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Abstract: Blood cancers are a heterogeneous group of disorders including leukemia, multiple
myeloma, and lymphoma. They may derive from the clonal evolution of the hemopoietic stem
cell compartment or from the transformation of progenitors with immune potential. Extracellular
vesicles (EVs) are membrane-bound nanovesicles which are released by cells into body fluids with a
role in intercellular communication in physiology and pathology, including cancer. EV cargos are
enriched in nucleic acids, proteins, and lipids, and these molecules can be delivered to target cells to
influence their biological properties and modify surrounding or distant targets. In this review, we
will describe the “smart strategy” on how blood cancer-derived EVs modulate tumor cell develop-
ment and maintenance. Moreover, we will also depict the function of microenvironment-derived
EVs in blood cancers and discuss how the interplay between tumor and microenvironment affects
blood cancer cell growth and spreading, immune response, angiogenesis, thrombogenicity, and drug
resistance. The potential of EVs as non-invasive biomarkers will be also discussed. Lastly, we discuss
the clinical application viewpoint of EVs in blood cancers. Overall, blood cancers apply a ‘vesicular
intelligence’ strategy to spread signals over their microenvironment, promoting the development

and/or maintenance of the malignant clone.

Keywords: blood cancers; extracellular vesicles; disease biomarker; bone marrow microenvironment;

angiogenesis; hypercoagulability; immune evasion; drug resistance

1. Introduction

Blood cancers are a heterogeneous group of disorders including leukemia, multiple
myeloma, and lymphoma. They may derive from the clonal evolution of the hemopoietic
stem cell compartment or from the transformation of progenitors with immune potential. The
functional cross-talk between blood cancer cells and the surrounding microenvironment is of
utmost importance for the development and maintenance of the malignant cells. However,
despite the huge interest in the tumor microenvironment, unexplored microenvironmental-
driven mechanisms and signals in blood cancers still need to be defined.

Intriguingly, in addition to cell-cell contact and soluble signals, extracellular vesi-
cle (EV) generation/release from blood cells and/or microenvironment niche has been
described as the rising successful strategy for complex intercellular communication in
tumors, including blood cancers [1]. In fact, sending information enclosed in a plasma
membrane represents a “smart strategy” to avoid degradation and promote intercellular
signaling, not only in physiology but also in cancer. Notably, the EV-driven “smart strategy”
assures blood cancer cells’ functional activity and survival and the generation of a niche
with cancer-promoting effects. In other words, since strategic blood cancer priority is
the spreading of tumor signals, the EVs represent a “sustainable” and effective biological
tool by which these requirements are pursued. The marrow niche and the immune and
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coagulation systems have been depicted as main areas for strengthening synergies and
collaboration in blood cancers through EV-based communication.

Several studies have identified EVs as delivery vehicles of blood cancer-released
components in peripheral blood, highlighting their clinical relevance in diagnosis and
prognosis. Of note, in precision medicine, EVs might be considered a further promising
tool for liquid biopsy in monitoring disease progression. Moreover, due to their biological
properties and function, EVs have drawn attention not only as a potential therapeutic
target but also as drug delivery vehicles [2-8].

EVs are released from various cells during homeostasis and cell activation, with
pleiotropic effects on signaling among cells. They have been detected in several biological
fluids, including plasma, urine, and saliva. The same cells may serve as recipients or
effectors of EV targeting, and various mechanisms of release or uptake have been pre-
viously described [9]. EV cargos are enriched in nucleic acids, proteins, and lipids, and
studies focusing on EV cargo packaging under different conditions have been reported in
public databases, including ExoCarta [10], Vesiclepedia [11], and EVpedia [12]. Briefly, the
International Society of Extracellular Vesicles has classified EVs into three main groups:
(1) exosomes, small vesicles with diameters <100-150 nm that are formed inside mul-
tivesicular bodies; (2) microvesicles, medium-size vesicles of plasma membrane origin
with diameters of up to 1000 nm; and (3) apoptotic bodies, large vesicles with diameters
> 1000 nm that are produced by apoptotic cells [13] (Figure 1). Excellent reviews on the
biomolecular and functional characteristics of EVs as well as on the techniques used in
EV isolation and characterization have recently been published [9-14]. EVs affect normal
and malignant hemopoiesis and are critical players in the regulation of inflammation
and immunity [15-18]. Specifically, blood cancer-derived EVs deeply impact stromal cell
transformation, angiogenesis, and immune suppression by carrying mRNAs, microRNA
(miR), lipids, and proteins and transferring the cargo to target cells including stromal
cells, endothelial cells, and immune cells. Usually, these effects aim to promote malignant
transformation, development, and progression [19]. Therefore, the importance of EVs
in these hematologic disorders is mainly attributed to their role in changing the tumor
microenvironment, inducing tumor immune evasion and chemoresistance, and driving the
hypercoagulable state.

In this review, we will describe the “smart strategy” on how blood cancer-derived EVs
regulate tumor cell development and spreading, thrombogenicity, immune response, drug
resistance, and communication within the tumor microenvironment in blood cancers. Over-
all, blood cancers simulate human intelligence by creating a ‘vesicular intelligence’ strategy
to spread signals over their microenvironment. The potential utility of EVs as non-invasive
biomarkers will be also discussed. Indeed, EV cargo can mirror blood cancer cell complex-
ity and enable the measurement of multiple biological components shed by malignant cells.
Moreover, we will summarize the heterogeneous roles of microenvironment-derived EVs
in various blood cancers. Note that, throughout this review, the term EVs refers to both
exosomes and microvesicles.

We identified references for this review via a review of literature in PubMed us-

77 ”oou :

ing a Boolean search strategy with the terms “extracellular vesicles”, “exosomes”, “mi-
croRNA”, “blood cancer”, “hematologic malignancy”, “leukemia”, “lymphoma”, “myeloma”,
“myelodysplastic syndrome”, and “myeloproliferative neoplasms”. We identified addi-
tional articles from reference lists of the selected articles and through expert reviews of the
literature. We included all English-language articles published from database inception

through to November 2020.
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Exosome:

Main markers:

Main markers:

generated by multivesicular bodies

tetraspanins (CD9, CD63,CD81), alix, HSP70
Main content: proteins, lipids, nucleic acids

size: <100-150 nm

size: up to 1000nm

Microvesicle (ectosome):
plasma membrane origin

selectins, integrins, CD40 ligand
Main content: proteins, lipids, nucleic acids,
mitochondrial components

EXTRACELLULAR VESICLES

size: > 1000 nm

Apoptoticbody
from cells undergoing
apoptosis

Main markers:
histones, gp96 protein,
phosphatidilserine
Main content: proteins, lipids,
mitochondrial components

Figure 1. Main characteristics of the three major subpopulations of extracellular vesicles: exosomes, microvesicles, and

apoptotic bodies in terms of size, biogenesis, main markers, and content [9,13,14,20].

2. The Secret Signature of the Blood Cancer-Derived EVs

Recently, the number as well as the cargo, including proteins, microRNA (miR),
and long non-coding RNA (IncRNA), have been reported to be upregulated in the EVs
of patients with blood cancers, suggesting that circulating EVs might be a diagnostic
marker for these disorders. Indeed, due to their location in blood, EV-based diagnostics
may represent an optimal candidate for non-invasive diagnosis. Further, by analyzing
deregulated EV cargo, a tool for the rapid diagnosis of disease relapse and the selection of
the most appropriate personalized therapy can be available. However, although research
has demonstrated EVs’ usefulness, the challenge is still to establish and integrate EV-
derived biomarkers in the clinic.

One of the first studies, conducted by Caivano et al. [21], demonstrated that circulating
EVs may represent a novel biomarker, since high serum levels of EVs are detected in the
peripheral blood of patients with various types of blood cancers. They found EVs to be
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elevated in acute myeloid leukemia (AML), multiple myeloma (MM), Hodgkin lymphoma
(HL), Waldenstrom Macroglobulinemia (WM), and some myeloproliferative neoplasms
(MPN); besides this, EVs from HL, MM, and MPN were characterized by a lower size.
Notably, EVs specifically expressed cancer-related antigens (e.g., CD19 in B-cell neoplasms,
CD38 in MM, CD13 in myeloid tumors, CD30 in HL), revealing that the total and antigen-
specific count of EVs correlated with the clinical features.

