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ABSTRACT
Multiple myeloma (MM) is a still incurable hematological neoplasm mainly due to the

localization of malignant plasma cells (PC) in the bone marrow (BM) where they can create
pathological interaction with the surrounding resident cell populations. Indeed, upon
localization within the BM, myeloma cells “educate” the resident cells to support the
progression from monoclonal gammopathy of undetermined significance (MGUS) to active
MM. The pathological crosstalk is also mediated by aberrant Notch signaling pathway due
to the overexpression of Notch pathway members, such as Notch2 and the ligands Jaggedl
and Jagged2. MM cells can enhance Notch signaling activation in the BM cells, leading to

pro-tumorigenic processes such as drug resistance, osteoclastogenesis and angiogenesis.

In this complex microenvironment, extracellular vesicles (EVs) shed from MM cells (MM-
EVs) are reported to be involved the BM reprogramming thanks to their ability to carry

molecular messengers both at long and short distance.

Starting from this evidence, the aims of this thesis are: 1) to investigate the role of Notch
pathway in MM microenvironment, focusing on the incompletely explored role of Jagged
ligands in MM angiogenesis; 2) to evaluate the role of Notch in the ability of MM-EVs to

induce osteoclastogenesis and angiogenesis, focusing on Notch2 receptor.

To assess the first point, | used an inhibitory approach to study the role of Jagged ligands
on MM cells and their outcome on MM-induced angiogenesis was assessed in vitro. To
investigate the second aim, | used in vitro, in vivo and ex vivo models to assess the ability
of EVs to carry and transfer the Notch2 to recipient cells, activating the Notch signaling and
leading to their pro-tumorigenic effect. The role of Notch2 was assessed by RNA

interference using lentiviral inducible vectors.

The results obtained in the first part of this thesis indicate that Jagged ligands on MM cells
can induce the angiogenic activity of endothelial cells promoting MM cell release of vascular
endothelial growth factor (VEGF) and by directly activating the endothelial Notch pathway.
Moreover, Jagged-mediated Notch pathway activation in BMSCs boosts their support to the

angiogenic process.

The second part of my PhD work focused on MM-EVs mediated communication showing
that Notch2 is transferred to distant cells via MM-EVs and is able to increase Notch signaling
in recipient cells also at distant sites. MM-EVs may increase the osteoclastogenic potential
and the angiogenic ability in the tumor microenvironment in a Notch2 dependent way.



Indeed, interfering with Notch2 expression decreases the amount of Notch2 in MM-EVs and
their pro-tumorigenic effect, suggesting that MM-EVs may be the target of a Notch-directed
therapeutic approach. | investigated the possibility to translate these results in the clinical
practice using currently available Notch inhibitors, such as a y-secretase inhibitor, i.e. DAPT.
| found out that DAPT may hamper the effect of MM-EVs on both angiogenesis and
osteoclastogenesis. The effectiveness of this pharmacological approach was confirmed ex
vivo demonstrating DAPT ability to reduce the angiogenic effect of EVs from the BM aspirate

of MM patients which better recapitulate the complexity of MM microenvironment.

Overall, these results contribute to increase the knowledge on the role of Notch pathway in
two pro-tumorigenic processes involving the MM microenvironment, such as tumor
angiogenesis and osteoclastogenesis, indicating that the pathological Notch pathway
activation may be triggered also at long distance via MM-EVs. Thereby, we provide the proof
of concept that to hamper the pro-tumorigenic role of EVs could be a promising therapeutic

strategy in MM as well as other tumors.

DISCLOSURE FOR RESEARCH INTEGRITY
| state that this scientific research was conducted following the principles of good research

practice of the European Code of Conduct for Research Integrity, based on the principles of

reliability, rigor, honesty, respect, and accountability.

ABBREVIATIONS
ASCT autologous stem cell transplantation

BM bone marrow

BMSC bone marrow stromal cell
CAF cancer-associated fibroblast
CHT caudal hematopoietic tissue
DLL Delta-like family

EC endothelial cell

ECM extracellular matrix

EGF endothelial growth factor

ESCRT endosomal sorting complex required for transport



EV extracellular vesicle

FGF fibroblast growth factor

HES Hairy and enhancer of split

HEY Hairy related transcription factor

HIF-1 a Hypoxia-inducible

IgH immunoglobulin heavy chain

ILVs intraluminar vesicles

KD knock down

MAPK mitogen-activated protein kinase
M-CSF macrophage colony-stimulating factor
MDSC myeloid immunosuppressive cell subset
MGUS monoclonal gammopathy of undetermined significance
MHC Major histocompatibility complex

MM multiple myeloma

MMBD MM bone disease

MMP matrix metalloproteinase

MSC mesenchymal stem cells

MVBs multivesicular bodies

NECD Notch extracellular domain

NEXT Notch Extracellular Truncation

NICD Notch C-terminal intracellular domain
NK Natural killer

OBL osteoblast

OCL osteoclast

OPG osteoprotegerin



PC plasma cell

PCL plasma cell leukemia

PDGFR platelet-derived growth factor receptor beta
PM plasma membrane

PMN pre-metastatic niche

RANKL receptor activator of nuclear factor kB (NF-kB) ligand
ROS reactive oxygen species

SDF-1 Stromal Cell-Derived Factor-1

SMM smoldering multiple myeloma

TGF transforming growth factor beta

TRAP tartrate resistant acid phosphatase

VEGF vascular endothelial growth factor



INTRODUCTION

1. MULTIPLE MYELOMA

Multiple Myeloma (MM) is a fatal cancer of plasma cells (PCs) that represents approximately

10% of hematologic malignancies and 1% of cancers (1).

This hematological disease has an incidence of 4,5-6,0 per 100.000 people per year in
Europe and affects patients with a median age of 72 years. The mortality is 4.1/100.000
people per year (2). Although the improvements in the therapy, MM is still an uncurable

disease with a survival rate at 5 years of 52% (3).

Bone disease is the main cause of morbidity. Other clinical manifestations include anemia,

hypercalcemia, renal failure, and an increased risk of infections (4).

MM is characterized by clonal expansion of terminally differentiated long-lived PCs within
the bone marrow (BM) producing antigen-specific immunoglobulin detected in the blood. It
is always the evolution of the asymptomatic pre-malignant stage of monoclonal gammopathy
of undetermined significance (MGUS), which is defined by the presence of less than 10% of
monoclonal PCs in the BM and by the detection of monoclonal protein in serum and urine.

The progress to MM occurs at an average rate of 1% per year for MGUS (5) (fig.1).

In some MM patients can be recognized an intermediate clinical stage named smoldering
(SMM) characterized by the presence of more than 10% of monoclonal PCs in the BM (10-
60%) along with monoclonal protein in serum and/or urine, in the absence of myeloma-
defining events (6-8). SMM is an heterogenic phase that can include low-risk patients with
a slow progression to active MM and a high-risk SMM (9) (fig.1).

MM cells can lose the dependence from the BM microenvironment evolving into the more
aggressive phase of plasma cell leukemia (PCL) and migrate toward extra-medullary sites

(plasmacytoma) or circulate in the peripheral blood (plasma cell leukemia-PCL)(10) (fig.1).

1.1 Pathogenesis of multiple myeloma
All the stages of MM progression are characterized by genetic mutations in malignant PCs
(fig.1). The first oncogenic event occurs in the germinal center during the genomic

rearrangement of immunoglobulin heavy chain (IgH) and takes place in the IgH locus on
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chromosome 14g32.3 (11) and less frequently the IgL locus (2p12, k or 22q11, A)(12). In
particular, the translocation t(11,14) (q13;932) occurring in 15-20% of patients (13) and
1(6;14)(p21;932), present in 5% of myeloma cases, leads to the increased expression of
cyclin D1 and D3, respectively, thus leading to anomalies in the control of the cell cycle
machinery (14). Another frequent translocation is t(4,14)(p16;932) which takes place in the
13-15% of patients and dysregulates the expression of the Wolf-Hirschhorn syndrome
candidate 1 gene (WHSC1), encoding for the receptor tyrosine kinase fibroblast growth
factor receptor 3 (FGFR3) gene thus providing a continuous oncogenic signal to tumor cells
(15). Finally, the t(14;16)(932;923) occurring in the 5-10% of patients dysregulates the
oncogene MAF and t(14;20)(q32;911) MAFB, with a frequency lower than 5%(16)

In addition to reciprocal chromosomal translocation, another crucial early event in malignant
transformation is the hyperdiploidy which occurs in the transition from MGUS to MM and it
is observed 55%-60% of MM patients with trisomies of chromosomes including 3, 5, 7, 9,
11, 15, 19 and 21(17). The role of hyperdiploidy in PC transformation is not completely
understood. Nevertheless, it is known that patients with hyperdiploidy have a poor prognosis
in comparison with the no-hyperdiploidy conditions. For instance, trisomy of chromosome
11 presents in the 30% of patients, may lead to cyclin D1 overexpression (18).

Recently, it has been proposed that the transition from MGUS to MM is also characterized
by the hypomethylation of the genome, whereas the re-methylation occurs in the transition
to the aggressive form of PCL (19). For instance, the histone methyltransferase MMSET is
overexpressed in patients carrying t(4;14) leading to the activation of the oncogenic mitogen-
activated protein kinase (MAPK) pathway (20, 21). Moreover, the histone deacetylases
(HDAC) are hyperactive in MM, and HDAC inhibitors are the most investigated epigenetic
drugs (21). Among the HDAC, the HDAC3 is important for MM survival since its inhibition is
more toxic for MM cells(22).

Moreover the observation that MGUS and/or SMM patients also carry these initial mutations
suggests that other oncogenic events occur in MM pathogenesis (23). Indeed, many focal
genetic lesions related to MM progression have been recently identified such as mutation in
tumor-suppressor genes including TP53, PTEN and the cyclin-dependent kinase
inhibitors CDKN2A and CDKN2C (24). In addition, in approximately 10% of MM patients
with t(4;14) are present oncogenic activating mutations of FGFR3 (25). Importantly, two
members of the Ras family (NRAS and KRAS) are mutated at codons 12, 13 and 61 in 40—



55% of MM patients compared to the only 5% of MGUS (26), suggesting that the activation

of the MAPK pathway is involved in the progression from MGUS to the active myeloma.

Besides the genomic rearrangements involved in the myeloma pathogenesis, the BM
microenvironment actively contributes to its transformation and progression. The BM
supports MM growth and infiltration at a structural and nutritional level(6). Indeed, it has
been reported that the reactive oxygen species (ROS) and reactive nitrogen intermediates
(RNI)(27) derived from the hypoxic state of BM contribute to the homing of malignant PCs
and their proliferation (28, 29). In addition the BM can also provide activated inflammatory
agents including cytokines, chemokines, adipokines, and growth factors secreted by the BM
cells supporting MM growth (30). The mutual interaction between tumor cells and BM cells
also leads to pro-tumorigenic processes favoring the aggressiveness of MM, such as the

angiogenic switch that characterized the transition from MGUS to the malignant MM (31).

Increased DNA labelling index

Bone destruction

Angiogenesis

Germinal centre _
Beell _--~

—» |MGUS | Smouldering | _y, | Intramedullary |_y, | Extramedullary |_, Myel_oma
myeloma myeloma myeloma cell line

Karyotypic instability

Primary Ig Secondary (lg) translocations (c-MYC, others)
translocations

...................... 13914 deletion/monosomy

Activating mutations
NRAS, KRAS,
FGFR3
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Figure 1: Pathogenesis of MM. MM starts from the asymptomatic MGUS to the active MM
within BM. During the last phase of PCL, malignant cells escape from BM and start circulating in
blood. The initial mutation starts in the germinal center and accumulate in the progress of the

disease. Image taken from Sirohi et al (32).



1.2 Therapy

The typical therapeutic protocol for MM patients younger than 65 years and in good clinical
conditions, includes 3—-4 cycles of induction therapy with the proteosome inhibitor
bortezomib, the immune modulator lenalidomide and the corticosteroid dexamethasone
(VRd), followed by the autologous stem cell transplantation (ASCT). Other bortezomib-
containing regimens include bortezomib, thalidomide and dexamethasone (VTD),
bortezomib, cyclophosphamide and dexamethasone (VCD), and bortezomib, doxorubicin
and dexamethasone (PAD) (33). Patients with newly diagnosed MM not eligible for ASCT
are treated with VRd, administered for 8-12 cycles and maintained therapy with
lenalidomide (33).

For MM treatment, different classes of chemotherapeutic drugs have recently been released
such as melphalan (a DNA alkylating agent), thalidomide (a pleiotropic therapeutic drug),
carfilzomib (a proteasome inhibitor) and lenalidomide and pomalidomide (released as

immunomodulatory agents) (34).

Despite novel drugs and novel protocols, MM patients often relapse developing drug
resistance to treatment due to intrinsic and extrinsic mechanisms (35), associated to genetic

alteration as well as the supportive role of BM microenvironment.

Considering the supportive role of the BM in the MM progression, targeting the molecular
pathways involved in the pathological interaction in the BM microenvironment could be a

valid strategy to overcome the failure of pharmacologic therapy in MM.

1.3The complexity of bone marrow microenvironment in Multiple Myeloma

The BM microenvironment plays a leading role in MM progression. Indeed, the
aggressiveness of MM relies on the pathological crosstalk established between malignant
PCs and the BM cell populations leading to tumor growth and the consequent clinical
manifestations, like bone disease and anemia, which affect the poor prognosis of MM

patients.

The BM is a dynamic and heterogenic environment that includes a cellular and a non-cellular
component. The cellular compartment comprises both non-hematopoietic and
hematopoietic cells. The former consists of mesenchymal stem cells (MSC) and their
derived stromal cells, such as endothelial cells (ECs), adipocytes, osteoblasts (OBLs) and

osteoclasts (OCLs). The hematopoietic niche includes myeloid cells, macrophages, T
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lymphocytes, B lymphocytes, and natural killer cells (NK). The cellular actors interact with
the non-cellular component composed by the extracellular matrix (ECM) proteins, such as
laminin, fibronectin and collagen, and soluble factors such as cytokines, growth factors, and

chemokines (36).

BM is a supportive microenvironment for MM cells. Their localization in the BM requires the
interaction with the ECs and the extravasation through the binding of adhesion molecules
on BMSCs and members of the integrin family on MM cells (37). These interactions induce
the activation of survival pathway in MM cells, such as NF-kB and p38 MAPK (38, 39) and
the release of supportive soluble factor from BMSC. Indeed, the homing of MM cells from
the blood to the BM is guided by chemokine stimuli, such as the Stromal Cell-Derived Factor-
1 (SDF-1), released by both MM cells (40) and the BM cell population (41). MM cells express
the receptor CXCR4 able to bind the chemokine SDF-1 (42, 43) leading to the migration of
MM cells in the BM. Upon localization, MM cells create their own space in the bone matrix
by inducing the OCL mediated bone resorption leading to the generation of osteolytic lesions
(44). After homing in the bone, MM cells may recirculate in the blood and localize in different
bone distant sites thus leading to a process similar to the metastatic event in solid tumor,
leading to the spreads of several bone lesions which are the main cause of poor prognosis
in MM patients (44).

The recirculation of MM cells to form further lesions in distant bone sites makes BM
microenvironment the favored metastatic niche for MM. Indeed, MM cells establish
anomalous signaling loops with the neighboring resident BM cells by reprogramming them
in order to support the different steps of MM progression (45). The binding between MM and
BM cells has been demonstrated to enhance both the autocrine and paracrine production of
several molecules involved in tumor progression (45). The biological outcome of this
activation is the promotion of cell growth, survival, drug resistance and migration of MM cells
but also leading to pro-tumorigenic processes such as osteoclastogenesis, angiogenesis,
immunosuppression, and the instauration of drug resistance, affecting the poor prognosis of
MM patients (45).

The mechanisms of interaction involved in these aberrant interplays are intricate and still
unexplored completely. In particular, they rely both on the direct cellular contact as well as
the release of soluble factor. Among these, an emerging role is played by the extracellular

vesicles (EVs), which represent a new and still unknown form of cellular communication.



In the next paragraphs, | will cover in depth the role of Notch pathway and the EVs as key

mechanisms of communication in the complex interactions of BM microenvironment.

2. NOTCH PATHWAY

Notch is a highly conserved signaling pathway implicated in different biological processes.
Indeed, it mediates the communication between neighboring cells through physical
interactions involving the direct contact between the Notch receptors and ligands expressed
in opposite cells, thus regulating crucial cellular processes such as differentiation,

proliferation, and apoptosis (46).

The first evidence of Notch gene was observed during the genetic studies in Drosophila
melanogaster conducted by J. Dexter (1914) and T.H. Morgan (1917) and the mutant flies
with notched wings provided the name of this signaling pathway. Nowadays, it is well
established that Notch pathway plays a crucial role in the development regulating key
processes such as cells differentiation, tissue homeostasis and stem cell maintenance. So,
it is not surprising that its deregulation plays a key role in different pathologies and in

particular in cancer (47).

In mammals, Notch family includes four transmembrane receptors (Notchl1-4), which are
activated by two class of ligands, Jagged (Jaggedl and 2) and Delta-like (DLL1,3, 4). The
interaction with the ligands expressed on neighboring cells leads to proteolytic cleavages on
receptor and the release of the intracellular portion of Notch (NICD), which is the Notch
active intracellular Notch2 (Notch-IC) able to translocate into the nucleus and modulating

the transcription of target genes expression(48).

2.1 Notch family
Notch genes (9934.3, 1p12, 19p13.12, 6p21.32) encode for four receptors, Notchl, Notch2,
Notch3 and Notch4. In their mature form, they are single-pass transmembrane proteins

composed of an extracellular and intracellular portion (49) .

As schematized in fig. 2, Notch extracellular domain (NECD) contains epidermal growth
factor (EGF)-like repeats involved in the binding with the ligands. In particular, repeats 11-
12 are involved in trans-interaction, thus in signaling activation, while repeats 24-29 lead to

signaling inhibition through cis-interaction (50). EGF-like repeats are followed by a negative
10



regulatory region (NRR) composed by three LIN12/Notch-related (LNR) residues and a
heterodimerization domain (HD). NRR region avoids abnormal Notch activation in absence
of ligand by maintaining a specific conformation that changes after the binding of the ligands
(51). The extracellular portion is linked by the transmembrane domain (TM) to the C-terminal
intracellular domain (NICD) which consists of RBPj (Recombination Signal Binding Protein
2 for Immunoglobulin Kappa J Region) association module (RAM) domain linked to seven
ankyrin repeats (ANK domain) through a linker containing one nuclear localizing sequence
(NLS). ANK is followed by are an additional bipartite NLS and a transactivation domain
(TAD). The very C-terminus contains conserved proline/glutamic acid/serine/threonine-rich
motifs (PEST), containing regions involved in that regulate of NICD (51). The RAM domain
in cooperation with ANK repeats are required for the interaction with DNA-binding complex
CBF1-Suppressor of Hairless-LAG1 (CSL) and the transactivation of RBPJ/CBF1-
dependent genes (51).

Regarding the ligands (fig.2), there are five Notch ligands belonged to the Delta-like family
(DLL1, DLL3 and DLL4) and to the Jagged family of Serrate homologs (Jaggedl and
Jagged?2). They are single-pass transmembrane proteins with an extracellular domain with
varied EGF-like repeats and a cysteine-rich N-terminal Delta, Serrate and Lag2 (DSL)
domain, required for the binding to Notch receptors. The number of EGF repeats are higher
in Jagged ligands compared to DLL ligands. The intracellular regions contain multiple lysine
residues and a C-terminal PDZ (PSD-95/DIg/Z0O-1)-ligand motif (absent in DLL3 only),
needed for ligand signaling activity and interactions with the cytoskeleton, respectively (51).
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Figure 2: Notch pathway family. The figure shows the structure of Notch receptors (1,2,3,4), the
two classes of family Delta-like (DLL1,2,3,4) and Jagged family of Serrate homologs (Jaggedl and
Jagged?2). Image taken from Arruga et al. (52).

2.2 Notch pathway activation

Notch receptors are synthesized in the endoplasmic reticulum as single polypeptides made
of an intracellular and an extracellular portion and modified into Golgi apparatus by Fringe
glycosyl-transferases, which adds N-acetylglucosamine (GIcNAc) to the primary O-fucose
conferring the specify for the ligand. After that, the acquisition of the final conformation
required the cuts by the furin-like convertase at the level of S1 domain generating a
heterodimer composed by an extracellular and a transmembrane domain, linked by non-
covalent Ca2+ interactions and the subsequent O-Glycosylation changing the protein folding

and enhancing their stability in the cell surface (51) (fig. 3).

The Notch signaling starts with the binding with the ligand and the consequent two
sequential proteolytic cleavages. The first one occurs when the ADAM10/17
metalloprotease cleaves Notch receptor at site 2 (S2), releasing its extracellular domain.
The remaining NEXT (Notch Extracellular Truncation) is cleaved at S3 by a y-secretase, a
protein complex belonged to a family of Intramembrane cleaving proteases (53). The NEXT
cleavage releases NICD which can translocate into the nucleus, acting as a transcriptional
factor through the binding with an inactive CSL, via the RAM domain that increasing the
local concentration of ANK and the consequent bind to RBPjk promoting the dissociation of

transcriptional repressors and the starting of gene target transcription (54, 55) (fig. 3).

The main Notch target genes include the Hairy and enhancer of split (HES) and Hairy-
related transcription factor (HEY) families, which are made of basic DNA-binding specificity
domain and a helix-loop-helix domain(56). In particular, HES and HEY proteins regulate the
transcription of cell fate genes involved in apoptosis, cell cycle, proliferation, differentiation
and metabolism (56). Other notable Notch target genes are the transcription factors c-Myc
(57); cell cycle regulators such as the positive regulator cyclin D1/3 (58, 59), and suppressor
p21(60); nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB2)(61) and
the receptor tyrosine kinase platelet-derived growth factor receptor beta (PDGFRpB)(62).
Finally, Notch pathway is involved in different pathway such as Wnt, transforming growth

12



factor beta (TGFB), Hypoxia-inducible factor (HIF-1a), YAP/TAZ, epidermal growth factor

receptor (EGFR) and AKT signaling pathways, thus playing a key role in development,
inflammation, and cell function (63).
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Figure 3: Notch signaling pathway activation. The figure shows that the binding of ligands to
receptors induces proteolytic cleavages of Notch receptor at site S2 by ADAM and at site S3 by y-
secretase, leading to NICD released and translocation into the nucleus starting the transcription of

Notch target genes. Image taken from Takebe et al. (64).

2.3 Notch in multiple myeloma

Myeloma cells overexpress receptor Notch2 and ligands Jaggedl and 2. The receptor
Notch1l is overexpressed in the transition from MGUS to MM stage along with Jagged1 (65).
Notch2 levels are increased in 6% of MM patients with the translocation t(14;16)(g32;923)
and t(14;20)(g32;q11) and the consequent hyper-expression of two transcription factors C-

MAF and MAFB, responsible of Notch2 transcription (66, 67). Jagged2 seems to play a more
13



important role in the pathogenesis of MM since its deregulation occurs in the early MGUS
phase (68)

The Notch pathway activation plays a crucial role in MM progression. Indeed, the inhibition
of Notch signaling in MM cells hampers proliferation and increases apoptotic cells and
sensitivity to drugs (69). Moreover, the homotypic Notch pathway activation between the
same MM cells positively regulates the SDF-1/CXCR4 axis. Indeed, the inhibition of Notch
significantly reduces the infiltration of MM cells in the BM of mouse xenograft model (70,
71).

The outcome of Notch pathway activation in the surrounding BM population is the
reprogramming of healthy cells to a more supportive behavior. Indeed, tumor cell-derived
Jagged ligands may trigger Notch signaling in the same neighboring MM cells (72) leading
to the release of key cytokines such as the vascular endothelial growth factor (VEGF),
insuline-like growth factor (IGF-1), and interleukine-6 (IL-6) (68). Indeed, VEGF induces the
proliferation of MM cell and increase the angiogenic activity in EC (73), while IGF-1 supports
the instauration of the drug resistance (74). More importantly IL-6 plays a survival role and
correlates with the progression of MM (71, 75). In particular, myeloma derived Jagged
ligands trigger the release of IL-6 by MM cells and in surrounding BM cells, inducing an

autocrine and paracrine loop in the production of IL-6 (71).

Importantly, one of the major outcomes of this Notch-mediated pathological interplay is the
instauration of tumor drug resistance. Indeed, Jaggedl and 2 overexpression in MM cells is
able to educate the BM niche to promote the release of the pro-survival factors BCL2,
Survivin, and ABCC1, and the chemokine receptor CXCR4 (76). Meanwhile, MM-derived
Jaggedl1-2 may also activate Notch in the surrounding BMSCs boosting their ability to
produce SDF1a which, in turn, promotes the expression of the mentioned anti-apoptotic
factors. At the end, this pathological communication enhances MM cell pharmacological
resistance to standard-of-care drugs, such as bortezomib, lenalidomide and melphalan(76).
Moreover, Notch pathway boosts the release of pro-osteoclastogenic and angiogenic
cytokines (77, 78), playing a key role also in these processes as reported in the next
paragraphs.
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3. EXTRACELLULAR VESICLES

3.1 General features

EVs are lipidic membrane-delimited nanopatrticles, not able to replicate and released from
all kinds of cells both in physiological and pathological condition (79). EV mediated-cellular
communication represents a new emerging mechanism of cellular interaction at short and
long distance, due to their ability to carry molecular messengers, such as nucleic acids
(DNA, mRNA, microRNA, and other non-coding RNASs), proteins, metabolites, and lipids

affecting the biological function of receiving cells (80).

According to the international society of extracellular vesicles (ISEV) guidelines, EVs could
be defined for size, shape, density, internal cargo, surface molecules, membrane
components, cellular origin, and function. EVs are classified especially based on size in
small and medium/large vesicles, respectively, of < 100nm or < 200nm [small], or > 200nm
[medium/large]) (79). According to the way they are released from the cells, EVs are

classified into exosomes (30-150 nm) and microvesicles (100-1000 nm)(79).

Exosomes derive from the endosomal system. Their biogenesis involves the invagination of
plasma membrane (PM) and the consequential formation of early and late endosome. Late
endosome with intraluminar vesicles (ILVs) are defined as multivesicular bodies (MVBS).
MVBs can fuse either with lysosomes or autophagosomes, or with the PM, with the
consequent release of the contained ILV as exosomes (81). ILVs formation requires mainly
the reorganization of the tetraspanins on the endosomal membrane and the recruitment of
the endosomal sorting complex required for transport (ESCRT) machinery (81), which
consist of ESCRT-0, -I, -1, and -1l complexes and related AAA ATPase Vps4 proteins (82).
Nevertheless, an ESCRT-independent way process has been also described (83). The
exosome secretion requires the active release of ILVs from the PM mediated by membrane
fusion factors including soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNARES), tethering factors, and other Ras GTPases (84) (fig.4).

The biogenesis of microvesicles is less defined compared to exosome. The shedding of
microvesicles derives from changes and rearrangements in the composition of PM and it is

followed by the outward budding of PM, the fission and release into the extracellular space
(85) (fig.4).
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Figure 4: Biogenesis of EVs. Vesicles population includes microvesicles, exosome and apoptotic

bodies with different mechanism of biogenesis. Image taken from Dang et al (86).

The different role of EVs relies on their ability to interact and be internalized in recipient cells,
depending on the type of acceptor cell and its physiologic state (87). EVs can trigger the
cellular pathway by the surface interaction, such as the interaction between ligands and
receptors. On the other hand, in the case of membrane fusion, the cargo is transferred
directly in the cytoplasm or into the nucleon. If the uptake is mediated by endocytosis
(clathrin-mediated endocytosis, caveolin-mediated endocytosis, lipid raft-mediated
endocytosis, macropinocytosis, and phagocytosis) (87), the EVs cargo must exit from the
degradative pathway of the endosomal compartment, but the mechanism involved is still

unclear(87).

Although EVs are reported to be involved both in physiological and pathological processes,

their role in cancer is becoming an interesting new field of research.
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3.2 Role of extracellular vesicles in cancer
EVs are reported to play a key role in the different steps of tumor formation from the

instauration of the primary mass to the spread in distant organs (88).

The early formation of the tumor mass relies also on the ability of tumor cells to release EVs
with oncogenic molecule promoting their growth and survival (89), and reprogramming the
surrounding non-tumor cells promoting their supportive behavior. For instance, glioma cells
can transfer EGFRvIII to malignant cells activating pro-survival pathway such as mitogen-
activated protein kinase (MAPK) and AKT signaling(89).

Multiple evidence reported that tumor derived EVs may contribute to the aggressiveness
and invasion of cancer cells by inducing pro-metastatic processes (90), such as the
epithelial-to-mesenchymal transition and the modulation of immune system by inhibiting Fas
ligand (Fas-L) (91) or downregulating natural killer (NK) cells cytotoxicity through the binding
of the vesicle Major histocompatibility complex (MHC) class 1 to NK cells receptor NKG2D
(92). Moreover, tumor EVs may impair monocyte differentiation into myeloid

immunosuppressive cell subset (MDSC), which inhibits T lymphocyte proliferation (93).

EVs may contribute to the tumor diffusion in the circulation and the homing in distant sites
by promoting the vascular leakiness and permeability (94, 95). Indeed, metastatic breast
cancer cells secrete exosomes enriched of miR-105 causing the destruction of tight junction

protein ZO1 in recipient ECs thus increasing their metastatic invasion (96).

