
particularly E-Cadherin (related to epithelial and anti-tumoral features) and N-Cadherin
(related to mesenchymal and pro-tumoral features) (Debnath et al., 2022). Through gene
expression analysis, we found that B16.F10 (Figure 4a), MCA205 (Figure 4b) and TC1
(Figure 4c) significantly up-regulated the expression of Cdhl, that encodes for the
epithelial marker E-Cadherin, while downregulated Cdh2, that encodes for N-Cadherin
mesenchymal marker, following 24 h co-culture with mEo33, with respect to tumor
cells cultured alone or with mEo5. In a similar fashion, A375P human melanoma cells
up-regulated Cdhl, while expressed lower levels of Cdh2, after co-culture with hEo33,
with respect to hEo5 or cultured alone (Figure 4d).
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Figure 4. IL-33 activated eosinophils modulate the expression of genes involved in epithelial to

mesenchymal transition in mouse and human tumor cells. Murine (a) B16.F10 melanoma, (b) = BMlC‘F’:Zgg
MCA20S5 fibrosarcoma, (¢) TC1 lung adenocarcinoma and human (d) A375P melanoma were co- |
cultured for 24 h respectively with mouse and human EoS, Eo33 or left alone. Eosinophils were Sl
washed out and adherent tumor cells were subjected to RNA extraction. The expression of Cdhl

and Cdh?2 genes was analysed by qPCR. Mean values +SD from triplicates and one representative

experiment out of three are shown. *P<0.01, **P<0.001, ***P<0.0001. One Way Anova analysis

of variance with Tukey's Multiple Comparison Test. One representative experiment out of three is
shown.

In addition, flow cytometry analysis of E-Cadherin membrane expression performed on
B16.F10 and TC1 cells confirmed the increased levels of the epithelial marker upon 24
h tumor cell-mEo033 contact (Figure 5). Of note, up-regulation of E-Cadherin was
observed even when tumor cells were cultured with mEo33 in 0.4 pm-pore sized
transwell plates to avoid direct cell-cell contact (Figure 6). The ensemble of these
observations indicates that besides the cytotoxic effects, IL-33 activated eosinophils

may exert anticancer activities also through regulation of cell cycle and EMT process in

tumor cells.

33



* Kk 8=

44 k. *k
*kk
*k
6 *%
34
- = 4
= 24 =
=
Il si6.r10
2] B a
14
0- =
& ) >
& ) ) & < &
& o & b > &
¥ x@“’ e’& ¥ & S

x

Figure 5. Flow cytometry analysis of E-Cadherin expression in mouse B16.F10
melanoma (violet) and TC1 lung adenocarcinoma (red) cells co-cultured with mEo5.
mEo33 or left alone. Mean values £SD from ftriplicates and one representative
experiment out of two are shown. **P<0.001. ***P<0.0001. One Way Anova analysis
of variance with Tukey's Multiple Comparison Test.
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Figure 6. Flow cytometry analysis of E-Cadherin expression in mouse melanoma
B16.F10 cells cultured alone or co-cultured with mEo5 or mEo33 in 0.4 pum-pore sized
transwell plates to avoid direct cell-cell contact. Mean values £SD from triplicates and
one representative experiment out of two are shown.

4.3 Activation of eosinophils with IL-33 increases exosome secretion

The observation that direct cell-cell contact was not required for tumor E-Cadherin up-
regulation by Eo33 prompted us to investigate the possible role of Exo in mediating
Eo33 anti-tumor activities. Eosinophils are able to produce Exo, which mediate their

biological functions (Caias et al., 2021). We isolated Exo from mouse and human Eo5
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and Eo33 culture supernatant and assessed the expression, by western blot analysis, of
the often termed “exosomal marker proteins”, often enriched in the vesicles compared
to the cell lysate (Doyle et al., 2019; Tauro et al., 2012; Morita et al., 2007). mExo5 and
mEx033 expressed the exosomal markers Alix and Tsgl01 (Figure 7a), while human
eosinophil-derived exosomes, hExo5 and hExo33, expressed the exosomal marker
CD81 (Figure 7b). Since the quantity of secreted Exo may vary depending on whether
the producing cells are experiencing different stressors or stimuli (Kalluri et al., 2016),
we enumerated exosomes released by human and mouse eosinophils following
stimulation with either IL-5 or IL-33. To this end, we generated fluorescent mouse and
human Exo by BODIPY FL C16 metabolic labelling of the producing eosinophils and
quantified them by flow cytometry analysis (Figure 7c). The measurement of C16 -
associated green fluorescence, indicative of C16" Exo secretion within the collected Sup
Eo5 and Sup Eo033, revealed that both mouse and human Eo33 produced higher
amounts of Exo (~ 2-fold) with respect to Eo5 (Figure 7d). We hypothesized that this
result may correlate with the higher activation state of Eo33. Additionally, the presence
of tumor cells further boosted mEo33-derived exosome secretion (Figure 8a).
Furthermore, transmission electron microscopy (TEM) of mEo33 co-cultured with B16
melanoma cells, confirmed the typical ultrastructural organization of mEo and clearly
showed mExo release from Eo33 secreting cell adjacent to tumor cells (Figure 8b).
These observations demonstrate that IL-33 activated Eo release exosomes in the
presence of tumor cells and suggest the possibility that these vesicles may influence the

