
Contents lists available at ScienceDirect

Cytokine and Growth Factor Reviews

journal homepage: www.elsevier.com/locate/cytogfr

Cancer extracellular vesicles as novel regulators of NK cell response

Alessandra Soriania, Elisabetta Vulpisa, Lorenzo Cuolloa,b, Angela Santonia,c,
Alessandra Zingonia,*
a Department of Molecular Medicine, Sapienza University of Rome, Laboratory Affiliated to Istituto Pasteur Italia-Fondazione Cenci Bolognetti, Rome, Italy
b Center for Life Nano Science, Sapienza, Istituto Italiano di Tecnologia, Rome, Italy
cNeuromed I.R.C.C.S., Istituto Neurologico Mediterraneo, Pozzilli (IS), Italy

A R T I C L E I N F O

Keywords:
Natural killer cells
Cancer
Extracellular vesicles
DAMPs
Chemotherapy
Senescence

A B S T R A C T

Natural killer (NK) cells are innate lymphoid cells that play a major role in the immune surveillance against
tumors and their activity is regulated through signals derived by a number of NK cell inhibitory and activating
receptors as well as cytokines and other soluble factors released in the tumor microenvironment. Extracellular
vesicles (EVs) are membrane-enclosed particles secreted by all cell types, both in healthy and diseased condi-
tions, and are important mediators of intercellular communication. Depending on the molecular cargo, tumor-
derived extracellular vesicles have the capability to either promote or suppress NK cell-mediated functions.

Anti-cancer therapies designed to sustain host anti-tumor immune response represent an appealing strategy to
control tumor growth avoiding tumor immune escape. The ability of anticancer chemotherapy to enhance the
immunogenic potential of malignant cells mainly relies on the establishment of the immunogenic cell death
(ICD) and the release of damage-associated molecular patterns (DAMPs). Moreover, the activation of the DNA
damage response (DDR) and the induction of senescence represent two crucial modalities aimed at promoting
the clearance of drug-treated tumor cells by NK cells. Herein, we will address the main mechanisms used by
cancer-derived extracellular vesicles to modulate NK cell activity, and we will discuss how anti-cancer therapies
might impact on the secretion and the immunomodulatory function of these vesicles.

1. Introduction

Extracellular vesicles (EVs) have recently emerged as important
modulators of the immune response in the context of cancer develop-
ment [1]. Although for years the main mediators for the tumour cell-to-
cell communication were attributed to soluble molecules such as cy-
tokines, growth factors and chemokines, recent work has pointed out
EVs as novel and crucial regulators of this process [2]. EVs can transmit
information to acceptor cells by acting at the cell surface or through
delivery of their content. In the tumor microenvironment, cancer-se-
creted vesicles can bind to and/or transfer their cargo not only to
neoplastic cells but also to stromal and immune cells, thus contributing
to the modulation of the anti-tumor immune response.

Natural killer (NK) cells represent innate lymphoid cells that play a
major role in the immune surveillance against tumors through both the
direct killing of tumor cells and the secretion of cytokines and che-
mokines [3]. A number of surface activating and inhibitory receptors
tightly regulate NK cell activation, with the latter (KIRs, CD94/NKG2A)
mainly recognizing Major Histocompatibility Complex (MHC) class I

molecules. NK cell recognition of induced self ligands on tumor cells
involves several activating receptors such as NK group 2D (NKG2D/
CD314), DNAX accessory molecule-1 (DNAM-1/CD226), and the nat-
ural cytotoxicity receptors (NCRs) namely NKp30/CD337, NKp44/
CD336 and NKp46/CD335. In addition to activation by cell surface li-
gands, the acquisition of optimal effector activity by NK cells is driven
by cytokines and other signals. Among the signals, tumor-derived ex-
tracellular vesicles have the capability to either promote or suppress NK
cell-mediated functions, depending on the molecular composition and
cargo.