Moreover, EVs may contribute to the formation of the pre-metastatic niche (PMN) favoring
specific changes supporting the settlement of circulating tumor cells. For instance, tumor
exosomal miR-494 and miR-542p transferred to lymph node stromal cells and lung
fibroblasts can down-regulate cadherin-17 and up-regulate matrix metalloproteinase
(MMP2, MMP3, and MMP14) thus favoring the homing of tumor cells (97). Moreover, breast
cancer-derived microvesicles change the metabolic behavior of stromal cells reducing their
glucose uptake via miR-122-mediated inhibition of pyruvate kinase, thereby increasing the
glucose availability for tumor cells (98). Interestingly, melanoma-secreted exosomes foster
PMN formation in lung via reprogramming the BM progenitors through the transfer of MET

receptor (94).

Since cancer cells can release a higher amount of EVs compared to non-malignant cells,
which can contain different tumor markers, circulating EVs are becoming a novel diagnostic
marker for the non-invasive diagnosis (99). For instance, exosomes carrying the epithelial

cell adhesion molecule (EpCAM) are increased during ovarian cancer progression and are
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higher compared to benign patients and healthy subjects (100). Moreover, specific exosomal
integrins seem to be associated with organ-specific metastasis such as a6p4 and a6p1 (for

lung metastasis), av5 (for liver metastasis), and avp3 (for brain metastasis) models (101).

Also, miRNAs within circulating EVs have diagnostic and/or prognostic potential for many
cancer types. For example, exosomal miR-17-92a correlates with increased colon cancer
relapse while exosomal miR-19a is associated with its poor prognosis(102); exosomal miR-
141(103) and miR-375 (104) have been associated with metastatic prostate cancer; lower
levels of miR-125b in serum circulating exosomes were observed in advanced
melanoma(105) and miR-21 in circulating exosomes has been correlated with esophageal

cancer relapse and metastasis (106).

3.3 Role of extracellular vesicles in multiple myeloma

In recent years, several evidence reported that MM patients are characterized by increased
levels of circulating EVs expressing the myeloma cell markers CD38 and/or CD138
compared to the healthy subjects or MGUS patients (107, 108). Moreover, EVs from MM
patients’ serum and BM are enriched in MHC class | and in CD44. Of note, CD44 expression
increased with the reduction of the overall survival of MM patients, suggesting a prognostic
value for the EVs in MM (109). Indeed, CD44 is involved in the adhesion of MM cells to
BMSC and the release of IL-6, involved in MM cell survival (110).

The miRNA in circulating myeloma EVs represent a novel attractive biomarker. The study
of Manier et al. identified 22 circulating exosomal miRNAs lower in MM patients compared
to healthy donors, but only let-7b and miR-18a were associated with poor prognosis (111).
Interestingly, circulating exosomal miRNA could be also used to predict the outcome of drug
treatment. Six miRNAs (miR-26a-5p, miR-29c¢c-3p, miR-30b-5p, miR-30c¢c-5p, miR-193a-5p,
and miR-331-3p) were reduced in poor responders to lenalidomide (112) and the down
regulation of miR-16-5p, miR-15a-5p, miR-20a-5p, and mMiR-17-5p was observed in
bortezomib resistant patients (113).

Regarding the role of MM-EVs in BM microenvironment, they are reported to be involved in
myeloma survival and growth in an autocrine manner (114). Indeed, Arendt et al. reported
that microvesicles from MM cells or patients carry the active transmembrane glycoprotein
CD147 (115), overexpressed in MM cell and associated to their growth (116). Indeed,
CD147 enhances MM proliferation in vitro by the upregulation of growth molecular pathway
such as MAPK and mTOR (115). Moreover, the presence of acid sphingomyelinase (ASM)

in MM-derived exosomes correlated with the drug resistance to melphalan or bortezomib
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treatment suggesting the role of the ceramide pathway in conferring drug resistance via
exosome transfer (117). Nevertheless, the role of ceramide pathway is controversial.
Indeed, according to another study the ceramide pathway hampers MM proliferation and
upregulates the release of MM-exosome able to induce the apoptosis in vitro in recipient
tumor cells (118).

MM-EVs also induce the supportive behavior of the surrounding BM cells. Indeed, MM
exosomes increase the release of pro-tumoral IL-6 from mesenchymal cells via APE1/NF-
kB pathway (119). Moreover, MSC could be converted into cancer-associated fibroblast
(CAF) through the transfer of the exosomal miR-21, increasing the expression of SDF-1,
FAP and a-SMA that, in turn, support tumor survival in BM (120). Another miRNA involved
in the education of MSC is the exosomal miR-146a, that induces the release of pro-
tumorigenic factors such as CXCL-1, IL-10, CCL2 and CCL5 (120).

Several studies have described the role of MM-EVs in the immune regulation, as a key step
in the progress of MM. Indeed, in a recent study, it was demonstrated that malignant plasma
cells with the aberrant chromosome 13 (Dell3) release EVs deficient in the tumor
suppressor miR-16 inducing the differentiation of monocytes to M2 tumor-supportive
macrophages. At a molecular level, miR-16 targets the IKKa/b complex of the NF-kB
canonical pathway, leading to lowered expression of key growth factors and cytokines

implicated in macrophage M2 differentiation (121).

The ability of MM-EVs to modulate MDSCs is another key step in MM progression.
Interestingly, Wang et al. demonstrated that exosome from murine MM cell line can be
internalized in MDSCs, improving their viability and the expression of CD11b+ on the plasma
membrane. Moreover, MM-exosome exploit the STAT3 pathway inducing the production of

INOS and arginase 1, involved in the immunosuppressive activity on T cells in vivo (122).

MM-EVs also regulate the activity of NK. Indeed, they can reduce the expression of
activating receptors on NK, such as NKp46, NKp30 and NKG2D involved in their cytotoxic
activity of NK cells (123).
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4. OSTEOCLASTOGENESIS IN MULTIPLE MYELOMA
The bone remodeling is a highly regulated process based on the balance between the OCL-
mediated bone resorption and the production of new bone matrix by OBL, which is important

in myeloma pathogenesis.

OCL are multinucleated cells originating from hematopoietic stem cells committed to
monocyte-macrophage lineage. Their activity relies on the release of acid and proteolytic
enzymes, such as cathepsin K (CTSK), that dissolve collagen and other matrix proteins
during bone resorption and it is regulated by the balance between the pro-osteoclastogenic
receptor activator of nuclear factor kB (NF-kB) ligand (RANKL), macrophage colony-
stimulating factor (M-CSF), and the inhibitor osteoprotegerin (OPG). On the other hand, the

mononucleated OBL derives from MSCs, and their main function is bone formation(124).

In the MM microenvironment, OBL/OCL homeostasis is altered leading to osteolytic lesions
and the consequent MM bone disease (MMBD), including bone loss and pain, and skeletal
fractures which affect dramatically the quality of life of MM patients (44).

MM cells can directly release osteogenic factors such as RANKL, inflammatory protein-1
alpha (MIP-1a), SDF-1q, IL-3, IL-6 and Tumor Necrosis Factor (TNFa). Moreover, they can
also induce the osteoclast differentiation by promoting the supportive behavior of BMSC in
the producing of RANKL, IL-6, IL-3 and GM-CSF, MIP-1a and VEGF (44). MM cells
contribute to alter the bone homeostasis by also inhibiting the transcription factor
Runx2/Cbfal in mesenchymal and osteoprogenitor cells through the direct contact mediated
by the very late antigen (VLA)-4 on MM cells and VCAM-1 on OBL(125). Other key factors
involved in the inhibition of OBL differentiation and the consequent bone loss are IL-7, TNF-
a, and the inhibitors of Wnt pathway Dikkopf-1 (DKK1) and sclerostin (44).

On the other hand, OCLs sustain MM progression by supporting MM cell growth and
survival, drug resistance, and angiogenesis. Moreover, the osteoclastic resorption releases
immobilized IGF-1, TGF-B and endothelial growth factor (EGF) involved in tumor
progression (126). These, in turn, increase the osteoclastogenic stimuli provided by MM
cells creating a vicious circle that leads to the progression of MM and bone lesions formation
(44).

Currently MMBD is still uncurable. The standard treatments rely on the use of
bisphosphonates that are able to inhibit the osteoclast activity reducing new osteolytic
lesions and hypercalcemia (127). The monoclonal antibody Denosumab has been approved

for the treatment of bone lesions in solid tumor since it is able to antagonize the binding of
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RANKL to its receptor on OCL, and it is used in clinical trial for the treatment of MMBD (128).
Finally, the proteasome inhibitors seem to be promising therapeutic approach since they
can inhibit MM cell growth as well as the osteolytic lesions and increase the new bone
formation (129, 130).

4.1 The role of Notch pathway in the osteoclastogenesis in multiple myeloma

Among the pathway involved in the osteoclastogenesis, Notch pathway plays a key role
(131). Indeed, the inhibition of Notch signaling in OCL precursors affects the bone resorption
activity both in vivo and ex vivo (132). The Notch receptors and ligands play different role in
osteoclast differentiation. Indeed, Notch2 receptor is up-regulated during RANKL-induced
osteoclastogenesis thus playing a critical role in the OCL differentiation (133), while Notch3
induces the expression of RANKL in OBL and osteocyte thus promoting their supportive role
in the osteoclast differentiation (134). On the contrary, Notch4 is poorly expressed in OCL
(131) and Notchl displays an inhibitory role in osteoclastogenesis (135). Indeed, the
Jagged1 binding to the receptor Notchl suppress the osteoclast activity, while the Notch2/

DLL1 axis promotes osteoclastogenesis(136).

In MM, the aberrant Notch signaling in MM cells leads to the release of RANKL which bounds
the RANK receptor in OCL progenitors activating the NF-xB pathway resulting in the
upregulation of RANK receptor and Notch2 and the autocrine release of RANKL by pre-
OCLs. The Jagged ligands in MM cells can also activate Notch signaling in pre-OCLs or
increase the Notch-mediated release of RANKL from BMSC (77) (fig. 5).

Moreover, Notch pathway may also enhance the spread of osteolytic lesions by inhibiting
the activity of OBL thus contributing to the imbalance ratio OCL/OBL. Although the
mechanisms are still unclear, MM cells may directly inhibit the OBL activity through Notch
pathway activation. Indeed, the inhibition of Notch signaling in OBL can restore Runx2
expression and the osteogenic capacity in OBL precursors from MM patients in vitro (137,
138)(fig. 5).
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Figure 5: Notch pathway in the osteoclastogenic process in MM. Image taken from Colombo
et al. (139).

4.2 The role of extracellular vesicles in the myeloma osteoclastogenesis

Several evidence reports the role of EVs in the bone lesions occurring in myeloma BM. MM
cell-derived exosomes play a direct role on the osteoclast activity. Indeed, Raimondi et al
reported that MM-exosomes can enhance the expression of CXCR4 and anti-apoptotic
genes in OCL, thus increasing their migration and survival (140). Moreover, they can trigger
the expression of marker of bone resorption such as cathepsin K, MMP9, and tartrate
resistant acid phosphatase (TRAP) expression in OCL, promoting their osteoclast formation
and resorption activity both in vitro and ex vivo (140). Faict at al. demonstrated that exosome
from the MM murine model 5TGML1 cells not only trigger the osteolysis and osteoclast
differentiation both in vivo and in vitro, but they can mediate the OBL differentiation through
the induction of apoptosis and the inhibition of Wnt pathway through the exosomal transfer
of DKK-1, responsible for the phosphorylation of b-catenin, involved in the transcriptional
activation of Wnt pathway. Indeed, MM-exosome reduced the expression of osteoblast
activity markers such as RUNX2, osterix, Collagen 1 A1 and ALP (141).

Interestingly, the endoplasmic reticulum-associated unfolded protein response (UPR)
signaling molecules are reported to be a novel osteoclastogenic component of EVs cargo
consistently with their abundance in MM cells due to the Endoplasmic reticulum (ER) stress
induced by their high production of immunoglobulin. Indeed, the analysis of the activation of

the IRE1a/XBP1 axis in recipient RAW264.7 demonstrated that MM-EVs induce the
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activation of ER transmembrane glycoprotein (IRE1a) that results in the transcription of

NFATc1, a transcription factor involved in OCs differentiation (142).

Among the soluble factors carried by MM-EVs, the amphiregulin AREG is involved not only
in the activation of the osteoclastogenic EGFR in pre-OCL in vitro, but also in modulating
the behavior of MSC. Indeed, upon uptake, the vesicle AREG can inhibit the osteoblast
differentiation of MSCs, increasing the release of the pro-osteoclastogenic IL-8. Accordingly,
anti-AREG mADb inhibited the release of IL-8 by MSCs confirming the direct and indirect role
of AREG-enriched exosomes involvement on MM-induced osteoclastogenesis (143). Also,
another group has demonstrated that MM-EVs could indirectly induce bone lesions by
inhibiting the osteogenesis potential of MSC. Indeed, Zhang et al showed that MM-EVs from
MM cell line and from the BM plasma of MM patients are enriched in molecules and miRNA
involved in negatively controlling the osteoclastogenesis such as miR-103a-3p, miR-181a-
3p and miR-21-3p and the proteins DKK1, IL-7 and sFRP2 (144). Moreover, MM-EV transfer
the bioactive INcRNA RUNX2-AS1 to MSC, thus repressing their osteogenic ability. Indeed,
RUNX2-AS1 arises from the antisense strand of RUNX2 and forming an RNA duplex with
RUNX2 pre-mRNA can transcriptionally repressed RUNX2 expression, resulting in
decreased osteogenic potential of MSCs (145).

5. ANGIOGENESIS IN MULTIPLE MYELOMA
Angiogenesis is characterized by a sequence of complex and well-modulated steps required
for the formation of new capillary blood vessels starting from a pre-existing vasculature. The
angiogenic process sustains the tissue by providing oxygen and nutrients thus representing

a key pro-tumorigenic process for tumor progression.

The physiologic angiogenesis is efficiently coordinated by several pro-angiogenic factors,
such as VEGF, bFGF, TGF-3, HGF, and angiopoietin1-2. Among this, VEGF is the major
angiogenic factor which modulates the EC activation into “tip” and “stalk” phenotype(146).
These two types of EC differ in their molecular profiling and function. The “tip” cells are
characterized by multiple philopodia and a dynamic phenotype that allows the starting of
new vessel toward the attractive angiogenic stimuli. Indeed, they express VEGF receptor 2
(VEGFR2) and follow the VEGFA gradient creating the sprouting defining rout necessary for
the formation of new vessels. On the contrary, “stalk cells” have a higher proliferative rate
and provide the stability maintenance of the new vessels by creating adherent and tight

junctions among themselves and the ECM (147).
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In MM, the angiogenic switch characterizes the transition from the avascular phase of MGUS
to the vascular stage of MM, defined by a progressive increase in the BM microvascular
density, that positive correlates with the progression of the disease (4). This event
corresponds to a transition of ECs from a quiescent to an active state in response to the
unbalance between anti- and pro-angiogenic factors regulated by the pathological
interaction between tumor cells, ECs and the other BM cells in an autocrine and paracrine

loop.

BMSCs, OCLs, OBLs and ECs secrete angiogenic factors such as VEGF, FGF-2, TNF-q,
Hepatocyte growth factor (HGF), IL-6 and IL-8, OPN, Ang-1, SDF1-a, which are further up-
regulated by tumor cells (148). Moreover, activated ECs modulate the expression of cell
surface receptors, such as VEGF receptor-2 (VEGFR-2), HGF receptor (HGFR), FGFR,
integrins, and other adhesion molecules that are necessary for adhesion to the ECM
elements and cell motility(149).

MM cells can directly stimulate ECs through the release of soluble factors or reprogramming
the BM microenvironment. Indeed, the interaction between tumor cells and BMSC
upregulates also IL-6 secretion, involved in the angiogenesis stimulation. In particular, IL-6
binds its receptor expressed on MM cells inducing the secretion of VEGF which in turn
enhances BMSC production of IL-6 via VEGFR-2, thus establishing a paracrine loop for
tumor growth (150).

Interestingly, ECs from MM patients produce higher amount of soluble factors including
chemokines such as CXCL8, SDF1a and CCL2 which binding their receptors expressed on

MM cells, stimulate proliferation and chemotaxis thus favoring tumor progression (151).

5.1 The role of Notch pathway in angiogenesis

Notch pathway plays a key role also in the angiogenic process. Upon the regulation of the
VEGF-VEGFR axis, Notch ligands play a different role in the EC phenotype and
differentiation. Indeed, VEGF-A upregulates DLL4 expression on tip cells (152, 153), that in
turn activates Notch pathway in stalk cells through Notchl receptor. Stalk cells in an
autocrine manner negatively regulate VEGFR-2 decreasing their capability to response to
VEGF-A stimulation(154). While DLL4 reduces the sprouting on adjacent EC, Jaggedl is a
positive regulator of angiogenesis and downregulates the DLL4 reducing tip cells formation

and increased number of branches (155) (fig. 6).
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The regulation of the expression of DLL4 and Jagged 1 is crucial in the angiogenic
processes. The glycosyltransferase Fringe, involved in post-translational modification of
EGF-like repeats within Notch receptors extracellular portion, play a crucial role in the
balance between DLL4 and Jaggedl. Indeed, the Fringe mediated modification of Notch
positively regulated Tip cells by increasing DLL-mediated activation and reducing it upon
Jagged binding (155, 156) (fig. 6).

The loss of this well-controlled process leads to the generation of a disorganized network of
vessels. Different works show that DLL4 inhibition leads to the formation of vessels with low
perfusion unable to support tumor growth (157). On the contrary, DLL4 overexpression in
ECs reduces tumor angiogenesis but develops vessels with higher diameter and higher
perfusion that well sustain tumor growth(158). Since Jaggedl antagonizes DLL4 action, the
overexpression of Jaggedl induces the stabilization of vessel wall enhancing tumor growth

showing a proangiogenic function within tumoral microenvironment(155).

Although Notch signaling is crucial in the regulation of the angiogenic process, its role in the
myeloma angiogenesis is still unclear. Nevertheless, the Notch/y-secretase inhibitor
R0O4929097 decreases the angiogenic process resulting in a significant inhibition of the
vascular structure formation in a pre-clinical model (159). The Notch expression increases
in EC from MM patients correlating positively with the progress of the disease(160). Indeed,
as demonstrated from our collaboration with the group of Vacca MM cells induce the
angiogenic potential of ECs by activating Notch signaling via Notch1/2 receptors both in vitro
and in vivo (160).
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5.2 The role of extracellular vesicles in the myeloma angiogenesis

Several studies have reported that MM-EVs enhance the pro-tumorigenic activity of ECs
through the transfer of various angiogenic factors and non-coding RNAs. Liu et al. reported
that microvesicles from myeloma cell line RPMI8226 transfer sydecan-1 into receiving ECs
that, in turn, produce an increased levels of VEGF and IL-6, that positively regulate the
angiogenic process (162). In addition, MM-exosomes also induce angiogenesis in vitro and
in vivo. Indeed, Wang et al. reported that exosome from MM murine cells carry angiogenic
factors that can modulate different angiogenic pathways in ECs and BMSCs such as STAT3,

c-Jun N-terminal kinase, and p53 (122).

The MM-EVs involvement in the angiogenic process could be modulated by external stimuli.
Indeed, in hypoxic conditions MM cells increase the release of exosome enriched in miR-
135b that suppressing its target factor—inhibiting hypoxia-inducible factor 1 (FIH-1) in ECs
thus promoting their angiogenic behavior (163). Consistently, Zhang et al. demonstrated the

correlation between miR-135b and HIF-1a expression in case of hypoxic condition (164).
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Regarding the presence of non-coding RNAs as a cargo of EVs, MM-EVs from cell line and
peripherical blood of MM patients are reported to be enriched in piRNA-823(165). The
transfer of piIRNA-823 induces proliferation, angiogenesis, and invasion of EC stimulating
the secretion of IL-6 and VEGF, and the expression of ICAM-1 and CXCR4. Moreover,
piIRNA-823 is also able to enhance the proliferation and reduce the apoptosis of ECs,
adopting a supportive behavior for tumor growth. Indeed, ECs pre-treated with piRNA-823
enriched EVs have a pro-tumorigenic and angiogenic activity in a murine model, suggesting

the survival advantage for tumor cells (165).

Interestingly, two different groups reported that the bortezomib and lenalidomide treatments
can reduce the angiogenic potential of MM-EVs in vitro, reducing the amount of pro-
angiogenic factors such as VEGF-A, bFGF, IL-6, PDGF and affecting their angiogenic
outcome on ECs compared to MM-EV not derived from the bortezomib treatment (166, 167).
Accordingly, exosomes released from MM cells treated with the Ceramide pathway
activator, C6-ceramide, display a decreased angiogenic effect on EC associated to the
increased level of the tumor-suppressive miR-29b and the decrease expression of AKT3,
PI3K and VEGFA (168).
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AIM OF THE THESIS

Multiple Myeloma (MM) is a still uncurable hematological disease characterized by clonal
expansion of malignant plasma cells (PCs) in the bone marrow (BM), where they establish
pathological interactions with the BM cell populations educating them to support MM

progression.

MM cells overexpress the Notch pathway members, Notch2 receptor and Jaggedl and 2
ligands, whose direct contact triggers Notch signaling in MM cells, resulting in the promotion
of MM proliferation and survival, and in surrounding BM cells, leading to key processes of

MM progression such as osteoclastogenesis and angiogenesis.

MM cells can also release extracellular vesicles (EVs) to shape the BM microenvironment,
thanks to their ability to carry the molecular messengers. Moreover, they can carry Notch

pathway members.

Starting from this evidence, the aim of this thesis work is to investigate the role of Notch
signaling members in osteoclastogenesis and angiogenesis, focusing on different
mechanisms of communication that could occur in the pathological interplay between MM

cells and the BM cell populations.

The first part of the work aimed to elucidate the role of ligands Jaggedl and Jagged2 in MM
angiogenesis by directly affecting the endothelial angiogenic behavior or inducing the
supportive role of BMSCs. To assess the role of Jaggedl and 2 an RNA interference
approach was used on MM cell line and the angiogenic processes was elucidated by
performing tube formation assay in the presence of different stimuli to discriminate the

mechanisms involved in myeloma induced angiogenesis.

The second part of this thesis is focused on the role of Notch2 in EV-mediated

osteoclastogenesis and angiogenesis.

To address these issues, EVs from MM cell lines (MM-EVs) were characterized for size,
concentration, and morphology, as well as their ability of being internalized within target
cells. The ability of MM-EVs to carry Notch2 and to transfer it into recipient cells were
investigated by using an in vitro model of EV-mediated cellular communication. A functional
analysis of MM-EVs was carried out by using an inhibitory approach through RNA
interference on MM cell lines to assess the effects of Notch2 inhibition on the size and
concentration of shed MM-EVs, their content, and their ability to modulate Notch pathway

activation in recipient cells, by using in vitro and in vivo models. Finally, the role of Notch2
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on the osteoclastogenic and angiogenic potential of MM-EVs was assessed by performing
functional in vitro assays and further confirmed by using a pharmacological blockade of
Notch signaling, DAPT. The effectiveness of a pharmacological approach was also
confirmed ex vivo by performing a tube formation assay with the EVs from the BM aspirates
of monoclonal gammopathy of undetermined significance (MGUS) and MM patients.
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MATERIALS AND METHODS

1. CELL LINES AND TREATMENT
The human multiple myeloma cells (HMCLSs) used are RPMI8226 (ATCC® CCL-155TM)

and H929 (ATCC® CRL-906); OPM2 (ACC-50), AMO1 (ACC-538), JIN3 (ACC-541),
KMS12 (ACC-551), LP1 (ACC- 41). All HMCLs were grown in RPMI1640 medium
(Euroclone, Italy) supplemented with 10% Fetal Bovine Serum (FBS, Euroclone, ltaly), 2
mM L-glutamine (Microgem, Italy), 100 U/ml penicillin/streptomycin (Microgem, Italy) at the

optimal concentration of 3x10° cell/ml.

The human pulmonary arterial endothelial cells (HPAECs) (ATCC® PCS-100-022TM)
purchased from the American Type Culture Collection were cultured in Vascular Basal
medium (ATCC® PCS-100-030TM) supplemented with Endothelial cells Growth Kit-VEGF
(ATCC® PCS-100-041TM) following manufacturer instruction, at final concentration of
5x103 cells/cm?.

Human embryonic kidney 293 cells, HEK293T (ATCC® CRL-157), HeLa cells (ATCC®
CCL-2™), human bone marrow stromal cell line (HBMSCs) HS5 (ATCC® CRL-11882™)
and the murine pre-osteoclasts Raw264.7 (ATCC® TIB-71) were cultured in Dulbecco's
modified Eagle's medium (DMEM; Euroclone, Italy) with 10% FBS, 100 U/ml
penicillin/streptomycin and 2 mM L-glutamine.

All cell lines were cultured in a humified incubator in 5% CO2 at 37°C and maintained at the
optimal concentration and were subcultured every 48 hours completely changing the

medium.

For the cell treatment, Human recombinant Jagged1 (#188-204, AnaSpec) or Jagged2 (R&D
Systems Inc., Minneapolis, MN, USA) were used for the tube formation assay at the
concentration of 20 ug/mL according to manufacturer’s instruction. RANKL (immunotools,
Germany) was used for the osteoclastogenesis assay at the concentration of 50 ng/ml or 30
ng/ml and resuspended in PBS with BSA 0,1%. DAPT (N-[N-(3,5-difluorophenacetyl-L-
alanyl)]-S-phenylglycine t-Butyl ester; Merck, Germany) were resuspended in DMSO and

used for the osteoclastogenesis and tube formation assay at the concentration 50 uM.
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1.1 HMCLs transfection and co-culture experiments
HMCLs were transiently transfected using two siRNAs (short interfering RNASs) for Jaggedl

and Jagged?2 (J1/2KD) at final concentration of 50 nM (25 nM for each shRNA). Cells were
seeded 1,5x10° cells/well in 24-well plate and transfected with RNAI Lipofectamine (Thermo
Fisher Scientific) following manufacturer instruction. Transfection were repeated twice, at
dayl and day3. At day5 cells were collected for RNA extraction and qRT-PCR analysis, and
their conditioned medium (CM) was recovered for the analysis of VEGF by ELISA.

For co-culture experiments with HBMSCs, 8h after the second transfection (day 3),
transfected HMCLs were cultured for 40h with HBMSCs. More specifically, HS5 cells were
seeded in 24-well plates at a density of 7,5 x 10* cells/well, and transfected HMCLs were
added at the concentration 3x10° cells/mL (ratio 1:4). After 16 hours, the CM was replaced
and analyzed 24 hours later by ELISA or used for tube formation assay with HPAECs (as
reported in the Matrigel assay section). HS5 cells were collected and analyzed by qRT-PCR.

(Schematic protocol was shown in tablel)

Day 1 Day 2 Day 3 Day 4 Day 5
Morning Transfection Transfection of HMCLs | CM changed | Collect HMCLs
of HMCLs in single | used for gRT-
HMCLs PCR analysis
culture
CM used for
8h post HS5 Set-up of co-culture | CM changed | ELISA analysis
transfection seeded in| between HS5 and|in the co-
Collect HS5
24-well HMCLs transfected | culture system
cells used for
plate cells
grt-PCR
analysis
CM used for
ELISA analysis

Table 1: schematic protocol used for the transfection of HMCLSs.
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1.2 Lentivirus production and transduction of stable HMCLs with shRNAs.

Lentiviral vectors pTRIPZ expressing scrambled (SCR) or Notch2 shRNAs were transfected
with Trans-Lentiviral sShRNA Packaging mix (Horizon Discovery, United Kingdom) into
Phoenix™-Ampho using calcium phosphate reagent according to the manufacturer's
instructions. As showed in table 2, for the transfection of Phoenix™-Ampho, 5,5x10° cells
seeded in 10 cm? petri dish 24 hours prior was transfected with pTRIPZ shRNA vector and

Trans-Lentiviral packaging mix as followed reported:

e pTRIPZ shRNA vector 42 ug

e Sterile H20 945 ul

e Trans-Lentiviral Packaging mix 30 pl

e CaClz 250 mM
e HBS (Hank’s Balanced Salt Solution) 2X

After 16h, the medium was replaced with DMEM supplemented with 5% FBS. The viral
supernatants were collected after 24 hours and 48 hours, filtered, and ultracentrifugated with
a 20% sucrose cushion for 4 hours at 40,000 g at 4°C. The obtained pellet containing the

viral particles was resuspended in serum free DMEM.

For the infection of RPMI8226 and OPM2 cell lines, the lentiviral particles were added to the
medium in the presence of IL-6 20 ng/ml (Peprotech, USA) and IGF1 20 ng/ml (Peprotech,
USA) for 48 hours by exposing the cells twice to fresh viral supernatant. After 48 hours, the
infected RPMI8226 and OPM2 cells were selected for stable expression with puromycin at
a minimum concentration of 1 pg/mL and 0,5 ug/ml, respectively. After 7-10 days under
puromycin selection the pools were selected, and the KD efficiency was monitored in
transduced cells using 1 pg/mL doxycycline to induce RFP and shRNA expression. RFP
expression was detected in PE channel by flow cytometry using FACS Verse (BD
Biosciences, Italy) whereas the efficiency of Notch2 KD (N2KD) was evaluated by western

blot analysis. Single cell colonies were obtained from a stable SCR and Notch2 shRNAs cell
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pools by limiting dilution. Colonies with maximum Notch2 KD efficiency were chosen for the

further experiments.

Production of viral particles

Infection of MM cells

Time O 16h 24h 48h Time O 24h 48h
Transfection | the  medium | The viral | The viral | Infection of | Addition | Selection
of Phoenix | was replaced | supernatants | supernatants were | RPMI18226 of with
with pTRIPZ with DMEM | were collected and | and OPM2 | lentiviral | puromycin
ShRNA supplemented | collected concentrated by | with the | particles

5% FBS ultracentrifugation | lentiviral
vector

particles

Table 2: schematic protocol for HMCLs infection.

