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Abstract

Natural Killer (NK) cells are cytotoxic lymphocytes targeting virus-infected cells and cancer cells.
Specific pro- and anti-killing signals modulate the overall ability of NK cells to kill cancer cells,
however, several immune-escape mechanisms can be enacted by cancer cells to avoid NK-
mediated killing. Recently, increasing evidence has shown that extracellular vesicles (EVs)
released by NK cells carry proteins and microRNAs (miRs) able to exert an anti-tumoral effect,
even within a highly immune-suppressive tumor microenvironment. These recent findings suggest
a possible use of NK-derived EVs as anticancer agents, and propel the development of new
strategies to enrich EVs with the most effective anti-cancer cargo as a promising new anti-cancer
approach.
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Introduction

Natural Killer (NK) cell-mediated cytotoxicity: receptors, effectors and formation of the

immunological synapsis
Natural Killer (NK) cells are innate immunity lymphocytes, specialized to perform cytotoxic
killing of cancer cells and virally infected cells, with no requirement for any previous
activation (1). Human NK cells are negative for CD3 and express the CD56 neural cell
adhesion molecule. According to the levels of CD56 they can be classified in CD56Pr9ht and
CD564M. The former group represents about 5-20% of circulating NK cells in humans and
a subset with a reduced cytotoxic activity against cancer cells, since they have low
expression of CD16 (a receptor for the fragment crystallizable region (Fc) of
immunoglobulins); conversely, the latter CD56%M NK cell group (which are the majority of
NK cells in the blood) expresses high surface levels of CD16 and elicits a strong anti-cancer
response (2,3).
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NK cells express different surface receptors that either promote or inhibit NK killing. The
overall prominence of activating vs inhibiting receptor signaling is responsible for the
induction of NK-mediated killing. The opposite outcome (inhibition of NK killing) will
occur in case of a prominent activation of inhibitory receptors. Briefly, activating receptors
include the CD16 receptor, which is able to bind to antibody opsonizing the surface of
infected/transformed cells through a mechanism called antibody-dependent cell cytotoxicity
(ADCC) (4), and natural cytotoxicity receptors (NCR), which belong to the immunoglobulin
superfamily and can recognize hemagglutinins and neuraminidases expressed by virally-
infected cells, as well as PCNA expressed by cancer cells (5). Among the inhibitory
receptors the Killer-cell immunoglobulin-like receptors (KIRs) are able to recognize MHC
class I and HLA-G in primates and represent the dominant way for NK cells to recognize
and preserve self, healthy cells (6-8). One of the most common mechanisms of immune-
escape by cancer cells is to down-regulate MHC class | surface expression in order to avoid
T-cell killing. However, by doing so, they become vulnerable to NK-cell killing, through the
lack of binding of MHC-I to inhibitory KIRs which represent a very powerful inducer of the
NK-killing response (9). Ly49 receptors have been identified in mice, whereas in humans
only the pseudogene variant KLRAL has been identified (10-12). The Ly49 receptors are C-
type lectins with inhibitory functions when bound to MHC class I. The NKG2 receptor
family also is a C-type lectin family which dimerizes with CD94 (harboring a cytoplasmic
domain responsible for signal transduction) that includes both activating and inhibiting
receptors. These receptors bind to HLA-E in humans and while NKG2A and NKG2B have
inhibitory functions, NKG2C, NKG2E and NKG2H have activating functions. NKG2D is
quite different from the other members of this receptor family, since it does not dimerize
with CD94 but with DAP10 and binds to MHC class | homologues MICA, MICB and ULBP
expressed on the surface of stressed, inflamed and cancerous epithelial and endothelial cells
and leads to activation of NK-mediated killing (13). Finally, the ILT or LIR receptors also
belong to the family of immunoglobulin-like receptors and harbor activating functions (14).
ADCC and receptor-mediated NK killing mechanisms are summarized in Figure 1
(mechanisms 1 and 2).