Anti-cancer therapies seeking to sustain host anti-tumor immune
response represent an appealing strategy to control tumor growth and
avoid tumor immune escape. The establishment of the immunogenic
cell death (ICD) by some chemotherapeutic agents and the concomitant
release of damage-associated molecular patterns (DAMPs) is a mode to
boost anti-tumor specific immune responses through the activation of
innate immune cell populations, mainly dendritic cells (DCs), by a
number of pattern recognition receptors (PRRs).

Over the last years, some of the most relevant therapeutic
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approaches aimed at potentiating NK cell activities against tumors have
been based on the usage of sublethal doses of chemotherapeutic drugs
in order to increase the immunogenicity of cancer cells by the en-
hancement of NK cell activating ligand expression on cancer cell surface
[4]. Another important aspect to be considered relies on the activation
of DNA damage response (DDR) and the induction of cellular senes-
cence, a central response to cytotoxic chemotherapies (Chemotherapy-
Induced Senescence or CIS) that culminates in a state of stable cell cycle
arrest [5]. Of interest, NKG2D and DNAM-1 ligands have been shown to
be preferentially expressed by drug-induced senescent cancer cells,
uncovering a critical role of NK cells for the immune surveillance and
clearance of senescent cells [6–8].

It is emerging that anti-cancer therapies strongly affect both the EV
release and their contents; thus, the immunomodulatory action of ex-
tracellular vesicles can significantly change in response to anti-cancer
treatments. In addition, several studies have shown that EVs represent
important components of the senescent secretoma known as senes-
cence-associated secretory phenotype (SASP) whose role in the mod-
ulation of the functional status of cells in the tumor microenvironment
has been extensively described.

Herein, we will address the main mechanisms used by cancer-de-
rived extracellular vesicles to modulate NK cell activity, and we will
discuss how anti-cancer therapies might impact on the secretion and the
immunomodulatory function of these vesicles.

2. Extracellular vesicles: general features

Extracellular vesicles (EVs), a general term that includes exosomes,
microvesicles and apoptotic bodies, are membrane-enclosed vesicles
secreted by all cell types, both in healthy and diseased conditions, and
are found in most body fluids. Since their first observation in 1946 by
Chargaff and West [9], they have been implicated in a plethora of
functions, including intercellular communication on short and remote
distance, maintenance of cell homeostasis by removal of drugs or mo-
lecular waste [10,11], remodelling of the extracellular matrix and mi-
croenvironment [12], and modulation of innate and adaptive immune
responses [13,14]. These functions are mediated by their composition
and cargo, which can vary considerably depending on cellular and
tissue origin, pathological state and even on the method used to isolate
them [15]. Lipids, proteins (both soluble and membrane-bound), nu-
cleic acids and small metabolites are commonly found in different
proportions in all kinds of EVs. The three main types of EVs are mainly
classified on the basis of their size and biogenesis.

2.1. Exosomes

Exosomes, the smallest type of extracellular vesicles (and the most
studied), range between 30−150 nm and are formed within multi-
vesicular bodies (MVB) by inward budding of the late en-
dosomemembrane. While contained in MVBs, these vesicles are referred
to as intraluminal vesicles (ILVs). MVBs can either be directed to the
lysosome for the degradation of ILVs or fuse with the plasma mem-
brane, releasing the vesicles, at this point called exosomes, in the ex-
tracellular space [15].

The endosomal sorting complex required for transport (ESCRT), an
evolutionary conserved system comprised of at least twenty compo-
nents organized into four complexes (ESCRT-0, -I, -II, -III) and asso-
ciated proteins, is involved in MVB and exosome biogenesis, from the
segregation of cargos at the endosome limiting membrane to the inward
budding and fission of ILVs in the lumen of MVB [16]. However,
ESCRT-independent pathways of exosome generation have also been
described [17]. The secretion of exosomes is a regulated process,
probably involving small GTPases of the Rab family, particularly those
mediating the recycling of endosomal membrane components towards
the plasma membrane, like Rab11, Rab35 and Rab27. However, the
precise details of the mechanism of secretion are still poorly understood