To distinguish, RPMI8226 and OPM2 KD cells transfected with siRNA are named as
HMCLSCR and HMCLY22KP while RPMI8226 and OPM2 KD infected with pTripz shRNA

virus are named as MMSCR and MMN2KD_

2. TUBE FORMATION ASSAY
Growth factor reduced Matrigel (Corning, NY, USA) was dispensed 50 uL/well in a 96-well

plate and incubated 1 hours at 37 °C. The HPAECs were seeded on Matrigel-coated wells

at 2 x 104 cells/well and treated with:

e HMCLSSCR  or

(HPAECs:HMCLS)

HMC LSJl/ZKD

in co-culture with HPAECs at

a ratio 1:2

e 100 pl of CM from HMCLsSCR and HMCLsV2KP or from co-cultures systems of HS5
cells and HMCLsSCR or HMCLsKP

e Human recombinant Jaggedl or Jagged?2 at the concentration of 20 ul/mL according

to manufacturer’s instruction
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After 16 hours of incubation at 37 °C, photos of the tube-like structures were acquired after
overnight incubation with at Zeiss PrimoVert at 4X magnification. Numbers of area and

branch points were analyzed using the ImageJ program.

3. RNA EXTRACTION AND gRT-PCR FOR GENE EXPRESSION ANALYSIS

3.1 RNA extraction
HMCLs (5x10° cells) were lysed with 200 ul of TRI Reagent (Sigma-Aldrich) 5 minutes at

room temperature (RT). To isolate RNA, 1/5 of initial Tri reagent volume of chloroform was
added and incubated 15 minutes RT. The mixture was centrifuged 120009 for 15 minutes
at 4°C, obtaining the separation of a lower red phenol-chloroform, an interfase and the upper
aqueous phase. The aqueous phase containing the RNAs was collected in a new centrifuge
tube e 100% isopropanol was added to precipitate RNA. of. After incubation 10 minutes RT,
the suspension was centrifuged 12000g for 10 minutes at 4°C. The obtained pellet was
washed twice with 75% ethanol at 75009 for 5 minutes at 4°C. The purified RNA was dried
5 minutes RT and quantified by Nanodrop (ThermoFisher). RNA was considered usable for

gene expression analysis only with 260/280 and 260/230 ratios higher then 1,8 and 1,9.

3.2 Reverse transcription
cDNA was obtained by reverse transcription with RevertAid M-MuLV Reverse Transcriptase

(ThermoFisher).

RNA sample was incubated with random primers 65°C for 5’ as followed:

* 1ug RNA

* 1ul of Random primers (300 ng/ul)

* H20 up to 14l

At the RNA and random primers were added the following mix (6 ml/ tube):
* 4 pl of 5x Buffer

* 1yl dNTPs 10mM

* 1ul of RevertAid M-MLV Reverse Transcriptase (200 U/pl)

The mix were incubated as followed:

e 10 minutes 25 °C
34



e 50 minutes 37°C

e 10 minutes 70 °C

3.3 Quantitative Real-Time PCR
Quantitative PCR (qRT-PCR) was performed with a Step-One Plus PCR system (Applied

Biosystems, Life Technologies ltalia, Italy) using GoTag® gPCR (Promega, Italy).

The reaction mix for a 96-well plate is the following (final volume of 10 ul):

* 5ul GoTaq® Green Master Mix (2X)

« 0,1yl CXR dye

* 0,5ul 10 mM Primer Mix (final concentration 0,5 uM) (The primer sequences are reported

in Table 3)

* 1ul cDNA (10ng total)

* 3,4ul H20 RNase-free

Gene target expression was obtained using the ACt method, using GAPDH as

housekeeping gene. Differences in gene expression were determined using the AACt

method applying the following formula 2(-AAC0.

hGAPDH 5-ACAGTCAGCCG ATC TTC TT-3' 5-AATGGAGGGGTCATTGATGG-3'
h18S 5-GTAACCCGTTGAACCCCATT-3' 5-CCATCCAATCGGTAGTAGCG-3'
hJaggedl | 5-GCAACACCTTCAACCTCAAG-3' 5-GTTGAACGGTGTCATTACTGG-3'
hJagged2 | 5-TCATCCCCTTCCAGTTCG-3' 5-TGGTATCGTTGTCCCAGTC-3'
hHES1 5-AGGCGGACATTCTGGAAATG-3' 5-CGGTACTTCCCCAGCACACTT-3'
hHES6 5-CGTGAGGATGAGGACGG-3' 5-AGGCTCTCGTTGATCCG-3'
hVEGF-A | 5-GGGCAGAATCATCACGAAGT-3' 5-TGGTGATGTTGGACTCCTCA-3'
hHPRT S-TTTATGTCCCCTGTTGACTGGT-3' 5-GTAGCCCTCTGTGTGCTCAA-3'

Table 3: sequence of the primers used for qRT-PCR.
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4. ELISA for VEGF-A
The collected supernatants of single cultures or co-cultures system were centrifuged twice

at 101 g for 5 minutes to remove the cells and put in ice of frozen at -80 °C for the analysis
of VEGF content by an ELISA kit (Thermo Scientific) following manufacturer instructions.
The sample was diluted 10 times and analyzed in duplicate. Secreted VEGF protein
concentration was normalized to the numbers of cells. For co-cultures, the total VEGF
protein content was subtracted from the VEGF protein content of the HMCLs and normalized

to the number of HS5 cells.

5. ISOLATION AND PURIFICATION OF EXTRACELLULAR VEICLES FROM MM CELL
LINES

For extracellular vesicle (EVs) isolation, MM cell lines were seeded at a density of 3x10°
cells/ ml in RPMI1640 medium with 10% FBS depleted of bovine EV previously obtained
with 16 hours ultracentrifugation at 110,000 g at 4°C. After 48 hours, CM was collected and
centrifuged 101 g for 5 minutes at room temperature (RT) to completely remove all the cells
in suspension. For the experiment with the EVs, MMSCR and MMN2KD were treated for 7 days
with Doxycycline 1ug/ml and maintained in medium with FBS depleted of bovine EVs for the

last 48 hours.

The CM obtained was purified by performing 3 sequentially centrifugation at increasing
speed (1000 g, 2000 g, 3000 g) for 15 minutes at 4°C. After every centrifugation the pellet
was discarded, and the supernatant transferred into a new tube. After the last centrifugation,
the supernatant was ultracentrifuged for 75 minutes at 110.000 g at 4°C using a Himac
CP100NX ultracentrifuge (Himac Japan), as previously reported from the group of prof.
Bollati (169).

The obtained pellet was resuspended as followed:

« 0,1 um filtered PBS for characterization of size and concentration by Nanoparticles

Tracking Analysis (NTA) or for the analysis by transition electronic microscopy (TEM).

. For the western blot analyses, EVs were resuspended in Radioimmunoprecipitation

assay (RIPA) buffer and quantified using a Bradford assay (Himedia, Italy).

. For functional assays, EVs were resuspended in serum-free medium RPMI1640. For

osteoclastogenesis and angiogenesis we used an amount of EVs isolated from the
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equivalent volume of medium used in each experiment, while for Notch reporter assay

in vitro EVs were concentrated 40 times respect of initial volume.

For the in vitro and in vivo experiments with EVs, the ultracentrifuged fresh medium

previously depleted of bovine EVs was used as negative control.

To isolate different EV subpopulations, CM was firstly ultracentrifuged 30 minutes at 10,000
g at 4°C to remove cell debris and apoptotic bodies, and then the supernatant was
subsequentially ultracentrifuged 75 minutes at 20,000 g to obtain large EVs and after at
110,000 g for 75 minutes at 4 °C to collect small vesicles respectively. The obtained pellets

were resuspended in RIPA buffer for western blot analysis.

6. ANALYSIS OF EVs BY NANOPARTICLE TRACKING ANALYSIS
EVs were characterized by Nanoparticle Tracking Analysis (NTA) using the NanoSight

NS300 (Malvern Panalytical Ltd, Malvern, UK) in collaboration with the group of prof.
Valentina Bollati, Universita degli Studi di Milano. The advantages of this technique rely on
the properties of both light scattering and Brownian motion to obtain the nanoparticle size

distribution of samples in liquid suspension.

Particles in liquid suspension are loaded into a sample chamber, which is illuminated by a
specially shaped laser beam. Particles in the path of the beam scatter the laser light which
is easily collected by a microscope objective and is viewed with a digital camera. A camera
level of 12 and five recordings of 30 seconds were used for acquisition of each sample. The
NTA software (Malvern Panalytical Ltd, Malvern, UK) analyses many particles individually
and simultaneously, and by using the Stokes Einstein equation, calculates their

hydrodynamic diameters.

7. TRANSMISSION ELECTRON MICROSCOPY
Transmission electron microscopy (TEM) allowed us to investigate the morphology of the

isolated EVs and was performed in collaboration in collaboration with the group of Vincenza
Dolo, Universita degli Studi dellAquila. EVs resuspended in 0,1 pym-filtered cold PBS 1X
were adsorbed into 300-mesh carbon-coated copper grids for 5 minutes at RT. Then, EVs
were fixed in 2% glutaraldehyde, previously diluted in PBS, for 10 minutes and briefly rinsed
in Milli-Q water. The negative staining was performed with 2% phosphotungstic acid brought
to pH 7,0 with NaOH. Finally, the grids were examined with a Microscope Zeiss STEM
GEMINI 500. All materials are from Electron Microscopy Sciences (Hatfield, PA, USA).
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8. IN VITRO INTERNALIZATION ASSAYS OF EVs
For the in vitro analysis of EVs uptake, the 48 hours-CM of RPMI8226 were ultracentrifuged

and the obtained pellet was resuspended in cold 0.1 ym-filtered PBS and stained with cell-
tracker CM-DIL (Invitrogen, USA) at the final concentration of 1 pg/ml by incubating it at
37°C for 5 minutes and then at 4°C for 15 minutes, according to the manufacturer’s
instructions. To remove the non-binding dye, the labelled EVs were washed with 0,1 pm-
filtered PBS by ultracentrifugation for 75 minutes at 110.000 g at 4°C. An ultracentrifugation
tube containing the dye resuspended in PBS without EVs was used as a negative control.
The pellet with labelled EVs was resuspended in phenol red-free RPMI1640 without FBS

and quantify using the reported below Bradford assay.

The uptake efficiency was assessed by flow cytometry and fluorescence microscopy.

8.1 Flow cytometry analysis
Quantitative analysis of EV uptake was performed seeding Raw264.7 and HPAEC cells at

the density of 1. 5x10° cells/ml in 48-well plate with 250 pl of the appropriate medium of
culture as reported above. After 24 hours, cells were treated with 15 ug of CM-DIL dye
labelled-EVs or with CM-DIL alone as a control for 4 hours at 37°C and 4°C. After 4 hours
of treatment, the medium was removed, and the cells were detached and washed with PBS.
For flow cytometric analysis, cells resuspended in PBS were analyzed in PE channel to

assess the CM-DIL positive cells by using the FACS Verse flow cytometry (BD Biosciences,

Italy).
8.2Fluorescence microscopy analysis

For microscopy analysis, Raw264.7 and HPAEC cells were stained with 5 uM CFSE
(Biolegend, Italy) following manufacturer’s instructions and seeded 3.5 x 10% cells/ ml in 24
chamber slides in 500ul of appropriated completed medium. After 24 hours, cells were
treated with 15 pug of CM-DIL positive-EVs or with the negative control, for 4 hours at 37°C
or 4°C. After 4 hours of treatment, the slides were washed with PBS and fixed with PFA 2%
for 15 minutes. Fixed cells were washed with PBS and stained with 4',6-diamidino-2-
phenylindole (DAPI; 1:10.000). The analysis was performed with a DM-IRE 2 Leica
microscope equipped with a Retiga Electro CCD camera and Micro-Manager software and
the images were acquired in z-stack scan mode with a HCX PL APO 63x objective, by

applying the same acquisition setting, excitation intensity, acquisition time, step size.
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9. WESTERN BLOT ANALYSIS
Total protein concentration of cells and EV lysates was quantified using the Bradford protein

assay. Samples were prepared adding 5X loading dye and RIPA buffer to the needed
guantity of proteins (5-40 pg), to the final volume of 20 ul/ well. Then, samples were loaded
into a 4-12% polyacrylamide precast gel in presence of SDS (SDS-PAGE; Genscript, USA)
As reference for protein molecular weight, 5ul of Colour Prestained Protein Standard marker
(New England Biolabs, Ipswich, MA) were loaded as well. Electrophoresis run was
performed using Mini-PROTEAN Tetra (Bio-Rad Laboratories, Inc., Hercules, CA).
Separated proteins were transferred onto a nitrocellulose membrane (Hybond-ECL,
Amersham Bioscience, Italy), and blocked with 5% nonfat milk in TBS-T (20 mM Tris-Cl, pH
7.5, 150 mM NacCl, 0.05% Tween 20). Membranes were incubated overnight at 4°C with
primary antibody (table 4) followed by incubation with the appropriated HRP-conjugated
species-specific secondary antibody (Promega, Italy). Chemiluminescence was detected by
the Western Bright ECL HRP substrate (Advansta Inc., USA) or by Super Signal™ West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Italy) and using the

Alliance HD 6 western blot imaging system (Uvitec, UK).
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USA

Company Molecular type diluition
weight

anti-Jaggedl (D4Y1R) Cell Signaling Technology, | 180 kDa Rabbit | 1:500
USA

anti-Jagged?2 (H-143) Santa Cruz Biotechnology, | 150 kDa Rabbit | 1:500
USA

anti-Notch2 (D76A6) Cell Signaling Technology, | 250 and 110 | Rabbit | 1:1000
USA kDa

Anti-Notch2-ICN Sigma-aldrich 83 kDa Rabbit | 1:1000

(SAB4502022)

Anti-Notchl (D1E11) Cell Signaling Technology, | 300 and 110 | Rabbit | 1:1000
USA kDa

Anti-Notch3 (D11B8) Cell Signaling Technology, | 270 and 90 kDa | Rabbit | 1:1000
USA

Anti-Notch4 (STJ90070) St  John’s  Laboratoty, | 210 and 65 kDa | Rabbit | 1:1000
London

anti-HA (C29F4) Cell Signaling Technology, | _ Rabbit | 1:1000
USA

anti-TSG101 (ab125011) AbCam, UK 44 kDa Rabbit | 1:500

B-actin Sigma Aldrich, Italy 1:1000

a-tubulin (sc-12462) Santa Cruz Biotechnology, | 55 kDa Rabbit | 1:1000

Table 4: list of the monoclonal antibody used for western blot analysis. In the table were

included their target molecular weight, type and the dilution applied.
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10. DETENCTION SYSTEM TO TRACK NOTCH2 EV-MEDIATED TRANSFER FROM
DONOR TO RECEIVING CELLS

For the in vitro model of EV-mediated cellular communication, HEK293 cells were seeded
2.5 x 10° in 100 mm plate and transfected with pcDNA3.1 expressing Notch2 protein
conjugated with a hemagglutinin amino acid tag (HA; pcDNA-3.1-N2HA) or mock pcDNA3.1
plasmid using TurboFect transfection reagent (ThermoScientific) according to the

manufacturer’s protocol. After 16 hours, the medium was replaced with DMEM 10% FBS.

For EVs isolation, after 24 hours, the medium was replaced with DMEM with 10% EV-
depleted FBS previously obtained by a 16-hour ultracentrifugation at 110.000 g at 4°C. After
48 hours of transfection, cells were lysate for western blot analysis and the derived EVs
were isolated by ultracentrifugation following the above-mentioned protocol. Half of the
isolated EVs (from both pcDNA3.1-empty and pcDNA3.1-N2-HA) was resuspended serum-
free DMEM and used to treat receiving HEK293 cells. The other half was resuspended in
40 ul RIPA buffer with the proteases and phosphatases inhibitors cocktail for western blot

analysis.

Receiving HEK293 cells were seeded 1x10° cells/ml in 2 wells of a 6-multiwell plate and
treated with 60pl of previously isolated EVs six times within 48 hours (once the same day,
three times the day after, twice the third day). A protein lysate of these cells was obtained in

50ul of RIPA buffer + proteases and phosphatases inhibitors cocktail.

Protein extracts obtained from donor and receiving HEK293 cells and from EVs derived by

donor cells were analyzed by western blot using an anti-HA primary antibody.
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Figure 7: schematic protocol of the in vitro system of cellular communication mediated by
EVs.

11. LUCIFERASE NOTCH REPORTER ASSAY
To perform the dual luciferase Notch reporter assay, HelLa cells were transfected with

pNL2.1[Nluc/Hygro], a plasmid containing both a Notch responsive element (6XCSL) and
NanoLuc® luciferase expressing system. The transfection efficiency was normalized co-
transfecting HelLa cells with a thymidine kinase promoter-driven Firefly luciferase expressing
vector, pGL4.54 [luc2 / TK].

For transient transfection, HeLa were seeded 2.5x10° cells/well in a 6-multiwell plate and
transfected with the TurboFect system (Thermofisher, Italy) using the following mix

(previously incubated 20 minutes at RT).

« vector pNL2.1 [Nluc/Hygro] 240 ng
« vector pGL4.54 [luc2/TK] 240 ng
. empty pcDNA as a carrier up to 2l
. serum-free DMEM 400l

After 16 hours, transfected HelLa cells were seeded 12.5 x 103 cell/well in a 96-well and

treated with MM-EVs or the appropriate negative control as reported before. After 24 hours,
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luciferase activity was measured using Nano-Glo® Dual-Luciferase® Reporter substrate kit
(NanoDLR™  N1620, Promega, Italy) and the Glowmax instrument (Promega, ltaly)

following manufacturer instruction.

12. IN VIVO EXPERIMENTS
The in vivo experiments were conducted in collaboration with the group of Prof. Anna

Pistocchi, Universita degli Studi di Milano. EVs were injected in the Transgenic zebrafish
(Danio rerio) embryos obtained by crossing Tg(T2KTplbglob:hmgbl-mCherry) with
Tg(flila:EGFP) from the Wilson lab (University College London, United Kingdom). Zebrafish
embryos were raised and maintained under standard conditions and national guidelines
(Italian decree 4th March 2014, n.26).

For the EV microinjections, zebrafish embryos were washed, dechorionated for 5 to 10 min
with 1 mg/ml pronase 48 hpf and anaesthetized with 0.016% tricaine (Ethyl 3-
aminobenzoate methanesulfonate salt; Sigma-Aldrich). For the experiment, 10nl of
RPMI8226-EV resuspended in PBS were injected into the duct of Cuvier with a manual
microinjector (Eppendorf, Hamburg, Germany) using glass microinjection needles. After the
injections, embryos were kept at 28 °C for 30 min and at 32 °C for the duration of the

experiments.

To evaluate MM-EVs mediated Notch activation in zebrafish embryos, the efficiency of MM-
EV uptake was evaluated 4 hours post injection (hpi) by fluorescence microscopy using the
Leica DM 5500B microscope equipped with the DC480 camera. The fluorescence intensity
was evaluated in the trunk region, specifically in the caudal hematopoietic tissue (CHT) area
on photomicrographs with ImageJ software. Images were processed using the Adobe
Photoshop program.

Representative images were acquired in confocal microscopy using Leica TCS SP2 AOBS
equipped with 405 diodes, 488 Ar/ArKr and 543 HeNe lasers and analyzed by Leica
Confocal Software (Leica Microsystems, Wetzlar, Germany). 20x images were acquired in
xyz scan mode with a 20x objective, by applying comparable arrangement parameters: PMT
gain/offset voltages, step size, scan speed, frame, and line average. Sequential scan mode
between frames was applied to reduce the fluorophore cross talking between 543 and 488
emission and obtain all scans at the same current z position. 60x images were acquired with

the same parameters using a 20x objective with additional 3x electronic zoom.
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13. FUNCTIONAL ASSAY WITH EVs

13.1 Osteoclastogenic assay
Raw264.7 cells were seeded in a 48-well plate in 250l of RPMI1640 supplemented with

10% FBS at a density of 1.25x10* cells/ well with or without 30 ng/ml RANKL and treated
every 48 hours with RPMI8226 derived-EV or control. For experiment with DAPT, cells were
treated with EVs or the control medium with or without the drug or the vehicle in the presence
of RANKL.

After 7 days, Raw264.7 cells were fixed on the culture plates with citrate-acetone solution
and stained for tartrate resistant acid phosphatase (TRAP kit, Sigma-Aldrich) following
manufacturer instruction. Briefly, Raw264.7 were washed three times with PBS and fixed
with citrate-acetone solution. The cells were washed three times with PBS and stained for
16 hours with the TRAP staining solution. After washing with PBS, the nuclei were stained
with hematoxylene solution. Osteoclasts were identified under light microscopy enumerating
TRAP positive cells with 23 nuclei. Representative images of TRAP positive osteoclasts
were acquired with Olympus U-CMAD3 phase-contrast microscope equipped with a Zeiss

Axiocam ICcl camera at 4x magnification.

13.2Tube formation assay with EVs

HPAEC were seeded in each well 8000 cells in 100 pl of serum free-RPMI1640 onto Matrigel
and treated for 13 hours with EVs or control medium. For experiment with the DAPT, cells
were treated with MM-EVs or the control medium with the drug or the vehicle. After 13 hours
the images were acquired with EVOS-inverted microscope (Euroclone S.p.A., Italy) at 4X
magnification and the number of areas and branch points were analyzed through ImageJ

program.

14. CELL VIABILITY ASSAY
The cell viability after treatment with DAPT was assessed by using the ability of the MTT

assay to identify any cells with recognizable levels of mitochondrial activity.

To perform the assay, Raw264.7 and HPAEC cells were seeded at concentration used for
the functional assays with EVs and treated with 50 uM of DAPT for 13 hours or 7 days,
respectively. After the appropriate experimental time, 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) (0,6 mg/ml) (Sigma) was added to each well for 3 hours

at 37°C, only live cells can release the formazan crystals as reaction products of the
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mitochondrial activity. To solubilize formazan crystals, the medium was gently removed, and
acid isopropanol supplemented with HCI 0.025N was added. After 1 hour, the absorbance
of the formazan solution was read with spectrophotometer at 550-570 nm, which is the only
light absorbed by formazan, and 620-650 nm, absorbed by cell debris and well imperfections
that was subtracted Percentage cell survival is expressed as: (absorbance treated wells /

absorbance of control wells) x 100%.

15. EX VIVO EXPERIMENTS
For the ex vivo experiment, EVs were isolated from the BM aspirates of Monoclonal

gammopathy of undetermined significance (MGUS) and MM patients. The Institutional
Review Board of Insubria Italy approved the design of this study (approval n. 1/2018).
Written informed consent was obtained in accordance with the Declaration of Helsinki.
Clinical information of patients is reported in table 5.

The blood samples were collected at the diagnosis in tubes containing disodium EDTA and
processed to obtain plasma through centrifugation at 250 x g for 20 minutes at RT not later
than 4 hours after withdrawal. To isolate EVs, the obtained plasma sample was diluted 1:3
with cold PBS and centrifuged three times at increasing speed as previously reported. The
plasma was ultracentrifuged as reported above. For tube formation assay, EVs were
resuspended in serum-free RPMI1226 in the same original volume and used at a 0.5x final

concentration.

All patients MGUS MM

Patients, no. (M/F) 18 (20/8) 6 (3/3) 12 (7/5)
Median age, y (IQR) 74 (16) 74 (16) 77 (15)
Median BM PC, % (IQR) 375 (57.0) 8.0 (3.0) 57.5 (30)
Median M-protein, g/dl (IQR) 233 (2.99) 0.90 (0.78) 357 (2.07)
Median U-protein, g/24h (IQR) 035  (0.43) 0.17  (0.25) 050  (0.98)
Median sFLC, mg/L (IQR) 397.5 (1083.1) 1322 (318.2) 605.0 (1244.1)
Median B2-MG, mg/L (IQR) 3.77 (3.80) 2.30 (1.40) 4.30 (3.56)
Median calcemia, mg/dl (IQR) 9.5 (0.8) 9.6 (0.3) 9.0 (2.0)
Median WBC, x 10%/L (IQR) 500 (2.78) 475  (2.78) 521  (2.42)
Median Hb, g/dl (IQR) 122 (4.2 131 (1.3) 103  (3.8)
Median PLT, x 109L (IQR) 195 (75) 188 (46) 207 (123)

Table 5: clinical characteristics at presentation of patients. B2-MG: B2-microglobulin; BM PC:
bone marrow plasmacells; Hb: hemoglobin; IQR: interquartile range; M-protein: seric monoclonal

protein; MGUS: monoclonal gammopathy of undetermined significance; MM: multiple myeloma;
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PLT: platelets; sFLC: involved seric free light chains; U-protein: urinary monoclonal protein; WBC:

white blood cells.

16. STATISTICAL ANALYSIS
Statistical analyses were performed using one-tailed or two-tailed Student t-test to compare

the mean values and analysis of variance was performed by one-way ANOVA with Tukey

post-test.

The sample minimum size for each in vivo experiment was determined based on a priori
power analysis for a one-way ANOVA with an alpha level of 0.05 aimed to have power of
0.95, performed on data from a pilot study with 5 embryos for each condition (G-power 3.2
software)(170). Each in vivo experiment involved at least 16 embryos divided in 4 groups.
The final analysis was performed by one-way ANOVA with Tukey post-test on data from 4
independent experiments, excluding outliers identified through the ROUT method (Q=1%)
(171).
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RESULTS

1. MYELOMA CELL-DERIVED JAGGED LIGANDS PROMOTE TUMOR ANGIOGENESIS
Multiple-myeloma (MM) cells are characterized by an aberrant Notch signaling due to the

overexpression of Notch2 receptor and ligands Jaggedl and 2. The Jagged-mediated
homotypic interaction activates Notch pathway in MM cells leading to their proliferation and
survival (71). The heterotypic interaction between MM cell derived-ligands and the receptor
on the surface of surrounding bone marrow (BM) cells triggers Notch pathway leading to
pro-tumorigenic effects, such as osteoclastogenesis and drug resistance (76, 77).

The first aim of my thesis work is to contribute to further clarify the outcome of Notch
mediated communication between MM cells and non-tumor cell population in the
surrounding BM. Considering the key role of the angiogenic switch in MM progression and
of Notch signaling in angiogenesis, in this thesis work | investigated the outcome of Notch
signaling triggered by Jagged 1 and 2 ligands expressed on MM cell surface on the

angiogenic differentiation of endothelial cells (EC).

1.1 Direct effect of Jagged ligands in the stimulation of the angiogenic potential of
endothelial cells

An inhibitory approach was used to evaluate the role of MM cell-derived Jagged ligands in
angiogenesis. The ligands were knock down (KD) in two human myeloma cell lines
(HMCLs), RPMI8226 and OPM2, by using siRNAs specific for Jaggedl and Jagged2
(HMCLs?V2KD) or the scrambled (SCR) siRNA as control (HMCLsSCR). The KD efficacy was
assessed by analyzing changes in the expression of Jaggedl and 2 mRNA and of the Notch
transcriptional target genes by quantitative gRT-PCR, and of Jaggedl and 2 protein levels
by Western blot. As shown in fig. 8, Jagged 1 and 2 are efficiently inhibited at gene (fig. 8A)
and at protein level (fig. 8B), and inhibition of the Notch pathway activation was confirmed
by the downregulation of the Notch target gene HES6 (fig. 8B).
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Figure 8: analysis of Jaggedl and 2 KD efficiency both at a gene and protein level. (A) gRT-
PCR analysis to evaluate the KD efficiency at gene expression level. The variation of gene
expression of Jaggedl and Jagged?2 and the Notch target gene HES6 was normalized to GAPDH
and calculated by the 2-22t formula. Data are expressed as the mean value +/- SEM. Statistical
analyses were carried out by one-tailed t-test; * is for p < 0.05; *** is for p < 0.001. (B) Western blot
analysis of Jagged1 and Jagged2 in HMCLsS®R or HCMLs'V2P, Protein loading was normalized to

B-actin.

Considering that MM cell derived Jagged1/2 boost Notch activation in the ECs (160),
changes in EC angiogenic ability promoted by the Notch heterotypic activation triggered by
MM cell-derived Jagged ligands were measured by using a tube formation assay. This assay
reflects in the bidimensional system of Matrigel the endothelial ability to organize in a

network of tubes.

At this purpose, primary human pulmonary artery endothelial cells (HPAECs) were seeded
on Matrigel-coated wells and co-cultures in the presence of HMCLSSCR or HMCLs/2KD for
24 hours. Areas and branch points were analyzed by optical microscope Zeiss PrimoVert).
In fig. 9, representative images show that HPAECs cultured with HMCLSsSCR displayed a
significantly increased ability to create a grid of tubes compared to HPAECs in direct contact

with HMCLs’V2KD_ Indeed, the count of the number of areas and branch points indicates that
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a significant reduction in the angiogenic potential of ECs is present (approximately 50% for
areas and 60% for branch points) suggesting the involvement of MM cell-derived Jagged

ligands.
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Figure 9: tube formation assay on Matrigel with co-culture systems of HMCLsS®R or
HCMLsJY?%P and HPAECSs. The panel on the left shows 4X magnification images representative
of each condition (Zeiss PrimoVert). The graph on the right shows the analysis of the number of
areas and branch points. Data are expressed as mean values +/- SEM. Statistical analysis was
carried out by one-tailed t-test; *= p < 0.05; **= p < 0.01; ***= p < 0.001.

To elucidate if the mechanism involved in MM cell-derived induced angiogenesis relies on
a direct contact and/or on the release of soluble angiogenic factors, this assay was repeated

using different stimuli.