Regardless of how NK cells recognize their target cell and which types of ligand-receptor
interaction is involved, once the NK-cell immunological synapsis is formed, NK cells
ultimately elicit their cytotoxic activity through 3 main mechanisms of action: receptor-
mediated, perforin-granzyme-mediated and granulysin-mediated interaction. The first type
of cytotoxicity involves the FasL/Fas interaction. NK cells express FasL, whereas the target
cells express its receptor Fas (or CD95). As a consequence of the binding of FasL to its
receptor, the death-inducing signaling complex (DISC) is triggered (15), leading to
activation of caspase-8 and —10 and apoptosis both by activation of downstream caspases
(such as caspase-9, —3 and —7), and by formation of the apoptosome, a quaternary protein
platform whose formation is triggered by the mitochondrial release of cytochrome C and
which leads to activation of caspase-3 and -7, ultimately leading to cell death (16). The
second mechanism of NK killing is mediated by a pore-forming protein called perforin, a
glycoprotein able to polymerize in presence of Ca** and forming holes in the plasma-
membrane of the target cell through which cytotoxic proteins can be introduced (17). Two of
these cytotoxic proteins are granzyme A and granzyme B. Granzyme A triggers caspase-
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independent cell death by targeting the SET complex in the endoplasmic reticulum and
releasing the NM23-H1 DNAse, which causes DNA damage (18-20). Granzyme A also
impairs the transmembrane potential of the mitochondria increasing the production of
Reactive Oxygen Species (ROS) (20), however the mitochondrial damage is not leading to
the release of mitochondrial cytochrome C. Therefore, the mechanism of cell death mediated
by granzyme A is believed to be entirely caspase-independent. Granzyme B is a powerful
activator of the caspase cascade both by promoting a direct cleavage of initiator caspases-8,
-9, and —10 and by triggering mitochondrial cytochrome C release as a consequence of its
proteolytic activity of the BID protein (16,18,19,21). The third known mechanism of NK-
mediated Killing involves granulysin, a member of the saposin-like protein (SAPLIP) family
able to electrostatically bind to the surface of target cells because of its positive charge at the
N-terminus (21). Granulysin can also enter the target cell cytoplasm through pores formed
by perforin. Granulysin causes ion fluxes (Ca*™ enters the cytoplasm and K* exits) (22) that
severely damage the mitochondria, leading to release of cytochrome C and activation of the
caspase apoptotic cascade (23).

Classification of Extracellular Vesicles (EVSs)

It is very well documented that all cells, including NK cells, release in their surroundings
multi-sized vesicles, generally referred to as extracellular vesicles (EVs). After an initial
confusion in the field due to lack of standardization in the nomenclature of the different
types of EVSs, the International Society of Extracellular Vesicles (ISEV) has recently
published and regularly updated, a minimal requirement consensus document for the
classification of EVs (24,25). In general, we can identify 4 main types of EVs, roughly
based on size and the expression of surface markers. Exosomes are EVs whose size range
spans from 30 to 150 nm and whose surface is enriched for tetraspanins such as CD63,
CD81, CD9. Exosomes are mostly derived from a precursor intracellular organelle called
“multivesicular body” and their genesis occurs through the endosomal compartment of the
cell (26). While there is no ultimate and specific surface marker for exosomes, it is a
combination of expressed markers and lack of expression of specific intracellular proteins
that meets the current minimal requirement for the definition of an exosome. Microvesicles,
are EVs between 50 nm and about 1micron in size, mostly expressing CD40 ligand,
integrins and surface selectins. They mostly derive from direct budding of the cellular
plasma membrane (27). Apoptotic bodies are larger in size (they span from 500 nm to 2
microns) and express large amount of surface phosphatidylserine, due to their genesis from
apoptotic cells (28). A 4t group of EVs includes large oncosomes (ranging from 1 micron to
10 microns in size) generated especially by highly metastatic cancer cells, whose biological
properties are multi-faceted and harbor fascinating implications for the Tumor
Microenvironment (TME) (29).

EVs carry a functional cargo which includes microRNAs

All types of EVs carry a cargo of multiple macromolecules which includes proteins and

nucleic acids (DNA and RNA both coding and non-coding). A recent report has questioned
the nucleic acid content of small EVs (30). However, a large proportion of studies supports
the presence of functional DNA and RNAs in EVs. Therefore, further studies are necessary
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to clarify this important aspect of EV biology. Among the most studied cargo components of
EVs there are microRNAs.