tumor once incorporated.
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Figure 7. Analysis and quantification of mouse and human eosinophil-derived exosomes. Western blot analysis of
exosomal markers in (a) mouse and (b) human Exo5 and Exo033. (c) Generation of fluorescent exosomes by
metabolic labelling of eosinophils with Bodipy-C16 and (d) quantification of C16™ mouse and human Exo5 and
Ex033 by flow cytometry. Mean values +£SD from triplicates and one representative experiment out of two are
shown.*P<0.01. Unpaired t-test.
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Figure 8. (a) Quantification by flow cytometry of C16" mExo5 and mExo033, from mEo5 and mEo33 cultured
alone or in the presence of B16.F10 melanoma cells. Mean values +SD from triplicates and one representative
experiment out of two are shown. *P<0.01. Unpaired t-test. (b) Micrograph of transmission electron
microscopy (TEM) of mEo33 co-cultured with B16.F10 that illustrates the secretion of exosomes in the
vicinity of tumor cells. One representative micrograph is shown.
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4.4 IL-5 and IL-33 eosinophil -derived exosome uptake within target tumor

cells

In all cell types a non-specific Exo uptake is reportedly mediated by the surface
composition of these vesicles (Zech et al., 2012). The Exo internalization process within
the target cell is a necessary condition to determine their molecular and bioactive cargo
release (Joshi et al., 2020; Tian et al., 2013). Based on this premise, we evaluated the
internalization of C16" Eo-derived Exo within mouse and human tumor cells by co-
culturing C16-labelled eosinophils and tumor cells “contactless” in 0.4 um-pore sized
chambers and by analyzing the transfer of fluorescent Exo into tumor cells by flow
cytometry. We found that both C16" mExo05 and C16" mEx033 achieve 100% of
internalization in B16.F10 (Figure 9a) and MCA205 (Figure 9b) cells after just 2 hours
incubation with C16" mEo5 and C16" mEo33, while up to 60-70% of integration is
observed into TC1 (Figure 9¢) tumor cells at the same time of incubation. In human
A375P cells, the percentage measurement of C16" -associated fluorescence revealed
that, following 2 hours of contactless co-culture with C16" hEo5 or C16" hEo33, ~ 50%
and ~ 85% of incorporation of the respective C16" hExo5 and C16" hEx033 were
observed. By 18 h incubation, A375P cells had incorporated ~ 100% C16" hExo5 and
C16" hExo33 (Figure 9d). These results indicate that mouse and human eosinophil-
derived exosomes are efficiently transferred into target tumor cells and that in some

tumor cells Exo33 are incorporated more rapidly with respect to Exo5.

37



a) B16.F10 b) MCA205

Hokk Fokk

100 100 - *kx Fkk

80 80
b 60 b 60
o 13
X 40 ® 40

20 20

0 0

CTR  mExo5 mExo33 CTR  mExo5 mExo33

c) TC1 d) A375P Sid

100 - _***

*
80
* K
*k . ENT

© 60 601
3 3 hEOS
2 40 X m hEO33

20

0

CTR  mExo5 mExo33 2H 18H

Figure 9. Flow cytometry analysis of fluorescent Exo uptake by tumor cells. Tumor cells were cultured
alone or with Eo5 or Eo33 in 0.4 pum-pore sized transwell plates to avoid direct cell-cell contact, C16*
mExo5 and C16™ mEx033 internalization was evaluated within (a) B16.F10, (b) MCA205 and (c) TC1
following 2 hours incubation, while C16™ hExo5 and C16™ hExo33 internalization within (d) A375P was
evaluated after 2 hours and 24 hours incubation. Mean values +SD from triplicates and one representative
experiment out of two are shown. **P<0.001, ***P<0.0001. One Way Anova analysis of variance with
Tukey's Multiple Comparison Test.