[18].
Exosomes are typically enriched with membrane-bound proteins as

MHC molecules and proteins of the tetraspanin family, including CD9,
CD63 and CD81, but also with cytoskeletal, heat-shock, adhesion, RNA-
binding proteins and those involved in their biogenesis, like TSG101,
ALIX and VSP4, and in secretion, like Rab GTPases [19]. However, none
of the aforementioned proteins can be regarded as a specific exosomal
marker, since they have also been found in other EVs. To date, size still
represents the major criterion for distinguishing exosomes from other
EVs, although size overlapping in the small range between exosomes
and microvesicles may exist.

It has been widely demonstrated the existence of active mechanisms
that can load specific molecules into exosomes before their secretion, so
that this type of EVs can be enriched with molecules underrepresented
within the cell in which they are formed. Post-translational modifica-
tions (PTMs), especially ubiquitylation and SUMOylation, may parti-
cipate in the sorting of cargo proteins, since many components of
ESCRT system contain several ubiquitin-binding domains (UBD), but if
the role of such PTMs is mandatory in the process is still matter of
debate [20].

An interesting mechanism for sorting specific miRNAs into exo-
somes has been described. Such mechanism necessitates the presence of
short consensus sequences on the mature miRNA, which are recognized
by sumoylated hnRNPA2B1. This modified ribonucleoprotein, once
bound to the miRNA molecule, is then actively loaded into the ILVs and
secreted together with the miRNAs enclosed in the exosomes [21].

2.2. Microvesicles

Microvesicles, also known as shedding vesicles or ectosomes, have
size approximately between 200−1000 nm and originate from outward
budding and fission of the plasma membrane. The molecular me-
chanism of their biogenesis is less understood compared to exosomes;
nevertheless, it is known that several small GTPases like proteins of the
Rab, Rho and ARF families, are involved in their release and cargo
loading, [22–24]; components of the ESCRT system are likely to in-
tervene in their biogenesis as well [25]. Interestingly, it seems that
protein overcrowding can directly cause the curvature of the plasma
membrane necessary to generate the budding vesicle [26]. The outward
fission of the microvesicle, on the other hand, appears to be a process
dependent on the concerted activity of actin and myosin filaments,
since pharmacological inhibition of actin polymerization and myosin
function prevents the shedding of this type of vesicles [22].

As for exosomes, there are currently no markers to uniquely identify
microvesicles. However, proteomics and lipidomics analyses demon-
strated that unlike exosomes, they are enriched with organelle-derived
proteins [27]. The lipid content seems also to be different between
exosomes and microvesicles, with the former being rich in glycolipids,
free fatty acids and phosphatidylserine and the latter being rich in
ceramides, phosphatidylcholines and sphingomyelins [27]. This
knowledge could hopefully be employed in the future to easily distin-
guish between the two types of EVs.

The loading of cargo molecules into microvesicles is not fully un-
derstood. However, the small GTPase ARF6 seems to be crucial for both
their cargo loading and shedding. Interestingly, ARF6 was demon-
strated to have an important role in regulating the release of micro-
vesicles containing active matrix metalloproteinases in cancer cell lines.
Therefore, microvesicles and ARF6 might have functional relevance in
the process of tumor invasiveness [22]. Furthermore, ARF6 participates
in the sorting of pre-miRNA into tumor microvesicles [28].

2.3. Apoptotic bodies

Finally, apoptotic bodies, averaging from 1000 to 5000 nm, result
from the breakdown of the plasma membrane and nucleus during
apoptosis. Unlike exosomes and microvesicles, they are large enough to
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contain whole organelles as mitochondria [29]. Apoptotic bodies have
been less extensively characterized than other EVs; furthermore, they
are likely to have unique functions that are not shared by exosomes and
microvesicles. For this reason, they will not be discussed in this Review.