2.1. Acute Myeloproliferative Disorders

Circulating EVs might be a diagnostic and prognostic marker for AML. Indeed, since
AML EVs express membrane proteins of blast cells, they might be biomarkers of leukemia
dynamics and the presence of minimal residual disease. Notably, miR EV content has been
suggested to be a distinctive feature.

Szczepanski et al. demonstrated that sera from newly diagnosed AML patients
contained higher levels of EVs compared to their normal counterparts [22]. Notably,
isolated EVs have a distinct molecular profile: in addition to conventional EV markers,
they contain membrane-associated transforming growth factor (TGF)-31; MICA /MICB;
and myeloid blasts markers such as CD34, CD33, and CD117. Interestingly, the cargo
protein TGF-f31 has been suggested as a potential biomarker for AML patients undergoing
post-chemotherapy consolidation supportive therapy [22,23]. Monitoring newly diagnosed
AML patients (diagnosis, nadir, remission), Tzoran I et al. demonstrated that the total
circulating EV numbers were higher in patients in the first remission compared with
controls [22]. Of note, at all three time points, the endothelial EV proportion was higher
compared with controls. Relapse remains the major cause of mortality for patients with
AML. Current techniques detect circulating blasts that coincide with advanced disease
and poorly reflect minimal residual disease during early relapse. Recently, serum exosome
miRs have been proposed as a platform for a novel, sensitive biomarker for the prospective
tracking and early detection of AML recurrence. Specifically, the combined detection
of miR-150, -155, and -1246 in AML-derived EVs was proposed as a marker to monitor
patients following treatment [24]. Furthermore, EV-miR-125b or EV-miR-10b might also
serve as a promising marker for predicting the prognosis of AML patients [25,26].

2.2. Chronic Lympho/Myeloproliferative Disorders

Accumulating evidence highlights circulating EVs as potential biomarkers of CLL
disease stages. It has been firstly demonstrated that the total circulating EV level in CLL
was significantly higher compared with healthy subjects and that patients” EVs exhibit
a phenotypic shift from predominantly platelet-derived in the early stage to leukemic
B-cell-derived at an advanced stage. Additionally, CD19+ and CD37+ B-cell-derived EVs
significantly correlate with a high tumor burden [27,28].

Regarding protein content, Belov et al. [29] showed that CD19+ EVs from the plasma
of CLL patients express a subset (~40%) of proteins detected on CLL cells from the same
patients: moderate or high levels of CD5, CD19, CD31, CD44, CD55, CD62L, CD82, HLA-A,
B, C, HLA-DR; low levels of CD21, CD49c, CD63. Different proteomic profiles of plasma
exosomes have been demonstrated between indolent and progressive CLL, as well as
within individual patients at the time of disease onset and during evolution. High levels of
S100-A9 protein, a molecule involved in cell cycle regulation, have been observed also in
plasma-derived exosomes from patients with progressive CLL compared to indolent CLL
patients, highlighting the importance of exosomes as mediators of CLL progression [30].

Interestingly, the dynamic accumulation of CD52+ EV in plasma can be used to study
CLL progression. To this purpose, Boysen et al. showed that CLL B-cells generate EVs
spontaneously and that EVs released can be further induced by B-cell receptor [BCR]-
ligation, while an increased accumulation of CD52+ EV is detected in previously untreated
CLL patients with progressive disease [31].

Yeh et al. [32] recently reported that CLL cells release significant amounts of exosomes
in plasma with abundant CD37, CD9, and CD63 expression. Interestingly, the miR analysis
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of plasma-derived exosomes identified a distinct miR signature, including miR-29 family,
miR-150, miR-155, and miR-223, which have been associated with CLL. This study also
highlights the regulation of BCR signaling in the release of CLL exosomes: BCR activation
by a-immunoglobulin (Ig) M induces exosome secretion, whereas ibrutinib-driven BCR
inactivation prevents o-IgM-stimulated exosome release and significantly decreases the
exosome plasma concentration. Moreover, exosomes released by CLL cells are enriched
by miR-202-3p [33]. Finally, Wu Z. et al. prove that mc-COX2 (a critical mitochondrial-
circRNA highly expressed in plasma), delivered by CLL exosomes, is associated with
leukemogenesis and poor prognosis in CLL patients [34].

In the setting of MPN, we recently demonstrated that an increased /decreased pro-
portion of circulating platelet (CD61+CD62P+)-/megakaryocyte (CD61+CD62P-)-EVs is
observed in patients with myelofibrosis (MF) and essential thrombocythemia (ET). Addi-
tionally, the JAK1/2 inhibitor Ruxolitinib normalizes the profile of circulating EVs in the MF
spleen-responder patients only by increasing the megakaryocyte EVs and decreasing the
platelet EV proportions. Importantly, a cut-off value of 19.95% for megakaryocyte-derived
EVs identifies spleen responders and non-responders, demonstrating that circulating
megakaryocyte EVs, as a liquid biopsy assay, might be a potential tool to predict response
to ruxolitinib therapy in MF [35]. Additionally, in plasma-derived EVs from MF patients,
we identified a distinct miR profile and mitochondrial components, suggesting EVs as
potential markers of aggressive disease, especially in triple-negative MF patients [36].

Moreover, in systemic mastocytosis, it has been demonstrated that serum from patients
contains EVs with a mast cell signature, and their concentrations correlate with surrogate
markers of disease [37]. Finally, it has also been demonstrated that EVs from CML CD34+
cells are associated with an increase in immature cells in the peripheral blood [38].

2.3. Multiple Myeloma

In MM, EVs expressing CD38, CD138, CD44, and CD147 allowed the stratification
of patients by disease phase and therapy response [39]. Consistently, it has been reported
that CD138+ circulating EVs are elevated across all stages of disease and mirror plasma-
cell burden and treatment response [40]. Once again, serum exosomal miR can be used
independently as a novel biomarker. The levels of serum exosome-derived miR-20a-5p,
miR-103a-3p, and miR-4505 were significantly different among patients with MM, patients
with smoldering myeloma (SMM), and healthy individuals, while differences in the levels
of let-7c-5p, miR-185-5p, and miR-4741 discriminated MM patients from SMM patients or
healthy controls [41]. Additionally, it was found that let-7b and miR-18a were significantly
associated with both progression-free survival and overall survival in newly diagnosed
MM patients [42]. Furthermore, when investigating the IncRNA expression profile of
serum exosomes, only one exosomal IncRNA—a psoriasis susceptibility-related RNA gene
induced by stress (PRINS)—was found to be differentially expressed in MM vs. healthy
donors, suggesting its possible diagnostic role [43].

2.4. Lymphoma

Lymphoma cell-derived EVs isolated from non-HL patients are enriched in CD19
and CD20, while EVs isolated from patients with HL are enriched in CD30. Therefore,
CD30+ lymphoma cell-derived EVs might have a diagnostic and prognostic role. The
number of specific lymphoma cell-derived EVs and their surface markers also correlate with
lymphoma subtypes [21]. Additionally, it has been described that EVs carry tumor antigens
and express cancer cell-derived molecules, such as CD19, CD20, and CD22, which may be
involved in the cell-to-cell communication of the lymphoma microenvironment [44]. It was
first proposed that CD20+ lymphoma cell-derived EVs are the best biomarkers for disease
progression and antibody-based treatment response, as their circulating level directly
correlates with CD20+ circulating cells in patients [45]. Consistently, a direct correlation
between circulating lymphoma cell-derived EV number, disease progression, and response
to treatment have been reported. Specifically, Van Eijndhoven et al. [46] demonstrated that
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the isolated EV fractions of untreated classical HL patients show enriched levels of miR-24-
3p, miR-127-3p, miR-21-5p, miR-155-5p, and let-7a-5p. Monitoring EV miRNA levels in
patients before treatment, after treatment, and during long-term follow-up demonstrated a
stable reduction in miR levels, matching a complete metabolic response, as observed with
FDG-PET. Importantly, EV miR levels rose again in relapsed patients. Interestingly, the
feasibility of monitoring cancer progression by evaluating B-cell lymphoma 6 (BCL-6) and
c-Myc mRNA levels in EVs isolated from the plasma of patients with B-cell lymphomas
has recently been demonstrated. The study demonstrated that both markers are predictors
of worse outcome [47].