4.5 Exosomes from IL-33 activated eosinophils exert antiproliferative activities

against tumor cells through cell cycle arrest

Exo constitute a vesicle-mediated pathway employed by their producing cells to
mediate, in an indirect manner, their activities. It is widely documented that once
internalized, Exo are able to induce radical variations in gene expression of target cells,
through the release of their molecular cargo, causing downstream signaling cascades
(Deatherage et al., 2012; Thomou et al., 2017; Valadi et al., 2007). To determine
whether eosinophil-derived Exo may affect tumor cell transcriptomic program and to
investigate the possible role of Exo in mediating Eo33 anti-tumor activities, we exposed
tumor cells to Exo5 or Ex033 and analyzed cell cycle inhibitor gene expression. Our
qPCR results revealed that mouse B16.F10 melanoma cells up-regulated the expression
of Cdknlb when exposed to mEx033, but not to mExo5, and of Cdkn2b (that encodes
for CDK inhibitor 2b), when cultured with mEx033 or with the whole Eo033 secretome
(Sup mEo033) (Figure 10a).
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Figure 10. Gene expression analysis of the main cell cycle inhibitors (Cdknla, Cdknlb, Cdkn2b) in (a) B16.F10 and (b)
TC1 tumor cells cultured alone. with the whole secretome Sup mEo5 or Sup mEo33. with mExo5 or mExo33. Mean
values +SD from triplicates and one representative experiment out of three are shown. *P<0.05, **P<0.001, ***P<0.0001.
One Way Anova analysis of variance with Tukey's Multiple Comparison Test.
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Figure 11. Gene expression analysis of the main cell cycle inhibitors
(Cdinla, Cdinlb, Cdkn2a,Cdkn2b) in A375P tumor cells cultured
alone. with the whole secretome Sup hEo5 or Sup hEo33, with hExo5
or hEx033. **¥P<0.0001. One Way Anova analysis of variance with
Tukey's Multiple Comparison Test. Mean values £SD from triplicates
and one representative experiment out of two are shown.

Mouse TC1 lung adenocarcinoma cells up-regulated the expression of Cdknla, when
exposed to either mEx033 or Sup mEo033, and of Cdkn2b, when exposed to mExo033.
Cdkn1b expression does not appear to be modulated (Figure 10b). Human melanoma
A375P cells treated with hExo33, but not with hExo5, significantly up-regulated the
expression Cdknla, Cdknlb, Cdkn2a (that encodes for CDK inhibitor 2a) and Cdkn2b
genes (Figure 11). These results demonstrate that exposure to Eo33-derived exosomes

modulates cell cycle inhibitor genes in a similar manner as observed with tumor cells
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co-cultured with Eo33 and suggest a possible Exo involvement in cell cycle arrest
which could eventually be translated into an inhibition of tumor cell proliferation.

Since these molecules are responsible for preventing the entry into the S phase of the
cell cycle, it might be possible that Exo33 could block tumor cells in GO phase. To
address this hypothesis, we carried out cell cycle analysis by PI staining of tumor cells
cultured alone or exposed to Exo5 or to Exo33. Flow cytometry analysis revealed that
B16.F10 melanoma cells showed an increase of cell percentage at GO/G1 phase and a
corresponding decrease in G2/M and S phases at 24 h, when cells were exposed to
mExo033 but not in the other two control conditions (Figure 12a). Moreover, a
significant increase in the percentage of tumor cells in GO phase that significantly
correlates with a lower percentage of cells in G2/M phase was observed at 24 h in TCI
adenocarcinoma cells exposed to mExo033 with respect to cells cultured alone or with
mExo05 (Figure 12b). Similarly, in the human setting the percentage of A375P in GO
phase significantly increased while the percentages of cells in G2/M and S phases
decreased after both 24 h and 48 h exposure to hExo33, with respect to the control

conditions (Figure 12c).
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Figure 12. Cell cycle analysis by flow cytometry. Mouse and human tumor cells cultured
alone (NT) or in the presence of ExoS5 or Exo33 (mouse or human, respectively) were
subjected to PI staining for cell cycle analysis. (a) B16.F10, 24 h; (b) TC1, 24h; (c) A375P,
24 h and 48 h. One representative experiment out of three and mean values £SD from
triplicates are shown. *P<0,05, **P<0.001, ***P<0.0001.

To evaluate whether an actual reduction of the proliferation rate of tumor cells occurred
after exposure to Exo33, we performed an MTS assay. We observed that B16.F10
melanoma cells exhibited ~ 50% reduction of cell proliferation after 96 h exposure to
mEx033 while MCA205 and TC1 cells displayed, ~ respectively, 15% and ~40%

reduction in cell proliferation after 120 h exposure to mExo033 (Figure 13).

42



Fkk *
P o 0.8 *
1.04 1.0+
0.6+
a8 s g
o} o o}
0.4+
0.5+ 0.5+
025 . B16.F10
MCA205
T
0.0~ 0.0 0.0- - 1
2 2 %] 3 2 ) 3 2 ]
& & & & S & § & &
O < 5 A& g 4 O d 5
N S 6&’ 2 é& ‘g‘;r > 6& os;-
96 hours 120 hours 120 hours

Figure 13. Analysis of tumor cell proliferation. MTS assay on mouse tumor cells
(B16.F10: violet;: MCA205: blue; TC1: red) cultured alone, with mExo5 or mExo33 at the
indicated times. *P<0.05, ***P<0.0001. One representative experiment out of two and
mean values =SD from triplicates are shown.