MicroRNAs (miRs) are single stranded short non-coding RNAs (ncRNAs) whose most well
understood function is to regulate translation of mMRNA transcripts by binding to a
complementary sequence mostly located in the 3’-untranslated region (3’-UTR) of the
transcript (31). While in the majority of cases the complementarity is imperfect and leads to
translational repression, in some cases (especially in plants) the miR exactly matches a
sequence in the target mRNA leading to degradation of the transcript (32). In both cases, the
binding of a miR to a target MRNA results in a reduced expression of the protein encoded by
that mMRNA. It has also been documented that the binding of miRs to the target mMRNA 5’-
UTR region can lead to up-regulation of the protein (33), however such mechanism does not
seem to be predominant. Alternative mechanisms of action of miRs include their ability to
directly bind to proteins, preventing their transcriptional regulation of genes and their
binding as ligands to receptors, triggering downstream signaling. A list of the miRs
discussed in this paper, with their essential genomic, functional, biomarker and therapeutic
data, is provided in Table 1. The first example was discovered by Eiring et al, showing that
miR-328 can directly bind to hRNPE2, preventing its binding to the transcription factor
CEBPA, involved in promoting myeloid differentiation during hematopoiesis (34).
Downregulation of miR-328, which occurs in leukemias, does not prevent hARNPE?2
inhibiting interaction with CEBPA, leading to a block in granulocytic differentiation, which
is at the very core of the leukemic blastic crisis (34). The second mechanism of action was
discovered by our group in 2012 (35). We showed that lung cancer cells secrete miR-21 and
miR-29a within EVs and these miRs are uptaken by surrounding Tumor-Associated
Macrophages (TAMs) expressing Toll-like Receptor 8 (TLR8) in their endosomal
compartment. We proved that miR-21 and —29a can reach the endosomal compartment in
TAMs and bind to TLRS, leading to the MyD88-mediated downstream activation of NF-xB
which promotes secretion of Interleukin-6 (IL-6) and Tumor Necrosis Factor alpha (TNF-a)
by TAMs, with the overall outcome of creating a TME conducive to cancer growth and
increased metastatic potential (35). More recently, we provided experimental evidence that
the binding of miR-21 to TLR8 in TAMs is relevant also for the TME biology of
neuroblastoma, where it induces the NF-xB-mediated secretion of miR-155 within TAM-
derived EVs, that are then up-taken by the cancer cells, where miR-155 silences the
expression of TERFL1, an inhibitor of telomerase, with the overall effect of increasing
telomerase activity and resistance to chemotherapy (36). In this work we also provided
evidence that the miR-21/TLR8/miR-155/TERF1 axis is relevant in several different types of
cancers including breast, lung, melanoma, thyroid cancer and medulloblastoma (36).

Overall, miRs orchestrate the biology of the TME by affecting growth, dissemination and
drug resistance of cancer cells.

NK cells secrete cytotoxic Extracellular Vesicles

The first evidence that NK-derived EVs elicit cytotoxic effect against cancer cells was
provided by Fais et al. (37), who showed that both resting and activated NK cells isolated
from healthy donors are able to kill several types of cancer cell lines and extend their
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cytotoxicity also to activated (but not to resting) immune cells (37). They also showed for
the first time that NK-derived EVs express FasL and perforin molecules and hypothesized
that EV's might be involved in a paracrine and systemic modulation of the immune response
within the TME. Following this initial report, our group confirmed the cytotoxic activity of
NK-derived EVs against neuroblastoma (38), and showed that in addition to perforin also
granzyme A, granzyme B and granulysin could be detected as cargo of these EVs and that
the NK surface marker CD56 could also be used to isolate NK-derived EVs. In 2017, Ahn et
al also published a study showing cytotoxic effects of CD63+ and ALIX+ EVs derived from
the NK92-MI cell line against melanoma cells both /n vitro and in vivo (39). Intriguingly, no
cytotoxicity was observed when these NK-derived EVs were used against normal cells. They
provided evidence that these EVs contain perforin and express surface FasL. More recently,
the same group used a similar approach to target glioblastoma in a xenograft murine model,
and showed that the systemic administration of NK92-MI-derived EVs increased cancer cell
killing especially if animals were pre-treated with dextran sulfate 2h before the EV treatment
(40). They also studied the biodistribution of the EVs and reported that these systemically
administered NK-derived EVs localize especially to the liver and the spleen. Interestingly,
they also did not observe toxicity in animals even after repeated intravenous injections of the
vesicles (40). The importance of the Tumor Microenvironment (TME) in NK-mediated
cytotoxicity has been addressed by Lozupone et al., showing that NK cell treatment of
human melanoma xenografts is more efficient than treatment with both y81 and y62 /6 T-
lymphocytes in controlling tumor growth (41). This is in part due to the fact that NK cells
survive longer than T cells in the TME. Specifically, lymphocytes are very sensitive to the
acidic conditions of the TME (42,43), whereas NK cells might be more resistant and survive
longer in an acidic microenvironment. Moreover, EV concentration and cargo is affected by
the pH of the surrounding microenvironment (44—-46). Neutralizing TME acidity with proton
pump inhibitors and/or buffer treatment appears to be a promising approach to reduce cancer
immune-escape, as reported by recent pre-clinical and clinical evidence (47,48). Overall,
these studies confirmed a cytotoxic role of NK-derived EVs against different types of cancer
cells, and provided the preclinical rationale for their use as anti-cancer agents.