Overall, growing evidence highlights serum/plasma EVs as potential biomarkers with
diagnostic and prognostic implications in acute and chronic blood cancers (Supplementary
Materials Table S1). In particular, in the attempt to identify circulating EVs as disease-stage
biomarkers, significant associations have been found between EV biomolecular cargo and
disease activity /progression. However, although these studies have prompted the clinical
application of EVs in blood cancers, some problems need to be further elucidated. Firstly,
which component of EVs may be the most suitable for biomarker identification still needs
to be addressed. Secondly, there is a lack of reliable methods for practical and reproducible
application in the clinic.

3. Re-Education of the Bone Marrow Niche: Lessons from EVs

Recent experimental evidence and clinical findings support the concept that, in blood
cancers, the interactions between tumor cells and bone marrow microenvironment are
regulated, at least in part, by EVs [48-51]. This “vesicular intelligence strategy” is driven
by a bi-directional cross-talk where malignant EVs modify the bone marrow niche in favor
of blood cancer cells at the expense of the normal hemopoietic stem cells by reducing the
antineoplastic immunity and promoting resistance to therapy. It is therefore of the utmost
importance to discover and unravel this tumor-stroma interaction and the underlying
mechanisms to develop effective therapeutic strategies [52].

3.1. EVs Derived from AML Cells

Recent studies have addressed the role of EVs from leukemic cells in shaping the
AML bone marrow niche. Leukemia cells manipulate the bone marrow microenvironment,
partly through leukemia-derived EVs, to suppress normal hemopoiesis and facilitate the
growth of leukemic counterparts [53].

Consistently, Kumar et al. [54] demonstrated that engrafted AML cells or AML-
derived EVs increase mesenchymal stromal progenitors and block osteolineage develop-
ment and bone formation in vivo. Indeed, AML-derived EVs induce the downregulation
of hematopoietic stem cell-supporting factors such as KIT ligand (KITL), C-X-C motif
chemokine ligand (CXCL)12, and insulin growth factor (IGF)-1 in bone marrow stromal
cells and reduce their ability to support normal hemopoiesis. Horiguchi et al. [55] firstly
demonstrated that, in addition to AML-EV, myelodysplastic syndrome (MDS) EVs are also
linked to stromal cell dysfunction.

Coding and non-coding RNAs seem to play a key role in the process of bone marrow
environment conditioning by leukemic cells. It has been reported that exosomes from
primary AML cells and AML cell lines contain miR-155, miR-375, and miR-150. These
miRNAs modulate the secretion of cytokines and growth factors by cells of the bone
marrow microenvironment as well as the proliferation and migration of hemopoietic
stem cells by affecting the CXCR4/SDF-1 axis, which plays a pivotal role in the retention
and differentiation of hemopoietic stem cells in the bone marrow [56]. Then, it has been
demonstrated that AML and MDS cells reduce the hemopoiesis-supportive capacity of
the mesenchymal stromal cells (MSC) by delivering miR-7977 via EVs. Mechanistically,
the miR-7977 cargo of the AML/MDS EVs contributes to the decrease in hematopoietic
supportive factors, including Jagged-1, stem cell factor (SCF), and angiopoietin-1, in AML
cells [57].



Genes 2021, 12, 416

7 of 29

Finally, it has been recently demonstrated that secretory proteins from hematopoietic
stem cells undergo exosomal maturation and release under the control of vacuolar protein
sorting protein 33b (VPS33B). Specifically, VPS33B is highly expressed in both hematopoi-
etic stem cells and leukemia-initiating cells and is involved in exosome maturation and
secretion to maintain their stemness by regulating the release of selected growth factors
such as Thrombopoietin (TPO) and Angiopoietin Like (ANGPTL) 2 and 3. Interestingly,
VPS33B deficiency led to a delayed onset of leukemogenesis [58].

3.2. EVs Derived from CLL Cells

Multiple studies have shown that CLL cells are dependent on their microenvironment
for survival. The interplay between CLL cells and the microenvironment is mediated
through direct cell contact and soluble factors, as well as EVs. Consistently, a bi-directional
cross-talk has been reported between CLL B-cells and MSC via EVs. MSC-derived EVs
increase the migration and survival of CLL B-cells and change their gene expression pro-
file [59]. CLL B cells-derived EV, in turn, can transfer miR, promoting the migration,
survival, and proliferation of MSCs [31,32,58]. Ghosh et al. [27] found that circulating
CLL-EVs can activate the AKT signaling pathway in CLL-bone marrow stromal cells with
the production of vascular endothelial growth factor (VEGEF), a survival factor for CLL
B cells, highlighting the important role of EVs in the activation of the tumor microenvi-
ronment. In addition, it has been described that CLL-derived exosomes enriched with
miR-146a and miR-451 may induce the transition of stromal cells toward cancer-associated
fibroblasts. Once again, leukemic EVs create a favorable environment to promote CLL
progression [60,61].

3.3. EVs Derived from CML Cells

Corrado C et al. demonstrated that exosomes from CML cells promote the proliferation
and survival of leukemic cells, both in vitro and in vivo, by inducing interleukin (IL)-8
secretion from stromal cells. In turn, IL-8 or LAMAS84 (a human chronic myeloid leukemia
cell line) -conditioned medium increases CML cells’ motility as well as ability to adhere
to a monolayer of bone marrow stromal cells [60,62]. It has been also reported that K562-
EVs enhance the proliferation and increase the expression of BCR-ABL1 in bone marrow
MSC, which, in turn, increases the secretion of TGF-1. Notably, these bone marrow
MSC trigger the TGF-f1-dependent proliferation of K562 cells [63]. Very recently, the role
of the miR cargo of CML EVs in microenvironment transformation has been addressed.
Interestingly, K562 cell-derived exosomal miR-711 can be transferred to bone marrow
MSCs and weaken their adhesive abilities by inhibiting the expression of the adhesion
molecule CD44 [64]. Additionally, Gao et al. [65] reported that CML cells remodel the
bone marrow niche via the exosome-mediated transfer of miR-320, indirectly promoting
leukemia progression. In detail, miR-320-enriched EVs are endocytosed by bone marrow
MSC and thus inhibit osteogenesis.

3.4. EVs Derived from MM Cells

Previous studies demonstrated how MM cells affect the bone marrow microenvi-
ronment (especially MSCs and other stromal cells) to promote cancer progression and
survival through the secretion of soluble factors and differentiating them into cells that
support the expansion of MM cells [66-68]. To this purpose, EVs may play a key role in the
cross-talk between MM cells and MSC /bone marrow stromal cells and may be a potential
therapeutic target.

In MM, the balance between osteoclasts and osteoblasts activity is lost in favor of
osteoclasts, thus resulting in skeletal disorders. Consistently, it has been demonstrated
that exosomes derived from MM patients’ sera promote osteoclast function and differentia-
tion [69]. It has also been shown that MM EVs promote IL-6 secretion and suppress the
osteoblastic differentiation and mineralization of bone marrow MSC [70]. Faict et al. [71]
recently demonstrated that MM EVs not only enhance osteoclast activity but also block os-
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teoblast differentiation and functionality in vitro. Interestingly, blocking exosome secretion
using the sphingomyelinase inhibitor GW4869 sensitizes MM cells to bortezomib [72].

The EV cargo of coding and non-coding RNA seems to have a relevant role in the
mechanisms of osteoblast/clastogenesis. A key role of exosomal IncRUNX2-AS1 from MM
cells in the osteogenic differentiation of MSCs has been recently demonstrated. Specifically,
bioactive IncRNA RUNX2-AS1 in MM cells might be packed into exosomes and delivered
to MSCs, thus repressing the osteogenesis of MSCs [73]. Umezu et al. [74] demonstrated
that EV-encapsulated miR-10a expression was high, while intracellular miR-10a was low
in MM bone marrow stromal cells. Of note, the inhibition of EV release resulted in the
accumulation of intracellular miR-10a, the inhibition of cell proliferation, and the promotion
of apoptosis in MM bone marrow stromal cells. Furthermore, when miR-10a derived from
MM bone marrow stromal cells was transferred into MM cells via EVs, the proliferation
of MM cells was enhanced. These results suggest that miR-10a might have a regulatory
role in both the bone marrow microenvironment and MM cells. Interestingly, EVs derived
from MM cells transfer miR-146a into MSCs, inducing the secretion of elevated levels of
cytokines, which promote both MM cell viability and migration. Specifically, enriched
miR-146a MSCs show increased cytokine/chemokine secretion (including CXCL1, IL6,
IL8, IP-10, MCP-1, and C-C motif ligand (CCL)-5), which in turn favors MM cell growth
and migration [75]. Accordingly, Cheng et al. demonstrated that exosomes secreted by
the MM cell line OPM2 in vitro are enriched in miR-146a and miR-21, which can increase
the IL-6 production, cell proliferation, and cancer-associated fibroblast transformation of
MSCs after co-culture with OPM2-conditioned media [76]. Finally, it has been recently
demonstrated that MM cell-derived exosomes induce the overexpression of miR-27b-3p
and miR-214-3p in fibroblasts, increasing their proliferation and resistance to apoptosis.
Accordingly, these data support an active role of MM cells in creating a supportive bone
marrow microenvironment [77].