Of interest, we observed that Exo secretion by mEo33 does not seem to affect the
percentage of apoptotic melanoma cells (Figure 14a), since the inhibition of Exo
secretion by eosinophil treatment with the pharmacological inhibitor GW4869 increased
(rather than reduced) the percentage of apoptotic (Annexin V') melanoma cells (Figure
14b). Taken together, MTS and Annexin V assays revealed that Exo33 exert an anti-

proliferative but not cytotoxic activity against tumor cells.
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Figure 14. Flow cytometry analysis of tumor cell apoptosis. B16.F10 cells were cultured for 5 hours alone or with
eosinophils (mEo5 or mEo033) either untreated (a) or previously treated with the inhibitor of exosome secretion GW 4869
(b). Apoptosis was detected by Annexin V/PI staining. One representative experiment out of two is shown.
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4.6 IL-33 activated eosinophil -derived exosomes inhibit the tumor spheroid

formation

Tridimensional (3D) cultures of tumor cells may reflect certain behaviors occurring
during tumor progression and are currently employed for the study of drug sensitivity
and stimuli responses. We carried out a 3D tumor spheroid formation assay to study the
impact of Eo-derived Exo on the ability of tumor cells to interact with each other to
form 3D spheroids. After four days of culture, B16.F10, TC1 and A375P tumor cells
exhibited a strong capacity for cellular aggregation through the formation of a single
tumor spheroid characterized by definite outline (Figure 15). Addition of Exo33 or Sup
Eo033 markedly inhibited the single tumor spheroid formation, determined by loss of
tumor cell aggregation capability, causing the formation of smaller cell aggregates
(Figure 15). On the contrary, the exposure to Sup Eo5 or Exo5 did not alter the

formation and 3D architecture of the tumor spheroids (Figure 15).

B16.F10

TC1

A375P

Figure 15. Effects of eosinophil-derived exosomes or whole secretome on the formation of tumor spheroids. The
indicated mouse and human tumor cell lines were cultured in ultra-low attachment plates in medium alone or
containing purified Eo5- or Eo33-Exo and to Eo5- or Eo33-supernatants. The formation of tumor spheroid was
monitored over time by microscopy. Alone: tumor cells in fresh medium. Sup Eo5: tumor cells in 50% Eo-5
culture supernatant, Sup Eo33: tumor cells cultured in 50% Eo33 culture supernatant. Exo5: tumor cells in fresh
medium with the addition of Eo5 —derived exosomes, Exo033: tumor cells in fresh medium with the addition of
E033 —derived exosomes. Scalebar 1000 mm. Observation at day 4 by Evos microscope. One representative
experiment out of three is shown.

In order to understand the possible mechanisms underlying the observed effect of Exo33

on tumor spheroid formation, gene expression analysis of the main molecules that
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orchestrate cell adhesion pathways were performed. Integrins typically mediate
epithelial cell adhesion to the basement membrane, but might contribute to migration,
proliferation and survival of tumor cells (Desgrosellier et al. 2010). Gene expression
analysis showed that A375P cells exhibited higher expression levels of ltga2 ed ltghl
(genes coding for Integrin a2 and Integrin 1) after contact with hExo33 (Figure 16).
TCI1 cells up-regulated ltga5 (gene coding for Integrin a5) and l¢tgbh! following mEx033
treatment, with respect to tumor cells cultured alone or with Exo5 while B16.F10 cells

showed increased levels in the expression of /tga5 (Figure 16).
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Figure 16. Gene expression analysis of the main integrins that orchestrate cell adhesion
pathways (Irga2, Itgas, Itghl) in mouse (B16.F10: violet, TC1: red) and human (A375P: pink)
tumor cells cultured with mouse or human Exo5, Exo33 or left alone. Mean values =SD from
triplicates are shown. ***P<0.0001, **P<0.001, *P<0.05. One Way Anova analysis of
variance with Tukey's Multiple Comparison Test.
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4.7 IL-33 activated eosinophil -derived exosomes modulate the expression of
genes involved in epithelial to mesenchymal transition resulting in reduced

tumor cell migratory ability

In view of the above reported results on modulation of genes involved in EMT by Eo033,
we investigated the role of exosomes in mediating these effects. Upon overnight
exposure to mExo033, mouse B16.F10, MCA205 and TCl tumor cells showed a
significantly lower expression of Cdh2 and, simultaneously, consistently higher
expression of Cdhl (Figure 17). Similarly, up-regulation of Cdhl and down-regulation
of Cdh2 could be observed in A375P human melanoma cells following exposure to
hEx033 but not to hExo5 or in untreated cells (Figure 17). These data suggest that
activation of mouse or human eosinophils with IL-33 modulate the expression of EMT
markers towards an inhibition of tumor progression and/or malignant phenotype