3. Modulation of NK cell functions by tumour-derived
extracellular vesicles

Over the last years a number of studies have shown that tumour-
derived EVs can either stimulate or suppress the anti-tumor immune
response via multiple mechanisms. As such, EVs containing native tu-
mour antigens can be efficiently taken up by DCs for antigen processing
and cross-presentation to tumour-specific cytotoxic T lymphocytes
(CTLs), thus potentiating adaptive immune response [30,31]. In addi-
tion, tumor cells secrete vesicles that convey danger signals [32] like
heat shock proteins (HSPs) [33], high-mobility group box 1 (HMGB1)
[34], but also dsDNA [35] and RNA [36] able to trigger the activation
of innate immune cell populations through the engagement of distinct
PRRs. On the other hand, the presence of the immunosuppressive cy-
tokine transforming growth factor-β1 (TGF-β1) has been extensively
described as a component of both tumour-derived exosomes and mi-
crovesicles [37,38]. This evidence clearly indicates that the final out-
come of EV-mediated immunomodulation is essentially driven by the
molecular composition of EV cargo that play also a key role in the
choice and selectivity of acceptor cells. In the following sections, we
will discuss: i) the currently known mechanisms involved in the EV
uptake by NK cells; ii) the molecules associated to EVs that directly
promote or suppress NK cell activation.

3.1. NK cell-mediated uptake of extracellular vesicles

As already mentioned, the mounting interest in the biology of EVs is
related to their capacity to trigger phenotypic changes in acceptor cells.
Both differences in EV size and surface components may affect their
recognition and capture by recipient cells. The EV uptake can be
mediated by various processes such as passive fusion with the plasma
membrane through lipid-lipid interaction, and endocytosis followed by
back-fusion of the EV with the endosomal membrane. Although mul-
tiple mode of EV uptake can simultaneously occur, endocytosis appears
to be the most used mechanism of exosome uptake [39], whereas mi-
crovesicle internalization seems to arise primarily through the direct
fusion with the plasma membrane [40]. Endocytosis represents a rapid
and active process requiring energy [41] and can be mediated by cla-
thrin, caveolin [42] or lipid-raft, and comprises different mechanisms of
internalization, including phagocytosis and macropinocytosis [43]. The
extracellular vesicle uptake is also affected by the recipient cell type as
well as by the molecules expressed on the EV surface [39]. About that, a
number of molecules have been described to be involved in the inter-
action between EVs and target cells, including, immunoglobulins, lec-
tins/proteoglycans, tetraspanins, and integrins, and these interactions
promote the endocytosis process and are important to define the se-
lectivity of recipient cells [39]. For example, the interaction between
the Intercellular adhesion molecule 1 and Lymphocyte antigen-asso-
ciated antigen-1 (ICAM-1/LFA-1) is involved in the DC-derived exo-
some uptake by T lymphocytes [44]. Thus, EVs can induce signaling via
receptor-ligand interaction and can be internalized by endocytosis or
even fuse with the target cell membrane to deliver their content into its
cytosol, thereby modifying the physiological state of the recipient cell.

Both in vitro and in vivo studies have described that cancer-derived
extracellular vesicles can be taken up by all leukocyte subpopulations,
including NK cells but with different efficiency [45,46]. For example
the in vivo uptake of breast cancer derived-exosomes resulted higher in
B cells and monocytes/macrophages with respect to NK and T lym-
phocytes [46]. It should be considered that the in vivo distribution of
EVs is driven by a plethora of factors that are related to the intrinsic
identity of the vesicles but also to the route of administration (i.e: oral,

systemic, topical administration) and further investigations are neces-
sary to elucidate the relative impact.

Studies performed in distinct tumor models indicate that both mi-
crovesicles and exosomes can be taken up and internalized by NK cells
[47–50], however very little is known about the mechanisms regulating
the NK cell-mediated EV uptake. For certain, the EV source can strongly
affect the efficiency of this process as recently described by Huyan and
coworkers showing that the usage of exosomes derived from distinct
cancer cell lines resulted in a different degree in NK cell uptake [51]. In
addition, we have demonstrated that multiple myeloma cell-derived
exosomes are taken up by NK cells with a mechanism mainly dependent
on endocytosis requiring caveolae/raft integrity and dynamin function
[49]. In regard to the receptor-ligand pairs regulating the cross-talk
between NK cells and EVs, it is important to consider NKG2D and
NKp30 activating receptors whose ligands are expressed on exosomes
[52,53]; nonetheless, whether these NK cell activating receptors could
be directly involved in the EV uptake process remains largely obscure.