3.5. EVs Derived from Lymphoma Cells

EVs seem to be a novel communication mechanism between lymphoma cells and
their microenvironment, playing a role in lymphomagenesis. This might include a bi-
directional cross-talk between malignant cells and resident fibroblasts. EVs alter the
phenotype of fibroblasts to support tumor growth and exert a role in the establishment of
the tumor-promoting microenvironment in HL. Specifically, EVs collected from HL cells
are internalized by fibroblasts and trigger their migration ability and an inflammatory
phenotype. In turn, EV-treated fibroblasts release pro-inflammatory cytokines, growth
factors, and pro-angiogenic factors, which are known to promote HL progression [78]. It is
noteworthy that it has been described that CD30+ EVs bind to CD30L on bystander cells
and present additional membrane-associated CD30 sites for the binding and toxic activity
of Brentuximab-Vedotin, suggesting the dual targeting of cancer and bystander cells [79].

Overall, these findings contribute to explaining how the bone marrow niche becomes
re-educated by EVs from blood cancers (Supplementary Materials Table S2). The fine
interplay between malignant cells and their microenvironment is deeply altered in these
disorders, and EVs seem to have a relevant impact on it. Most of the information points
to the impact of EVs on microenvironment damage, spreading inflammatory signals, and
altering adhesive functions.

4. Promotion of Blood Cell Malignancy by EVs from the Bone
Marrow Microenvironment

The goal of cancer cells is to develop a sustainable and efficient strategy that assures
their survival, maintenance, and spreading. For this purpose, in the setting of blood cancers,
protective signaling from the microenvironment promotes leukemia cell persistence, the
development of chemoresistance, and disease relapse. Direct evidence of the involvement
of EVs derived from cells of the bone marrow microenvironment in promoting the survival
and functional behavior of malignant cells is progressively growing.
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4.1. Acute Myeloproliferative Disorders

It has been demonstrated that fibroblast growth factor 2 (FGF2)-enriched exosomes
from bone marrow stromal cells are endocytosed by leukemia cells (AML) and protect
leukemia cells from tyrosine kinase inhibitors (TKIs). The expressions of FGF2 and its
receptor, FGFR1, are both increased in a subset of stromal cell lines and primary AML
stroma, and the increased FGF2 /FGFR1 signaling is associated with enhanced exosome
secretion. Interestingly, the inhibition of FGFR in vitro and in vivo can reduce exosome
secretion and regulate stromal function, and might be a therapeutic option to overcome
resistance to TKIs [80].

4.2. Chronic Lympho/Myeloproliferative Disorders

EVs from the MSCs of MDS patients modify CD34+ cell properties, contributing to
the maintenance of clonal hemopoiesis. Specifically, miR-10a and miR-15a are overex-
pressed in EVs from MDS MSCs. These microRNAs are transferred to CD34+ cells through
EVs, promoting cell viability and clonogenic capacity and altering their miRs and gene
expression [81]. Similarly, EVs released by the MSC of patients with MPN, enriched in
miR-155, promote the clonogenic ability of the malignant CD34+ cells [82]. The clonal
hemopoiesis of CML is sustained by leukemia stem cells. miR-126 is necessary for normal
and leukemic stem cell quiescence and self-renewal. It has recently been demonstrated
that bone marrow endothelial cells supply miR-126 to CML leukemic stem cells through
EV release to support quiescence and leukemia growth. Specifically, BCR-ABL-mediated
SPRED1 phosphorylation decreases miR-126 biogenesis in CML leukemic stem cells. The
consequence is that quiescence and the leukemogenic ability of CML leukemic stem cells
rely only on the EV-based trafficking of miR-126 from endothelial cells to leukemic stem
cells in the bone marrow niche. Consistently, TKI therapy inhibits BCR-ABL-induced
SPRED1 phosphorylation, leading to an increase in miR-126 levels. Notably, miR-126 KO
or treatment with a CpG-miR-126 inhibitor targeting miR-126 in both leukemic stem cells
and endothelial cells increases the in vivo anti-leukemic effects of TKI treatment and highly
reduces the leukemia-initiating ability of leukemic stem cells [83].

EVs play also a crucial role in CLL B cells/bone marrow microenvironment commu-
nication. Co-cultures of EVs from CLL bone marrow MSCs with CLL B cells results in a
decrease in leukemic cell apoptosis and migration ability and an increase in their chemore-
sistance to selected drugs, including fludarabine, ibrutinib, idelalisib, and venetoclax [59].

4.3. Multiple Myeloma

The bone marrow stromal cells of MM patients secrete exosomes with an altered
composition compared to those produced by their normal counterparts. Lower levels
of the oncosuppressor miR-15a promote the proliferation of MM cells. In addition, MM
bone marrow MSC-derived exosomes show higher levels of oncogenic proteins, cytokines,
and adhesion molecules compared with their cells of origin. Importantly, whereas MM
bone marrow MSC-derived exosomes promote MM tumor growth, normal bone marrow
MSC exosomes inhibit the growth of MM cells [84]. Consistently, it has been described
that, in contrast to EVs from MM patients, EVs from the bone marrow MSCs of healthy
donors decrease the viability, proliferation, and migration of MM cells via the activation
of a mitogen-activated protein kinase (MAPK) pathway [85]. Recently, it has been also
highlighted that long non-coding RNAs from cells of the bone marrow microenvironment
are also involved in the regulation of MM development. To this purpose, it has been
demonstrated that LINC00461, a sponge for miR-15a/16, is highly expressed in MSC-
derived exosomes and increases MM cell proliferation by regulating miR15a/16 and
BCL-2 [86].

Altogether, these observations reinforce the importance of EVs from key cells of the
bone marrow microenvironment (such as MSCs and endothelial cells) in promoting and
favoring the malignant cells of blood cancers (Supplementary Materials Table S3). Whether
this is a primary event or is secondary to the EV-driven signals of malignant cells to the
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bone marrow microenvironment remains a matter of discussion. Anyway, these findings
suggest that therapeutic attempts should target not only the EV-driven strategy of the
malignant cells but also its microenvironmental counterparts.

5. Blood Cancer Progression via an Autocrine Loop Orchestrated by EVs

Relevant findings suggest that EVs favor tumor progression via an autocrine loop in
blood cancers, which includes interaction with their producing malignant cells, promoting
survival and increasing aggressiveness. This mechanism of interplay is demonstrated in
MM. MM cells and human MM cell lines release EVs that stimulate MM cell growth. Of
interest, MM-derived EVs are enriched with CD147, a transmembrane molecule previously
shown to be crucial for MM cell proliferation [87]. The same mechanism has been also
described in CML. Specifically, LAMA84 CML cell-derived exosomes promote, through
an autocrine mechanism, the proliferation and survival of tumor cells, both in vitro and
in vivo, by the activation of an anti-apoptotic pathway regulated by exosome-associated
TGF-p31 [88].

6. EV Regulation on Normal Hemopoiesis Restrain/Transformation

In blood cancers, the malignant clone occupies the bone marrow niche of the normal
hemopoietic stem cells, restraining their survival, proliferation, and differentiation program.
This results in the block of differentiation and proliferation of residual normal hemopoietic
stem cells as well as in the disruption of the generation of normal blood cells, predisposing
patients to anemia, hemorrhage, and infections.

6.1. Acute Myeloproliferative Disorders

There is increasing evidence of a leukemia-like phenotype induction in normal
hemopoietic stem/progenitor cells by leukemia EVs. A recent study demonstrated the abil-
ity of EVs derived from leukemia cells (HL-60 and NB-4 cell lines) to induce proliferation
of cord blood-derived CD34+ cells via miR-21/miR-29 dysregulation [89,90].