through the release of exosomes.
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Figure 17. Gene expression analysis of the main markers that orchestrate epithelial to mesenchymal
transition (Cdhl and Cdh2) in mouse (B16.F10: violet, MCA205: green, TC1: red) and human
(A375P: pink) tumor cells exposed to Exo5, Exo33 or left alone. Mean values +SD from friplicates
and one representative experiment out of three are shown. ***P<0.0001, **P<0.001, *P<0.05. One
Way Anova analysis of variance with Tukey's Multiple Comparison Test.
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The Exo33-triggered inhibition of migratory potential of tumor cells was functionally
confirmed in a wound healing scratch assay, in which B16.F10 melanoma cells were
tested for their capacity to recolonize a scratched region by cell migration/motility
following exposure to mExo5 or mExo033. Time lapse images at 24 h and 48 h show that
while tumor cells cultured alone or with Exo5 almost completely invaded and closed the
scratched area, tumor cells exposed to mEo33 exhibited a greater scratched cell-free
area (Figure 18). These findings support the hypothesis that Exo33 could play a role in
reshaping tumor cell phenotype toward a less metastatic and invasive features, by

inhibiting the epithelial to mesenchymal transition process.
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Figure 18. Evaluation of metastatic and migratory potential, through wound healing scratch assay. Mouse B16.F10
melanoma cells were cultured alone or in the presence of mExo5 or mExo33 for 24 h and then scratched.
Percentage of wound healing by tumor cells was kinetically monitored over time by Evos microscopy. Scalebar
1000 mm. Observation at time Oh, 24h, 48h. Micrographs were analysed by ImageJ Software. Mean values =SD
from triplicates and one representative experiment out of three are shown. ***P<0.0001. One Way Anova analysis
of variance with Tukey's Multiple Comparison Test.
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4.8 Comparative analysis of Exo5 versus Exo33 molecular content by RNA-

Seq

The molecular cargo carried by Exo that reflects the nature of donor cell and induces
downstream signaling cascades when transferred into recipient cells (Deatherage et al.,
2012; Doyle et al., 2019). To discover the molecular content enclosed within eosinophil-
derived Exo and to study their possible involvement in the observed effects on cancer
cells, we carried out RNA-Seq on mExo5 and mExo33 and on their respective
producing cells (mEo5 and mEo33). RNA-Seq identified 149223 transcripts in our
samples, which included 101830 mRNAs. We cross-filtered mRNA transcripts mainly
expressed in exosomes (either mExo5 or mEx033), which simultaneously displayed a
similar behavior in their producing cell (mEo5 or mEo033, respectively). Through this
process, we identified a cluster of 16 mExo5 transcripts (Paics, Tead2, Rasal3, Smc2,
Rc3h2, Xylt2, Dpf2, Atp8a2, Brcal, Nek6, Pnpla7, Mprip, Banp, Pnn, Dcafl3 and
Cacull), whose cell behavior is similar in mEo5 (Table [; Table II; Figure 19A).
Concomitantly, a cluster of 22 mEx033 transcripts (Efempl, Dct, Tmprssl5, Slcl8a2,
Nkdl, Faml24a, Slc24a2, Slc25a43, Cldni4, Pcsk6, Kcns3, Sh3rf2, Lrp2, Hirip3,
Zmatd, Tecprl, Slc22a22, Myo6, Ro60, Ppfibp2, Adtrp and Hecwl) whose cell behavior
is similar in mEo33 (Table I; Table II; Figure 19A). Hierarchical clustering analysis on
heatmap data (Figure 19B) clearly suggest a close similarity between the two
experimental replicates (R1, R2) within each condition (mEx033, mExo5). Moreover,
two distinct gene clusters have been identified for the two mExo5 and mExo033
experimental conditions. Indeed, both hierarchically clustered mEx033 and mExo5
transcript profiles display a cluster of genes poorly expressed or not expressed, which
can be intended as a cluster of transcripts exclusives for either mExo33 or mExo5

(bottom clusters in Figure 19B).
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Figure 19. Transcriptomic analysis by bulk RNA sequencing. Differential expression of mExoS
genes and mEx033 genes represented: A) in Volcano Plot, in which 16 green plots are referred to
the 16 mExo5 genes while 22 red plots are referred to the 22 mEx033 genes, and: B) in heatmaps
with a hierarchical clusterization of genes (rows) and experimental conditions (rows) by similarity.
Statistical analysis with Ttest was performed. P-value <0.05.
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Data from GO analysis indicate that mExo5 transcripts are significantly associated
to a set of pathways leading to increase of cell proliferation and pro-tumoral activity
(Figure 20). Indeed, several pathways extrapolated by this LAGO analysis are
generally associated to cell cycle activation (i.e., “cell growth”, “mitotic cell cycle”
and “positive regulation of cell cycle”, Figure 20A). Moreover, other pathways such
as “embryonic organ development”, “p53 binding” and “blood vessel
morphogenesis” represent key processes supporting cancer generation and
development (Ausprunk et al., 1977). Conversely, the mExo33 mRNA set is clearly
involved in a plethora of processes favoring the inhibition or delay of cell
proliferation and a general decrease of cell activity. For example, mExo033
transcripts appear to be involved in processes closely related to the formation and