To assess if MM cell-derived Jagged ligands may induce angiogenesis, | performed the tube
formation assay by stimulating HPAECs with soluble Jagged1 and Jagged2 peptides. These
results indicated that the Jagged ligands might increase the organizing ability of HPAECs
(fig. 10), indicating that MM cell-derived Jagged ligands could directly trigger the endothelial
Notch activation and the angiogenic response. Interestingly, Jagged2 showed a greater
effect than Jagged1l. Indeed, considering the analysis of branch points, Jagged2 induces a
stronger angiogenic effect (350%) in comparison to the effect of Jaggedl peptide (192%).
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Figure 10: tube formation stimulated by Jagged1 and Jagged2 peptides 20 ug/ml. The upper
panel reported representative images of each condition (4X magnification). Areas and branch
points were enumerated by optical microscope (EVOS-inverted microscope). Results are
expressed as the mean value +/- SEM. Statistical analysis was performed by a one-tailed t test; * =
p <0.05; **is for p < 0.01; *™* = p < 0.001.

1.2 Effect of MM-derived soluble factors on angiogenic potential of EC
Considering the role of Notch pathway in MM ability to release cytokines, | investigated the

contribution of Jagged ligands in the release of MM-derived angiogenic factors. To address
this point, the tube formation assay was assessed by treating ECs with the conditioned
medium (CM) of HMCLsSSCR or HMCLs’V2XP, As shown in fig. 11, CM produced by
HMCLs’V2KP showed a significantly reduced ability to induce HPAECS to organize a grid-like
structure if compared to HMCLsSCR derived CM, displaying a decreased number of areas
(23% and 35%, for RPMI18226 and OPM2, respectively) and branch points (20% and 27%).

50



SCR KD SCR KD
RPMI8226 RPMI8226 OPM2 OPM2
Areas Branch points
* % * * % *
™ f f m E# scr
1.0 04
o - E «o
@ @
2 =
€ €
© ©
: 0.54 : 0.5
2] 12
S S
& B
0.0+ 0.0+
RPMI8226 OPM?2 RPMI8226 OPM?2

Figure 11: tube formation assay on HPAECs with conditioned media (CM) of HMCLSsS®R or
HCMLsY2XP_The upper panel shows 4X magnification images (Zeiss PrimoVert). The bottom
graphs show the percentage of variation of areas and branch points of HCMLs’¥2%P in comparison
to HMCLsSCR, Data are expressed as the mean value +/- SEM. Statistical analysis was carried out
by a one-tailed t test; * is for p < 0.05; ** is for p < 0.01; *** is for p < 0.001.

These results indicate that HMCLsSCR or HCMLsV2XP produce different levels of angiogenic
factors responsible of the different angiogenic effects of the produced CM. Since vascular
endothelial growth factor (VEGF-A) is an angiogenic factor whose expression has been
reported to be promoted in MM cells by stimulation of BMSC-derived Jagged (68), we
investigated its possible modulation. Fig. 12 shows gRT-PCR analysis (12A) and an ELISA
(12B) demonstrating that Jagged ligands KD in HMCLs decreases VEGF-A gene expression
and its protein secretion, respectively.
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Figure 12: VEGF variation in HMCLsSR and HMCLs?V2¥P_ (A) the mRNA level was assessed by
gRT-PCR analysis, shown as relative gene expression variation normalized to GAPDH calculated
by the 2-22Ct formula. (B) The protein level was analyzed by ELISA, as amount of VEGF-A released
by HMCLs'/2XP normalized on VEGF-A expressed by HMCLSsSCR, For each sample, the amount of
VEGF-A (pg/mL) was normalized to the concentration of producing cells and expressed as the
mean value +/- SEM. Statistical analyses were carried out by one-tailed t-test; *= p < 0.05; **=p <
0.01; **=p < 0.001.

These obtained results suggested that HMCLs may induce angiogenesis by triggering Notch
signaling activation in ECs via heterotypic Jagged-mediated Notch activation and,
additionally, by the secretion of pro-angiogenic VEGF-A promoted by Jagged-mediated
homotypic activation.

2. MYELOMA CELL DERIVED JAGGED1 AND 2 INCREASE BONE MARROW
STROMAL CELL ANGIOGENIC POTENTIAL

Starting from the well documented role of MM-associated bone marrow stromal cells
(BMSCs) in tumor angiogenesis (151, 172) and from the observed effect of Notch pathway
activation in inducing BMSC release of protumor factors, among which those involved in
angiogenesis such as VEGF and the stromal cells derived factor 1 (SDF-1)(68, 76) we
investigated if the myeloma Jagged ligands could trigger Notch signaling in BMSCs boosting
their pro-angiogenic potential.

To address this issue, | evaluated changes in the angiogenic potential of BMSC pre-treated
for 24 hours with HMCLSSCR or HMCLsV/2KD,

First, | assessed the ability of MM-derived Jagged ligands mediated activation of Notch in

the BMSCs by co-cultivating HMCLSsSCR and HMCLsY2KD with the human BMSC line HS5
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and measuring the variation in the transcription of the Notch target gene HES1. The
guantitative gqRT-PCR analysis in fig. 13A indicates that HMCLsSR upregulate HES1 gene
expression if compared to the expression level analyzed in HS5 cultured alone; on the other
hand, HES1 genes expression is significantly reduced with HMCLsV2KPindicating that MM

cell-derived Jagged ligands activate Notch signaling in stromal cells.

In the same cells, the possible variation of VEGF-A gene expression was also assessed.
Results indicate that HMCLsSCR increased VEGF-A gene expression in HS5 cells, while the
effect was significantly lower in the presence of HMCLs’V/2KD (fig. 13A). Consistently, ELISA
of CM of HS5 cells cultured for further 24 hours after the pretreatment with HMCLsSCR and
HMCLs/2KD  confirmed that VEGF-A protein expression in HS5 cells was strongly
upregulated by HMCLsSCR compared to HS5 alone, of approximately 193% for RPMI8226
and 76% for OPM2 (fig. 13B). On the contrary, VEGF secretion was significantly lower when
HS5 cells were stimulated by HMCLs 72D indicating that the MM cell ability to induce
VEGF-A secretion relies on Notch signaling activation in the BMSCs mediated by Jagged

ligands.
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Figure 13: activation of Notch signaling and VEGF-A expression in HS5 cells or in co-

cultured with HMCLsS®R or HMCLsY?%P. A) qRT-PCR of the relative gene expression variation
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for the Notch target gene HES1 and VEGF (normalized to HRPT) calculated by the 24t formula;
(B) ELISA for VEGF-A secreted by HS5 alone in the medium. Data represent the amount of VEGF
released by each culture normalized on VEGF expressed by HMCL cultured alone. In each
sample, the amount of VEGF (pg/mL) was normalized to the cell concentration. Data are
expressed as the mean value +/- SEM. For the two assays the statistical analyses were carried out
by one-way ANOVA and Tukey post-hoc test. *= p < 0.05; **= p < 0.01; ***=p < 0.001

To assess the biological outcome of the Notch-mediated VEGF release by BMSCs, |
performed a tube formation assay by treating HPAEC with the CM derived from the co-
culture between HS5 and HMCLSSCR or HMCLsY2KD_ Results in fig. 14 show that the CM
from HS5 cells cultured alone can intrinsically stimulate EC organization, which is boosted
in the presence of HMCLSsSCR. Indeed, the CM from the co-culture system of HS5 cells and
HMCLsSCR increased the grid structure of HPAEC, confirmed by the count of areas (94%
and 60%, for RPMI8226 and OPM2, respectively) and branch points (approximately 60%
for both HMCLs). On the contrary, CM from HS5 cells cultured with HMCLsY2XP did not
increase the tube organization ability of HPAECs compared to the CM from unstimulated
HS5.
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Figure 14: tube formation assay of the HPAECs stimulated with CM secreted by co-culture
systems of the HS5 cells and HMCLsS®R or HMCLsY2P, The upper panel shows 4X
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magnification images representative of each condition. The bottom graphs show the quantification
of the number of areas and branch points. Data are expressed as the mean value +/- SEM
Statistical analyses were carried out by ANOVA and Tukey’s post-tests; *=p < 0.05; **= p < 0.01;
***=p <0.001

These obtained results suggested that Notch signaling activation in the BMSCs induced by
myeloma Jagged ligands improved the BMSC angiogenic potential by promoting the release

of soluble factors, such as VEGF-A.

3. MYELOMA CELL RELEASE EXTRACELLULAR VESICLES THAT CARRY
NOTCH2 AS CARGO

Previous works of this and other research group together with the first part of my thesis indicate a

key role of Notch signaling in the pathological communication between MM cells and the cell

population present in the BM.

The evidence that extracellular vesicles (EVs) play a key role in MM progression and may
transfer important molecular messages from MM cells to nearby cells (173), prompted us to
further study their possible involvement in Notch mediated pathological communication as
possible vehicles at long distance of Notch signaling members from MM cells to BM cell
populations. In particular, this work focuses osteoclast (OCL) progenitors and EC with the
purpose to investigate the outcome on the osteoclastogenesis and the angiogenic switch,

two key features of MM progression also involved in metastatic dissemination of MM cells.

3.1 Characterization of EVs isolated from MM cells
| firstly investigated the ability of the two MM cell models in exam, RPMI8226 and OPM2, to

release EVs. As reported in the methods section, after 48 hours of culture, the CM was
purified from cell debris by performing three centrifugations at increasing speed and EVs
were isolated by high-speed ultracentrifugation (110 g for 75 minutes) (169). According to
Society of Extracellular Vesicles (ISEV) guidelines (79), RPMI8226 and OPM2-derived EVs
(MM-EVs) were characterized for size and concentration by nanoparticle tracking analysis
(NTA) and morphology through transmission electronic microscopy (TEM).

The NTA, using the properties of laser light scattering microscopy and Brownian motion,

permits to obtain information on the size distributions of particles in liquid suspension, in
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particular the nanosight instrument detect particles in the range of 10-1000 nm (174). The
representative graphs of NTA reported in fig. 15 show a vesicle size distribution ranging
from 50 and 800 nm, peaking around 200 nm with a mean size of 230.6 nm and 222.4 nm,
and an average D50 (size point below which 50% of EVs is contained) of 205.1 nm and
196.4 nm, for RPMI8226 and OPM2 respectively. The asymmetrical distribution of the
graphs reveals the presence of a heterogeneous size population characterized by both small

(30-200 nm) and large vesicles (200-1000 nm), according to the ISEV classification of EVs
(79).
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Figure 15: representative NTA analysis on MM-EVs from RPMI8226 and OPM2 cell lines. The
concentration/size graphs reveal the presence of both small and large EVs.

To characterize the morphology of MM-EVs, a TEM analysis was also performed. This
techniqgue permits to distinguish EVs from non-EV particles thanks to its nanometer
resolution and to assess EV integrity. According to the representative images reported in

fig. 16, results from TEM analysis suggest the presence of intact small and large EVSs,
heterogeneous in shape.
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RPMI8226

Figure 16: representative TEM images of MM-EVs from RPMI8226 and OPM2. Images were
acquired by using 100X magnification (Microscope Zeiss 112 STEM GEMINI 500).

3.2 Uptake of MM-EVs on target cells
The key role of EVs in cellular communication is based on their ability to interact with the

recipient cells, through a superficial contact or after the uptake(87). So, to assess the
possible effect of MM-EVs on target cells, | investigated their ability to be internalized in the

monocyte and endothelial cell models, Raw264.7 and HPAECS, respectively.

To track EV uptake, RPMI8226 derived EVs (RPMI8226-EVs) were purified and
fluorescently labeled with the red lipophilic dye CM-DIL, which upon internalization through
the membrane is transformed into cell membrane-impermeant reaction products. The
uptake was visualized by fluorescent microscopy and measured by flow cytometry after 4
hours of MM-EVs addition to Raw264.7 and HPAECs cell media. To exclude false-positive
signals associated to micelles or aggregates from the analysis of EV internalization analysis,

CM-DIL without EVs was added to media as negative control.

RPMI8226-EVs uptake was assessed by confocal analysis (Leica TCS SP2 AOBS) of
receiving Raw264.7 and HPAECs cells and quantified by flow cytometry analysis of CM-
DIL+ receiving cells. According to results reported in fig. 17A, CM-DIL positive RPMI-EVs
can be internalized in both Raw264.7 cells and HPAECs. The two receiving cell types were
previously stained with CSFE (green) to color the cytoplasm, and the presence of the yellow
fluorescent dots within the cytoplasm represents internalized CM-DIL-positive RPMI8226-
EVs. Notably, the yellow color is due to the contemporary presence of green CSFE in the
cytoplasm and red CM-DIL in the RPMI8226-EVs. As expected, the internalization is
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strongly reduced at 4 °C, indicating that an active, energy-dependent endocytic processes

is involved.

These results were confirmed through a quantitative analysis in flow cytometry, performed
by measuring CM-DIL positive cells in the PE channel. In this case, the recipient cells were
not labeled with the CFSE, thus the flow-cytometry analysis was used to discriminate the
yellow uptaken cells, positive for CM-DIL, from the non-uptaken cells. After 4 hours of
treatment with RPMI8226-EVs, 75,77% of Raw264.7 cells uptook EV at 37°C, but only
4,28% Raw264.7 cells uptook EVs at 4°C. Similarly, 64,31% of HPAEC internalized
RPMI8226-EVs at 37° C, with an almost completely inhibition at 4°C (fig. 17B).
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Figure 17: uptake experiments with MM-EVs from RPMI8226. A) Fluorescent microscopy
analysis on Raw264.7 and HPAECs have been treated with CM-DIL stained MM-EVs for 4 hours
at 37°C or 4°C. Treatment with CM-DIL alone was used as negative control. The images were
obtained by Leica TCS SP2 AOBS and represent the maximum intensity projection of MM-EVs in
target cells. Red fluorescence: MM-EVs labeled with CM-DIL dye; green fluorescence: CFSE+ cell
cytoplasm; Yellow dots: overlapping of green and red signals corresponding to internalized MM-
EVs; blue fluorescence: nuclei with DAPI (63x magnification). B) Flow cytometry analysis confirms
the uptake of MM-EVs labelled with CM-DIL on Raw264.7 and HPAEC. The analysis was
performed by measuring CM-DIL positive cells in the PE channel. Data are expressed as the mean
value +/- SEM. Statistics was carried out by two-tailed t-test: *=p <0.05: **= p<0.001.

3.3 Analysis of the presence of Notch2 in MM-EVs
Due to the importance of Notch signaling to the pathological communication between MM

cells (48) and the healthy population of the BM(48, 139) and to the recently discovered role
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of EVs in cancer cell communication, | wondered if Notch signaling members overexpressed

in MM could be play their role at distance thank to EV-mediated transfer.

In this second part of thesis work, the research was focused on the Notch receptor. Below,
the analysis of the expression of the four Notch receptor isoforms in a panel of seven HMCLs

and the corresponding shed EVs, indicates a higher diffusion of Notch2 (fig.18 and 19).

Fig. 18 reports a western blot analysis performed on cell protein extracts of AMO1, JIN3,
H929, RPMI8226, LP1, KMS12, OPM2 cells and the corresponding EVs isolated from their
CM by ultracentrifugation after 48 hours of culture. To identify the different form of the
receptor including the immature full-length form (Notch-FL), the mature transmembrane
portion (Notch2-TM) and the active cleaved intracellular portion (Notch2-IC) on cells and
vesicular protein samples, primary antibodies specific for Notch2 (recognizing the first two
forms) and for Notch2-IC were used. To control protein loading and purification efficacy was
used B-Actin as a housekeeping protein for cell extracts and TSG101, a cytosolic component
of the ESCRT-I complex, associated with membranes of vesicles as a housekeeping protein

for the vesicular extracts.
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Figure 18: Western blot analysis for Notch2 expression in MM-EVs from 7 HMCLs. Notch2-
FL (full length), Notch2-TM (transmembrane form), and Notch2-IC (active intracellular Notch?2) are
expressed in 7 different HMCL and their shed EVs. B-Actin and TSG101 have been used as loading

controls for cells and vesicle protein extracts, respectively.

The obtained results indicated that the three forms of Notch2 were expressed in MM-EVs.
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The expression levels of the other Notch are reported in fig. 19. We found out that Notchl

is widely expressed, while the expression levels of Notch3 and Notch4 is barely visible.
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Figure 19: Western blot analysis for Notchl, Notch3 and Notch4 expressed in 7 different
HMCLs and their EVs. Notchl is widely expressed in HMCLs and their EVs, while Notch3 and
Notch4 presence is less detectable. B-Actin and TSG101 have been used as loading controls for

cells and vesicle protein extracts, respectively.

The observed high expression levels of Notch2 in MM cell lines and to its overexpression in
patients presenting, at onset, plasma cell leukemia, the most aggressive form of myeloma
(66), prompted me to initially focused my attention on Notch2.
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Due to the heterogenic particle population present in EVs with ultracentrifugation at 110.000
g, composed by large and small vesicles, | wondered which type of vesicles carried Notch2.
To address this issue, the CM of RPMI8226 and OPM2 were sequentially ultracentrifugated
at 20.000 g and at 110.000 g to enrich the pellet with large and small vesicles, respectively.
The western blot analysis reported in fig. 20 suggests that the mature transmembrane
Notch2 (Notch2-TM) and the cleaved intracellular portion of Notch2 (Notch2-1C) are present
in both large and small vesicles of RPMI8226-EV and OPM2-derived EVs (OPM-EVS),
although Notch2-IC is enriched in the small EVs consistently with its localization in the
endocytic pathway which is the source of exosomes, mostly distributed among the small
EVs.
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Figure 20: Western blot analysis for the expression of Notch2 in small and large vesicles.
MM-EVs from RPMI8226 and OPM2 cells were separated by sequential centrifugation at 20.000g
and 110.000g. The expression of the two Notch2 forms was separately assessed using specific
primary antibodies for Notch2 and Notch2-IC; TSG101 was used as controls for vesicle protein

extracts TGS101 was used as housekeeping protein.

3.4 Analysis of the ability of MM-EVs to transfer Notch2 to distant cells
The evidence that Notch?2 is present in MM-EVs cargo prompted me to investigate if it can

be transferred to distant cells via EVs.

To address this issue, we used an EV-mediated cellular communication system in vitro
composed by EV-donor and EV-receiving cells. The EV-donor cells are represented by the
HEK?293 cell line transfected with the plasmid vector pCDNAS3.1 carrying Notch2 tagged with
an amino acid sequence of hemagglutinin (N2-HA; HEK293-N2-HA) at the C-terminus. This
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tag allowed us to discriminate N2-HA from the endogenous Notch2 and to follow its transfer
from donor cells, to shed EVs and receiving cells treated with the purified EVs. HEK293 cells
carrying the empty pcDNA-3.1 were used as mock control. After 48 hours, EVs were isolated
from the transfected donor cells and used to treat receiving HEK293 cells (non-transfected)
for 24 hours.

The protein extracts from donor and receiving cells, and the produced EVs were analyzed
by western blot using an anti-HA primary antibody. Fig. 21 showed that the HA signal is
detectable in donor cells transfected with pCDNAS.1 carrying Notch2, the corresponding
produced EVs and receiving cells. While the signal is absent in negative controls. These
results suggest that Notch2 can be transferred from donor to receiving cells via EVs.

EV Donor cells Receiving cells
HA + - + - + -

Notch2-FL

(300kDa)
B we  Notch2-TM

1 1 (110kDa)

2 TSG101

(43kDa)

a-tubulin
- —J (55kDa)

Figure 21: western blot analysis of Notch2-HA transfer via EVs. The western blot analysis shows
the presence of N2-HA in donor cells N2-HA, in EV-N2-HA, and in receiving cells treated with EV-
N2-HA. Cell and EV protein extracts were analyzed by Western blot using a primary antibody anti-
HA and normalized on a-tubulin and TSG101, respectively. Notch2-IC tagged with HA is indicated
by an asterisk and was identified thank to the hybridization of the same filter with a primary antibody
anti-Notch2-1C (not shown).
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4. MM-EVs INCREASE THE PRO-TUMORIGENIC ACTIVITY OF BONE MARROW
HEALTHY CELLS IN A NOTCH DEPENDENT WAY

The ability of MM-EVs to carry and transfer Notch2 to recipient distant cells, prompted me
to investigate the role of Notch2 in the vesicle-mediated pro-tumorigenic effect.

To understand the role of Notch pathway in MM-EV-mediated communication, Notch2
expression was inhibited in RPMI8226 and OPM2 cells by stable transduction with the
PTRIPZ lentiviral vector that inducible express shRNAs specific for Notch2 gene (MMN2KP)
or a scrambled sequence (MMSCR) as negative control. The MM clones were isolated by
serial dilution and variation in Notch2 expression was assessed by RT-PCR and western
blot analysis specific for Notch receptors following induction with doxycycline (1 ug/ml) (data
not shown). Once identified the most promising clones, HMCLs were treated for 7 days with
doxycycline (1 pg/ml), and in the last 48 hours EVs were isolated by high-speed
ultracentrifugation from both the MMSCR (MM-EVsSCR) and MMN2KP (MM-EVsN2KD),

After a western blot for Notch receptors confirming Notch2 KD, but the lack of effect on the
other Notch receptors, | assessed the effect of Notch2 inhibition in the content of EVs, their
size and concentration. Then, | investigated the role of Notch2 in the pro-tumorigenic role of
MM-EVs, focusing on tumor-osteoclastogenesis and angiogenesis, and assessed if MM-

EVs may induce the activation of Notch signaling in recipient cells.

4.1 Analysis of the effect of Notch2 silencing on MM cell-derived EVs
To confirm the silencing at protein level, a western blot was performed on MMSR and

MMN2KD cell lysates and their derived EVs, MM-EVsSCR and MM-EVsN?KP respectively. The
western blot in fig. 22A shows the effective Notch2 silencing in both RPMI8226 and OPM2,
confirmed by the reduction in the expression of both Notch2-FL and Notch2-TM. Notably,
this effect is visible also in their EVs, suggesting that the vesicles Notch2 protein levels
depend on its amount in the producing cells. We also assessed Notch2-IC expression in
cells and their EVs upon Notch2 inhibition. Ours results suggest that its expression
decreased in OPM2 cells and their shed EVs, while Notch2-IC decrease in EV released
RPMI8226 was not evident (fig. 22B).
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Figure 22: western blot on Notch2 expression on MMS®R and MMN?KP cell lysates and their
derived EVs. a-tubulin and TSG101 were used as controls of loading and purity of cell and vesicles

lysates, respectively. A) Western blot analysis revels the efficiency of inhibition on Notch2-TM both
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in RPMI and OPM2 cells and their shed EVs. B-C) Western blot revealed a decrease in Notch2-IC
in both cell type upon Notch?2 lentiviral silencing, moreover it shows a clear reduction in RPMI8226-
derived EVs (B), while no significant differences are detectable in OPM2-derived EVs (C). EV protein
extract loading was half as cell extracts, therefore, to detect Notch2-IC in cell lysates a short

exposure is shown, while to detect it in EV extracts a long exposure is shown.

Considering the presence of four Notch receptors on MM cells, | performed a western blot
analysis to assess the effect of Notch2 inhibition on Notchl, Notch3 and Notch4 cellular
protein level and the outcome on MM-EVs. As shown in fig. 23, the inhibition of Notch2 did
not affect the expression of the other Notch receptors, suggesting that shRNAs specifically
inhibit the expression of Notch2 both in cells and the derived EVs.
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Figure 23: Western blot for the expression of Notch receptor 1, 3 and 4 in MMSR and MMN2KP
cell and their EVs. The cell lysates and their derived EVs were analyzed for the expression of Notch-
FL and TM of Notch 1, 3, 4. a-tubulin and TSG101 were used as controls of loading and purity of

cell and vesicles lysates, respectively.

Then, | verified if Notch2 KD may affect the size and concentration of the released EVs. The
NTA analysis (fig. 24) on MM-EVsSCR and MM-EVsN?XP showed that Notch2 inhibition did

not significantly affect neither the concentration nor the size of MM-EVs.
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Figure 24: NTA on MM-EVsSR and MM-EVsN?KP. The NTA analysis does not detect significant
changes in concentration and size. D50 is the size point below which 50% of the EVs are contained.
EV concentration was normalized on the starting volume used for the isolation of EVs in each

experiment. Data are expressed as the mean value +/- SEM.

4.2 Analysis of MM-EVs ability to activate Notch pathway in recipient cells
To assess if Notch2 protein carried by MM-EVs may trigger Notch signaling pathway in

receiving cells, we performed a luciferase Notch reporter assay in vitro. In particular, 1
assessed the ability of MM-EVSCR isolated from OPM2 to activate a Notch reporter in HeLa

cells and whether this effect was reduced using MM-EVsN?KD,

In this system, HelLa cells were transiently transfected with pNL2.1[Nluc/Hygro] plasmid,
with a Notch responsive element (6XCLS) controlling the expression of the Nanoluc
luciferase. To normalize the transfection efficiency, | co-transfected with the plasmid
pGL4.54 [luc2/TK], expressing the Firefly Luciferase under the control of a thymidine kinase
promoter. Transfected HeLa cells were treated with MM-EVsSCR and MM-EVsN?KP and after

24 hours the luciferase assay was carried out.

As reported in the graph of fig. 25, MM-EVsSCR increase Notch pathway activation in HeLa
cells of 53% compared the unstimulated HelLa cells, and this EV-mediated effect is reduced

to 25,8% when Hela cells were treated with MM-EVsN2KD,
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Figure 25: luciferase Notch reporter assay on HelLa cells treated with MM-EVsS°R and MM-
EVsN2KD. The graph represents Nanoluc/luciferase activity levels that reflect Notch activation.
Untreated Hela cells (w/o EVS) were used as negative control. Data are expressed as the mean
value +/- SEM. Statistical analysis was carried out by ANOVA and Tukey’s post-test: *=p<0.05.

To validate this result, EVs ability to activate Notch signaling at distant sites was evaluated
in vivo, by injecting MM-EVsSCR and MM-EVsN?KP in transgenic zebrafish embryos obtained
by crossing Tg(T2KTplbglob:hmgbl-mCherry) with Tg(flila:EGFP) (fig. 26). This model
displays GFP+ endothelial cells (green) and express the mCherry protein (red) under the
control of a Notch responsive element. MM-EVsSCR were injected in the duct of Cuvier of
2dpf (days post fertilization) transgenic zebrafish embryos. The representative images in
fig. 25 on the left acquired 4 hours post-injection show that MM-EVs trigger Notch signaling
in the intersegmental vessels, caudal artery and, importantly, in the caudal hematopoietic
tissue (CHT), that represents the main fish hematopoietic organ analogous to human BM
(175). The graph shows the corrected total fluorescence (CTF) measured in the CHT region
of each embryo and demonstrates that MM-EVsSCR induce Notch activation, while MM-

EVsN2KD effect is far less effective.

69



w/o MM-EVs +MM-EVsSCR +MM-EVsN2KD

* % % * % %

800000 7
600000
400000 n

2000004

Corrected total fluorescence (CTF)

Figure 26. In vivo Notch reporter assay. The figure shows activation of Notch signaling in caudal
hematopoietic tissue (CHT) of zebrafish embryos 4 hours after the injection of MM-EVsS‘R and MM-
EVsNZKDP from RPMI8226 cells. Representative pictures of each condition are reported on the upper
panel with 20x and 60x magnification imaged (upper and lower pictures respectively). The graph on
the bottom represents the values of the fluorescence intensity (CTF) measured in the CHT region of
each fish. Data are expressed as the mean values +/- SEM. Statistics by ANOVA and Tukey’s post-
test:***=p<0.0001

4.3 Evaluation of Notch2 role in MM-EVs-mediated osteoclastogenesis and angiogenesis
Considering the crucial role of osteoclastogenesis and angiogenesis for MM progression

and diffusion, | assessed if these processes could be mediated also by MM-EVs. To address
this issue, Raw264.7 cells and HPAECs were treated with MM-EVsSCR and MM-EVsN2KD_ |
performed the experiments of osteoclast differentiation and tube formation assay by treating
target cells with the same amount of EVs isolated from the equivalent volume of CM used
in each experiment as explained in the methods section. The rationale stems out from the

consideration that Notch2 inhibition did not significantly affect the amount of EVs.

To investigate the osteoclastogenic potential of MM-EVs and the involvement of Notch2 in
this process, the monocyte cell line Raw264.7 was treated with suboptimal amount of the
osteoclastogenic chemokine RANKL (30 ng/ml) and MM-EVsSCR or MM-EVsN?KP from the
RPMI8226 cell line. This cell line was chosen since it has osteoclastogenic potential
differently from OPM2 cells. After 7 days of treatment with MM-EVs, OCLs were enumerated

with light microscopy as cells with more than 3 nuclei and positive for the osteolytic enzyme
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tartrate-resistant acid phosphatase (TRAP). The graph reported in fig. 27 shows that MM-
EVsSCR increase Raw264.7 cell differentiation of approximately 275%, while MM-EVsN?KD
lost this ability. The representative picture of TRAP positive OCLs suggests that MM-EVsSCR
not only increased the number of mature OCLs but also their size, and both these features

are reduced with the treatment with MM-EVsN2KD,
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Figure 27: OCLs differentiation assay on the monocyte cell line Raw264.7 treated with MM-
EVsSCR and MM-EVsNKP, The cells were treated in the presence or absence of 30 ng/ml RANKL
and treated or not with MM-EVsS‘R and MM-EVsN?¥P isolated from RPMI8226 cell line. After 7 days
TRAP+ multinucleated cells were enumerated (=3 nuclei) indicated with an arrow in the
representative images. The upper panel shows representative images for each condition (4x
magnification); on the bottom, a graph shows the mean values of the absolute number of TRAP+
multinucleated cells, (+/- SEM). Statistical analysis was performed by a one-way ANOVA with

Tukey’s post-test; *= p < 0.05

To assess the angiogenic potential of MM-EVs and the role of Notch2, | performed a tube
formation assay on HPAEC seeded on a Matrigel layer and treated for 13 hours with MM-
EVsSCR and MM-EVsN?KD, Results indicated that MM-EVsSCR boosted HPAEC ability to
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create a network of tubes, as shown by the increased number of areas (+120% and +286%
respectively for EVs produced by RPMI8226 and OPM2 cells), and branch points (+200%
and +150%). On the contrary, MM-EVsN?KP angiogenic activity was comparable to that of

untreated cells (fig. 28).
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Figure 28: tube formation assay on endothelial cells HPAECs treated with MM-EVsSCR and

MM-EVsNKP For each condition, representative images in the upper panel are shown at 4x

magnification. The bottom graphs show the mean values of areas and branch points +/- SEM.
Statistical analysis by ANOVA and Tukey’s post-test; *= p <0.05; **= p <0.01.
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4.4 Effect of Notch pathway pharmacological blockade on pro-tumorigenic potential of MM-
EVs

To confirm that the pro-tumorigenic effect of MM-EVs depends on Notch signaling activation
boosted by MM-EVs, a pharmacological approach was used. More specifically, the
osteoclastogenesis and angiogenesis assays were performed by treating Raw264.7 cells
and HPAECs with MM-EVs in the presence of 50 uM DAPT, an inhibitor of Notch pathway
activation. DAPT is an inhibitor of y-secretase, a protease complex involved in the proteolytic
cleavage of Notch receptor resulting in its activation.