It has been also reported that AML cell-derived exosomes carrying miR-4532 have
a suppressive effect on normal hemopoiesis via the activation of the signal transducer
and activator of transcription 3 (STAT3) signaling pathway [91]. Interestingly, AML-EVs
contribute to niche-dependent and reversible quiescence, but DNA damage persists in
long-term residual normal hemopoietic stem cells. Mechanistically, to elicit long-term
hemopoietic stem cell quiescence, AML-EVs transfer miRs, including miR-1246, that target
the mTOR subunit Raptor, causing impairment of protein synthesis in long-term hemopoi-
etic stem cells [92]. Accordingly, a prior study demonstrated that AML exosomes participate
in the suppression of residual hematopoietic function either directly and indirectly via
stromal components [93]. Another study revealed the presence of direct cross-talk between
leukemic and residual hemopoietic cells in the bone marrow and that, in AML, the loss of
normal hematopoietic function is in part a consequence of AML exosome-directed miR
trafficking to hemopoietic stem progenitor cells. Consequently, exosomes isolated from
cultured AML cells or the plasma mice bearing AML xenografts were miR-150 and miR-
155-enriched. Hemopoietic stem progenitor cells co-cultured with either of these exosomes
exhibited impaired clonogenic ability through the miR-150- and miR-155-mediated sup-
pression of c-Myb, a transcription factor involved in hemopoietic stem cell differentiation
and proliferation [94].

6.2. Chronic Myeloproliferative Disorders

Transferred tumor genes from EVs in vivo may represent an important mechanism
for tumorigenesis. Based on a mouse model, it has been shown that the BCR/ABL hybrid
gene can be transferred from EVs in vivo, resulting in CML. Specifically, the injection of
K562 EVs in NOD/SCID mice causes de novo BCR/ABL mRNA and protein synthesis [95].
Consistently, Zhang et al. found that miR-146b-5p, which was highly expressed in EVs
from the K562 CML cell line, coordinates the regulation of cancer-related genes to promote
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leukemic transformation. Notably, the treatment of mononuclear cells (from mobilized
peripheral blood of healthy donors) with EVs from K562 cells expressing mimics of miR-
146b-5p accelerates the transformation process mostly by silencing the tumor-suppressor
NUMB [96].

Altogether, these data suggest that EVs from leukemic cells are involved in mediating
two crucial processes for blood cancer development/maintenance: on one side, the ability
to force normal cells toward a tumor phenotype and on the other side the inhibition of
normal hemopoiesis. In particular, EV miR content seems to play an essential role in
promoting leukemic transformation and/or inhibiting normal hemopoiesis (Supplemen-
tary Materials Table S4).

7. Angiogenesis Promotion Modulated by EVs

Angiogenesis has been shown to regulate the progression of blood cancers. In fact,
EVs from blood cancer cells have been described to be key regulators in the maintenance
and education of the bone marrow microenvironment by targeting not only stromal cells
and immune cells but also vascular cells.

7.1. Acute Myeloproliferative Disorders

For instance, Acute Promyelocytic Leukemia-derived NB4 cells produce EVs with
endothelial stimulating activity. Specifically, these EVs contain several PML-RARx (ATRA)-
regulated vascular effector proteins and transcripts (Tissue Factor (TF), VEGE, IL-8). Impor-
tantly, PML-RAR& modulate EV production and angiogenic cargo in acute promyelocytic
leukemia cells [97]. Besides this, AML EVs enriched in pro-angiogenic factors (VEGF and
VEGF receptor) can transfer them to endothelial cells, promoting vascular remodeling with
the increase in endothelial cell glycolysis [98].

7.2. Chronic Myeloproliferative Disorders

The addition of EVs from LAMAS84 CML cells to the human vascular endothelial
cells (HUVEC) cell line increases survival and endothelial cell motility by promoting the
expression of both ICAM-1 and VCAM-1 cell adhesion molecules and IL-8. Similarly,
it has been shown that LAMA-84 CML cell-derived EVs are internalized by HUVEC
cells during tubular differentiation, thereby promoting the process of neovascularization.
Moreover, the transfer of CML (LAMA-84 cell line)-EV-miR-126 targets CXCL12 and
vascular cell adhesion molecules in HUVEC, modulating the adhesion and migration
of CML cells [99,100]. In particular, K562 CML cell-derived exosomes are internalized
by endothelial cells and induce angiogenic activity in HUVEC cells. It has also been
recorded that miR-92a enriched-EVs from K562 cells stimulate the migration and vascular
tube formation of HUVEC [101]. Thus, EVs secreted by K562 CML cells can potentially
influence in vitro and/or in vivo angiogenesis by stimulating angiotube formation through
the activation of Src. Finally, CML-related therapy may influence exosome release/effects.
Meanwhile, both imatinib and dasatinib reduce exosome release from K562 cells and only
dasatinib blocks the exosome effect on endothelial cells [101,102]. Notably, endothelial cells
acquire BCR-ABL RNA and the oncoprotein after incubation with EVs released from both
K562 cells or the plasma of newly diagnosed CML patients [103].

Hypoxia plays an important role during the evolution of cancer cells. It has been
found that the exosomes secreted from K562 CML cells in hypoxic conditions significantly
enhance tube formation by HUVEC compared with exosomes produced in normoxic
conditions. Notably, hypoxic exosomes from K562 CML cell lines show a distinct miR
phenotype with higher levels of miR-210 [104].

7.3. Multiple Myeloma

It has been reported that MM exosomes, via their cargo of angiogenic proteins, pro-
mote endothelial cell growth, proliferation, and invasion [105]. Similar to CML, the bone
marrow of MM patients becomes more hypoxic due to the overproduction of plasma cells,
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stimulating MM cells to produce higher amounts of exosomes compared to the normoxic
conditions [106]. Consistently, Umezu et al. [107] described that hypoxic MM cells are
enriched in miR-135b, which promotes in vitro angiogenesis. In further studies from this
group, it has also been demonstrated that exosome miR-340 derived from young bone
marrow stromal cells inhibit MM angiogenesis via the hepatocyte growth factor (HGF)/c-
MET signaling pathway. Notably, the anti-angiogenic effect of exosomes from older bone
marrow stromal cells was restored by direct transfection of young bone marrow stromal
cell-derived exosomal miR, suggesting that exosomal miR replacement might have the
therapeutic potential [108]. EVs from MM patients harbor CD138, which is an angiogenic
regulator, and the angiogenic activity has been confirmed using mouse MM-derived EVs
in vivo [105,109]. Finally, MM-derived EVs, enriched in the Piwi-interacting RNA-823,
promote the proliferation, tube formation, and invasion of endothelial cells by enhancing
the expression of VEGEF, IL-6, and ICAM-1 and reducing apoptosis [110].

7.4. Lymphoma

EVs derived from lymphoma cells were shown to express c-Myc, Bcl-2, Mcl-1, CD19, and
CD20 and stimulate angiogenesis by delivering angiogenic proteins, including VEGF [111].
Furthermore, it has been reported that exosomes-derived from adult T-cell leukemia/
lymphoma cells regulate the properties of human MSC by transferring miR-21, miR-155,
and VEGE, resulting in NF-«B activation and leading to the increased proliferation and
expression of genes linked to migration and angiogenesis [112].

Altogether, these findings propose EVs as important mediators of angiogenesis in
blood cancers, contributing to propagating angiogenic signals in the microenvironment and,
ultimately, favoring tumor growth. This EV-driven activity is mainly referred to the ability
of EVs in transferring miR and proangiogenic factors to endothelial cells (Supplementary
Materials Table S5). Additionally, these results suggest a novel EV-based anticancer strat-
egy aimed at blocking angiogenesis and consequently decreasing the growth of blood
cancer cells.

8. The immune Evasion Mechanism of Blood Cancers: Focus on EVs

The ability of cancer cells to evade immune surveillance is a key mechanism for
their development and maintenance. Recent reports support evidence that EVs from blood
cancer patients contribute to the development of an immune suppressive microenvironment
to create a “tumor friendly” niche. These EV effects are reported in various blood cancers,
including AML [112], MM [103,111,112], and lymphomas [113].