3.2. Extracellular vesicle-mediated negative regulation of NK cell response

Increasing evidence shows that the membrane-associated TGF-β1
form is present on both exosomes and microvesicles produced by cancer
cells [37,38,54,55] or derived from the sera of cancer patients [37,56];
thus, most of the inhibitory effects mediated by tumor derived EVs on
the NK cell effector functions have been attributed to this cytokine. In
addition, TGF-β1 can induce downregulation of some NK cell activating
receptors such as NKG2D, DNAM-1, NKp30 and NKp46 thus affecting
NK cell recognition of cancer cells [57–59]. Indeed, it has been de-
monstrated that sera from acute myeloid leukemia (AML) patients
contain increased numbers of microvesicles that suppress the expres-
sion of NKG2D and the NK cell cytotoxicity in a membrane-associated
TGF-β1 dependent manner [37]. Similarly, pancreatic cancer derived
EVs that express high levels of TGF-β1, strongly suppress NK cell
functions including cytokine production and cytotoxicity [56]; in ad-
dition, the authors found that NK cells exhibited also a reduced glucose
uptake ability after treatment with EVs. Recently, Berchem et al. pro-
vided evidence that microvesicles isolated from different cancer cell
lines in response to hypoxic treatment, impair NK cell-mediated func-
tions via both TGF-β1 and miR-23a. In particular, miR-23a acts as an-
other immunosuppressive factor, since it directly targets the expression
of CD107a [60]. In some cancer models, the expression of FasL and
TRAIL on the surface of EVs has been described [61,62]. In this regard,
Wieckowski et colleagues have been reported that EVs isolated from
cancer patients sera induce the activation of apoptosis in cytotoxic
CD8+ T cells through FasL and TRAIL [62].

NKG2D is the best characterized NK cell activating receptor and is
directly involved in the recognition of cancer cells expressing its ligands
[63]. NKG2D binds to several MHC-related ligands that are poorly ex-
pressed by normal cells and tissues but are upregulated on cancer cells
and in response to stress stimuli [63,64]. In humans, NKG2D ligands
include UL16-binding proteins (ULBP1-6) and MHC class I-chain-re-
lated proteins A and B (MICA and MICB). Extracellular vesicles derived
from various types of cancer cells express on their surface NKG2D li-
gands belonging to both MICA/B and ULBP families [47,65,66]. Ac-
cumulating evidence shows that exosomes expressing NKG2D ligands
induce NKG2D downregulation in NK and CD8+ T cells leading to
weakened cytotoxic functions in vitro [47,53,55,65]. Clayton and col-
laborators further proved that granzyme B and perforin levels were not
affected, thus suggesting that only NKG2D-mediated functions were
perturbed [55]. The role of NKG2D ligands on exosome surface is still a
matter of debate and requires further investigations, it is possible that
NKG2D ligands associated to vesicles retain also the capability to
trigger the cognate receptor as shown by Viaud and coworkers de-
scribing that ULBP-1 associated to DCs-derived exosome could activate
NK cells in NKG2D-dependent manner [67]. A schematic representation
of the main molecules involved in the EV-mediated inhibition of NK cell
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functions are reported in Fig. 1.