Mechanisms of NK-derived EV-mediated killing

NK-derived EVs have proven to be cytotoxic against a variety of cancer cells. Progressively
increasing concentrations of EVs elicit increasing cytotoxicity, however while a plateau
seems to be reached for certain cell lines of neuroblastoma, such a limit does not seem to
occur with other types of neuroblastoma cell lines (49). The first studies showing this
cytotoxic effect have also assessed whether the typical mediators of NK cell killing were
part of their EV cargo. As expected, surface FasL and cargo of perforin, granzyme A,
granzyme B and granulysin were confirmed by several independent studies supporting a role
for the “usual suspects” as effectors of the observed anti-cancer cytotoxicity (38,50).
Recently, we correlated cytotoxicity and content of cytotoxic proteins from NK-derived EVs
by ELISA. This study reported that the killing of target cancer cells is not mediated by only
one effector molecule but by a multitude of mechanisms occurring simultaneously and
involving both the caspase cascade activation and caspase-independent cell death pathways
(51).
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We also investigated a possible role for miRs in the killing mediated by NK-derived EVs.
We performed a systematic analysis of the miR-content in the cargo of EVs isolated from
human NK cells, taking advantage of a protocol that we perfected and that allows us to
generate pure and functional human NK cells starting from peripheral blood mononuclear
cells exposed to engineered K562 cells expressing recombinant IL-21 in their surface (38).
Among the top represented miRs, we decided to focus on miR-186-5p (from now on
referred to as miR-186) since it was among the top represented miRs as cargo of cytotoxic
EVs, it was predicted to target key oncogenes in neuroblastoma (such as MYCN, and
AURKA), key genes in the TGF-p pathway (such as TGFBR1, TGFBR2, SMAD?2,
SMADZ3) and it had been previously observed as down-regulated in high-risk
neuroblastomas (52). Despite the obvious interest in silencing a gene such as MYCN, which
is still considered an “undruggable gene” together with its close “cousin” MYC, and the fact
that miR-186 is predicted to silence MYCN both directly and indirectly (by targeting
AURKA, a stabilizer of MYCN and also an important oncogene in neuroblastoma itself),
there is an additional intriguing aspect in the predicted group of target genes for miR-186:
effectors of the TGF-B network. The TME of several (if not all) types of cancers in imbued
with TGF-B, mostly derived from TAMs and cancer-associated fibroblasts (53). TGF-B
elicits an important immune-suppressive function for NK cells by binding to the TGF-p
receptors (TGFBR1 and TGFBR2) on the surface of NK cells and triggering a SMAD2 and
SMAD3 downstream signaling (54) ultimately leading to a block in the killing activity of
NK cells. The fact that miR-186 is possibly silencing the expression of TGFBR1, TGFBR2,
SMAD2 and SMAD3 suggests a central role for this miR (and for the NK-derived EVs
which contain a huge amount of miR-186) in preventing the TGF-p-mediated block of NK
cell killing activity. Therefore, we performed a series of experiments showing that indeed
miR-186 directly targets MYCN, AURKA, TGFBR1 and TGFBR2. While we observed
direct targeting of MYCN and AURKA, and down-regulation of SMAD2 and SMAD3 in
cells treated with miR-186, we did not observe a direct silencing of SMAD2 and SMAD3,
suggesting a possible indirect mechanism through which miR-186 reduces the expression of
these 2 genes (49). We confirmed the tumor suppressor role of miR-186 in neuroblastoma
cells /n vitro. Next, we were able to generate anionic lipopolyplex nanoparticles containing
miR-186 and coated with anti-GD2 antibody (GD2 is a well-known surface marker for
neuroblastoma) and we showed that these nanoparticles, systemically administered, were
able to significantly reduce the growth and prolong the overall survival of mice in an
orthotopic murine model of neuroblastoma (49), confirming feasibility and safety of miR-
enriched nanoparticles as anti-cancer agents. One of the most interesting aspects of this
study, which is the first to show that miRs are involved in the killing of cancer cells
mediated by NK-derived EVs, was that NK-derived EVs continued to be cytotoxic even in
presence of TGF-B, while NK cells were unable to kill (49,55). The study also confirmed the
lack of toxicity of NK-derived EVs on normal cells (49). Limitations of this study include
the fact that it was focused on one miR, not taking into consideration the effects of other
miRs (and of their combination) contained in NK-EVs, and the fact that no assessment of
the role of miR-186 and other (non-miR) molecules in the cargo of NK-EVs was performed.
Most importantly, the study did not provide a systematic analysis of the dose of NK-EVs to
be administered in order to achieve the most efficient (and still non-toxic) anti-tumoral effect
in vivo.
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Despite these limitations, this study provides the rationale for the use of miRs in NK-derived
EVs as new anti-cancer agents. The EV-mediated killing by NK cells is summarized in
Figure 1, mechanism 3.