The graph in fig. 29 clearly shows that the osteoclastogenic effect of MM-EVs from
RPMI8226 cells is almost completely reduced in the presence of DAPT. Although DAPT
could inhibit the endogenous Notch signaling in Raw264.7 cells, its ability to inhibit the
osteoclastogenic effect of MM-EVs was definitively (A OCL formation in the presence or
absence of DAPT= 60%; A OCL formation in the presence of EVs with or without DAPT =
95,5%). This result indicates that the osteoclastogenic effect of MM-EVs correlated

positively with Notch signaling activation in recipient cells.

”0 * * % %
-
I ] 1

OCLs count (3 nucleus)

Figure 29: osteoclast differentiation of Raw267.4 cells treated with MM-EVs in the presence
of DAPT (50 uM). After 7 days TRAP+ multinucleated cells (=3 nuclei) were enumerated. The graph
shows the mean values of TRAP+ multinucleated cells obtained in the different conditions for RANKL
treated subtracted from mean value of the respective Raw264.7 control without RANKL. Data are
expressed as the mean value +/- SEM. Statistical analysis was performed by one-way ANOVA with
Tukey’s post-test; *= p < 0.05; **=p < 0.001
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An analogous experiment with similar results was performed to assess the effect of DAPT
on MM-EVs induced angiogenesis. The graph in fig. 30 shows that Notch activation
blockade significantly affects MM-EVs induced tube organization of HPAECs on a Matrigel
layer. Indeed, the experiments performed for 13 hours with both MM-EVs from OPM2-EVs
and RPMI8226-EVs showed a strongly reduction of the number of areas and branch points
upon treatment with DAPT. Also in this case, the effect of DAPT on MM-EVs-induced
angiogenesis is higher than that on spontaneous angiogenesis. Therefore, these results

confirm that MM-EVs mediated angiogenesis is due to Notch signaling activation in ECs.
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Figure 30: tube formation assay on HPAECs treated with MM-EVs in the presence or absence
of DAPT (50 puM). The graphs show the mean values of areas and branch points +/- SEM. Statistical
analysis was performed by ANOVA and Tukey’s post-test; *= p <0.05, **=p <0.01.

Finally, since the inhibition of Notch pathway could affect cell viability (176), to discern if the
observed effect of DAPT on MM-EV induced angiogenesis and osteoclastogenesis could be
due to a general toxicity of DAPT on ECs and monocytes respectively, and not to a specific
effect on their differentiation, we assessed the possible toxic effect of DAPT on Raw264.7
cells and HPAECSs. To this, | performed a MTT assay in the same experimental conditions
of the biological assays shown in figures 21 and 22, by treating Raw264.7 cells and HPAECs
with 50 uM of DAPT for 7 days and 13 hours, respectively. According to the results in fig.
31, DAPT induced a slight reduction of cell viability (-16% in HPAECs and -26% in Raw264.7
cells) that does not explain the higher effects on MM-EVs-induced angiogenesis and

osteoclastogenesis.
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Figure 31: MTT assay on Raw264.7 cells and HPAECs treated with DAPT 50 uM. The data were
expressed as percentage of mean values +/- SEM of treated respect non treated cells. Data are
expressed as the. The statistical analysis carried out with one-tailed t-test did not detect any

statistically significant difference.

4.5 Effect of Notch pathway pharmacological blockade on pro-tumorigenic potential of EVs
from the BM of MM patients

To strength the obtained in vitro results concerning the role of Notch in the pathogenic effect
of MM-EVs on osteoclastogenesis and angiogenesis, and to verify if a Notch directed
treatment can be effective also in a more complex and realistic context, the functional assays
were repeated in the presence or the absence of EVs purified from the BM of MM patients
with MM (MM-BM-EVs) or the benign form of monoclonal gammopathy of uncertain
significance (MGUS-BM-EVs), with or without DAPT.

To assess the angiogenic potential of BM-derived EVs, | performed a 13 hours-tube
formation assay by treating HPAEC seeded on a Matrigel layers in the presence of MGUS-
BM-EVs (n=6) or MM-BM-EV (n=12), with or without DAPT 50 uM. According to the results
in fig. 32, MM-BM-EVs significantly increased the angiogenic potential of HPAECS,
confirmed by the increased number of areas (590%) and branch points (810%) compared
to the negative control, and this effect is reduced in the presence of DAPT. On the contrary,
MGUS-BM-EVs from patients with the benignant early stage of MM, did not have a
significant effect on the angiogenic potential of ECs and, interestingly, DAPT did not affects
the angiogenic effect of MGUS-BM-EV on ECs. These results suggest that the angiogenic
potential of MM-BM-EVs is Notch mediated and correlate with the MM progression since
DAPT did not affect the effect mediated by MGUS-BM-EVs. These results are coherent with
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the angiogenic switch occurring in the BM during the progression from MGUS to MM stage

and the increase expression of Notch increased expression.
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Figure 32: Tube formation assay on HPAEC treated with BM-derived EVs of MM patients at
different stage of disease. HPAEC were treated with EVs isolated from the BM of MGUS (MGUS-
BM-EVs) (n=6) and MM patients (MM-BM-EVs) (n=12) in the presence or absence of DAPT (50 pM).
The graphs show the mean values of areas and branch points +/- SEM. Statistical analysis was
performed by ANOVA and Tukey’s post-test; **= p <0.01; ***= p <0.001

Overall, these results suggest that the angiogenic and osteoclastogenic effect of MM-BM-
EVs may be mediated by Notch pathway and the that a Notch-directed pharmacological
approach may be effective to inhibit the pathological role of EV-mediated communication in
MM.
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DISCUSSION AND CONCLUSIONS

Multiple Myeloma (MM) is a still uncurable disease, mainly due to the localization of
malignant plasma cells in bone marrow (BM) where they establish pathological
communication with the resident healthy cell population. This aberrant interplay promotes
neoplastic cell growth and survival and induces the supportive behavior of BM cells in the
tumor progression (177). Indeed, the transition from the benign Monoclonal Gammopathy
of Undetermined Significance (MGUS) to overt MM relies also on the increasing
dependence from the BM microenvironment (177); this therefore becomes an important

target for anti-tumor therapeutic approaches.

Current evidence indicates that the pathological crosstalk between MM cells and the nearby
BM cells may be mediated by direct cell-cell contact or the release of pro-tumoral soluble
factors (114, 178).

Among the pathway involved in cellular communication, Notch signaling pathway plays a
crucial role in physiological and pathological processes mediating direct cell-cell

communication (114).

In MM, Notch pathway mediated direct interaction plays a key role in the pathogenesis of
the disease due to the overexpression of ligands Jaggedl and 2, and the receptor Notch2
(114). In particular, Jagged1 expression increases during the transition from MGUS to MM
(65), while Jagged?2 deregulation occurs in the early benign MGUS phase thus playing a key
role in MM pathogenesis (68). Notch2 gene is overexpressed in MM cells derived from high-
risk patients. Indeed, it is reported to be a MAF target gene, associated to the antiapoptotic
effect (66).

The homotypic Notch pathway activation in MM cells leads to the inhibition of apoptotic
pathway, proliferation, and drug resistance of tumor cells (71). Moreover, malignant plasma
cells trigger Notch signaling activation in the BM niche leading to tumor growth,

osteoclastogenesis, drug resistance and angiogenesis (76-78).

Among the mechanism of cellular interaction, the release of extracellular vesicles (EVS) in
the extracellular space has been described as a new crucial mechanism in tumor
progression and metastasis thanks to their ability to transfer molecular messengers between

distant cells. In MM, specific miRNAs and proteins carried by circulating EVs have been
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proposed as biomarker of disease progression (111, 179, 180). Moreover, EVs promote
different events associated with MM progression, increasing its aggressiveness by
sustaining key processes such as angiogenesis, osteoclastogenesis, immune escape and
the drug resistance(173), thus increasing the aggressiveness of the disease and
representing a new promising therapeutic target in MM (180).

To dissect the complexity of the cellular communication in the myeloma BM
microenvironment, in this thesis | focused on the role of Notch pathway in crucial pro-
tumorigenic processes in active MM progression considering different mechanism of
interaction, i.e. communication mediated by direct cell-cell interaction, release of soluble
factors and EV-mediated transfer of tumorigenic factors. In particular, | explored the
contribution of the direct cell-cell interaction mediated by ligands Jagged 1 and 2 in MM-
associated angiogenesis and the role of Notch pathway in MM-EVs induced angiogenesis

and osteoclastogenesis at long-distance.

1. MM CELLS INDUCE ANGIOGENESIS IN A JAGGED 1/2 MEDIATED WAY
The angiogenic switch is a key event of MM progression occurring in the myeloma-BM, and
it is associated to MM patient’s poor prognosis and MM progression (181). Indeed, the
increased BM total microvessel density supports tumor cells growth by providing nutrients
and oxygen, and favoring tumor spread and dissemination. Accordingly, endothelial cells
(ECs) from MM patients display an angiogenic phenotype compared to MGUS patients
(181).

The role of Notch signaling in physiologic and tumor angiogenesis displays a specific pattern
among tip and stalk cells. Upon the vascular endothelial growth factor (VEGF) stimulation,
DLL4 regulates the differentiation of tip cells and Notch2 activation in stalk cells, that in turn
express Jaggedl which positively regulate the angiogenesis by leading to the formation of
the vascular lumen and inhibiting the DLL4-Notch axis (155). Indeed, the downregulation of
Notch with a specific decoy peptide causes the reduction of EC angiogenic activity (182)
suggesting that MM-derived Jagged might play a key role in promoting MM-associated

angiogenesis.

In MM microenvironment, Notch activation in the endothelium may be triggered by
homotypic activation between ECs as well as the heterotypic interaction mediated by the
hyperexpression of Jaggedl and 2 ligands (160). Indeed, previous results of my research

group in collaboration with Prof. Vacca’'s teams demonstrated that the ex vivo Notch
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signaling activation in ECs induces their angiogenic potential (160) and that Jagged-derived

MM cells may induce heterotypic activation of Notch in ECs.

This evidence prompted me to better elucidate the mechanism underlaying the angiogenesis
mediated by cell-derived Jagged ligands. We reasoned that could be involved two
mechanisms: 1) the direct stimulation of ECs and 2) their role in the angiogenic potential of
the BM stromal cells (BMSCs).

To study the direct stimulation of ECs, we considered that MM-derived Jagged may induce
EC differentiation by directly triggering the angiogenic Notch signaling or boosting the

secretion of MM-derived angiogenic factors.

The silencing of Jaggedl and 2 expressions in MM cell lines RPMI8226 and OPM2
demonstrated that the angiogenic potential of MM cells was Notch mediated and relied on

the direct cell-to-cell contact as well as the release of soluble tumor-derived factors.

The administration of Jaggedl and 2 peptides allowed us to discriminate the two
mechanisms involved. Indeed, their angiogenic effect demonstrated that soluble ligands
could trigger the activation of Notch signaling in ECs stimulating angiogenesis. On the other
side, the ability of the conditioned medium (CM) from HMCLsSCRto induce the tube formation
of HPAECSs clearly demonstrated that MM cells induce the angiogenesis by releasing soluble
factors. This process was mediated by Jagged1/2 since their inhibition negatively affected
the angiogenic potential of ECs. MM-derived VEGF-A was identified as a Notch-dependent
angiogenic soluble factor released upon Jagged-mediated Notch signaling activation. As a
matter of fact, its mMRNA and protein level were inhibited by Jaggedl and 2 knock down
(KD).

Since MM cells have been reported to induce a different supportive pro-tumoral behavior of
BMSCs in a Notch mediated way (71, 76, 77), we also explored the effect of MM-derived
Jagged on the angiogenic potential of BMSCs.

To this purpose, HPAECs were treated with the CM of HS5 alone or pre-conditioned with
HMCLSSCR or HMCLsV2KP after 48h-co-culture. As expected, the CM from HS5 showed an
angiogenic effect on ECs consistently with the supportive role of BMSC in the angiogenic
process in myeloma microenvironment (183), but, in addition, we observed that their
potential was boosted when they were in co-culture with HMCLSSCR. This effect was

dependent on the MM-cell-derived Jagged ligands ability to activate Notch signaling in the
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BMSCs. As a matter of fact, Jagged1 and 2 inhibition in HMCLSs reduced the ability to trigger
Notch signaling in the BMSCs and the stimulation of their angiogenic activity. Additionally,
since VEGF-A is mainly released from BMSCs in the BM (184), we investigated if Notch
signaling, activated by the MM cell-derived Jagged ligands, was associated with an increase
in VEGF-A secretion by the BMSCs. Our results confirmed this hypothesis since HMCLsSCR
induce the secretion of VEGF-A by the BMSCs, but HMCLs2KD |ost this ability.

In conclusion, the first part of thesis work provides a new tassel to the picture of the complex
interaction between MM cells and the BM cell populations, showing that the aberrant Jagged
expression in MM cells contribute to stimulate the angiogenic process by promoting the
release of VEGF-A by MM cells and BMSCs or by directly triggering the Notch pathway in
ECs. This evidence strengthens the crucial role of Notch pathway in the “education” of the
BM niche to assume a supportive behavior promoting tumor growth; thus, hampering this

Notch mediated pathological interaction could be a valid therapeutic strategy.

This work contributed to better characterize the role of Notch signaling activated by Jagged
ligands in the education of BM microenvironment specifically focusing on the mechanisms
involved in MM-associated angiogenesis and resulted in the publication of a paper on

Cancers in which I am co-first author (Palano et al., Cancers 2020).

2. NOTCH PATHWAY IN THE EV-MEDIATED COMMUNICATION
The results obtained during this thesis work on the role of Notch signaling in myeloma-

associated angiogenesis (78), previous results of my research group demonstrating the
ability of MM cells to induce both angiogenesis (160) and osteoclastogenesis in a Notch
dependent way (77), together with the evidence that myeloma EVs also promote
osteoclastogenesis (142-145, 185) and angiogenesis (163, 168) prompted me to wonder if
Notch effects on these two features of MM progression may be mediated by EVs shed by
MM cells (MM-EVS).

My first question concerned if Notch signaling could be delivered by MM-EVs. | reasoned
that, in this case, Notch signaling receptors or ligands should have been carried in MM-EV
cargo. An increasing number of scientific data reported the presence of Notch pathway
members in the cargo of EVs shed from different cell types. Two different groups
demonstrated that DLL4 ligand can be carried by endothelial exosomes as new mechanism
for the regulation of the tip cells (186, 187). Jagged1 has been reported to be present in EVs
from different cancer cell lines such as melanoma cell lines (188). Finally, Wang et al.
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demonstrated that Notch2 receptor are enclosed within ARMMs (arrestin domain-containing
protein 1 (ARRDC1)-mediated microvesicles), which are able to bud directly by the plasma

membrane (189).

My results demonstrated for the first time the presence of the Notch receptors in MM-EVs.
In particular, the western blot analysis on EVs shed from seven MM cell lines revealed the
presence of the four isoforms of Notch receptors, suggesting that Notchl and Notch2 are
the most expressed in MM-EVs, while Notch3 and Notch4 are barely present. This research
focused on Notch2, since it is the most expressed in MM cell lines, and it is associated with
high-risk MM patients (66, 71). MM-EVs showed to express the Notch2-TM and the
immature, uncleaved Notch2-FL present in the Golgi apparatus and, importantly, they carry
also Notch2-IC, giving the first evidence that MM-EVs may deliver the activated form of
Notch2 which might directly activate the transcription of the Notch target genes into the

nucleus.

This suggests that MM-EVs may deliver both the mature form of Notch2 that still requires
the activation mediated by Notch ligands and the active form of Notch2 which does not
requires the interaction with Notch ligands and cleavage by ADAM protease and y-

Secretase.

Since the EVs population is composed by exosomes and microvesicles and both of them
have been reported to carry Notchl (190, 191), we investigated which type of vesicles

carries Notch2.

We found out that Notch2 was carried both by large particles and small particles (isolated at
20.000xg or 110.000xg, respectively). Although the limit of our examination that did not allow
to discriminate the origin of the different EV population on the basis of their dimension, these
results suggest that Notch2 could be carried by microvesicles (usually composed by larger
particles), as reported also by Wang et al. (189), but also in exosomes, presumably enriched

in small vesicles.

In the light of this evidence, we aimed to understand the possible molecular and functional
outcomes of the presence of Notch2 in MM-EVs. In particular, | investigated if Notch2 could
induce the osteoclastogenesis and angiogenesis mediated by the long-distance
communication of EVs, by activating the Notch signaling in the recipient cells.
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To address this issue, firstly, we assessed if MM-EVs could be internalized in Raw264.7
cells and Human Pulmonary Artery Endothelial Cells (HPAEC), used as OCL and EC
models respectively. To visualize the uptake, MM-EVs were labeled with the fluorescent
CM-Dil, which allowed us to follow the vesicles internalization in two different ways. Indeed,
flow cytometry and Z-stack confocal analysis showed that CM-Dil positive EVs can be
internalized in the two cell models after 4 hours. The almost absence of internalization at 4
°C demonstrated that an active process is involved. This data obtained on OCL progenitors
and ECs is coherent with the literature. Indeed, the internalization of MM-EVs requires the
endocytic mechanism of uptake especially through a caveolin-dependent endocytosis and

partially through macropinocytosis and membrane fusion (192).

More importantly, | demonstrated that not only MM-EVs carry Notch2 as a cargo, but they
can transfer it to recipient cells. To assess this point, we set up an experimental system of
cellular communication mediated by EVs composed by donor and receiving cells that do not
share any contact. This model is composed of HEK293 cells forced to express Notch2
tagged with HA, allowing to follow of N2-HA transfer from donor cells, to EVs and receiving
cells. In this system, we confirmed that high level of Notch2-TM is present in EVs, while
Notch2-FL is visible at lower level. On the contrary, Notch2-IC form was not detectable in
HEK293-derived EVs, maybe because of the lower level of Notch activation in HEK293 cells
in comparison to HMCLs. The transmembrane form of N2-HA is clearly visible in recipient
HEK293 cells, that also showed a faint band corresponding to ICN2, consistently with a

slight Notch2-HA activation in recipient cells after the EVs uptake.

To characterize the role of Notch pathway in EV-mediated communication with the BM cell
populations, Notch2 expression was KD in RPMI8226 and OPM2 cell lines by using an
inducible lentiviral vector carrying a specific ShRNA against Notch2. Upon Notch2 KD, we
confirmed that its protein expression decreased in MM cells and, interestingly, also in MM-
EVs. Therefore, | demonstrated that it was possible to reduce the amount of Notch2 in MM-
EV by RNA interfering in producing HMCLSs.

To investigate if MM-EVs might activate Notch pathway in recipient cells, two different Notch
reporter systems were used. The first in vitro reporter assay relied on HeLa cells transfected
with a Nanoluc-expressing Notch reporter vector. These cells were treated with MM-EVsSCR
or MM-EVsN?KP| The analysis of the luminescent signal of Nanoluc suggested that MM-

EVsSCR might activate Notch signaling. On the contrary, MM-EVsN?XP induced a significantly
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lower activation, demonstrating that the MM-EV-mediated activation of Notch signaling

relied on vesicular Notch2 expression.

This in vitro result was strengthened by the evidence that the injection of MM-EVSCR in a
transgenic zebrafish embryo reporter for Notch pathway activation increases considerably
the Notch signaling in recipient cells, mainly in the caudal hematopoietic tissue (CHT), which
represents the main Zebrafish hematopoietic organ, analogously to the human BM (175)
The evidence that Notch activation in recipient zebrafish cells was almost lost when MM-

EVN2KD were injected, indicated that this effect depended on Notch2 carried by EVs.

These results show that MM-EVs injected in the duct of Cuvier may exploit the fish circulation
to induce Notch signaling activation at distant sites (interestingly analogous to human BM),
confirming their ability to deliver tumor-deriving message at distant sites and suggesting the
possible role of MM-EVs in the metastatic process.

Accordingly, the role of EVs in the reprogramming of cells at distant sites has been largely
described. In particular, Peinando et al. (94) showed that exosomes from metastatic
melanoma cells can increase the metastatic behavior of primary tumors by reprogramming
the BM niche via transferring MET receptor favoring a pro-vasculogenic phenotype of
BMSCs. Much more interesting, Notch signaling activation in pancreatic cancer cells
enhances the release of a premetastatic secretome trafficking via exosomes (193). In the
same way, MM-EVs could favor the dissemination of MM cells by reprogramming the Notch

signaling in distant BM sites. We will explore this hypothesis in a future work.

The evidence that MM-EVs may carry Notch2 originated by MM cells, and the role of this
oncogene in angiogenesis and osteoclastogenesis prompted me to investigated if MM-EVs
might direct these two processes in ECs and OCLs in a Notch dependent way. | found out
that EVs shed from MM cells RPMI8226 and OPM2 can increase the number and the size
of multinucleated OCLs and the ability of ECs to create a network of vessels on a Matrigel

layer in vitro.

These results were coherent with literature data. Indeed, MM-EVs are reported to carry
different molecules such as UPR signaling molecules (142), AREG (143), IL32 (185) able to
directly regulate the osteoclast differentiation leading to the sprouting of osteolytic lesions.
Moreover, the angiogenic effect of MM-EVs has been reported to be mediated also by the

transfer of angiogenic factors such as VEGF, angiogenin, fibroblast growth factor (FGF),
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Serpin E1, TIMP-1 and Platelet-Derived Growth Factor (PDGF) (122, 166) or molecular
messengers like miR-135b (163).

The results of our inhibitory approach suggest that among the osteoclastogenic and
angiogenic factors carried by MM-EVs, vesicular Notch also plays a significant role. As a
matter of fact, MM-EVsN?KP display a significantly lower impact in vitro on both angiogenesis
and osteoclastogenesis. Interestingly, we verified that Notch2 KD in HMCLs did not interfere
with EVs size and concentration, allowing us to exclude their possible involvement in the

biological outcomes.

To demonstrate that the pathological effect mediated by MM-EVs on the BM cell populations
may be inhibited by an already available anti-Notch drugs, | used a pan-Notch inhibitory
small molecule which blocks the y-Secretase mediated cleavage of Notch receptor, thus

inhibiting the formation of the active oncogenic form.

The results obtained with DAPT demonstrated that the inhibition of the MM-EVs mediated
Notch activation significantly hampers osteoclastogenesis and angiogenesis widely
overcoming the effect of endogenous Notch signaling. | could also exclude that the effect of
DAPT could be due to inhibition of cell viability, which, although present, is very low in

comparison to the outcomes on osteoclastogenesis and angiogenesis.

Finally, the translational relevance of these results has been further strengthened by the
ability of DAPT to reduce the pro-tumorigenic effect of EVs derived from the BM aspirates
of MM patients (MM-BM-EVs). As a matter of fact, although BM-EVs increase significantly
the angiogenic potential of HPAECSs, these biological effects are reduced in the presence of
DAPT.

Interestingly, we also measured the pro-angiogenic effect of EVs from the BM aspirates of
benignant MGUS patients (MGUS-BM-EVs) and verified that it is not affected by presence
of DAPT which displayed only a basal effect on the endogenous Notch signaling. These
results are consistent with the increased expression of Notch pathway members in the

transition from the MGUS to MM and its association with the angiogenic switch.

It should be noted that this result confirms the efficacy of a pharmacological approach
directed to the vesicular Notch2 also on the complex EV mixture present in the BM

microenvironment of MM patients, which is composed by MM-EVs but also by EVs released
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from the surrounding BM populations that provide an important contribution to MM

progression (194-196).

Although this approach requires further investigations, these results suggest that it is
possible to target the pathological communication between MM cells and the surrounding

microenvironment mediated by EVs using a Notch inhibitory approach.

In conclusion, this work of thesis furthered the central role of Notch pathway in shaping the
MM microenvironment also through a cellular communication mediated by tumor-derived
EVs. In addition, we provided evidence of an alternative long-distance communication of
MM cells mediated by shed EVs.

The pro-tumorigenic activity of MM-EVs along with their ability to activate Notch signaling at
distant sites suggests that the MM-EVs could have a role in “educating” distant BM sites to
support the spread of the osteolytic lesions which represents a key feature in the poor
prognosis of MM patients. Indeed, we can hypothesize that the dissemination of MM cells
could be favored by the modulation of the vessel permeability and their new aberrant
angiogenesis, leading to the extravasation of tumor cells and their localization at distant BM

sites by making space through the induction of osteolysis and destruction of the bone matrix.

The study on MM-EVs, together with previously evidence concerning the pathological role
of Notch mediated communication via direct cell contact or soluble factors, that | contributed
to obtain in collaboration with the group where | have conducted my PhD studies, indicate
that targeting the interaction between the ligands and Notch receptors pathway could be a

valid therapeutic strategy to hamper MM progression and aggressiveness.

| showed that a pharmacological approach with y—Secretase inhibitors (GSIs) is effective in
downregulating Notch activation mediated by MM-EVs. The experiments conducted in the
presence of DAPT represent a first proof-of-concept of the efficacy of a Notch inhibitory
approach that should lead to future investigation on a more specific inhibition of Notch2.

Indeed, although the GSls drugs efficiently inhibited the Notch pathway activation, their
effect is not specific since the y-secretase is involved in the regulation of other substrates
such as E-cadherin, N-cadherin and syndecan-3, ErbB4 and CD44 (197, 198) and even
more importantly, GSls inhibit the activation of all the four Notch isoforms, thereby affecting
all the physiologic functions mediated by the Notch pathway resulting in the adverse effects

as weakness, skin disorders, headache, hypophosphatemia and severe gastrointestinal
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toxicity(199). A more specific effect could be obtained with the use of selectively inhibitors
of the receptor activity with monoclonal antibody such as OMP-59R5 (Tarextumab,
OncoMed Pharmaceuticals-GlaxoSmithKline), which targets selectively Notch2 and 3
receptors (200). Additionally, in the laboratory where | attended my PhD program recently
identified a first set of small molecules disrupting the interaction between Jagged ligands
and Notch receptors (201), an approach that according to Kagsmaskin et al. (202, 203)
should be far less toxic that pan Notch inhibition. Finally, the approach shown in this work,
based on the use of and anti-Notch2 shRNA, provides an indication that the new emerging
therapeutic approach based on the use of RNA-based drugs(204) may represent a new

possible future approach to selectively target the Notch2 expression in MM cells.
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DISSEMINATION OF RESULTS
To successfully disseminate the results of my PhD project, | aimed to target the scientific

community.

During my PhD, | divulgated my results on the role of Jagged ligands in MM-associated
angiogenesis and on the emerging role of EVs in myeloma progression through open-
access publications on international journals. Indeed, | am first co-author in the original
paper published on Cancers entitled “Jagged Ligands Enhance the Pro-Angiogenic Activity
of Multiple Myeloma Cells”; | am also first author of an original manuscript entitled
“Extracellular vesicles mediate the communication between multiple myeloma and bone
marrow microenvironment in a NOTCH dependent way”, concerning the role of Notch
pathway in the pro-tumorigenic role of EVs, which has been accepted for the publication to

the journal Haematologica.

To further stress the role of EVs in the pathological pro-tumoral mechanisms and
encouraging further studies in this new promising field of cellular communication, |
contributed to the review “Extracellular Vesicles Enhance Multiple Myeloma Metastatic
Dissemination”, (Colombo M, Giannandrea et al., Int J Mol Sci. 2019), and wrote a review
with my research group entitled “Restoring Tissue Homeostasis at Metastatic Sites: A
Focus on Extracellular Vesicles in Bone Metastasis” (Giannandrea et al., Front Oncol.
2021) to recapitulate the scientific data supporting the importance of EVs in myeloma and

in the bone metastasis process, as new promising therapeutic targets.

To further disseminate the results, during my PhD, | discussed my results in the presence

of experts of the field, participating to the following international congress:

e Giannandrea et al.,, “The role of NOTCH2 in the extracellular vesicles-mediated
angiogenesis and osteoclastogenesis in multiple myeloma”. Oral presentation at the
Young Scientist Meeting: “Molecular Pathology: from bench to bedside” organized by
the “Societa Italiana di Patologia e Medicina traslazionale” (SIPmet), Perugia,
December 2021.

e Giannandrea et al., “The role of Notch pathway in the pro-tumorigenic activity of
extracellular vesicles in multiple myeloma”. Oral presentation at the annual meeting

of International Society of extracellular vesicles (ISEV), May 2021
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e Giannandrea et al., “Targeting extracellular vesicles in multiple myeloma: a new role
for the Notch pathway”. Oral presentation at the congress of the Italian society of
extracellular vesicles (EVITA), Palermo, November 2019

| also presented my scientific data to the researchers and clinicians belonging to the annual

congress of the Department of Health Science (DISS) where | belonged to:

e Giannandrea et al., “The role of NOTCH2 in the Extracellular vesicles mediated
communication in  Multiple Myeloma: a focus on angiogenesis and
osteoclastogenesis”. Poster presentation at the DISS congress, Milano, November
2021

e Giannandrea et al., “The key role of Jagged1 and Jagged2 in promoting the
angiogenic process in multiple myeloma”. Poster presentation at the DISS congress,
Milano, November 2020.

e Giannandrea et al., “Extracellular vesicles-mediated communication in remodeling
multiple myeloma microenvironment: a new role for the Notch pathway”. Poster
presentation at the DISS congress, Milano, November 2019

Moreover, during the first year | have presented my first data participating to monthly
scientific initiative (Breakfast Meetings) organized by the Dept of Health Science.