3.3. Extracellular vesicle-mediated positive regulation of NK cell response

The heat shock proteins (HSPs) are a class of chaperones that sta-
bilize new synthesized proteins to ensure correct folding and to prevent
the formation of nonspecific protein aggregates, and are typically lo-
calized in intracellular compartments [68]. Five HSPs families have
been characterized and divided according to their molecular weight:
HSP110, HSP90, HSP70, HSP60 and small HSPs. Neoplastic transfor-
mation as well as stressful conditions can cause HSP transfer to the
plasma membrane or their release from cells as soluble molecules or
associated to extracellular vesicles [33], thus acting as potent danger
signals. Of note, HSP+ exosomes have been found in the sera or urine
samples of cancer patients [69–71] as well as in the plasma obtained
from bone marrow aspirates of multiple myeloma patients [49] making
evident their potential as biomarkers for clinical application.

In general, extracellular vesicles expressing HSPs retain im-
munostimulatory properties on NK cell-mediated functions. In this re-
gard, our group has reported that HSP70 is present on the surface of
multiple myeloma-derived exosomes and triggers NK cell-mediated
IFN-γ production, but not cytotoxicity through TLR2 engagement [49].
Colon carcinoma derived exosomes were reported to stimulate NK cell
migration and cytotoxic activity via HSP70 [72]. An increase of the HSP
levels on exosomes can be induced by stress stimuli. For example, the
anticancer-drug treatment of various human hepatocellular carcinoma
cell lines resulted in the upregulation of HSP70, HSP60 and HSP90 on
exosomes that were able to strongly stimulate the NK cell cytotoxic
activity [73]. Moreover, a number of studies have described the cap-
ability of HSP70+ EVs to trigger distinct innate immune cell popula-
tions that can be potentially localized in the tumor microenvironment,
thus directing the final outcome of the anti-cancer immune response. In
both human and mouse models, tumor-derived exosomes were found to
stimulate myeloid-derived suppressor cells (MDSCs) via TLR2 engage-
ment to produce immunosuppressive cytokines through Stat

phosphorylation [74,75]. Chow and colleagues showed that breast
cancer cell-derived exosomes contribute to metastatic tumor develop-
ment with a mechanism dependent on TLR2 triggered production of
inflammatory cytokines by macrophages [76]. In contrast, the cap-
ability of HSPs associated to exosomes to activate DCs and stimulate T
cell anti-tumor immune response has been shown [77,78]. In a mouse in
vivo model, multiple myeloma derived exosomes overexpressing HSP70
induce DC maturation, stimulate type 1 CD4+ T and CD8+ T-cell re-
sponses and trigger NK cell-mediated immunity [77].

A recent study has shown that oral cancer-derived EVs were able to
enhance either cell proliferation and cytotoxic activity of NK cells. The
authors further demonstrated that the augmentation of cytotoxicity was
dependent on the IRF3 pathway with a mechanism still unknown [50].

Over the last years, it is emerging that exosomes carrying the NKp30
ligand BAG-6 represent important regulators of NK cell activity pro-
moting NK cell cytotoxicity [52,79–81]. This molecule has been de-
scribed as a nonclassical NKp30 ligand released by tumor cells or by
immature DCs in a soluble form or associated to exosomes. Of interest,
activation of the innate immune receptor retinoic acid-inducible gene I
(RIG-I) by its specific ligand 50-triphosphate-RNA (3pRNA) induced the
secretion of EVs from melanoma cells, exhibiting an increased expres-
sion of BAG-6 on their surface and causing NKp30-dependent NK cell-
mediated lysis of melanoma cells. These results show that therapeutic
stimulation of RIG-I turns tumor-derived EVs into vesicles with an im-
mune-activating phenotype [82].

Another mechanism of EV-mediated immunostimulation of NK cell
functions relies on IL-15 trans-presentation. We have recently found
that multiple myeloma cell-derived exosomes express IL-15Rα and in-
crease IL15-induced NK cell proliferation [83]. Similarly, previous
studies reported that IL-15Rα on the surface of DC-derived exosomes
enhanced IL-15-mediated NK cell proliferation [67]. Of interest,
Watson and collegaues developed a method for the efficient production
of EVs bearing the heterodimeric IL-15/IL-15Rα complex and found
that these vesicles were biologically active maintaining the capability to
stimulate NK cell proliferation [84]. Another study showed that

Fig. 1. Regulation of NK cell functions by tumor-derived EVs. Tumor-derived extracellular vesicles can activate or inhibit NK cell functions depending on their cargo
or molecules expressed on their surface.
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exosomes derived from cells transfected with IL-15, IL-18, and 4-1BBL
genes, were able to strongly increase NK cell-mediated cytotoxicity
[85]. Altogether, these observations suggest that the generation of EVs
expressing immunostimulatory molecules could be a promising strategy
in cancer therapy to promote NK cell proliferation and activity. A
summary of EV mediated-NK cell activation is depicted in Fig. 1.