8.1. Acute Myeloproliferative Disorders

Natural killer (NK) cells play a key role in immunosurveillance and Natural Killer
Group 2, member D (NKG2D), is an NK cell receptor that, after activation, promotes the
cytotoxic elimination of transformed cells. Growing evidence supports the notion that NK
cell activity can be affected by EVs. Accordingly, a novel mechanism has been observed in
AML where NK cell suppression is mediated by AML-derived EVs with the ability of IL-15
to counteract this suppression. Specifically, AML EVs decrease the NK cell cytotoxicity and
down-regulate the expression of NKG2D in normal NK cells. Interestingly, neutralizing
anti-TGF-B1 antibodies inhibits the EV-mediated suppression of NK cell activity and
NKG2D down-regulation [22]. Consistently, NK cell co-incubation with AML exosomes
carrying TGF-f31 induces the down-regulation of NKG2D expression [114].

8.2. Chronic Lympho/Myeloproliferative Disorders

It has been described that CML-derived EVs promote M2 macrophage polarization
with TNF-o and IL10 over-expression [115].

Also, we recently demonstrated that circulating monocytes from JAK2 V617F-mutated
MF patients are dysregulated and show a reduced in vitro ability to produce/secrete
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inflammatory cytokines in response to an infectious stimulus. Surprisingly, the JAK1/2
inhibitor Ruxolitinib promotes the EV-based inflammatory cytokine signaling [116].

In CLL, monocytes and macrophages are skewed toward protumorigenic phenotypes,
with the release of tumor-promoting cytokines and the expression of immunosuppressive
molecules such as programmed cell death 1 ligand 1 (PD-L1). Consistently, it has been
demonstrated that the exosome-mediated transfer of a non-coding RNA (hY4) to monocytes
contributes to cancer-related inflammation and immune escape via PD-L1 expression [117].
Furthermore, it is known that malignant cells support myeloid-derived suppressor cells’
(MDSC) inducing capacities [118]. Remarkably, under the effect of miR-155-enriched
exosomes from CLL patients, monocytes differentiate into MDSC. Notably, this immune-
regulatory interplay can be stopped by vitamin D, which negatively regulates miR-155
expression in CLL cells [119]. Reiners et al. found that transfer mRNA molecules by CLL EV
to monocytes and fibroblasts spread tumor signals within the CLL microenvironment [120].
Clearly, CLL EVs are enriched in disease-relevant mRNA, including splicing factors, the
TCL1A oncogene, and tyrosine kinases [121]. Additionally, they found that dysregulated
balance of exosomal vs. soluble BCL-2-associated athanogene 6 (BAG-6) expression may
favor immune evasion of CLL cells (115). Furthermore, the miR profiling of EVs released
from CLL cells after stimulation with CD40 and IL4 has been characterized. They showed
that EVs derived from CD40/IL4-stimulated CLL cells are enriched with miR, including
miR-363. In addition, autologous CD4+ T cells that internalize CLL-EV containing miR-363
show increased migration, immunological signaling, and interactions with tumor cells,
suggesting a role for CLL-EV in regulating T-cell function [122].

8.3. Multiple Myeloma

An intriguing fact reported in MM is that stromal cells from the bone marrow of pa-
tients release EVs in vitro which are uptaken by MDSC, supporting their survival through
the activation of the STAT1/3 pathways and increasing the anti-apoptotic proteins Bcl-
xL and Mcl-1. Furthermore, these exosomes increase the nitric oxide release from MM
MDSC and enhance their suppressive activity on T cells, demonstrating that EVs de-
rived from bone marrow stromal cells increase the immunosuppression that favors MM
progression [123].

Conversely, EV-driven immune stimulatory activity has also been described in MM.
According to AML EVs, it has been shown that exosomes derived from drug-induced
senescent MM cells express IL15RA and stimulate NK cell proliferation in the presence
of exogenous IL15. Thus, the exosome-mediated regulation enhances the NK cell-driven
immune surveillance against cancer and provides new insights for the exploitation of
senescence-based cancer therapy [124]. Furthermore, another group demonstrated that
MM cells previously treated with sub-lethal doses of the alkylating agent melphalan are
capable of releasing EVs with the potential to stimulate the production of IFN-y by NK
cells via the NF-KB pathway [125].

8.4. Lymphoma

Lymphoma cell-derived EVs that are enriched in NKG2D ligands also contribute
to immune escape. Specifically, exosomes bearing the NKG2D ligand downregulate the
in vitro NKG2D receptor-mediated cytotoxicity and, in turn, inhibit NK-cell function [113].

Several recent studies indicate that Epstein-Barr virus (EBV) can manipulate the local
microenvironment by excreting viral and cellular components in EVs. Consistently, it
has been observed that EBV-associated lymphomas secrete lymphoma cell-derived EVs
that are mainly internalized into monocytes/macrophages and promote tumor evasion by
inducing the immune regulatory phenotype in macrophages and enhancing the expression
of TNF-«, IL-10, and arginase 1 [126]. Additionally, EBV hijacks the exosome pathway
to excrete viral and cellular components that can modulate its microenvironment. EBV
infection in B cells may induce T-cell inhibition via lymphoma cell-derived EV-mediated
apoptosis [127]. Previous studies have shown also an immunosuppressive effect of ex-
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osomes from EBV-infected cells on recipient cells, such as human T cells and dendritic
cells [128,129]. Furthermore, Gutzeit et al. demonstrated that the exosomes released from
EBV-infected B cells can deliver their content to B cells and, thereby, stimulate B cell prolif-
eration, the activation of induced cytidine deaminase, and class-switch recombination in B
cells [130]. Moreover, recent data have shown that a network of EVs might participate in
the tumor-supporting communication between malignant and proinflammatory immune
cells in classical HL. EVs from HL cells express the CD30 receptor and can modify the
microenvironment via interactions between their ligands (CD30L+) and neighboring cells.
Specifically, bidirectional CD30-CD30L+ signals contribute to the education of distant
immune cells, by stimulating their IL-8 release in a CD30-dependent mechanism [131]. It
has also been documented that exosomes derived from Diffuse Large B Cell Lymphoma
(DLBCL) cell lines (OCI-LY3, SU-DHL-16 (human DLBCL cell lines), and Raji cells (human
Burkitt lymphoma cells) display malignancy molecules, such as c-Myc, Bcl-2, Mcl-1, CD19,
and CD20, and mainly act as an immunosuppressive mediator, thereby promoting tumor
growth in vivo. On other hand, it has been reported that DLBCL exosomes can also me-
diate and enhance dendritic cell-based antitumor immunity [111]. Recently, it has been
described a further mechanism by which lymphoma B cell-derived EVs are involved in
immune cell reprogramming. Specifically, exosomes derived from lymphoma B-cells and
harboring mutated Myeloid Differentiation primary response 88 (MYD88) promote the
activation of proinflammatory signaling in mast cells and macrophages, hence contributing
to reprogramming the bone marrow microenvironment into a pro-tumorigenic niche [132].

To sum-up, EVs derived from blood cancer cells use different strategies to boost
the immunosuppressive microenvironment and promote tumor growth. In particular,
these EVs inhibit NK cell cytotoxicity, promote T cell and dendritic cell inhibition and
M2 macrophage polarization, and enhance the immunosuppressive activity of MDSC
in vitro and in vivo (Supplementary Materials Table S6). It is noteworthy that an EV-
driven inflammatory microenvironment contributes to the growth and maintenance of
the malignant clone(s). Critical aspects of this EV-orchestrated immunosuppression are
the inability to distinguish the effects of malignant vs. normal cells-derived EVs since
circulating EVs may derive from both compartments. Besides, EVs released from immune
and non-immune cells play an important role in immune regulation. Therefore, altogether
these data reinforce the importance of providing a deeper characterization of the origin of
EVs, cargo and function in blood cancers to early define the EV-driven strategy of immune
escape and potentially provide novel targeted therapeutic approaches.

9. EV Functions Related to the Hypercoagulable State of Blood Cancers

Thrombosis contributes to morbidity and mortality in blood cancers. The prevention
of thrombotic events is thus a primary aim of the current treatment for these disorders. The
genesis of thrombosis in these disorders is multifactorial and derived from a functional
interplay among blood cells, endothelium and the coagulation system. Notably, the proco-
agulant role of circulating EVs in hematologic malignancies is increasingly acknowledged.