9 e

secretion of extracellular vesicles (“receptor-mediated endocytosis”, “cargo receptor
activity”, “transmembrane transporter activity” and “cell-cell signaling processes”)
(Figure 20B; Gurung et al., 2021; Perez-Hernandez et al., 2013).To further explore
the representative role of anti-proliferative process dominance in mExo033 genes
compared to mExo5 ones, the two mRNA sets were subjected to G-profiler analysis.
As expected, findings from G-Profiler support the LAGO pathway profiling results.
Indeed, a larger number of significantly active pathways has been found for mExo5
genes (n=27) compared to the concomitant active processes in mExo5 genes (n=10)
(G-profiler; Figure 20).

In summary, the profiles extrapolated by mEx033 and mExo5 mRNA sets are in line
with our functional experiments showing that Exo33, but not Exo5, exert anti-

proliferative activity and prevent malignant progression when incorporated into

tumor cells.
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Figure 20. Table of LAGO GO analisys and G:profiler graphical representation of the biological processes in which
(A) mExo5 genes are involved by supporting tumor cell activity and (B) mEx033 genes are involved by inactivating
tumor cell activity. GO Ids. GO terms and gene names are reported. MF. molecular function; BP. biological process.
Statistical analysis with Ttest was performed. P-value <0.05. Dashed line, p-value cut off.
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5. DISCUSSION

Despite the controversial role of IL-33 in cancer immunity, it is extensively
demonstrated that this epithelial-derived alarmin may provide anticancer responses in a
number of tumors due to its ability to stimulate a wide set of immune cells, such as
CD8" T cells, NK, DCs and eosinophils that infiltrate the TME (Mattei et al., 2020).
Eosinophils have emerged as important components of the TME exerting several
functions against cancer, ranging from the secretion of soluble mediators (i.e.,
chemokines) that facilitate the recruitment of CD8" T cells at the tumor site to cytotoxic
degranulation (Mattei et al., 2020; Grisaru-Tal et al., 2021). On the other hand,
eosinophils can secrete several pro-angiogenic factors, such as VEGF-A, fibroblast
growth factor (FGF-2), CXCLS&/IL-8, which may favor tumor progression (Varricchi et
al., 2018). In this scenario, exosomes as conveyors of molecular messages may
intervene providing communication between tumor, nonimmune and immune cells and
mediating the activities of their producing cell (Deatherage et al., 2012; Doyle et al.,
2019). Exosomes are involved in various biological processes and play a central role in
cancer (Osaki et al., 2019) by conveying pro- or anti-tumoral messages, depending on
the type and status of the producing cell, which affect the molecular cargo delivered by
exosomes (Filipazzi et al., 2012; Zech et al., 2012; Boussadia et al., 2021; Yang et al.,
2020).

In our previous work, we demonstrated that IL-33-activated eosinophils exhibit strong
tumoricidal activity against tumor cells in mouse models in vitro and in vivo (Lucarini et
al., 2017; Andreone et al., 2019). Direct contact of IL-33-activated, but not IL-5-
activated, eosinophils resulted in synapse polarized degranulation and tumor apoptosis,
albeit not in all cancer cells. This latter evidence has led to the hypothesis that further
mechanisms underlying antitumoral functions of IL-33 activated eosinophils could
arise. In the present study, we show that in mouse and in human tumor cells, the direct
contact with IL-33 activated eosinophils, respectively mouse and human, was also
responsible for changes in tumor cell expression of genes involved in tumor
progression.

First, tumor cells cultured with Eo33 exhibited increased levels in the expression of
cyclin dependent kinase inhibitors (CDKI), such as CDKNIA, CDKN2A4; CDKNIB,
CDKN2B, suggesting a possible propensity to cell cycle blockade (Leal-Esteban et

Fajas, 2020). Aberrancies in cell cycle regulatory proteins have been defined in all types
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of human cancers and result in uncontrolled proliferation and tumor progression. A
prominent role in blocking cancer development is achieved by acting on cell cycle
blockade where CDKI arrest cell cycle progression in GO/G1 phase and therefore tumor
proliferation (Engeland, 2022; Liu et al., 2022).

Furthermore, analysis of the main molecules (E-Cadherin and N-Cadherin) that regulate
the epithelial to mesenchymal transition (Loh et al., 2019) denoted a reversion of this
process in mouse and human tumor cells co-cultured with Eo33, indicating that tumor
cells might be less prone to tumor dissemination. In fact, co-culture with Eo33 induced
significantly higher expression of E-Cadherin both at transcriptional and surface protein
expression, with respect to Eo5. Concomitantly, Eo33 produced in target tumor cells
significantly more marked down-modulation of N-Cadherin compared to Eo5. The
observation that the upregulation of E-Cadherin expression on mouse tumor cell surface
occurred also in absence of direct contact with Eo33, led us to evaluate the possible
involvement of an exosome-mediated pathway in the anticancer functions of IL-33
activated eosinophils.