Finally, in the occasion of the final thesis defense, | am going to share of my results by taking
advantages of the web site of Dept of Health Sciences http://www.diss.unimi.it/ecm/home,

in order to keep updated the local scientific community about my research.
Summary

English: Multiple myeloma is a still uncurable tumor of B cells. Malignant B cells can migrate
in the bone marrow where they found a supportive microenvironment. Myeloma cells can
induce the healthy cells to favor tumor progression by different type of cellular
communication that may include the direct contact through the Notch pathway or the
packaging of molecular signals in small lipid bodies named extracellular vesicles. The
extracellular vesicles, thanks to their ability to reach long distance through the blood
circulation, mediate tumorigenic processes essential in myeloma progression, such as
angiogenesis, osteoclastogenesis, drug resistance and immune escape. In this thesis, |
elucidated the effect of Notch in the formation of new vessels, used from tumor cells to obtain

oxygen and nutrients. | found out that Notch can be carried by tumor-derived vesicles
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promoting not only the angiogenesis but also the creation of bone lesions, which mainly

affect the quality of life of patients.

This thesis contributes to provide new information regarding the role of Notch in the bone
marrow microenvironment and on the effect of extracellular vesicles in myeloma

progression, representing a promising target for a new pharmacological approach.

Italian: Il mieloma multiplo € un tumore incurabile causato da mutazioni nei linfociti B in
grado di migrare nel midollo osseo, dove trovano un ambiente favorevole contribuendo alla
progressione del mieloma. Le cellule tumorali favoriscono il supporto alla sua crescita da
parte della componente sana midollare, tramite interazione diretta mediata dalla
segnalazione di Notch o il rilascio di vescicole extracellulari in grado di trasferire informazioni
molecolari anche in siti distanti favorendo processi cruciali quali angiogenesi,
osteoclastogenesi, resistenza farmacologica ed evasione dalla sorveglianza immunitaria. In
guesta tesi, ci siamo concentrati sulla capacita di Notch di indurre la formazione di nuovi
vasi, quale aspetto importante nella progressione tumorale. Inoltre, abbiamo indagato se
esso potesse agire anche a distanza tramite trasporto nelle vescicole, mediando non solo
'angiogenesi ma anche l'osteoclastogenesi, importante per la formazione delle lesioni
ossee caratterizzanti i pazienti con mieloma. I risultati da noi ottenuti non solo incrementano
le conoscenze sul ruolo chiave di Notch nel microambiente tumorale, anche come mediatore
dell’effetto pro-tumorale delle vescicole, ma pongono le basi per lo sviluppo di una terapia

farmacologica finalizzata a bloccare la comunicazione vescicolare mediata da Notch.
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APPENDIX

e Published paper entitled “ Jagged Ligands Enhance the Pro-Angiogenic Activity of
Multiple Myeloma Cells”

e Manuscript accepted for the publication on Haematologica entitled “Extracellular
vesicles mediate the communication between multiple myeloma and bone marrow

microenvironment in a NOTCH dependent way”.
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Simple Summary: The Jagged family of ligands are aberrantly expressed during multiple myeloma
progression and contributes to activate Notch signaling both in myeloma cells and in the nearby bone
marrow cell populations activating several pro-tumor effects. This work elucidates, in vitro, in vivo as
well as in patients” bone marrow biopsies, different mechanisms by which tumor cell-derived Jagged1
and 2 contribute to myeloma-associated angiogenesis. These include the ability to induce myeloma
and bone marrow stromal cell secretion of VEGF along with a direct activation of the pro-angiogenic
Notch signaling pathway in endothelial cells. This research provides a rational for a Jagged-directed
therapy in multiple myeloma.

Abstract: Multiple myeloma (MM) is an incurable plasma cell malignancy arising primarily within
the bone marrow (BM). During MM progression, different modifications occur in the tumor cells and
BM microenvironment, including the angiogenic shift characterized by the increased capability of
endothelial cells to organize a network, migrate and express angiogenic factors, including vascular
endothelial growth factor (VEGF). Here, we studied the functional outcome of the dysregulation
of Notch ligands, Jaggedl and Jagged2, occurring during disease progression, on the angiogenic
potential of MM cells and BM stromal cells (BMSCs). Jagged1-2 expression was modulated by
RNA interference or soluble peptide administration, and the effects on the MM cell lines’ ability to
induce human pulmonary artery cells (HPAECs) angiogenesis or to indirectly increase the BMSC
angiogenic potential was analyzed in vitro; in vivo validation was performed on a zebrafish model
and MM patients’ BM biopsies. Overall, our results indicate that the MM-derived Jagged ligands (1)
increase the tumor cell angiogenic potential by directly triggering Notch activation in the HPAECs or
stimulating the release of angiogenic factors, i.e., VEGF; and (2) stimulate the BMSCs to promote
angiogenesis through VEGF secretion. The observed pro-angiogenic effect of Notch activation in
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the BM during MM progression provides further evidence of the potential of a therapy targeting the
Jagged ligands.

Keywords: multiple myeloma; angiogenesis; Notch; Jagged; VEGF; bone marrow stromal cells

1. Introduction

Multiple myeloma (MM) is a plasma cell malignancy mainly settled in the bone marrow (BM)
where it establishes tight communication with the stromal cell populations, including BM stromal cells
(BMSCs) and endothelial cells (ECs), and promotes a pro-tumor microenvironment (TME), inducing
the angiogenic switch [1] and favoring MM growth and progression [2].

MM may rise as an asymptomatic monoclonal gammopathy of undetermined significance (MGUS),
a benign avascular phase of the disease [3]. The progression from MGUS to MM is characterized by
clonal expansion of tumor cells within the BM (infiltrating a cell number higher than 10%) and it is
coupled with an angiogenic switch that brings forth neo-vessels formation throughout the BM [4].
Consistently, MM-associated endothelial cells (MM-ECs) differ from MGUS-ECs due to their higher
intrinsic angiogenic capability [5,6].

Increasing evidence supports the role of the Notch pathway in MM progression [7]. Notch is
composed of four trans-membrane receptors (Notchl to 4) and 2 classes of ligands, named Delta-like
(D111, 3 and 4) and Jagged (Jagged1 and 2) [8]. The interaction between the ligand and receptor induces
two proteolytic cleavages that releases the intracellular portion of Notch, which in turn activates the
transcription of the Notch-responsive genes [9].

The Notch pathway plays a relevant role in MM development and progression, mediating the
communication between the MM cells and the surrounding cell population of the BM microenvironment,
including the BMSCs [10,11] and osteoclasts [12]. This interplay is possibly due to the increased
expression of the Jagged ligands on the MM cell surface. Specifically, Jagged? is already expressed
at higher levels in the benign MGUS phase [13], while Jagged1 upregulation occurs later during the
progression to the symptomatic MM [14]. Jagged ligands’ increase leads to the aberrant activation of
the Notch signaling, not only in MM cells through homotypic interaction, but also in the surrounding
BM cells via heterotypic interaction [10,11].

Notch signaling is also involved in physiologic and tumor angiogenesis [15-18] in coordination
with the vascular endothelial growth factor (VEGF)-VEGER axis [19]. The angiogenic switch in MM,
characterized by an increased BM microvessel density (MVD), is associated with a poor prognosis [20]
and represents a major event in tumor progression, resulting in increased availability of nutrients and
oxygen, necessary for MM cell proliferation, the release of angiocrine factors from the newly formed
vessels and a possible way for tumor spread [21].

We recently demonstrated that MM angiogenesis relies on the activation of the Notch pathway in
MM-ECs. Notch signaling in MM-ECs is due to the increased expression of the Notch receptor and
ligands, resulting in homotypic Notch activation [6]. On the other side, we also observed that MM
cell-derived Jagged ligands represents an important source of Notch signaling activation in ECs [6].

In this work, we explored the impact of the aberrant expression of MM-derived Jaggedl and
Jagged2 on MM angiogenesis, dissecting their contribution on the angiogenic potential of MM-ECs
and BMSCs. Moreover, we investigated the mechanisms mediated by the release of angiogenic factors
as well as the direct cell-cell interaction.
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2. Results

2.1. Myeloma Cell-Derived Jagged Ligands Requ Late Myeloma Cell Angiogenic Potential

To assess the involvement of MM cell-derived Jagged ligands in angiogenesis promotion,
we knocked down (KD) the ligands in two human myeloma cell lines (HMCLs), namely RPMI8226 and

30f18

OPM2, by using siRNAs targeting Jagged1 or Jagged2 (HMCLsXP) or the corresponding scrambled
siRNA as the control (HMCLs5R), as previously reported [6,10]. We assessed the KD efficacy on

Jagged1 and 2 mRNA as well as on the Notch transcriptional targets by using quantitative qRT-PCR
(Figure 1A, upper panel) and confirmed the downregulation of the corresponding protein levels by

Western blotting (Figure 1A, lower panel).
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Figure 1. Multiple myeloma (MM) cell-derived Jagged promotes angiogenesis: (A) Up: Jaggedl and
2 knock-down (KD) efficiency in RPMI8226XP and OPM2XP cells was obtained by qRT-PCR assay
of the relative gene expression variation (normalized to GAPDH) of Jaggedl and Jagged2 and the

Notch target gene HES6, calculated by the 2722Ct formula. Data are expressed as the mean value + SD.
Down: Western blot analysis of Jagged1 and Jagged2 in HMCLsS“R or HCMLsXP. Protein loading was
normalized to -actin. The shown images are representative of three independent experiments. (B) Up:

Tube formation assay on Matrigel with co-culture systems of HMCLsS“R or HCMLsXP and primary

human pulmonary artery endothelial cells (HPAECs). 4X magnification images are shown. Down:

Graphs show quantification of the number of areas and branch points and total tube length. (C) HPAEC

tube formation stimulated by Jagged1 and Jagged?2 peptides. Images are a 4X magnification. Statistical

analysis was carried out by a one-tailed t test; * is for p < 0.05; ** is for p < 0.01; *** is for p < 0.001.

Our recent findings indicate that the MM cell-derived Jagged1/2 triggered Notch activation in the
ECs [6], prompting us to verify if this heterotypic activation could promote angiogenesis. To address
this issue, we used different approaches. First, we set up a co-culture system, including HMCLs*R or

HMCLsKP cultured in direct contact with primary human pulmonary artery endothelial cells (HPAECs)
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laid on a Matrigel-coated support, and explored the changes in the HPAECs’ ability to organize a
tube-like network. In Figure 1B, representative images show the tube formation assay (upper panel)
and the graphs (lower panel) illustrate the different ability of HMCLs*“R or HMCLsKP to induce
HPAEC:s to form a tube-like network, assessed by counting the number of areas, branch points and
the total tube length. HPAECs cultured with both HMCLsS“R displayed a significantly increased
complexity of the grid compared to HPAECs cultured with HMCLsXP, indicating that the angiogenic
potential of the MM cell relies on the expression of Jagged ligands on the MM cells.

This result prompted us to verify if the MM cell-derived Jagged ligands could trigger the
angiogenic Notch signaling in HPAECs by direct contact or, instead, if this effect could be mediated
by the release of soluble angiogenic factors induced by Jagged-mediated Notch activation through
homotypic interaction in the MM cells.

To distinguish between the effect of the MM cell-derived soluble angiogenic factors and the
MM cell-derived Jagged-mediated activation of the angiogenic Notch signaling in the HPAECs,
we set up a 24 h tube formation assay stimulating the HPAECs with soluble Jagged1 and Jagged?2
peptides. The obtained results showed that the Jagged-mediated stimulation might increase the
HPAECs’ organizing ability (Figure 1C), and indicated that the MM cell-derived Jagged ligands can
engage directly with the Notch receptor on the EC surface and induce its activation as well as the
angiogenic response.

Since the Jagged ligands can activate Notch signaling also by homotypic interaction in the
same MM cells, we wondered if the angiogenic potential of the HMCLs could be ascribed also to
a Notch-dependent release of pro-angiogenic soluble factors. To address this issue, we performed
a tube formation assay for 24 h on a Matrigel layer with or without the conditioned medium (CM)
of HMCLsR or HMCLsKP. As shown in Figure 2A, the HMCLs5R-derived CM ability to induce
HPAECs to organize a grid-like structure is significantly reduced in the presence of HMCLsXP-derived
CM. We also examined the effect of CM on EC adhesion and migration, two further biological events
associated with angiogenesis.

To test EC adhesion, we treated ECs with HMCL-derived CM and assessed the adhesion by
measuring the fluorescence intensity after 1 h plating on a fibronectin-coated plate. The results showed
a different adhesion capability of the ECs stimulated with CM derived from HMCLSsSCR or HMCLsKP,
since the Jagged ligands’ depletion impaired the EC adhesion, as shown in Figure 2B.

Moreover, the analysis of EC migratory ability confirmed the effects induced by the Jagged KD
on the HMCLs. Images and graph in Figure 2C report EC motility after 24 h incubation with the CM
derived from HMCLsSR or HMCLsKP. The quantification of the wound area confirmed a reduced
motility of the ECs treated with the CM from HMCLsXP. Indeed, the wound areas increased by 70%
when the ECs were treated with RPMI8226XP-derived CM and this effect was even more evident with
CM from OPM2KP | which showed a 6-7-fold increase in the wound area.

The evidence that Jagged1 and 2 KD reduced the HMCLs' ability to secrete pro-angiogenic factors
in the CM prompted us to assess possible variations in VEGF-A level upon Jagged KD. qRT-PCR
analysis showed that the Jagged ligands KD caused a concomitant negative modulation of VEGF-A
mRNA in all HMCLs (Figure 2D). An ELISA assay (Figure 2E) confirmed that the down-modulation of
VEGF-A mRNA affected also the protein secretion.

Overall, these results indicated that the HMCLs may promote angiogenesis by activating the Notch
signaling in ECs via heterotypic Jagged-mediated Notch activation and, additionally, HMCL-mediated
secretion of pro-angiogenic VEGF-A is influenced by homotypic activation of the Notch signaling
induced by the Jagged ligands. Both these pro-angiogenic ways may be hampered by inhibiting the
Jagged-mediated Notch activation.
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Figure 2. MM cell-derived Jagged promotes angiogenesis: (A) Tube formation assay on HPAECs with
conditioned media (CM) of HMCLs5“R or HCMLsKP. 4X magnification images are shown on the left.
Graphs (on the right) show the percentage variation of areas and branch points and total tube length
+/-SEM. (B) Adhesion to fibronectin of HPAECs treated with CM from HMCLs’R and HMCLsXP and
stained with Calcein-AM. The graph reports the intensity of the adherent fluorescent cells. (C) Motility
of the HPAECs treated with CM of HMCLs%R and HMCLsKP was assessed by wound healing assays.
Up: Representative pictures at 4X magnification. Down: The graph shows the average open area of the
wounds expressed in pixels. (D,E) Variation of vascular endothelial growth factor (VEGF) expression in
HMCLsS“R and HMCLsKP assessed at the mRNA level (D) by qRT-PCR of the relative gene expression
variation (normalized to GAPDH) calculated by the 2-AACt formula (data are expressed as the mean
value + SD) and at the protein levels (E) by ELISA on 48 h CM. Data are expressed as the amount of
VEGEF-A released by HMCLsXP normalized on VEGE-A expressed by HMCLsS“R. For each sample,
the amount of VEGF-A (pg/mL) was normalized to the cell concentration. Statistical analyses were
carried out by one-tailed t-tests; * is for p < 0.05; ** is for p < 0.01; *** is for p < 0.001.

2.2. Myeloma Cell-Derived Jagged Ligands Increase the Angiogenic Potential of Stromal Cells

It is well known that the MM-associated BMSCs play a key role in supporting tumor
angiogenesis [22,23] and the interaction between the Notch ligands and receptors is relevant in the
communication between MM cells and stromal cells, mediating important effects, such as BMSC-induced
drug resistance [10,11]. We wondered if the MM cell-derived Jagged ligands might trigger Notch
signaling to boost the pro-angiogenic potential of the BMSCs.

To address this issue, we exploited a co-culture system of the BMSCs and HMCLs“R or HMCLsKP
and analyzed if the ability of tumor cells to activate Notch signaling in stromal cells paralleled a change
in the angiogenic potential.

First, we assessed if the MM-derived Jagged ligands were able to activate Notch signaling in the
BMSCs. To this, we verified if co-cultivating the HMCLs*R and HMCLsXP with the human BMSC
line HS5 induced a variation in the levels of the Notch target genes expression. Results of qRT-PCR
analysis in Figure 3A indicate that HMCLs R upregulate the transcription of the Notch target gene
HES1 in HS5 cells in comparison to the lower basal expression level observed in HS5 cultured alone;
on the contrary, the corresponding HMCLsXP displayed a significantly reduced ability to activate
HES1 in HS5 cells, consistently with a decreased Notch activation.



Cancers 2020, 12, 2600 6 of 18

Myeloma cell-derived Jagged stimul Notch signaling and VEGF production in BMSCs
A RT-PCR B ELISA
HES1 RPMI8226  VEGFA [ Hssaione RPMI8226

W HS5 +HCMLSR

8y —fta, = 3q Rt
o - HS5 + HOML® Ay s & - HSS
2 2 e B3 HSS5+ HMCL™
®._ 6 ] 2
gy iy . s B3 HS5+ HMCL'®
ax o 4
5 ¢ 33 & 20
w
g 2 2 § 1 I
= 2 ?_. S 100
H g *
o 04

HES1 OPM2 VEGF A OPM2

. . N
- N et S 250. o s
g g L] e
2, @, 3 g 20
e en S
-5 -5 & 150.
335 30 2 3
23 , 23 £
g: ‘_6':' °
: : %
o ol

Jagged stimulates HS5 angiogenic potential
Tube formation assay

[

HS5 alone +RPMI8226 °*  +RPMI8226"° +OPM2 +opm2"*°
Areas Branch points Tube lenght

»
@

»
o

. . . . . . . . '
i i 25 M [ 201 [ B0 BMSCs+ HMCLK®
s s 20 s 15
é 18 2" 2 10 D Adhesion to fibronectin
I 10 I 10 3
5 s 5 s S = BMSCs
205 R 05 ® 220000007 B8 BMSCs+HMCLSR
“ 1800000
00 00 00 € 1600000 @8 BMSCs+HMCL ®
RPMI8226  OPM2 RPMIS226  OPM2 RPMI8226  OPM2 £ 1400000
'S 100000 i e
Endothelial cell migrati § 200000 1
E 9 g 150000
@ 100000
S s0000
[ o
RPMI8226 OoPM2

@8 BMSCs
BMSCs+HMCLSR
03 BMSCs+HMCL"®

HS5alone +RPMI8226°" +RPMI8226*°

°

Wound Area
o
@

0.0
*OPMZKD RPMI8226 OoPM2

HS5 alone +opm2°™

Figure 3. MM cell-derived Jagged stimulates bone marrow stromal cell (BMSC) angiogenic potential:
(A) Activation of Notch signaling and VEGF-A expression induced in HS5 cells co-cultured with
HMCLs>R or HMCLsKP assessed by qRT-PCR of the relative gene expression variation for the Notch
target gene HES1 and VEGF (normalized to HRPT) calculated by the 2-AACt formula (data are expressed
as the mean value + SD). Statistical analyses were carried out by one-way ANOVA and Tukey post-hoc
test; * is for p < 0.05; ** is for p < 0.01; *** is for p < 0.001. (B) ELISA for VEGF-A secreted by co-culture
systems of HS5 cells and HMCLs R or HMCLsKP. Data represent the amount of VEGF released by
each culture normalized on VEGF expressed by HMCL cultured alone. In each sample, the amount
of VEGF (pg/mL) was normalized to the cell concentration. (C) Tube formation assay of the HPAECs
stimulated with CM secreted by co-culture systems of the HS5 cells and HMCLsS“R or HMCLsKP.
4X magnification images are shown. Graphs show the quantification of the number of areas, branch
points and total tube length. (D) Adhesion to fibronectin of the HPAECs stained with Calcein-AM and
treated with CM secreted by the co-culture systems of the HS5 cells and HMCLs>“R or HMCLsKP.
The graph reports the intensity of the adherent fluorescent cells. (E) Migration of the HPAECs treated
with CM of co-culture systems of HS5 cells and HMCLsS“R or HMCLsXP was assessed by wound
healing assays. Representative pictures at 4X magnification. The graph shows the average open area of
the wounds expressed in pixels. Statistical analyses were carried out by ANOVA and Tukey post-hoc
tests; * is for p < 0.05; ** is for p < 0.01; *** is for p < 0.001.
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In the same cells, we also assessed the possible variation in VEGF-A gene expression and observed
that, while HMCLsR increased VEGF-A gene expression in HS5 cells, HMCLsXP triggered no or
significantly lower levels of VEGF transcription (Figure 3A). Additionally, we showed a consistent
decrease in secreted BMSC-derived VEGF-A. At this purpose, VEGF secreted in the CM of HS5 or
HS5 cultured with HMCLsS“R or HMCLsKP was assessed by ELISA. Results shown in Figure 3B
confirmed that the VEGF-A protein expression in the HS5 cells was upregulated by HMCLsR, but not
or significantly less by HMCLsKP, indicating that the MM cells’ ability to induce VEGF-A secretion
depends on the MM-cell-derived, Jagged-mediated Notch signaling activation in the BMSCs.

We assessed if the HMCLs’ ability to induce BMSC-mediated VEGF-A through Notch signaling
activation had a biological consequence on angiogenesis. For this purpose, we verified if the CM
derived from the BMSCs co-cultured with the HMCLs induced a variation in EC ability to form
tube-like structures, as well as in their adhesive and migratory properties.

Variations in the BMSCs’ ability to stimulate EC organization was assessed by a tube formation
assay after 24 h stimulation with the different CM. Results in Figure 3C show that the CM from
the HS5 cells cultured alone displayed an intrinsic ability to stimulate EC organization, but all the
parameters are significantly increased by CM from HS5 + HMCLsR. On the contrary, CM from HS5
+ HMCLsKP did not increase the tube organization ability of the HPAECs in comparison to the CM
from unstimulated HS5.

To assess the effect on EC adhesion, they were stimulated with the same CM. Results reported
in Figure 3D show that the intrinsic stromal cell capability to induce EC adhesion was significantly
increased in the presence of CM from HS5+HMCLsS“R but remained unchanged when CM was
obtained from HS5+HMCLsKP.

Variation in the BMSCs’ ability to induce EC migration after stimulation with HMCLsS“R or
HMCLsKP was assessed by performing wound healing assays on HPAECs treated with the CM and
measuring the wound open area. Figure 3E shows that motility of the ECs treated with CM from HS5
+ HMCLsR was higher if compared to CM from HS5 cultured alone or HS5 + HMCLsKP. Indeed,
CM from HS5+HMCLsSCR decreased the wound area, while the effect of the CM from HS5+HMCLsKP
was comparable to that from HS5 cultured alone.

Overall, these results indicated that Notch signaling activation in the BMSCs mediated by the
MM-cell-derived Jagged ligands boosted the BMSC angiogenic potential by inducing the release of
soluble factors, such as VEGF-A.

2.3. Jagged Ligands Promote MM-Associated Angiogenesis in a Zebrafish Model

To further investigate the role of the Notch pathway in angiogenesis stimulation and to confirm
our in vitro results, we investigated the effect of Jaggedl and Jagged?2 in an in vivo zebrafish embryonic
model. The transgenic zebrafish model Tg (flila:EGFP)! allows the detection of ECs in blood
vessels with constitutive EGFP expression. RPMI82265R or RPM18226XP cells, pre-stained with the
red fluorescent cell tracker CM-Dil, were grafted in 48 h post fertilization (hpf) zebrafish embryos.
As negative control of the implantation, embryos were injected with PBS, the cell resuspension medium.
Injection was performed in the sub-peridermal space, close to the sub-intestinal vein (SIV) plexus.
The sprouting of tumor-induced endothelial structures from the SIV toward the tumor engraftment
was evaluated 24 h post-injection (hpi). Injected RPMI8226 cells displayed a comparable localization
at 24 hpi (Figure 4A) and length measurements of the vessels arising from SIV (Figure 4B) indicated
different stimulation capabilities. Fish embryos receiving RPMI8226°R cells displayed a significant
increase in angiogenic sprouts, which were not visible in embryos receiving PBS, confirming the MM
cells’ ability to stimulate angiogenesis. On the contrary, RPMI8226XP cells displayed a mild stimulation
of angiogenesis, approximately 35% less RPMI8226°R cells, indicating that the decrease in Jagged
expression in the MM cells impairs their ability to stimulate sprout angiogenesis.
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Figure 4. Zebrafish embryo in vivo model to evaluate tumor-induced angiogenesis in relation to Jagged
expression in HMCLs. (A) Representative images of Tg(ﬂila:EGFP)Y1 zebrafish embryos with GFP
expressing vessels (green) and RPMI82265R or RPMI8226KP stained with CM-Dil fluorescent dye (red).
Epifluorescence images were acquired with a Leica DM 5500B microscope equipped with a DC480
camera. (B) Inset of sprouting vessels from SIV in zebrafish embryos 24 hpi; white arrows indicate
angiogenic sprouts. (C) Quantification of endothelial sprouts from the SIV plexus was performed in
24 h post-injection (hpi) zebrafish embryos injected with RPMI82265“R (N = 24) and RPMI8226KP cells
(N = 31) using Image] software (National Institutes of Health, USA). Statistical analysis was carried out
by one-way ANOVA with Tukey post hoc tests of three independent experiments; * is for p < 0.05; ** is
for p < 0.01; *** is for p < 0.001.

2.4. Identification of a Correlation between Jagged Expression in MM Cells and Angiogenesis in Patients’
Bone Marrow

To validate in vitro and in vivo findings, BM biopsies (BMBs) from 34 MM patients were evaluated.
Patients analyzed were at the onset of the disease and had not received any drug treatment. Clinical
information concerning tumor BM infiltration by MM cells was associated with Jagged1 and Jagged?2
expression, Notch activation and angiogenesis investigated by immunohistochemistry.

Antigen immunoreactivity was evaluated both in the MM cells and non-tumor cell populations.
Results are tabulated in Table 1 and shown in Figure 5.

As expected, in neoplastic areas, new vessels were very small in the early stages of MM
infiltration and progressively increased in number and size, showing bigger lumina and strong CD34
immunoreactivity in plump endothelium with higher levels of infiltration (Figure 5A). All the markers
analyzed increased with tumor infiltration levels in BMBs, with some differences (Figure 5A and
Table 1): Jagged?2 was expressed with higher intensity in MM cells at a low level of tumor infiltration in
comparison with Jagged1, whose expression was weaker in infiltration degree I and showed a more
evident progressive increase at higher infiltration levels. Similarly, VEGF-A expression in the MM cells
showed an increasing trend.

To confirm that the Jagged ligand-directed Notch activation in MM cells was associated with
an increased angiogenic potential, we performed the correlation analyses reported in Figure 5B,C
and Supplementary Table S1. Findings indicate that in the MM cells the expression of both Jagged1
and Jagged?2 correlates with HES6 immunoreactivity, an index of Notch pathway activation [7],
with r = 0.7046 and r = 0.8048, respectively. In turn, the HES6 levels in the MM cells significantly
correlates with VEGF-A expression and MVD. Jagged ligands immunoreactivity also directly correlated
with MM cell-derived VEGF-A and MVD (Table S1).
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We also validated the Jagged-mediated MM cells’ ability to boost the BMSC angiogenic potential
by examining the correlation of MM-derived Jagged ligands with the immunoreactivity of the other
markers on stromal non-tumor cells. As reported in Figure 5D-E, Jaggedl and Jagged2 expressed
in the MM cells correlated with the HES6 expression in non-tumor cells (r = 0.5673 and r = 0.5516,
respectively), confirming a role of MM cell-derived Jagged in activating the Notch signaling in stromal
cells. In turn, HES6 immunoreactivity was associated with VEGE-A expression in non-tumor cells and
MVD, suggesting that Notch activation in stromal cells contributes to induce angiogenesis.

On the whole, the immunochemistry results of the MM patients” BMBs appear to be consistent
with in vitro and in vivo evidence.
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Figure 5. Correlation analysis of the Jagged ligands, Notch activation and angiogenesis in MM patients
BMBs. (A) representative images of the antigen immunoreactivity for the monoclonal Ig light chain,
Jaggedl, Jagged2, HES6, VEGF-A and CD34 in BMBs from 34 MM patients at different degrees of
tumor infiltration (I: less than 20%; II: 21-50%; III: >51%). The arrows indicate specific immunoreactive
signals. Photos were acquired at Nano-Zoomer 2.0 and scale bar is for 250 pm. Pearson’s correlation
coefficient (r) and the p-values are reported for the correlation analyses between (B) Jagged1 and Jagged
2 expressed in MM cells and the Notch transcriptional target HES6 in the same tumor cells; (C) HES6
and VEGEF-A expressed in MM cells or MVD; (D) Jagged1 and Jagged 2 expressed in MM cells and the
Notch transcriptional target HES6 in nearby non-tumor cells; and (E) HES6 in non-tumor cells and
VEGF-A in non-tumor cells and MVD. M = MM cells; NM = non tumor cells. Statistical analysis was
carried out using two-tailed f-tests.
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Table 1. Immunohistochemical analysis of the Jagged ligands, Notch activation and angiogenesis in MM patients’ bone marrow biopsies (BMBs). The degree of
malignant plasma cell infiltration in the BM is reported along with the antigen immunoreactivity for monoclonal or Ig light chains. Additionally, the percentage of
immunoreactive cells out of the total cells for Jaggedl and 2, HES6 and VEGF-A is reported both for MM (M) and non-MM (NM) cells, along with the microvessel
density (MVD) evaluated as the average number of cell determinant 34+ (CD34+) vessels per field.