4. Modulation of extracellular vesicle release and content in
response to cancer therapy

Although it is clear that EVs secreted by tumor cells play an im-
portant role in the communication between tumor-tumor and tumor-
microenvironment, less is known about the impact that anti-tumor
therapy has on the secretion and function of these vesicles. Recent
studies have uncovered the role of different cancer therapies in mod-
ulating both qualitatively and quantitatively EV release from cancer
cells. Many anticancer treatments activate key elements of the cellular
stress response, a fundamental pathway to increase EV release from
tumor cells. In particular, thermal and oxidative stress enhance the
exosome secretion from hematopoietic cell lines and hypoxic conditions
have been shown to increase exosome release from breast cancer cells
[23,86]. Recent work, using multiple myeloma as a model, revealed
that tumor cells exposed to melphalan [49,87] or proteasome inhibitor
treatment [87], dramatically increase exosome secretion. Some che-
motherapeutic agents are efficient in the establishment of ICD and the
release of DAMPs associated to extracellular vesicles. As an instance, an
increase of the HSP levels on cancer-derived exosomes was shown in
response to the treatment with cisplatin, 5-fluorouracil [69] or etopo-
side [73]. In addition, a recent study indicated that exosomes from the
doxorubicin-treated MFC-7 tumor cells co-treated with heat stress in-
creased the quantity of doxorubicin-containing exosomes, enhancing
their anti-tumour effect both in vitro and in vivo [88]. Of note, EVs may
also reflect the response of cancer cells to drug treatments regulating
drug sensitivity and response through the retention of cytotoxic drugs
and/or carrying drug efflux pumps [11,89–91].

More generally, ontology studies have shown that chemotherapy
alters the protein profile of exosomes determining an enrichment of
molecules involved in the cell cycle regulation The mechanisms un-
derlying the exosomal secretion induced by cellular stress have to be
fully elucidated but some of the main processes involved have been
recently identified. The tumor-suppressor gene p53 appears to be a key
protein necessary to promote the release of exosomes [92,93].

Irradiation-induced activation of p53 can lead to a significant increase
in the release of exosome-like vesicles in prostate cancer cells [92,93].
In vivo and in vitro studies have also reported that the tumor suppressor
activated pathway 6 (TSAP6), a p53 transcriptional target gene, facil-
itates the secretion of exosomes in response to stress or in steady state
conditions [93,94]. Moreover, the p53 response is involved in the
regulation of endosomal compartment through the modulation of the
transcription of various genes encoding endosomal proteins including
Caveolin‐1 and TSAP6 [95–98].

Cellular senescence is a central response to cytotoxic che-
motherapies (Chemotherapy-Induced Senescence or CIS) to prevent the
propagation of tumor cells, although recent studies have shown that
senescence is not always exhaustive and can be used by persistent po-
pulations as an adaptive way to restart proliferation [99]. The most
significant effect of senescence relies on the acquisition of SASP, con-
sisting in the release of inflammatory cytokines, growth factors, and
proteases, able to modulate the functional status of cells in the micro-
environment [100]. Lehmann and collaborators in 2008 delineated for
the first time that the enhancement of EV secretion from irradiated
prostate cancer cells was associated with senescence [92]. At present
several studies have demonstrated senescence can be accompanied by
extracellular vesicle release indicating that EVs secreted by that se-
nescent cells are part of SASP factors and contribute to either modulate
the phenotype of neighboring cells [101] and to transmit paracrine
senescence to nearby cells [102]. In this context, typical SASP con-
stituents, such as soluble IL-6 receptor and ICAM-1 have been described
as components of EV cargo [103,104].