It has been described that eosinophils secrete functional exosomes following activation
with IFN-y and that the release of exosomes is higher in eosinophils from asthmatics
compared to healthy individuals (Mazzeo et al., 2015). Moreover, eosinophil-derived
exosomes participate in asthmatic airway remodeling by affecting inflammation-related
gene expression in target cells (Cafias et al., 2018). Here, we observed that stimulation
with IL-33 also increased the secretion of exosomes by both mouse and human
eosinophils, as demonstrated by flow cytometry-based enumeration of metabolically
labeled C16" Exo (Coscia et al., 2016). This finding, together with previous reports
(Rodrigo-Munoz et al., 2021), suggest that activation stimuli promote exosome
secretion by eosinophils resulting in enhanced potential to shape target cells or tissues.
In fact, the quantity of secreted Exo depends on whether cells are experiencing different
stressors or stimuli (Kalluri et al., 2016).

Once incorporated into recipient cells, Exo act by altering cellular physiology (Joshi et
al., 2020; Tian et al., 2013) through the activation of downstream signaling cascades
that in turn result in switching on and off a number of genes (Deatherage et al., 2012;
Horibe et al., 2018; Santos et al., 2018; Gurung et al., 2021). Depending on the specific
cases, Exo-triggered transcriptional regulation can be disease promoting or suppressing
(Kalluri et al., 2016). We found that mouse and human IL-33 activated eosinophil-

derived exosomes carry out antitumoral activities by influencing the transcriptional
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machinery of target tumor cells. Tumor progression represents a dense network of
multiphasic proceedings that may result in the constitutive activation of genes involved
in uncontrolled cell proliferation and redundant cell cycle events (Arneth, 2019; Evan et
Vousden, 2001). We demonstrate that Eo33 drive the expression of CDKI genes in
mouse and human tumor cells through the release of exosomes. This transcriptional
reprogramming corresponded to cell cycle block in G0/G1 phase and an effective
decrease in the proliferative rate of cancer cells, as suggested by flow cytometry
experiments and MTS assay. Of note, the anti-proliferative effects of Exo33 did not
seem to involve tumor apoptosis, as suggested by Annexin V* staining of tumor cells
cultured with GW exosome inhibitor-treated Eo33.

Thus, Ex033 may control tumor progression by suppressing tumor cell proliferation
intervening in the transcriptional activation of genes that conduct to cell cycle blockade
but are not involved in the tumoricidal activity of IL-33 activated eosinophils, which is
degranulation dependent. Furthermore, the most rapid incorporation of C16" Ex033,
with respect to C16+ Exo5, within tumor cells, both in mouse and human settings, may
contribute to the observed anti-tumor effects induced by Exo033.

Tumor 3D cultures provided some details of the impact of Eo33 -derived Exo on the
ability of tumor cells to interact with each other to form single 3D spheroids. In mouse
and human setting, the observation that Exo33 or Sup Eo33 altered the formation and
3D architecture of the tumor spheroid by acting on tumor cell aggregation capability has
inspired us to perform gene analysis of the expression of the main molecules that
regulate cell adhesion pathways. We found increased expression of membrane integrins
in mouse and human tumor cells exposed to Exo33 or to Eo33-derived secretome.
Besides playing an important role in mediating epithelial cell adhesion to the basement
membrane, integrins are involved also in migration, proliferation and survival pathways
of tumor cells (Desgrosellier et al. 2010). Some studies indicate the controversial role
and the contradictory data either within the same cancer type or in relation to different
cancers for the same integrin molecules (Hamidi et al., 2018). Further reports showed
that the pro-tumorigenic integrin avB3 could inhibit tumor progression in some mouse
models of glioblastoma and melanoma (Danen et al., 1996), while other integrins inhibit
tumor cell motility. It was reported that integrin 1 (Itgbl) deletion correlates with
increased tumor cell dissemination in a mouse model of spontaneous pancreatic islet
cancer and others such as a5p1 inhibit oncogene-induced transformation (Desgrosellier

et al. 2010). Therefore, the modulation of integrin expression did not provide exhaustive
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details about acquired variations in their propensity in metastatic potential following
exposure to Exo33. Nevertheless, our observations on EMT markers modulation as well
as scratch assay experiments indicate that Exo33 may shape tumor cells towards a less
aggressive phenotype. In fact, Exo from either mouse and human Eo033 significantly
increased Cdhl expression while down-modulated Cdh2 in target tumor cells, with
respect to Exo5 or the control condition. This transcriptional trait correlated with the
lower invasive propensity of cancer cells, following Exo033 incorporation, which
confirmed a plausible inhibition of EMT, a key process driving metastatic spread (Zhao
et al., 2016; Alt-Holland et al., 2008; Loh et al., 2019).