PATIENT  INFILTRATION  LIGHT JAGGED1 JAGGED1 JAGGED2 JAGGED2 HES6 M HES6 VEGF-A  VEGF-A MVD
N. DEGREE CHAIN M NM M NM NM M NM
1 I K 50 5 20 15 5 5 0 30 13.0
2 I L 30 5 35 40 15 5 0 40 30.3
3 I L 30 9 20 25 9 5 0 15 32.0
4 I L 40 9 20 20 20 9 0 35 16.0
5 I L 15 9 15 20 5 9 0 35 29.3
6 I L 20 5 65 35 35 5 0 31 24.7
7 I K 25 5 70 40 40 5 0 10 19.0
8 I K 35 9 65 80 40 9 0 45 55.7
9 I L 30 9 65 60 25 5 0 20 37.3
10 I L 25 9 55 30 35 5 0 25 25.3
11 I L 25 15 65 40 40 5 20 70 60.0
12 II K 30 15 70 45 55 15 15 50 59.7
13 II L 35 20 70 70 15 15 35 65 38.7
14 I K 40 35 65 75 20 5 45 80 39.7
15 I K 40 25 70 50 45 20 20 75 57.7
16 I K 40 25 40 55 15 15 25 55 32.7
17 I K 85 15 35 80 50 10 50 70 74.3
18 II K 60 40 70 75 60 10 60 70 53.7
19 I K 80 30 75 55 70 5 30 65 71.3
20 I L 55 25 65 80 65 15 50 65 62.7
21 I K 60 50 70 85 70 20 40 70 67.3
22 1 K 30 25 85 85 55 20 70 80 70.3
23 1 K 80 55 75 90 60 15 75 85 75.0
24 III L 65 25 60 80 70 15 50 85 68.3
25 111 L 80 30 90 85 80 10 55 85 79.0
26 1 K 70 30 95 90 85 20 80 80 86.0
27 11T K 75 25 75 80 45 20 85 70 66.7
28 111 K 55 30 80 80 60 25 50 85 70.0
29 1 K 80 50 80 90 80 35 40 90 78.0
30 111 K 80 30 80 95 N.A. 25 45 80 79.0
31 1 K 75 25 85 95 80 20 40 80 89.0
32 1 L 85 55 90 90 85 40 80 65 86.3
33 111 K 70 45 80 85 80 35 40 80 89.7
34 111 K 80 30 90 85 90 20 50 70 74.0
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3. Discussion

The interplay between malignant plasma cells and the BM cell populations has been extensively
studied in the past years since it is a key step in MM progression and an important target for new
anti-tumor therapeutic approaches [24].

Notch signaling plays a pleiotropic role in different cellular contexts; it mediates cell—cell
communication in cell fate decision, stem cell maintenance, cell proliferation and survival [25].
Mutations or aberrant expression of the Notch pathway members lead to increased signaling
and are frequently present in solid and hematologic cancers [8]. In MM, the widespread Notch
signaling activation characterizes the whole TME with important consequences ranging from drug
resistance [10,26-28] to proliferation [7,29] and bone disease [12,30].

MM cell-derived Jagged ligands play a key role in the activation of Notch signaling in the BM cell
populations. Accordingly, Jaggedl expression significantly correlates with disease progression, as we
and others previously reported [7,14], while Jagged?2 deregulation is an early event occurring at the
benign MGUS phase [13], which results from both changes in the transcription level [13,31] or aberrant
expression of Skeletrophin, an ubiquitin ligase that regulates Jagged? activity [32].

Given the relevance of Jagged ligands in this disease, here we have analyzed the role of the
Notch pathway in MM-induced angiogenesis, a key feature of MM progression that involves the
communication with BM resident cell populations.

The angiogenic switch represents an important change in the BM of MM patients and fosters
tumor growth and dissemination. The BM circulation is maintained by different stimuli provided by
BM resident cells [33]. It is now well established that the accumulation of malignant plasma cells in
the BM destabilizes this balance, leading to neovascularization, which in turn contributes to tumor
progression [33].

We recently showed that Notch signaling in the ECs is necessary for angiogenesis activation
since the inhibition of Notchl and 2 activity in the ECs hampered their angiogenic potential [6].
Notch activation in the ECs may be triggered by homotypic activation due to the increased expression
of Notch receptors and ligands in MM-ECs during the progression from MGUS to MM [6]. Additionally,
we showed that the hyperexpression of Jagged1 and 2 ligands, which can be observed during MM cell
progression [7,13,14], may trigger Notch activation in ECs by heterotypic interaction [6].

The importance of Jaggedl and 2 dysregulated expression in MM prompted us to investigate their
role in MM angiogenesis exploring their effect on Notch signaling activation in ECs as well as their
ability to stimulate the angiogenic potential of the BMSCs.

To study the direct effect of MM-derived Jagged on tumor angiogenesis, we interfered with the
Jagged1 and Jagged2 expression in two MM cell lines, RPMI8226 and OPM2, and demonstrated that
their silencing was associated with a reduced ability of MM cells to induce HPAEC organization in
tube-like structures. The angiogenic stimulus provided by the MM cells was dual: it could be mediated
by a direct cell-to-cell contact or by soluble tumor-derived factors. Indeed, we demonstrated that the
administration of Jagged1 and 2 peptides triggered the activation of Notch signaling in ECs stimulating
angiogenesis. This indicated that the Jagged ligands on the surface of the MM cells were able to activate
the angiogenic signals in nearby ECs. On the other side, Jagged-mediated Notch signaling activation in
MM cells could promote the secretion of soluble factors, activating the EC angiogenic potential. In fact,
the CM from MM cells increased the ECs’ ability to form tube-like structures, promoting their adhesion
and migration. The observed effect relied on Jagged-induced Notch activity in MM cells, since the CM
from HMCLsXP displayed a significantly reduced angiogenic potential, indicating that the release of
MM-derived angiogenic factors depends on Notch signaling activation. VEGF-A was identified as
a Notch-dependent angiogenic soluble factor released from MM cells upon Jagged-mediated Notch
signaling activation, since its mRNA and protein level were inhibited by Jaggedl and 2 KD.

Additionally, since tumor-angiogenesis is a team effort of BM resident cells characterizing the
TME, we also investigated the contribution of BMSCs, which display important angiogenic properties.
We verified if the BMSC angiogenic properties could be increased by MM-cell-derived Jagged ligands by
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using a co-culture system, including HMCLs and the human BM stromal cell line, HS5. We found that
the BMSCs pre-stimulated with HMCLs increased their ability to release soluble factors, which could
activate the angiogenic potential of the HPAECs, assessed as tube organization ability, motility and
adhesion to fibronectin.

We showed that this effect was dependent on the MM-cell-derived Jagged ligands” ability to trigger
Notch signaling in the BMSCs. As a matter of fact, when the HMCLs were depleted of Jagged1 and 2,
the ability to trigger Notch signaling in the BMSCs and to stimulate their pro-angiogenic activity was
significantly reduced. Additionally, since the BMSCs represent the major source of VEGF-A in the BM,
we verified if the Notch signaling, activated by the MM-cell-derived Jagged ligands, was associated
with an increase in VEGF-A secretion by the BMSCs. Our results confirmed that the control HMCLsS“R
were able to induce VEGF-A secretion by the BMSCs, while HMCLKXP did not.

The obtained results clearly show that the MM-derived Jagged ligands may unbalance the
levels in Notch activation in the different cell populations, including the MM cells, ECs and BMSCs,
thus spreading widely the angiogenic potential in the TME.

To validate in vivo the role played by Notch signaling in MM-associated angiogenesis, we used
the zebrafish embryo model Tg(flila:EGFP)¥!, which allows to detect the formation of new vessels
sprouting from the sub-intestinal plexus 24 h following the injection of HMCLs>“R or HMCLKP.
The evidence that the angiogenic sprout induced by control HMCLs*R was significantly decreased
upon Jaggedl and 2 KD prompted us to hypothesize that also in vivo MM-cell-directed angiogenesis
relies on the expression of Jaggedl and 2 in MM cells.

Finally, by analyzing the MM patients’ BMBs, we confirmed that the Jagged ligands expressed by
the tumor cells are associated with the diffusion of Notch activation in the whole TME, including tumor
and non-tumor cells. We found a strong positive correlation among the Jagged ligand levels in MM
cells and Notch signaling activation (HES6 expression) in MM cells, as well as in nearby non-tumor
stromal cells. Moreover, Notch activation significantly correlated with the expression of VEGF-A in the
same cells, and also with MVD. These results show that such an association occurs in MM patient’s
BM between the activation of Notch in tumor cells, TME and the angiogenic switch.

The result is even more interesting considering the significant correlation between the level of
MM cells BM infiltration, the expression of Jagged ligands in MM cells and the increase in MVD,
which associate the aberrant expression of Jagged1 and 2 with the angiogenic switch occurring during
MM progression. Indeed, our evidence indicates that the Jagged ligands’ levels increase with BMB
infiltration; in particular, while Jagged1 expression rises slowly and progressively increases, Jagged? is
already expressed at higher levels in the BMBs with the lower levels of infiltration (Table 1). This is
consistent with other pieces of evidence, including (1) our recent analysis of tumor cells from MM
patients’ gene expression profiling, which indicated that Jagged1 and the Notch transcriptional target
HES5 are overexpressed in tumor cells compared to healthy controls, and reach a higher expression level
in the more aggressive primary plasma cell leukemia [7]; (2) a refined immunohistochemical analysis
revealed that Jagged1 dysregulation occurs during the progression from monoclonal gammopathy of
uncertain significance (MGUS) to MM [14]; and (3) Jagged2 overexpression is an earlier event that
precedes MGUS and correlates with disease progression [13].

The obtained results contribute to provide a more comprehensive picture of the major drivers
of the angiogenic switch during MM progression and of the role played by the Notch pathway:
MM cells increase the expression levels of Jaggedl, 2 and Notchl and 2 receptors, promoting (1)
homotypic activation of Notch signaling in MM cells that, in turn, results in the secretion of VEGEF;
(2) heterotypic activation of the angiogenic Notch signaling in ECs; and (3) heterotypic activation of
Notch signaling in BMSCs that, in turn, boosts the secretion of VEGEF, inducing a potent angiogenic
signal. It should be noted that BMSCs may release a higher amount of VEGF in comparison with MM
cells (our ELISA results indicate that they may release 2035 + 96 pg/mL of VEGF compared to 938 +
72 pg/mL for RPMI8226 and 797 + 85 pg/mL for OPM2 cells, even if in our experimental conditions
the HCMLs were maintained four times more concentrated than the HS5 cell line. Additionally,
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we demonstrated that the BMSC-mediated VEGF secretion may be further increased by MM cell
stimulation. Therefore, we believe that the more effective angiogenic effect of the Notch signaling
widespread in the TME is probably mediated by MM-stimulated BMSCs. This effect may be further
enhanced by the previously reported increase in Notch receptors and ligands expression occurring in
the ECs during MM progression [6]. This may intensify the homotypic interactions between the ECs
and provide a greater availability of Notchl and 2 receptors for the interaction with MM-cell-derived
Jagged1 and 2.

In conclusion, the tight spatial and temporal regulation of Notch ligands necessary for the balanced
differentiation of new vessels seems to be deranged by the accumulation of MM cells and MM-derived
Jagged ligands.

4. Materials and Methods

4.1. Cell Lines

The HMCLs used in this study, RPMI8226 (ATCC® CCL-155TM) and OPM2 (ACC-50),
were cultured in RPMI1640 medium (Lonza, Swiss) supplemented with 10% fetal bovine serum
(FBS) (Euroclone S.p.A., Italy), 100 U/mL P/S (penicillin/streptomycin) (Microgem, IT, USA) and 2 mM
L-glutamine (Microgem, Italy). Cell lines were seeded at 3 x 10° cells/mL and split every 48 h. HPAECs
(Human Pulmonary Artery endothelial cells—ATCC® PCS-100-022TM) were cultured in Vascular
Basal medium (ATCC® PCS-100-030TM) supplemented with the Endothelial Cells Growth Kit-VEGF
(ATCC® PCS-100-041TM), following the manufacturer’s instruction (complete vascular medium).
The HPAECs were seeded at a final concentration of 3 x 10% cells/cm?2. The human BMSC line HS5
(ATCC® CRL-11882™) was cultured in DMEM (Lonza, Swiss) supplemented with 10% FBS, 100 U/mL
P/S and 2 mM L-glutamine.

4.2. HMCL Knockdown and Co-Culture Experiments

HMCLs were transfected using specific siRNAs directed against Jaggedl and Jagged? at a final
concentration of 25 nM each and a Lipofectamine RNAiIMAX Transfection Reagent [10]. For the
co-culture system of the HS5 cell line with transfected HMCLs, HS5 cells were seeded in 24-well plates
at a density of 1.5 X 10° cells/mL, and transfected HMCLs were added at the concentration 6 x 10°
cells/mL (ratio 1:4). Cells were co-cultured for 40 h and the CM of the last 24 h was analyzed by
ELISA or used for tube formation assay. HS5 cells were collected and extracted RNA was analyzed
by qRT-PCR. For the in vivo experiments, the HEK293 cell line was transfected using CaCl, with
the pTRIPZ vector carrying a doxycycline-inducible system expressing shRNA against Jaggedl and
Jagged2 or the corresponding scramble shRNA (Thermofisher, MA, USA). RPMI8226 infection with
lentiviral particles were carried out in the presence of 10 pg/mL polybrene (Sigma Aldrich), 20 ng/mL
IL6 (Peprotech Inc., USA) and 20 ng/mL IGF1 (Peprotech Inc., USA). After 48 h, the infected cells
were selected with puromycin 1 pg/mL. Before injection, the cells were stimulated with doxycycline,
1 pg/mL for 72 h.

4.3. Tube Formation Assay

Reduced Matrigel (Corning, NY, USA) was dispensed in a 96-well plate, 50 uL/well, and incubated
for 1 h at 37 °C. The HPAECs were seeded on Matrigel-coated wells at 2 x 10* cells/well. The assay was
carried out using different stimuli as follows: (i) HMCLs5R or HMCLsKP were seedead on a layer of
HPAECs at a ratio 1:2 (HPAECs:HMCLSs); (ii) 100 uL CM from HMCLsR and HMCLsXP or CM from
co-cultures systems of HS5 cells and HMCLsS“R or HMCLsXP were dispensed in each well; (iii) human
recombinant Jagged1 (#188-204—AnaSpec) or Jagged2 (R&D Systems Inc., Minneapolis, MN, USA)
were added to RPMI1640 medium at the concentration of 20 ug/mL according to manufacturer’s
instruction. Photos of the tube-like structures were acquired after overnight incubation with the
EVOS-inverted microscope (Euroclone S.p.A., Italy) or PrimoVert Microscope (Zeiss, Germany) at x4
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magnification. Numbers of area, numbers of branch points and total tube length were analyzed using
the Image] program.

4.4. Adhesion Assay

HPAECs were seeded in a 6-well plate at 3 X 10% cells/cm? density. After 24 h, the medium was
changed with CM from HMCLs*“R and HMCLsKP cultured alone or co-cultured with the HS5 cell
line for 72 h and diluted 1:1 with fresh RPMI1640 medium supplemented with 2% FBS, 100 U/mL P/S
and 2 mM L-glutamine. The HPAECs were incubated for 24 h and a black 96-well plate was coated
over night at 37 °C with 100 pg/mL fibronectin diluted in 0.005M Tris-HCl, pH 7.4. The day after the
HPAECs were stained with 5 uM Calcein AM 1 h at 37 °C and were seeded on fibronectin at 2.5 x 10*
cells/well in fresh-RPMI1640 for 1 h in an incubator at 37 °C with 5% CO,. The fluorescence intensity
was read with an Ensight Multimode Plate Reader (Perkin Elmer, Inc. MA, USA).

4.5. Wound Healing Assay

The HPAECs were seeded in a 48-well plate in complete vascular medium in order to have a
confluent well after 48 h. When cells reached confluence, the medium was substituted with CM from
HMCLs*R and HMCLsXP cultured alone or co-cultured with the HS5 cell line for 72 h and diluted
1:1 with fresh RPMI1640 medium supplemented with 2% FBS, 100 U/mL P/S, 2mM L-glutamine and
the wound was done using a p200 tip. After 24 h incubation, the HPAECs were washed once with 1x
PBS, stained with Comassie Blue and the photos were acquired with a PrimoVert Microscope (Zeiss,
Germany) at x4 magnification. Migration was determined using the Image] program as an average
open area of the wound.

4.6. RNA Extraction and gRT-PCR

Total RNA samples from the HS5 cells cultured alone or with HMCLs*R or HMCLsXP were
extracted by TRI Reagent (Merck, Italy), following the manufacturer’s instructions. Total RNA (1 pg)
was retrotranscribed using RevertAid M-MuLV Reverse Transcriptase (ThermoFisher). Quantitative
PCR (qRT-PCR) reactions were carried out on a Step-One Plus PCR system (Applied Biosystem:s,
Life Technologies Italia, Italy) using GoTaq® qPCR (Promega, Italy). The primer sequences are reported
in Table 2.

Table 2. Sequences of the primers used for the qRT-PCR.

hGAPDH 5'-ACAGTCAGCCG ATC TTC TT-3' 5-AATGGAGGGGTCATTGATGG-3’
h18S 5-GTAACCCGTTGAACCCCATT-3' 5-CCATCCAATCGGTAGTAGCG-3’
hJagged1 5-GCAACACCTTCAACCTCAAG-3 5 -GTTGAACGGTGTCATTACTGG-3'
hJagged2 5-TCATCCCCTTCCAGTTCG-3’ 5 -TGGTATCGTTGTCCCAGTC-3’
hHES1 5-AGGCGGACATTCTGGAAATG-3’ 5-CGGTACTTCCCCAGCACACTT-3’
hHES6 5-CGTGAGGATGAGGACGG-3' 5-AGGCTCTCGTTGATCCG-3’
hVEGF-A 5-GGGCAGAATCATCACGAAGT-¥ 5 -TGGTGATGTTGGACTCCTCA-3
hHPRT 5-TTTATGTCCCCTGTTGACTGGT-3’ 5-GTAGCCCTCTGTGTGCTCAA-3’

4.7. ELISA for VEGF-A

VEGE-A ELISA kit (Thermo Scientific) was used to detect human VEGF-A in supernatants of
single cultures or co-cultures diluted 10 times, following manufacturer instructions. All analyses were
performed in duplicate. Secreted VEGF protein concentration was normalized to the numbers of cells.
For co-cultures, the total VEGF protein content was subtracted from the VEGF protein content of the
HMCLs and normalized to the number of HS5 cells.
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4.8. Zebrafish Injection

Adult zebrafish (Danio rerio) were maintained according to European laws (2010/63/EU and
86/609/EEC). The 48-hpf Tg(flila:EGFP)¥! transgenic embryos [34] were implanted with 72 h-induced
HMCLsSR or HMCLs//?KP cells, using a previously described procedure for neuroendocrine
tumors [35]. In brief, cells were labeled with a red fluorescent viable dye (CM-Dil, Molecular
Probes-Invitrogen, MA, USA) and resuspended with PBS. The 48 hpf zebrafish embryos were
anesthetized with 0.02 mg/mL tricaine and injected with stained tumor cells (about 600 cells in
each embryo) into the sub-peridermal space, close to the developing SIV plexus. At 24 h hpi,
epifluorescence images were acquired with a Leica DM 5500B microscope equipped with a DC480
camera. The cumulative length of the tumor-induced endothelial structures, sprouting from the SIV
plexus, were measured in each implanted embryo using Image] software.

4.9. Immunohistochemical Analysis of Human Bone Marrow Biopsies

Archival BMBs from 34 MM patients diagnosed at the Unit of Pathology, A.O. San Paolo,
Department of Health Sciences, University of Milan, Italy were evaluated in the present study
approved by the Ethical Committee of Milano University (No. 8/15—4 March 2015).

Histopathological diagnosis of MM was carried out according to the WHO classification criteria;
BMPs were subdivided according to the extent of the BM infiltration by the myeloma cells as follows:
degree of infiltration I = less than 20% (10 cases); II = 21-50% (11 cases), III > 51% (13 cases).
Notch activation and angiogenesis were investigated by immunohistochemistry (IHC) with an
automatic immunostainer (DAKO OMNIS) using diaminobenzidine as the chromogen. Used antibodies
were reported in Table 3. Digital images were obtained by the NanoZoomer 2.0 scanner (Hamamatsu
Photonics, Japan).

Table 3. Antibodies and experimental conditions used for the IHC.

Antigen Clone Source Dilution/Time Unmasking

Kappa light chain - Agilent 1:10;1h FLEX TRS Low pH
Lambda light chain - Agilent 1:10;1h FLEX TRS Low pH

Jagged 1 AF1277 Goat R&D syst. 1:100; 1 h EDTA

Jagged 2 4F10 Mouse Santa Cruz 1:200; o.n. Citrate

HES6 Polyclonal Rabbit Abcam 1:300; o.n. Citrate

VEGF-A A-20 Polyclonal Rabbit Santa Cruz 1:800; 1 h Citrate
CD34 (QBEnd ll\gol\fssomnal Agilent Ready-to-Use ~ FLEX TRS Low pH

Statistical analysis and percentage variation among the HMCL experimental conditions.

Statistical analyses were performed using GraphPad Prism 6 software (GraphPad software,
San Diego, CA, USA). For the in vitro assays including two groups, we carried out one-tailed Student’s
t-tests; when including 3 or more groups, we performed a one-way ANOVA with Tukey’s post-hoc
tests. For in vivo experiments, the minimum size of each group was determined using an a priori
power analysis for a one-way ANOVA with an alpha = 0.05 with G-power 3.2 software.

5. Conclusions

Jagged ligands dysregulation is frequent in different types of tumors and is often reported to
influence angiogenesis in different neoplasms besides MM, i.e., breast cancer [36-38] and head and neck
squamous cell carcinoma [39]. Boareto and colleagues reported that Jagged ligand expression mediates
the differences between physiologic and tumor angiogenesis by affecting the tip-stalk cell fate decisions
during vessel formation. Indeed, normal angiogenesis is characterized by a balanced expression of
Notch ligands where DIl ligands, expressed in the tip cells, drive new vessels sprouting, and Jagged1
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and 2 in the stalk cells drive vessel elongation. In contrast, Jagged overexpression observed in MM
and in other types of tumors results in a hybrid tip/stalk phenotype characterized by compromised
migration traits compared to tip cells and therefore leading to smaller and poorly perfused vessels
compared to those led by the tip cells [40].

Overall, the Jagged ligands” overexpression has a pleiotropic effect, influencing tumor biology
and the pathological communication with the TME. This also includes the promotion of a key step in
tumor progression, such as MM-associated angiogenesis, and further strengthen the indication for a
therapeutic approach directed to inhibit Jagged-mediated Notch activation by specific monoclonal
antibodies [41] or small molecules [42].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/9/2600/s1,
Table S1: Correlation matrix of markers for ligand and target gene of Notch pathway and angiogenesis quantified
in MM patients” BM biopsies.
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Abstract

Multiple myeloma (MM) is an incurable hematologic heoplasm, whose poor prognosis is deeply affected by
the propensity of tumor cells to localize in the bone marrow (BM) and induce the pro-tumorigenic activity of
normal BM cells, leading to events associated with tumor progression, including tumor angiogenesis,
osteoclastogenesis, and the spread of osteolytic bone lesions.

The interplay between MM cells and the BM niche does not rely only on direct cell-cell interaction, but a
crucial role is also played by MM-derived extracellular vesicles (MM-EV). Here, we demonstrated that the
oncogenic NOTCH receptors are part of MM-EV cargo and play a key role in EV pro-tumorigenic ability. We
used in vitro and in vivo models to investigate the role of EV-derived NOTCH2 in stimulating the pro-
tumorigenic behaviour of endothelial cells and osteoclast progenitors. Importantly, MM-EV can transfer
NOTCH2 between distant cells and increase NOTCH signaling in target cells. MM-EV stimulation increases
endothelial cell angiogenic ability and osteoclast differentiation in a NOTCH2 dependent way. Indeed,
interfering with NOTCH2 expression in MM cells may decrease the amount of NOTCH2 also in MM-EV and
affect their angiogenic and osteoclastogenic potential. Finally, we demonstrated that the pharmacologic
blockage of NOTCH activation by y-Secretase inhibitors may hamper the biological effect of EV derived by
MM cell lines and by the BM of MM patients.

These results provide the first evidence that targeting the NOTCH pathway may be a valid therapeutic

strategy to hamper the pro-tumorigenic role of EV in MM as well as other tumors.
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Introduction

Multiple myeloma (MM) is a clonal plasma cell neoplasm representing alone 13% of all hematological
malignancies [1]. Despite the development of new therapies, MM still remains incurable [2], mainly due to
MM cell ability to shape the bone marrow (BM) niche sustaining tumor progression. Upon the localization in
the BM, MM cells establish anomalous signaling loops with the neighboring cells and "educate" BM-residing
non-tumor cells to support different steps of MM progression, including tumor cell growth, survival,
angiogenesis, and bone osteolysis [3].

In this complex picture, extracellular vesicles (EV) are new key players recently come to light. EV include a
heterogeneous group of cell-derived membranous structures classified into two main subtypes according to
their origin. Exosomes, the smaller ones, originate from the endosomal system, while the larger vesicles
are shed from the plasma cell membrane. Due to the difficulty to distinguish these subtypes based on their
origin, a recent position statement of the International Society for Extracellular Vesicles has suggested a
distinction based on their size: i.e. small EV <200nm and large EV > 200nm [4].

EV are key mediators in the communication between tumor and stroma due to their ability to transport
proteins and RNAs [5]. Circulating EV from MM patients display characteristic size distribution and
concentration [6, 7], and their miRNA cargo is prognostic in MM [8-10]. Recent evidence indicates that MM
cell-derived EV (MM-EV) modulate the BM niche, promoting angiogenesis, immunosuppression [11], and
bone disease [12]. Additionally, several features of MM-EV may contribute to MM dissemination at distant
sites, thereby favoring skeletal metastasis formation, progression and bone disease [13].

This work elucidates how MM cells exploit the aberrantly expressed NOTCH2 oncogene to shape the BM
niche via MM-EV, specifically focusing on tumor angiogenesis and osteoclastogenesis.

NOTCH is a family of transmembrane receptors (NOTCH1-4) activated by the interaction with five different
membrane-bound ligands (JAGGED1-2 and DLL1-3-4) present on the adjacent cells. The consequence of
this interaction is the cleavage by ySecretase, which releases the active form of NOTCH (NOTCH-IC) from
the cell membrane and allows its translocation to the nucleus and the activation of the CSL transcription
factors [14].

NOTCH deregulation in MM cells is due to the aberrant expression of NOTCH receptors and/or ligands
[15]. High levels of NOTCH pathway activity are associated with increased myeloma cell infiltration in BM
biopsies of MM patients [16]. Other studies suggest that MM cell skeletal infiltration may be due to events
promoted by NOTCH, including MM cell recruitment at the BM [17], mitogenic or anti-apoptotic effect [17-
19], or MM stem cell self-renewal [20]. Additionally, MM infiltration of BM niche is also associated with the
activation of NOTCH signaling in the tumor niche, which promotes angiogenesis [16, 21],
osteoclastogenesis [22-24], and bone marrow stromal cell (BMSC) release of cytokines involved in these
events (IL-6, VEGF, IGF-1, SDF-1, RANKL, etc.) [16, 18, 19, 25].



Haematologica HAEMATOL/2021/279716 Version 4

NOTCH2 in myeloma-derived extracellular vesicles

Up to now, the increased activation of NOTCH signaling in the tumor microenvironment has been attributed
to the presence of high levels of MM cell-derived-JAGGED ligands. Here, we demonstrate that MM cells
may trigger tumor angiogenesis and osteoclastogenesis by transferring NOTCH2 receptor via EV.
Moreover, we provide evidence that targeting the NOTCH pathway may represent a suitable strategy to

hamper the MM-EV mediated pathological communication with the BM niche.

Methods

Extracellular vesicles isolation from HMCL and MM patients’ BM aspirates

EV were obtained from supernatants of RPMI8226 and OPM2 cells cultured for 48 h in RPMI1640 medium
depleted of FBS-derived bovine EV or from the plasma obtained by BM aspirates of monoclonal
gammopathy of undetermined significance (MGUS) (MGUS-BM-EV) and MM patients (MM-BM-EV). The
Institutional Review Board of Insubria Italy approved the design of this study (approval n. 1 on 27" February
2018). Written informed consent was obtained in accordance with the Declaration of Helsinki. Clinical
information of patients is reported in table S1.

EV pellets were resuspended in the appropriate buffer/medium for subsequent studies. Further details are

reported in Supplemental experimental procedures.

Production of viral supernatants and NOTCH2 knockdown

Viral supernatants were generated by calcium phosphate-DNA transfection of HEK293T cells with the
Dharmacon Trans-lentiviral packaging kit containing pTRIPZ vector carrying a doxycycline-inducible system
(Tet-on) expressing shRNAs against NOTCH2, or the corresponding scrambled shRNA (Horizon
Discovery, United Kingdom). A pilot experiment on HEK293T cells was carried out by transient transfection
of 4 shRNAs for NOTCH2 to select the more effective NOTCH2 shRNA (Cat.ID RHS5087-EG4853 - mature
antisense sequence: ATGTCACAAGAGACATTGG). Lentiviral supernatants were used to infect and
generate stable clones of RPMI8226 and OPM2 cells. shRNA expression was induced by treatment with

1ug/ml Doxycycline (Sigma Aldrich, Italy).