Future Perspectives

NK cells are currently tested as anti-cancer agents in clinical trials (e.g. , from
ClinicalTrial.gov). However, the fact that NK-derived EVs also exert anti-cancer properties
is of great interest since we can envision at least three main advantages of using EVs over
NK cells as therapeutics. First, it is well known that every cell-based therapy (including NK
cell based-infusion) in patients harbors the risk of triggering the so-called “cytokine storm”,
a massive systemic release of cytokines that can force the patient to suspend the treatment or
could even be life-threatening in some cases. It is conceivable that the use of NK-derived
EVs may not be accompanied by this severe side effect and certainly the preliminary results
of the /n vivo experiments with NK-derived EVs are encouraging in terms of safety against
this and other possible non-specific side effects. Secondly, NK cells have a hard time to
reach the so-called “pharmacologic sanctuaries”, where cancer cells can nest and escape the
immune response. The most typical examples are the blood-brain barrier and the blood-testis
barrier. Increasing evidence suggests that EVs are able to cross these anatomical barriers,
providing an advantage over the use of cell-based therapies (56,57). Finally, as we have
previously described, several immune-escape mechanisms (such as inhibitory NK receptors
and TGF-B in the TME) can prevent NK cell-mediated killing. Such mechanisms are likely
not able to prevent the killing mediated by NK-derived EVs, such as we observed in the case
of NK-EVs in presence of TGF-p (49). However, tumor cells release EVs expressing
ligands for death receptors (e.g. FasL and TRAIL) that are involved in tumor immune-
escape in a non-tumor specific manner (58,59). The possibility that tumor-derived EVs may
impair the killing mediated by NK-EVs through their death receptor ligands should be
further explored. Clearly, the future holds promise for the use of NK-derived EVs as
therapeutics, most likely in combination with existing anti-cancer treatments. However,
much efforts need to be geared towards improving EVs as therapeutics. For instance, while
the use of nanoparticles is helpful to study the role of a specific cargo molecule, it is clear
that they will not recapitulate the complexity and possibly the efficacy of the plethora of
cargo molecules in an actual EV. Therefore, we can envision a future in which the use of
EVs as a whole (possibly enriched for specific anti-cancer molecules) will be used as a drug.
In other words, the creation of a “super-exosome™ or a “super-EV”, containing the basal
cargo plus enrichment for specific killing proteins and/or miRs should be explored in the
near future. The other key aspect to be further improved is how to reach specificity of
delivery of therapeutic EVs to cancer cells (or to immune cells in order to overcome
immune-escape mechanisms). This is also of paramount importance to be able to administer
higher doses of EVs and keeping negligible risks of side effects. Clearly these aspects also
require the development of improved strategies to load a specific cargo molecule in EVs and
to equip these EVs with signals able to direct them to specific target cells within the TME. |
would like to conclude with a provocative observation. The increasing evidence that some of
the cytotoxic effects of NK cells are actually mediated by NK-derived EVs suggests a
possible paracrine and more systemic role of NK cells (to make use of the words by Fais et
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al (37)). In addition to limiting this effect of NK-EVs on immune cells, it can be speculated
that this paracrine/systemic function applies also to cancer cells, suggesting that the
cytotoxic activity of one NK cell may be broader than we thought before: not only limited to
the cancer cell involved in the immune synapsis with the NK cell but also extended to cancer
cells at a more distant site. In this sense it will be interesting to study the impact of one NK
cell to a number of cancer cells within the TME. Our increasing knowledge of the biology of
NK cells, miRs and EVs enriches our understanding of the neoplastic process. While these
three fields have developed and grown independently, it is now clear the need for their full
integration, in order to empower our strategies to develop new and most effective drugs to
defeat cancer.
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Figure 1. Overview of NK-mediated killing mechanisms.
1) Antibody-dependent cell cytotoxicity (ADCC) is based on the opsonization of cancer