Collectively, these observations strongly suggest that senescence,
initiated either by chemotherapeutic agents or by other stress stimuli
(e.g. telomere attrition, DNA damage, or oncogenic Ras expression)
induces a p53-dependent increase of exosome biogenesis and secretion
[10,92,105]. Moreover, the expression of the Rab genes (i.e. Rab5B and
Rab27B), which play an important role in endosome maturation, is also
enhanced in senescent cells [106,107].

CIS can play also a crucial role in the modulation of extracellular
vesicle content. For instance, accumulation of dsDNA has been ob-
served into exosomes derived from senescent or damaged cells. The
presence of fragments of DNA in exosomes has been interpreted as a
homeostatic mechanism contributing to the clearance of harmful mo-
lecules and essential to maintain the survival of senescent cells
[10,108]. Moreover, exosomal DNA secreted by drug-treated tumor
cells, apart from being protected from DNases, is able to activate STING

Fig. 2. Effect of anti-cancer therapies on EV
release and content. The treatment of tumor
cells with different chemotherapeutic drugs or
many type of cellular stress results in the en-
hancement of EV release, in the modulation of
EV cargo, and in the induction of che-
motherapy-induced senescence (CIS). EVs are
important components of SASP. SASP,
Senescence Associated Secretory Phenotype.
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signalling in recipient DCs triggering a protective anti-tumour immune
response through the production of type I interferons [109] (Fig. 2).

Beyond DNA, proteomic studies in drug-induced senescent cell-de-
rived EVs showed that protein profiles significantly change [110]. In-
deed, EVs derived from triple negative breast cancer treated with che-
motherapeutic agents displayed an increased expression of key proteins
involved in cell proliferation, ATP depletion and apoptosis [110]. Re-
cently, our group has indicated an immune stimulatory role of exo-
somes released by myeloma cells treated with genotoxic drugs, such as
melphalan and doxorubicin. In particular, we have demonstrated that
these agents through the induction of senescence stimulate the secre-
tion of exosomes from multiple myeloma cells and that these nanove-
sicles have the capability to trigger NK cell activation and proliferation
with a mechanism dependent on HSP70/TLR2 interaction [49] and IL-
15 trans-presentation [83].

Altogether, these results suggest a mechanism by which che-
motherapy drugs that induce senescence can improve the NK cell-
mediated response through the release of extracellular vesicles that
expose immunomodulatory molecules. Understanding how CIS may
shape EV composition and control their immune-suppressive or -acti-
vating role in the tumor microenvironment can ultimately lead to
identification of exosome-based biomarkers which could be used as
potential therapeutic targets.

5. Conclusions and perspectives

The field of intercellular communication via extracellular vesicles is
a rapid evolving area and the effects of tumour-derived extracellular
vesicles on immune cells have received increasing attention over the
last years. NK cells are critical players in tumour immune surveillance,
thus a better discerning of the mechanisms by which EVs influence the
NK cell phenotype and functions can open new possibilities for the
usage of these particles in cancer therapy to potentiate NK cell activity.
As such, the generation of genetically modified exosomes expressing
immunostimulatory molecules (i.e: IL15Rα/IL15) and targeting NK
cells could be an encouraging strategy to be pursued in combination
with anti-cancer treatments devoted to enhance NK cell recognition of
cancer cells including the activation of DDR and the induction of se-
nescence. The impact that anti-cancer therapies might have on the se-
cretion and the composition of extracellular vesicles is another crucial
point of concern that requires further investigation. Moreover, studies
aimed at characterizating the immunomodulatory properties of EVs will
be important to route the synthesis of liposome-based nanoparticles
[111] for the systemic delivery of therapeutic compounds, such as cy-
tokines, chemotherapeutic drugs, siRNAs and viral vectors.
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