In vivo experiments

In vivo experiments were carried out on transgenic zebrafish (Danio rerio) embryos obtained by crossing
Tg(T2KTplbglob:hmgbl-mCherry) with Tg(flila:EGFP) obtained from the Wilson lab, University College
London, United Kingdom. Zebrafish embryos were raised and maintained under standard conditions and
national guidelines (Italian decree 4th March 2014, n.26). All experiments have been conducted within 5
days post fertilization (dpf). EV were injected into the duct of Cuvier of embryos at 48 h post fertilization

(hpf) with a manual microinjector (Eppendorf, Germany) using glass microinjection needles.



Haematologica HAEMATOL/2021/279716 Version 4

NOTCH2 in myeloma-derived extracellular vesicles

Further details on the above procedures and information concerning cell cultures, transmission electron
microscopy, in vitro uptake, western blot, EV-derived NOTCH2 tracking system, viral particle production,
luciferase reporter assay, in vivo experiments, osteoclastogenesis and angiogenesis assays, ex Vivo

experiments and statistical analyses are reported in Supplemental experimental procedures.

Results

Multiple myeloma-derived extracellular vesicles are uptaken by bone marrow cell populations

EV produced by two different human MM cell lines (HMCL), RPMI8226 and OPM2, were isolated by
ultracentrifugation and fully characterized. Particle size distribution assessed by nanoparticle tracking
analysis (NTA) revealed that the EV populations produced by the two HMCL were characterized by the
presence of both small (30-200 nm) and large (200-1000 nm) vesicles (Fig. 1A). The shape and integrity of
MM-EV have been assessed by transmission electronic microscopy (TEM), showing the presence of whole,
undamaged small and large EV (Fig. 1B).

We assessed the ability of MM-EV to transfer their content to two key BM cell populations crucial in
supporting MM progression, osteoclasts (OCL) and endothelial cells (EC). The uptake was assessed in a
guantitative (Fig. 2A and 2B) and qualitative way (Fig. 2C). EV isolated by a 48 h culture of RPMI8226 cells
were stained with the fluorescent lipophilic dye CM-DIL and put in contact with a monolayer of OCL
progenitors (Raw264.7 cells) and EC (primary human pulmonary arterial cells — HPAEC) for 4 h at 37°C.
The negative control was maintained at 4°C to inhibit the uptake. In Fig.2A-B, MM-EV uptake was
qguantified through flow cytometry by measuring the CM-DIL fluorescent signal in receiving cells. The dot
plot analysis clearly shows that the two different cell types uptake MM-EV with a similar efficiency. The
graph in Fig.S1 summarizes the mean values and statistical analysis of flow cytometry detection. These
results were confirmed by fluorescence microscopy analysis. Stack projection images (Fig. 2C) and z-stack
videos (supplementary videos) show the presence of high levels of fluorescent signal in Raw264.7
(supplemental video 1) and HPAEC cells (supplemental video 2) treated with MM-EV at 37°C, indicating
that MM-EV may be internalized by these cells. As expected, internalization is blocked when cells are kept

at 4°C, suggesting that an active process is involved.

Multiple myeloma-derived extracellular vesicles carry NOTCH2

Due to the important role of NOTCH in the interplay between MM and the BM microenvironment, we
wondered if MM-EV contribute to NOTCH activation in BM cells by carrying NOTCH receptors and, in
particular the overexpressed receptor NOTCH2 [26], as part of their cargo. By western blot analysis, we
compared NOTCH2 expression in protein extracts from 7 HMCL, namely AMO1, JIN3, H929, RPMI8226,
LP1, KMS12, OPM2, and EV isolated from conditioned media (CM). Fig. 3A shows that MM-EV are able to

carry NOTCHZ2, those relative amount reflects that expressed in the different protein extracts of the HMCL.
6
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The analysis of the different forms of NOTCH2 indicated that MM-EV could carry not only the
transmembrane NOTCH2 (NOTCH2-TM) but also the full-length uncleaved NOTCH2 (NOTCH2-FL). Since
the cleavage operated by y-Secretase on the intracellular portion of NOTCH takes place inside the
endocytic bodies [27] and exosomes arise from late endosomes [28], we investigated whether the active
cleaved intracellular NOTCH2-IC may be included in MM-EV cargo by using a specific antibody. Results in
Fig. 3A indicate that MM-EV cargo also carries NOTCH2-IC. Fig. S2 shows that also NOTCHL is widely
represented in MM-EV, while the presence of other two isoforms in MM-EV is less noticeable.

To assess which EV fraction expresses NOTCH2, we performed a western blot analysis on large and small
vesicles collected from the HMCL CM by sequential ultracentrifugation at 20,000 g and 110,000 g (110 K).
We found that NOTCH2-TM and NOTCH2-IC were present both in large and small vesicles (Fig.3B).
Interestingly, NOTCH2-IC level was increased in 110K MM-EV fraction.

EV allow distant cells to communicate between each other, thus modifying their behaviour. To
demonstrate that NOTCH2 may be involved in these processes and can be transferred to distant cells via
EV, we developed a model system of HEK293 donor and receiving cells (Fig.3C). The first were forced to
constitutively express NOTCH2 tagged with HA at the C-terminus (NOTCH2-HA) [29] to distinguish it from
the endogenous NOTCHZ2. In addition, the position of the HA tag at the C-terminus of NOTCH2 enabled us
to detect NOTCH2-FL, the NOTCH2-TM portion of the heterodimeric NOTCH2 form, matured in the trans-
Golgi network upon the cleavage by a furin-like convertase [30], and the mature NOTCH2-IC, due to
homotypic activation mediated by ADAM10 and the y-secretase [29]. EV-donor cells were added to the
colture medium of receiving HEK293 cells. Fig.3C shows a western blot analysis performed with an anti-HA
antibody, confirming the presence of the HA-signal in donor cells carrying NOTCH2-HA, isolated EV, and
receiving cells. This demonstrate that EV can transfer NOTCH2 between distant cells. In this model
system, the EV cargo include NOTCH2-TM and NOTCH2-FL, while both donor and receiving cells show
also the presence of NOTCH2-IC. The absence of NOTCH2-IC in HEK293-derived EV might be due to a
lower level of NOTCH activation in HEK293 cells in comparison to HMCL.

Multiple myeloma-derived extracellular vesicles activate NOTCH signaling in receiving cells

To address if the variation of NOTCH2 levels in MM cells may affect MM-EV mediated communication, we
studied the effect of NOTCH2 silencing in RPMI8226 and OPM2 cells. These cells were transduced with
the pTRIPZ lentiviral vector conditionally expressing shRNAs for NOTCH2 (HMCLY?P) or the scrambled
sequence (HMCL®R) and single cell clones were isolated. Fig. 4A confirms that RPMI8226 and OPM2 cells
are knocked down (KD) for NOTCH2 and clearly shows that also the produced MM-EV displayed a reduced
level of NOTCH2. Also NOTCH2-IC decreased in OPM2 cells with a corresponding decrease in the shed
EV, while NOTCH2-IC decrease in EV release from RPMI8226 was less evident (Fig.S4). Through
alignment search tool BlastN (USA National Center for Biotechnology Information) we excluded regions of

local similarities between the used shRNA and the sequences of other NOTCH receptors and ligands (E
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values range between 1 and 15). The high sequence homology between the four NOTCH receptors
prompted us to analyze by western blot the expression of the other NOTCH receptor isoforms. Fig. 5S
shows that NOTCH2 KD did not affect the expression of NOTCH1, 3 and 4 in protein extracts from cells
and MM-EV. The outcome of NOTCH2 KD on EV size and concentration evaluated by NTA showed no
significant effect on MM-EV size and concentration (Fig. 4B).

To assess if the NOTCH2 protein carried by MM-EV is functionally active and is able to trigger NOTCH
signaling in receiving cells, we tested the effect of EV isolated from HMCL"?*® (MM-EV"%*P) or HMCLSR
(MM-EV>“R) through a NOTCH responsive luciferase reporter assay. This assay was carried out in the
HelLa cell line, which is highly transfectable and characterized by a low level of NOTCH signaling activation
(not shown). Fig. 4C shows that MM-EV°R can activate the NOTCH signaling pathway in the receiving
HelLa cells, while this ability is significantly reduced for MM-EVN<P,

The ability of MM-EV to activate NOTCH signaling was also validated in an in vivo NOTCH reporter
zebrafish embryo obtained by crossing Tg(T2KTplbglob:hmgbl-mCherry) with Tg(flila:EGFP) that carry
EGFP+ endothelial cells (green) and express the mCherry protein (red) under the control of a NOTCH-
responsive element. EV isolated from RPMI8226 cells were injected in the duct of Cuvier of 48 hpf

VSR mediated

transgenic zebrafish embryos. Images were acquired 4 h post-injection. Fig. 4D shows MM-E
NOTCH activation in the intersegmental vessels (Se), caudal artery (CA), and in the area of the caudal

hematopoietic tissue (CHT), while MM-EV"*® induces a barely visible stimulation.

NOTCH2 carried by multiple myeloma-derived extracellular vesicles contributes to the education of
bone marrow cell populations
We and other groups previously reported that MM cells affect the surrounding BM microenvironment
inducing osteoclastogenesis [22-24] and tumor angiogenesis [16, 21] in a NOTCH-dependent way.
Moreover, recent evidence indicates that MM-EV stimulate osteoclastogenesis [13, 31-33], angiogenesis
and carry pro-angiogenic proteins [11, 34]. Therefore, we verified the osteoclastogenic potential of MM-
EVS“R and MM-EVV?P by treating the monocyte cell line Raw264.7 in the presence of the osteoclastogenic
chemokine RANKL (30 ng/ml). We used MM-EV released by the RPMI8226 cell line due to the ability of
these cells to induce osteoclastogenesis, differently from OPM2 cells [22]. After 7 days of treatment with
MM-EV, OCL count showed that MM-EV®F induced Raw264.7 cell differentiation, while MM-EVV?® |ost
this ability (Fig. 5A).

We assessed MM-EV"?*P angiogenic potential using a tube formation assay with HPAEC seeded on
a Matrigel layer. Results in Fig.5B show that MM-EV“R promotes tube organization of HPAEC, while
treatment with MM-EVV?® reduces this effect. In conclusion, this specific RNA interference approach
unequivocally demonstrated that NOTCH2 KD affects the MM-EV mediated osteoclastogenesis and

angiogenesis.
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Targeting NOTCH signaling blocks the pathological communication mediated by multiple myeloma-
derived extracellular vesicles

To provide a higher translational potential to our findings we exploited the strategy illustrated in Fig.6A. We
used y-secretase inhibitors (50 pg/ml DAPT), used in research works and clinics to inhibit pan-Notch
signaling [15] to block NOTCH activation in EC and OCL induced by MM-EV. Fig.6B and C clearly show
that MM-EV induce angiogenesis and osteoclastogenesis in a NOTCH-dependent way. In consideration of
the well known osteoclastogenic and angiogenic roles of NOTCH signaling [16, 21-24], we planned our
experiments to distinguish the effect of the endogenous and vesicular NOTCH. Indeed, if we compare the
effect of DAPT on osteoclastogenesis (fig.6B) in the absence of EV and suboptimal concentration of
RANKL, we can see that it abrogates OCL differentiation with a non-statistically significant decrease, while
DAPT abrogates much higher levels of osteoclastogenesis induced by MM-EV (+250%) in a statistically
significant way, indicating that the greater effect of MM-EV is NOTCH dependent.

The effect of DAPT on MM-EV induced angiogenesis was analogous. The high increase of HPAEC tube
organization upon the administration of MM-EV from RPMI8226 and OPM2 cells was completely abrogated
by DAPT, showing a statistically significant reduction in areas and nodes (ranging from 29,5% to 51,3%).
This effect was clearly higher than the slight inhibitory trend observed on basal angiogenesis upon DAPT
administration (Fig. 6C). We also ruled out that the obtained results could be due to the toxic effect of
DAPT on OCL and EC (Fig. S6).

Overall, these results confirm that the studied biological effects of EV are NOTCH mediated and can be
blocked by treatment with y-Secretase inhibitors.

Finally, to strengthen the translational potential of our in vitro findings, we reasoned that the BM of MM
patients does not contain only MM-derived EV, but EV derived from the whole MM-educated BM cell
populations. Therefore to confirm the NOTCH-dependent role of EV in the pathological communication
occurring in the BM of MM patients, we have got advantage of EV from BM aspirates of patients with the
benign MGUS (MGUS-BM-EV) or MM (MM-BM-EV) (Table S1), which may recapitulate the complexity of
the BM microenvironment. We compared the angiogenic potential of HPAEC untreated or treated with
MGUS-BM-EV or MM-BM-EV. Fig. 6D shows that MM-BM-EV boost the angiogenic potential of HPAEC
while MGUS-BM-EV showed a non-statistically significant increasing trend. Importantly, the inhibitory effect
of DAPT is statistically significant when added to HPAEC treated with MM-BM-EV. These results confirm
the increasing angiogenic potential of EV released in the BM during MM progression, the role played by
NOTCH delivered via MM-BM-EV and strengthen the potential of a NOTCH-directed therapeutic approach

to block the support of MM microenvironment to the disease progression.

Discussion
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The pathological interplay between malignant cells and the surrounding non-tumoral BM cells promotes
neoplastic cell growth and survival as well as key events of tumor progression including bone disease and
angiogenesis. These lines of evidence suggest that an effective therapeutic approach should not be
focused merely on the MM cells, but it should target their interaction with the surrounding BM niche.
Recently, EV have been reported as critical players in the communication between MM cells and the
nearby BM cells and leading to MM progression. Indeed, MM-EV promote different events associated with
MM progression, including angiogenesis [11, 13, 34, 35] and osteoclastogenesis [13, 31-33].

Here, we contribute to elucidate the molecular mechanisms involved in MM-EV pathological
communication with the BM microenvironment, strengthening the role of the EV pathological
communication as a promising therapeutic target in MM.

The evidence that NOTCH signaling activation, mediated by MM cell heterotypic interaction with the
surrounding BM cells, plays a key role in tumor angiogenesis [16, 21] and osteoclastogenesis [22-24]
prompted us to investigate whether NOTCH signaling contributes to determine the impact of MM-EV on
these processes.

Our analysis on a panel of HMCL and the respective shed EV indicate that NOTCH receptors were present
in MM-EV cargo with high levels of NOTCH2 and slightly lower levels of NOTCH1, consistently with
evidence from other cell types [36]. We focused on NOTCH2 receptor, widely expressed in MM cell lines
and in primary MM cells, particularly from high-risk patients [18, 26]. In details, we found that MM-EV
carried the mature heterodimeric form of NOTCH2 (since we detected the NOTCH2-TM portion), the
immature NOTCH2-FL and the activated NOTCH2-IC, that upon delivering to target cells might directly
activate the transcription of the NOTCH target genes without requiring the interaction with ligands and the
activation by ADAM protease and y-Secretase.

The expression of NOTCH receptors has been reported in exosomes [37] but also in microvesicles
[38]. Thereby, we wondered which of the two subpopulations of EV hosted NOTCH2. We separated large
and small vesicles and found the presence of NOTCH2-TM both in large and small particles, while
NOTCH2-IC level was higher in 110K small EV fraction. Although it is not possible to distinguish exosome
and microvesicles only on the basis of their dimension, we presume that small vesicles are enriched with
exosomes respect to large vesicles. Therefore our results suggest the presence of NOTCH2-IC within
exosomes consistently with its presence in the endosomal compartment from which exosomes take origin.

Before validating the hypothesis that vesicular NOTCH2 contributes to molecular and biological
effects on relevant BM cell population as OCL and EC, we monitored if these cells uptake MM-EV, using
respectively Raw264.7 and HPAEC cells. Flow cytometry detection showed a quick (4 h) uptake of MM-EV
by the majority of cells in both models, confirmed by a Z-stack analysis in confocal microscopy.

Additionally, we unequivocally assessed that NOTCH signaling members could be transferred via EV from
one cell to another using an experimental system model based on HEK293 cells forced to express

NOTCH2 tagged with HA. This model system allowed us to assess that NOTCH2-HA could be released
10
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within EV and be transferred to distant cells. In this system, we have confirmed that EV carried high levels
of NOTCH2-TM form and NOTCH2-FL, even if at much lower level. On the contrary, although the
NOTCH2-IC form was present in MM-EV shed by HMCL, we could not detect it in HEK293-derived EV,
possibly due to a lower level of NOTCH2 activation in HEK293 cells in comparison to HMCL. Receiving
cells clearly uptook the transmembrane form of NOTCH2-HA, but also showed a very faint band
corresponding to NOTCH2-IC, consistently with a slight NOTCH2 activation after EV uptake. This result
provided a first indication that EV carrying NOTCH2 may activate NOTCH signaling in receiving cells.

Using a selective RNA interference of NOTCH2 in RPMI8226 and OPM2 cells, we confirmed that
NOTCH2 KD in HMCL impacted the levels of vescicular NOTCH2-TM, NOTCH2-FL and NOTCH2-IC,
although the decrease of the activated form was evident only in OPM2 cells. On the contrary, NOTCH2 KD
did not significantly affectMM-EV size and concentration.

To confirm that MM-EV might activate the oncogenic NOTCH signaling in receiving cells, we tested
MM-EVSR or MM-EVM?® in in vitro and in vivo NOTCH reporter systems. The first in vitro cellular model

VSCR

transfected with a Nanoluc-based NOTCH reporter vector, indicated that MM-E might activate a

NOTCH-dependent gene reporter, while MM-EV"?<P

induced a significantly lower activation. This result was
confirmed by a second reporter in vivo system recapitulating the complexity of a whole organism. The
injection of MM-EV®“®R or MM-EVM*® in transgenic zebrafish embryo reporter for NOTCH not only
confirmed the observed MM-EV mediated NOTCH signaling activation but also provided evidence of MM-
EV ability to induce NOTCH signaling activation at distant sites through the circulation. Indeed, MM-EV
injected in the duct of Cuvier may be transported through the circulation and activate NOTCH signaling in
the caudal hematopoietic tissue which represents the main hematopoietic organ in zebrafish embryo,
analogously to the human BM [39]. In contrast, NOTCH signaling activation mediated by MM-EV"?P was
significantly lower. MM-EV effectiveness in inducing NOTCH signaling activation at distant sites in zebrafish
embryos carried by the blood stream suggests that MM-EV could also play an important role in the
metastatic process, as reported for pancreatic cancer [40]. For instance they may help preparing the pre-
metastatic niche through the formation of new permeable vessels for the extravasation of tumor cells, and
destructing of the bone matrix to make space for metastatic cells.

Taken as a whole, the in vitro and in vivo NOTCH reporter assays confirmed that NOTCH activity in target
cells was due to NOTCH2 delivered by the injected MM-EV.

This evidence and the acknowledged effect of NOTCH signaling on OCL and EC, prompted us to verify if
NOTCH2 delivery by MM-EV could affect the biology of these cells. Through the same specific RNA
interference approach on two different HMCL, we provided an unequivocal demonstration that vesicular
NOTCH2 participates in MM-induced OCL differentiation and angiogenesis, assessed by a tube-formation
assay. The dependency of these processes on NOTCH signaling was clearly demonstrated by the fact that
MM-EVV?*P impact was significantly lower. The presence of other NOTCH receptors in MM-EV cargo, even

if at a lower level, (i.e. NOTCH1) suggests that they may also provide a contribution.
11
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In order to strengthen the translational potential of our results we used a dual approach: 1) the

outcome of an anti-NOTCH therapeutic approach already tested in clinics was assessed in vitro and ex
vivo; 2) ex vivo experiments were carried out with EV released in the BM of MM patients, taking into
account that a systemic treatment is expected to affect the communication of MM-EV, as well as that of EV
from all the BM cell populations. In the first case, we showed that y-Secretase inhibitors (GSI), already used
in clinics [15], greatly affected MM-EV ability to inhibit angiogenesis and osteoclastogenesis in vitro.
Concerning the second point, EV collected from the BM of MM patients, but not MGUS patients, displayed
a clear pro-angiogenic effect that could be hampered by GSI.
In conclusion, the RNA interfering approach specific for NOTCH2 on HMCL, complemented by a pan-
NOTCH chemical inhibition on HMCL- and MM patients’ BM-derived EV, provides a new important
evidence of the effect of NOTCH signaling pathway on EV mediated pathological communication in
myelomatous BM. The important inhibitory effect of GSI suggests that the form of the NOTCH2 oncogene
which mostly contributes to MM-EV mediated education is NOTCH2-TM and not NOTCH-IC whose activity
is GSI resistant. Although, the presence of NOTCH2-IC in MM-EV cargo is much intriguing since it may
deliver an active oncogenic signal, we believe that vesicular NOTCH-IC might be more relevant in tumor
that expresses the constitutively active form of NOTCH, such as T-cell acute lymphoblastic leukemia.

In conclusion, our results strengthen the rationale for therapeutic approaches directed to inhibit
NOTCH activation mediated by MM-EV, suggesting that they have the potential of interfering with the
pathological communication of the MM cells mediated by EV in the short and potentially in the long range
and, thereby, they may influence the cross-talk with the surrounding microenvironment and the

dissemination of the disease at distant skeletal sites.

Supplementary Information is available at Haematologica website.
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Figure legends

Fig. 1: Characterization of MM cell-released EV. Extracellular vesicles (EV) from multiple myeloma cell
lines (HMCL) RPMI8226 and OPM2 cells (MM-EV), were isolated by ultracentrifugation and analyzed by A)
nanotracking particle analysis (NTA) and B) electron transmission microscopy (TEM). A) NTA analysis
reveals the presence of small (30-200 nm) and large (200-1000 nm) vesicles. Size and concentration of EV
were determined by NanoSight NS300 system (Malvern Panalytical Ltd, Malvern, UK). A camera level of 12
and five 30-s recordings were used for acquisition of each sample of 3 independent EV isolations and one
representative image is shown. B) TEM analysis confirms the isolation of intact small and large vesicles.
Fig.2: MM-EV can be uptaken by osteoclasts and endothelial cells. A-C) Osteoclast (OCL) progenitors
and endothelial cell (EC) uptake MM-EV from RPMI8226 cells. Raw264.7 cells and HPAEC have been
treated with CM-DIL stained MM-EV or the negative control for 4 h at 37°C or 4°C. A-B) Representative
flow cytometry dot-plots show the CM-DIL labeled RPMI8226-EV uptake by Raw264.7 cells (A) and
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HPAEC (B) by measuring CM-DIL positive cells in the PE channel. OPM2-EV provided similar results (not
shown). Data are presented as mean values of three independent experiments C) Maximum intensity
projection of CM-DIL positive RPMI8226-EV internalization in Raw264.7 cells and HPAEC after 4 h of
incubation at 37°C and 4°C. Red fluorescence: RPMI8226-EV labeled with CM-DIL dye; green

fluorescence: CFSE+labeled cells; blue fluorescence: nuclei with DAPI (63x magnification).

Fig.3: NOTCH receptors and ligands in EV. A) Western blot analysis for NOTCH2-FL (full length),
NOTCH2-TM (transmembrane form), and NOTCH2-IC (active intracellular NOTCH2) expressed in 7
different HMCL and the respective produced EV. 3-Actin and TSG101 have been used as loading controls
for cells and vesicle protein extracts, respectively. To perform all the hybridizations, two western blots have
been performed with cell and EV extracts loaded with the identical amount of proteins. B) A western blot
analysis show the expression of NOTCH2-TM and NOTCH2-IC in EV populations of different sizes. Large
and small EV have been isolated from RPMI8226 and OPM2 cells by sequential ultracentrifugation at
20,000 g (20K) and 110,000 g (110K), and the expression of the two NOTCH2 forms was separately
assessed by western blot analyses using specific antibodies for NOTCH2 and NOTCH2-IC; TSG101 was
used as controls for vesicle protein extracts. C) EV-mediated cell-to-cell transfer of NOTCH2: the donor
HEK293 cell line was forced to express HA-tagged NOTCH2 carried by pCDNA3.1 or the corresponding
empty vector (negative control); EV secreted by donor cells were collected by ultracentrifugation and used
to treat receiving HEK293 cells for 24 h. Cell and EV protein extracts were analyzed by western blot using a
specific primary antibody anti-HA. a-Tubulin and TSG101 were used to normalize cellular and vesicular
protein extract loading, respectively. NOTCH2-IC identified by re-hybridazation of the same membrane
with anti-NOTCH-IC (see Fig.S3) is indicated by an asterisk.

Fig.4: Molecular effects of NOTCH2 modulation on MM-EV. A) Western blot analysis confirms the KD
efficacy on NOTCH2-TM levels in HMCL and the produced MM-EV. a-Tubulin and TSG101 have been
used as loading controls for cell and vesicle protein extracts, respectively. B) NTA on MM-EV“R and MM-
EVM*P from HMCL does not show significant changes in concentration and size; D50=size point below
which 50% of the EV are contained. Data are expressed as mean value + SEM of at least four experiments
(RPMI8226 n=4; OPM2 n=6). Statistics by two-tail T-test did not show any significant difference. C) MM-
derived EV activate NOTCH signaling in receiving cells: a NOTCH reporter assay was carried out on HelLa
cells stimulated with MM-EV°“? and MM-EV"*® from HMCL (EV derived from OPM2 cells), or control fresh
medium (w/o EV). Luciferase activity is expressed as the ratio between Nano/Firefly luciferase
luminescence units. Data are expressed as mean value + SE of at 4 experiments. Statistics by ANOVA and
Tukey post-test: *=p<0.05. D) Activation of NOTCH signaling in the trunk of Tg(T2KTpZlbglob:hmgbl-
mCherry) zebrafish embryos (zf) 4 h after the injection of MM-EVSR and MM-EV"?P (EV derived from

RPMI8226 cells), or control fresh medium (w/o EV). Representative pictures of each condition are reported
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on the left (20x and 60x magnification, the upper and the lower respectively); a graph on the right
represents the mean value +/- SEM of the corrected total fluorescence (CTF) measured in caudal
hematopoietic tissue (CHT). In particular four in vivo experiments involved zf embryos injected with
negative control (n=20) or MM-EV>“R (n=27) and MM-EV"?P (n=27). Statistics by ANOVA and Tukey post-
test excluding outliers identified through the ROUT method (Q=1%): *=p<0.05; ****=p<0.0001.

Fig.5: NOTCH2 contributes to the protumorigenic communication of MM-EV toward osteoclasts and
endothelial cells. A) The effect of MM-EV®“® and MM-EV"%*P® collected from the osteoclastogenic cell line
RPMI8226. The Raw264.7 cell line was treated with or without the osteoclastogenic RANKL (30 ng/ml),
MM-EV or control fresh medium (w/o EV). After 7 days TRAP positive multinucleated cells (=3 nuclei) were
enumerated (TRAP positive multinucleated cells were indicated by an arrow). Representative images are
shown for each condition on the left (4x magnification); a graph on the right represents the mean value of
the absolute number of TRAP+ multinucleated cells +/- SEM. Statistical analysis by a one-way ANOVA with
Tukey post-test; *= p < 0.05. B) Tumor angiogenesis induced by MM-EVS® and MM-EVM*P. Tube
formation assay performed for 13h with HPAEC laid on a matrigel-coated support stimulated with MM-
EV®R and MM-EVV?® collected from RPMI8226 and OPM2 cells or control fresh medium (w/o EV). The
graphs show the mean values of areas and nodes (branch points) enumerated in four quadrant of the well
+/- SEM. Statistical analysis was performed by ANOVA and Tukey post-test; *= p <0.05, **= p <0.01.

Representative images are shown below for each condition (4x magnification).

Fig.6: +y-Secretase blockage of NOTCH2 activation inhibits the effect of MM-EV on
osteoclastogenesis and angiogenesis. A) Experimental rationale. MM-EV derived NOTCH2 may
increase NOTCH signaling activation on target cells (OCL progenitors and EC) that may be blocked by
DAPT administration. B) Raw267.4 cells induced to differentiate into OCLs in the presence of 30 ng/ml
RANKL were treated with MM-EV collected from the osteoclastogenic cell line RPMI8226 or the control
fresh medium (w/o EV) and in the presence or absence of DAPT to inhibit NOTCH signaling activation. For
each condition a negative control cultured in the absence of RANKL has been carried out. After 7 days
TRAP+ multinucleated cells (=3 nuclei) were enumerated. The graph shows the mean values of TRAP+
multinucleated cells obtained in the different conditions for RANKL treated cells. Given the large number of
conditions, to make the graph simpler and easier to understand, each value has been subtracted of the
respective control without RANKL (+/- SEM). Statistical analysis was performed by a one-way ANOVA with
Tukey post-test; *=p < 0.05;***= p < 0.001. C) Tube formation assay on HPAEC was performed for 13 h
with MM-EV collected from RPMI8226 and OPM2 cells or control fresh medium (w/o EV) in the presence or
the absence of DAPT. The graphs show the mean values of areas and nodes enumerated in four quadrant
of the well +/- SEM. Statistical analysis was performed by ANOVA and Tukey post-test; *= p <0.05, **=p
<0.01. D) Tube formation assay on HPAEC treated for 13 h with EV collected from the BM of MGUS

patients or MM patients in the presence or the absence of DAPT. The graphs show the mean values of
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areas and nodes enumerated in four quadrant of the well (+/- SEM). Statistical analysis was performed by

ANOVA and Tukey post-test; **= p <0.01, ****= p <0.001. The characteristics and number of MM patients

are reported in table S1.
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