cells by an antibody, whose Fc segment can bind to CD16 on the surface of NK cells. This
creates an immunological synapse that allows NK degranulation and cytotoxicity; 2)
Receptor-mediated cytotoxicity. The figure indicates 3 possible activating signals for NK-
mediated degranulation and cytotoxicity: the binding of NCRs to the cancer cell surface
antigen PCNA, the lack of expression of MHC-I on the surface of cancer cells, preventing
the KIR-mediated inhibition of NK-killing activity, and the binding of MICA (on the surface
of cancer cells) to the NK activating receptor NKG2D; 3) EV-mediated cytotoxicity. The
figure indicates the secretion of EVs containing miR-186 by NK cells. These EVs can
shuttle miR-186 back to NK cells where it silences receptors for TGF-p (TGFBR1 and
TGFBR2) and induces downregulation of downstream signaling proteins SMAD2 and
SMAD3 overall leading to resistance of NK cells to the immune-suppression mediated by
TGF-B, present at high concentrations in the Tumor Microenvironment. Moreover, EVs can
shuttle miR-186 to neuroblastoma (NBL) cells located also at a distance from the actual NK
cell and miR-186 can directly silence MYCN and AURKA, two key oncogenes for
neuroblastoma, eliciting a paracrine anti-cancer effect.
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TABLE 1.
Genomic Location, Function, role as Biomarker (B) or as Therapeutics (T) for the miRs discussed in this
manuscript.
miRNA Genomic Function Biomarker (B)/Ther apeutics(T) Reference
location
miR-328-3p | 16qg22.1 Binds to hRNPE2 preventing inactivation | T: Restoration to overcome block of granulocytic (34)
of CEBPA and allowing normal differentiation in CML-BC.
granulocytic differentiation
miR-21-5p 17g23.1 Bind to human Toll-like Receptor 8 T: Inhibition of miR-TLR8 interaction. (35) (36)
miR-29a-3p | 7g32.3 (TLR8) triggering a pro-tumoral
inflammatory response
miR-155-5p | 21g21.3 Targets TERF1 and increases telomerase T: Inhibition to restore drug sensitivity. (36)
activity and resistance to chemotherapy B: Possible biomarker of TAM infiltration in
primary tumor.
miR-186-5p | 1p31.1 Directly inhibits MYCN, AURKA, T: Nanoparticles to deliver mimic to cancer cells (49)

TGFBR1, TGFBR2; indirectly inhibits
SMAD?2 and SMAD3

(neuroblastoma) anti-cancer effect.
T: Nanoparticles to deliver mimic to NK cells to
increase their cytotoxic activity.
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