9.1. Acute Myeloproliferative Disorders

EVs may be predictors of thrombogenicity in patients with newly diagnosed AML.
EV procoagulant activity has been reported to be elevated at diagnosis and in remission,
and, unlike controls’ EVs, patients’ EVs increase endothelial cell thrombogenicity [23]. The
role of EVs derived from acute promyelocytic leukemia cells has been assessed, as well
as the contribution of Tissue Factor (TF) and phosphatidylserine (PS) of EVs to activate
the coagulation cascade. Indeed, NB4 cells produce EVs and their procoagulant activity
is related to the expression of TF and PS [133]. Additionally, EV procoagulant activity
might be considered as a potential biomarker for the risk of thrombosis [134]. Recently,
the effect of chemotherapy on pro-coagulant activity, PS exposure, and the TF activity
of EVs derived from Jurkat cells (a human lymphoblastic leukemia cell line) have been
tested. Interestingly, cells were treated with Vincristine (VCR) or Daunorubicin (DNR), at
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relevant concentrations, showing that VCR increased the procoagulant activity of Jurkat
cells predominantly through PS exposure and increased EV release [135].

9.2. Chronic Myeloproliferative Disorders

Chronic myelomonocytic leukemia (CMML) is a myeloid hematological malignancy
with overlapping characteristics of MDS and MPN. It has been reported that CMML
monocyte EVs confer a procoagulant activity to healthy donor MSC, which can be reversed
by an anti-TF antibody [136].

In MPN, elevated plasma levels of procoagulant EV represent a novel risk factor for
thrombosis. It was firstly described by Duchemin et al. that, in polycythemia vera (PV) and
essential thrombocythemia (ET) patients, the occurrence of an acquired “thrombomodulin-
resistance” is partly due to circulating EVs. This thrombomodulin-resistance might con-
tribute to the hypercoagulable state observed in MPN patients [137]. Consistently, PV
patients are characterized by increased circulating procoagulant EVs with PS exposure,
which could contribute to the hypercoagulable state in these patients [138]. An increased
EV-related procoagulant activity has also been confirmed in patients with ET. Notably, the
EV-related procoagulant activity was significantly greater in JAK2 V617F positive com-
pared to unmutated patients and normal subjects. However, no difference was observed
between the thrombosis and no thrombosis group [139].

Comparing ET, PV, and MF, increased circulating EV procoagulant activity was found
in MPN patients, with the highest level in patients with PV as compared with both ET
and MF patients. Remarkably, patients with a history of venous thrombosis have higher
EV procoagulant activity. Furthermore, the presence of the JAK2 V617F mutation is
associated with an increased procoagulant activity, as well as the higher JAK2 V617F variant
allele frequency [140]. Consistently, in molecularly annotated ET patients at diagnosis,
JAK2 V617F-mutated patients have more circulating EVs and higher levels of EVs with
procoagulant activity than the Calreticulin-mutated and triple-negative counterparts. This
could be partly explained by platelet activation, as assessed by P-selectin expression on EVs
of the JAK2-mutated patients. Indeed, a relation between EV counts and the thrombotic
risk was also observed. Therefore, circulating EVs might account, at least in part, for the
distinct thrombotic risks according to mutational status in ET [141].

Additionally, Taniguchi et al. described that the plasma levels of procoagulant EVs
expressing TF were higher in patients with thrombotic events than in patients without such
events. Among patients who developed thrombosis, irrespective of the patients’ blood
counts, TF+ EVs were increased in patients without cytoreductive therapy compared to
those receiving cytoreductive therapy. These results suggest that increased circulating levels
of TF+ EVs might be considered as a marker of thrombotic events in MPN patients [142].

9.3. Multiple Myeloma

It has been found that newly diagnosed MM patients have more and larger plasma
EVs and that these EVs show procoagulant activity, resulting in an increased thrombin
generation and TF and procoagulant phospholipids activity. This EV-mediated procoagu-
lant effect diminishes after the initiation of high-dose induction therapy, suggesting that
an EV-driven mechanism may contribute to the increased risk of thrombotic events in
MM [143].

To summarize, these data highlight the relevance of circulating EVs in the thrombotic
complications of patients with blood cancers (Supplementary Materials Table S7). Specif-
ically, the expression of TF and PS on EVs seems to play a pivotal role in the activation
of the hemostatic system. However, validated and reproducible results are still missing.
Future research focusing on the screening of specific EV subsets based on their cargo
and membrane composition/phenotype might help to identify biomarkers for hemostatic
complications in patients with blood cancers.
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10. Drug Resistance Shaped by EVs

The poor prognosis of blood cancers is due to multiple factors, including resistance to
conventional and experimental therapies. Recent experimental findings support the role of
EVs as key players in chemoresistance [2].

10.1. Acute Myeloproliferative Disorders

Leukemia stem cells are responsible for AML chemotherapy resistance and relapse.
Growing evidence support the notion that EVs are involved in the mechanism of chemore-
sistance in AML. Of note, exosome-derived miR may participate in chemoresistant pro-
cesses by regulating the expression of their target genes [144]. Bouvy et al. [145] focused on
the role of EVs in the chemoresistance of AML. For this purpose, the drug-sensitive promye-
locytic leukemia HL60 cell line and its multiresistant strain, HL60/ AR, which overexpresses
the multidrug resistance protein 1, were studied. A chemoresistance transfer between
the two strains was obtained by treating HL60 cells with EVs generated by HL60/AR. In
this context, two miRs (miR-19b and miR-20a) were differentially expressed in the EVs of
sensitive vs. chemoresistant cells, suggesting a potential role of EVs as chemoresistance
biomarkers in AML. Interestingly, another study demonstrated that reinitiating the senes-
cence of leukemic stem cells via increased miR-34c-5p expression may be a new strategy for
the treatment of AML patients. In detail, miR-34c-5p, a miR central to senescence network,
was found to be significantly down-regulated in AML leukemic stem cells compared to
in the normal counterparts. The lower expression of miR-34c-5p in the leukemic stem
cells was related to adverse prognosis and chemoresistance. Interestingly, the miR-34c-5p
deficiency in leukemic stem cells was due to the exosome-mediated transfer of miR-34c-5p.
In fact, a forced increase in miR-34c-5p expression induced leukemic stem cell senescence
ex vivo, prevented leukemia development and promoted the eradication of leukemic stem
cells in immune-deficient mice [146].

Additionally, signals from the microenvironment also play a significant role. Bone
marrow stromal cells in AML contribute to extrinsic drug resistance, generally through
cell-cell contact or soluble cytokines. However, exosomes from AML bone marrow stromal
cells have altered cytokine levels and miR cargo and confer chemoresistance to AML
cells, suggesting that stromal exosome trafficking might be a candidate mechanism for
chemoresistance in AML. In particular, stromal cells in AML release exosomes enriched
for known clinical risk factors, including TGF-f1, miR155, and miR375 [147]. Consistently,
exosomes from the MSC of AML patients have been reported to protect leukemic cells
from treatment with the AC220 (specific fms such as tyrosine kinase [FLT]3 inhibitor) by
carrying the FLT3 internal tandem duplication [148]. Another study conducted by Wang
et al. demonstrated that bone marrow stromal cells-derived exosomes protect human
B-cell acute lymphoblastic leukemia cells from etoposide-induced apoptosis by inducing
exosome-driven drug resistance [149].

10.2. Chronic Myeloproliferative Disorders

Further experimental evidence showed that exosomes derived from imatinib-resistant
CML cells can be internalized into sensitive CML cells and induce drug-resistance by
delivering miR365. This is principally due to the fact that the exosomal transfer of miR365
induces drug resistance by inhibiting the expression of pro-apoptosis proteins in sensitive
CML cells [150]. Furthermore, it is known that ABC transporters, such as P-glycoprotein
(P-gp), play a key role in multidrug resistance. Multidrug-resistant cancer cell lines (includ-
ing the chronic myeloid leukemia cell line K562) overexpressing P-gp acquire a different
metabolic profile from their drug-sensitive counterpart cells, and the EVs released by
multidrug-resistant cells induce a metabolic switch towards the multidrug-resistant phe-
notype in the recipient cells. These include (i) alterations in the glutathione metabolism,
(ii) alterations in epigenetic regulation, (iii) increased rates of glycolysis, and (iv) changing
the phenotype of the surrounding drug-sensitive cells by EV-mediated transfer. In con-
clusion, these results highlight the role of EVs in the intercellular transfer of multidrug
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resistance in CML and suggest that specific metabolic alterations may represent a target for
overcoming multidrug resistance [151].