Our RNA-Seq analysis are in line with the functional experiments showing that tumor
cells exposed to mExo033, but not to mExo5, modulated the expression of genes
involved in tumor suppression, resulting in reduced tumor cell migratory ability and cell
cycle arrest. By bioinformatic workflow, two clusters of 16 and 22 mRNAs, mostly
expressed in mExo5 or mEx033, respectively, were successfully identified from a total
of 149223 sequenced transcripts. Notably, LAGO and G-profiler essential GO terms
discriminated a set of biological processes leading to pro-tumoral activities in which
mExo05 transcripts seem to be involved as opposed to biological processes leading to a
possible general decrease of tumor cell activities in which mEx033 transcripts appear to
be involved. Specifically, mRNAs preferentially expressed in mExo5 may directly act
on cell cycle enhancement through a positive regulation, while other of these have been
reported to be associated with the blood vessel morphogenesis and p53 binding
processes. In particular, the association of mExo5 Tead? gene with “embryonic organ
development” process suggested that this mRNAs may also play a role in EMT
transition. It is widely reported that EMT is a crucial event intervening in embryonic
development and enables polarized epithelial cells to transition toward a mesenchymal
phenotype with increased cellular motility. These two processes have in common a wide
array of orchestrating molecules and, together with tissue repair, may intervene in
cancer progression due to their known properties to confer malignant features to
carcinoma cells, such as invasive behavior, cancer stem cell activity and greater
resistance to chemotherapy and immunotherapy (Lu and Kang., 2019).

Blood vessel morphogenesis, in which seems to be involved 7Tead?, is a crucial event
that supports angiogenesis and metastatic spread (Wenes et al., 2016) and has been
widely accepted as a basic mechanism of angiogenesis in wound healing and in tumors

(Ausprunk et al., 1977). On the other hand, Brcal and Banp mExo5 transcripts interact
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with p53 oncosuppressor gene. Mutations are widely reported in cancer and may turn
off p53 activity resulting in their loss of function. Particularly, Banp encodes a protein
that binds to matrix attachment regions. The protein forms a complex with p53 and
negatively regulates p53 transcription. When inhibited, the oncosuppressor p53 loses its
ability to counteract the uncontrolled proliferation by blocking cell cycle events.
Moreover, the cell is then unable to inhibit uncontrolled and noncanonical proliferation,
to preserve cell stability and to preventing mutations. These events are known to lead to
cancer initiation process (Liebl et al., 2021). The silencing of circ-Banp markedly
inhibited proliferation, migration and invasion of lung cancer cells in vitro and impaired
tumor propagation in vivo. Banp expression was associated with lower survival rate and
circ-Banp-mediated miR-503/LARP1 signaling promoted lung cancer growth,
migration and invasion, providing a novel insight on the mechanism underlying lung
cancer progression (Han et al., 2018).

Conversely, mExo033 transcripts (Tmprssl5, Slcl8a2, Sic24a2, Slc22a2 and Myo6)
appear to be involved in processes closely related to the formation and secretion of
extracellular vesicles, such as “receptor-mediated endocytosis”, “cargo receptor
activity” and “transmembrane transporter activity” (Gurung et al., 2021; Perez-
Hernandez et al., 2013). Of note, we previously described that in IL-33 activated
eosinophils the enhancement of their exosome secretion might lead to increased
exosome activity. Surprisingly, some of the transcripts preferentially expressed in
mEx033 (Cldni4, Myo6 and Ppfibp2), and less expressed in mExo5, seem to be
involved in processes deputed to cell junction organization and cell-cell junction
assembly, such as tight junction, adherents junction and desmosomes, that link cells to
each other in tissues, regulate tissue homeostasis in critical cell processes that include
tissue barrier functions. Defects in cell-cell junctions give rise to a wide range of tissue
abnormalities that disrupt homeostasis and are common in genetic abnormalities and
cancers (Garcia et al., 2018; Figure 20B). This observation may lead with the suggested
Ex033 activity in reshaping tumor cell phenotype toward a less metastatic and invasive
features, by inhibiting the EMT process. Through GO analysis, we found that mExo33
transcripts (NkdI, Sh3rf2 and Lrp2) were reported to be associated with “negative
regulation of signaling” that may lead to a possible decrease of tumor cell activities,
resulting in anti-cancer outcomes.

The intrinsic properties of Exo in regulating intracellular pathways have advanced their

potential utility in the therapeutic control of many diseases and particularly in cancer.

58



The future of exosome -based therapy includes combinations of targeted exosomes with
anticancer drugs and high-precision cancer diagnostic probes to construct
multifunctional platforms for in vivo tracking, prognosis monitoring and cancer therapy
(Liang et al., 2020). In conclusion, our study provides a possible mechanism by which
IL-33 stimulates the anticancer activities of eosinophils through exosome-mediated

reprogramming of tumor cells.
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