10.3. Multiple Myeloma

Regarding MM, Krishnan et al. recently demonstrated that circulating EVs can be used
to monitor disease burden, disease progression, and the development of chemoresistance.
These EVs are characterized by the expression of the following biomarkers: plasma-cell
marker (CD138), multidrug resistance protein (P-gp), stem-cell marker (CD34), and PS.
Elevated levels of P-gp+ and PS+ EVs correlate with disease progression and chemore-
sistance [152]. It is noteworthy that a prior study corroborated that serum exosomal miR
may be used as drug resistance biomarkers for MM. Specifically, the microarray profiling
found that the expression of four exosomal miRs (miR16, miR15a, miR20a, and miR17) was
down-regulated in patients resistant to Bortezomib [153]. Once again, the bone marrow
niche might play a relevant role. It has been described that bone marrow stromal cells-
derived exosomes induce cell survival and the chemoresistance of MM cells to bortezomib
through the activation of survival pathways, including c-Jun N-terminal kinase, p38, p53,
and Akt [153,154]. Additionally, IncRNAs derived from MSC exosomes are involved in
the communication between MSC and MM cells, thus resulting in proteasome inhibitors
resistance in MM cells [155]. Notably, it has been shown that conventional chemotherapy
including melphalan and bortezomib can promote exosome production by MM cells, espe-
cially those that survive chemotherapy. These exosomes are enriched in surface heparanase
enzyme, which is involved in chemoresistance. After exosome uptake, MM cells show the
activation of the ERK pathway via the delivery of their heparanase content, the induction
of TNF-« production by macrophages, matrix degradation, and migration promotion [156].

10.4. Lymphoma

The relevance of EVs as predictors of drug response has also been demonstrated in
patients with lymphoma. Feng et al. found increased levels of miR99a and miR-125b
in exosomes derived from DLBCL patients’ serum. Notably, exosomal miR levels were
correlated with shorter progression-free survival and chemoresistance [157]. Anti-CD20-
based therapy has been developed and approved for lymphoma patients. However,
it has been suggested that since B-cell lymphoma cells release CD20+ lymphoma cell-
derived EVs, these CD20+ EVs can capture rituximab and thus constrain its therapeutic
effectiveness. This seems to be particularly relevant at the beginning of treatment [158]. The
export of cytostatic drugs has been recognized to contribute to tumor cell drug resistance.
Indeed, it has been reported that lymphoma cells extrude anthracyclines in exosomes,
that the biogenesis of exosomes can be suppressed by silencing the ABC transporter
A3, and that this pathway is targetable by the cyclooxygenase inhibitor indomethacin.
Therefore, restraining exosome biogenesis might be a promising approach to overcome
drug resistance [159].

The expression of HSP-70, c-Myc, Bcl-2, Mcl-1, xIAP, and Bcl-xL, as well as other
molecules, such as phosphatidylinositol, ERK, MAPK, chemokines, cell surface recep-
tors, and G proteins in lymphoma cell-derived EVs, has also been linked to resistance to
immunotherapy [111]. Interestingly, the increase in ADAM (A Disintegrin And Metallo-
proteinase)10 activity, which is mediated by lymphoma cell-derived EV, has been reported
to interfere with immunotherapeutic approaches. The release of TNF-«, soluble MHC I
polypeptide-related sequence A (sMICA), and soluble CD30 has been described as a pivotal
mechanism. This observation has led to specific ADAM10 inhibitors being proposed to
favor the anti-lymphoma immune response and/or drive efficient immunotherapy [160].

These findings reveal the profound effects of EVs, both blood cancer cell-derived
and microenvironment-derived, on modifying malignant cells in the development of drug
resistance (Supplementary Materials Table S8). In addition, since intratumoral hetero-
geneity is a major determinant in developing resistance that underpins treatment failure,
EVs have the potential to detect heterogeneity and enhance our ability in the longitudinal
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monitoring of the dynamic clonal evolution of tumor cells during chemotherapy. Therefore,
future studies and controlled trials might focus on patient EV characterization at diagnosis
and during follow-up in order to further understand the EV-driven “smart strategy” of
chemoresistance in blood cancers and facilitate the early detection of drug resistance.

11. EVs as a Drug Delivery System

Growing evidence shows that EVs can be used as a “smart” drug delivery system in
cancer, promoting target specificity and reducing off-target side effects. This is principally
due to the ability of EVs to retain stable concentrations of the loaded molecules. Two
options can be pursued. In the first one, due to the ability of cells to encapsulate exogenous
molecules and release them as vesicles, EVs released by drug-treated cells can be used to
deliver chemotherapeutic agents to tumor cells. Conversely, the second one is based on
the fact that EVs can encapsulate drugs and deliver them to the target cells for therapeutic
purposes [161]. To date, no EV-based drug delivery strategy has been described for
hematological malignancies. Only Bellavia D et al. recently demonstrated that IL-3-
targeted exosomes can deliver Imatinib to CML cells in order to overcome pharmacological
resistance [162].

Several clinical trials involving EV are currently ongoing; however, they refer to solid
tumors. Notably, only the ExoReBly project (NCT03985696) aims to characterize EVs from
lymphoma patients and use them as a marker of response to therapy and disease outcome.

Taken together, these data depict a situation that is at its infancy in hematologic
malignancies. Hopefully, more applications of EVs as drug delivery tools for therapeutic
purposes will arise soon.

12. Conclusions

Here, we analyzed the current literature specifically related to the EV “smart intelli-
gence strategy” of blood cancers (Figures 2 and 3). Since microenvironmental signals are
involved in the development and progression of blood cancers, new ways to detect them
through EVs would be highly valuable for diagnosing and monitoring hematological malig-
nancies. In particular, this new form of intercellular communication appears to effectively
orchestrate many biological events related to the development, maintenance, and progres-
sion of malignant cells. In fact, accumulating evidence from preclinical and clinical studies
demonstrates that EVs released from blood cancer cells and/or (bone marrow) the microen-
vironment are involved in the pathogenesis of these disorders. Most of the information
points to an important role of EVs in reinforcing the functional behavior of blood cancer
cells and their interaction with the microenvironment (bone marrow), leading to escape
from immune surveillance and promoting a thrombotic state. The emerging consequence
of this EV-driven complex interaction may result in the development of chemoresistance.
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Figure 2. Timeline of key discoveries in EVs from leukemia.
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Figure 3. Timeline of key discoveries in EVs from Lymphoma and Multiple Myeloma.

13. Future Prospects

Despite the complexity, identifying the original cell type that releases EVs might be
crucial in the creation of a clinically relevant database of chart types, phenotypes, properties,
and cargo of EVs from various hematological malignancies. Also, taking into account the
different sources of EVs (e.g., plasma, serum, urine), it is also essential to gain a more
comprehensive understanding of how EV profiling is associated with disease burden
and evolution.

Achieving a deeper knowledge of this intricate communication system would allow
us to identify its weaknesses. Indeed, a better knowledge of the mechanisms promoted
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and/or regulated by EVs concerning the bone marrow niche and the immune system is of
particular relevance in the context of developing new drugs for the personalized therapy of
blood cancer patients. In addition, the future prospects of EVs in blood cancers may include
their role as a biological tool for the detection/monitoring of minimal residual disease and
also mutational tracking during therapy to measure the onset of chemoresistance, with
potential implications in the treatment decision.

Notably, despite the acknowledged role of EVs as blood cancer biomarkers, the
applicability of EVs for tailoring therapy decisions or monitoring disease progression is
still far away. This is mainly due to the fact that the basic mechanisms/characteristics of
EV biology in blood cancers have yet to be fully determined. Currently, the huge debate on
EV compositions and protocols for EV isolation and characterization reveals several issues
that still need to be explored.

Therefore, continued in-depth investigation is required. Ultimately, having a deep
understanding of EVs will provide a better clinical translational potential for their use in
blood cancers.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
425/12/3/416/s1: Table S1: Summary of current studies on EVs as biomarkers, Table S2: Sum-
mary of current studies on EVs: re-education of the bone marrow niche, Table S3: Summary of
current studies on EVs: signals from microenvironment, Table S4: Summary of current studies on
EVs: normal hemopoiesis restrain/transformation, Table S5: Summary of current studies on EVs:
angiogenesis promotion, Table S6: Summary of current studies on EVs: immune evasion, Table S7:
Summary of current studies on EVs: hypercoagulability, Table S8: Summary of current studies on
EVs: drug resistance.
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