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ABSTRACT

Natural Killer (NK) cells are important components of the immune system in the defense against tumor
growth and metastasis. They release exosomes containing proteins and nucleic acids, including
microRNAs (miRNAs). NK-derived exosomes play a role in the anti-tumor NK cell function since they are
able to recognize and kill cancer cells. However, the involvement of exosomal miRNAs in the function of
NK exosomes is poorly understood. In this study, we explored the miRNA content of NK exosomes by
microarray as compared to their cellular counterparts. The expression of selected miRNAs and lytic
potential of NK exosomes against childhood B acute lymphoblastic leukemia cells after co-cultures with
pancreatic cancer cells were also evaluated. We identified a small subset of miRNAs, including miR-16-5p,
miR-342-3p, miR-24-3p, miR-92a-3p and let-7b-5p that is highly expressed in NK exosomes. Moreover, we
provide evidence that NK exosomes efficiently increase let-7b-5p expression in pancreatic cancer cells and
induce inhibition of cell proliferation by targeting the cell cycle regulator CDK6. Let-7b-5p transfer by NK
exosomes could represent a novel mechanism by which NK cells counteract tumor growth. However, both
cytolytic activity and miRNA content of NK exosomes were reduced upon co-culture with pancreatic
cancer cells. Alteration in the miRNA cargo of NK exosomes, together with their reduced cytotoxic activity,
could represent another strategy exerted by cancer to evade the immune response. Our study provides
new information on the molecular mechanisms used by NK exosomes to exert anti-tumor-activity and
offers new clues to integrate cancer treatments with NK exosomes.
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Introduction contain proteins, DNA and RNA, including microRNAs

The tumor microenvironment (TME) is composed by cancer (miRNAs)’.

cells, soluble factors, elements of the extracellular matrix
and different resident or infiltrating non-malignant cells
that play an active role in tumor initiation and
progressionl’z. In this context, the continuous and bidirec-
tional interactions between tumor and immune cells may
promote tumor progression by impairing cellular immune
responses against cancer. Although Natural Killer (NK) cells
represent the first line of defense against pathogens and
tumor transformation and growth, cancer cells can escape
NK cell-mediated control by multiple mechanisms™*. For
example, cancer cells may express ligands for inhibitory
receptors and down-modulate the activating receptors in
infiltrating NK cells. As a consequence, tumor-associated
NK cells display reduced cytotoxicity and produce low levels
of pro-inflammatory cytokines’.

During the past years, extracellular vesicles (EVs) have
gained increasing attention due to their important role in
extracellular signaling and their stability in blood circulation®.
Exosomes are small EV (50-160 nm) of endosomal origin that

MiRNAs are single-strand RNAs of 18-22 nucleotides able
to inhibit translation or to induce degradation of the target
RNA®. During their maturation process, immature miRNAs
translocate from the nucleus to the cytoplasm where they are
converted to mature miRNAs by the ribonuclease III Dicer.
Then, the RNA-induced silencing complex pairs miRNA to
their target sequences’. MiRNAs may be present in exosomes.
The main mechanism responsible for miRNA loading in these
EVs is a sequence-based process allowing specific proteins to
sort miRNA into exosomes'’. Indeed, over-represented
miRNAs in exosomes contain the so-called EXO-motifs that
are recognized by RNA binding proteins such as the hetero-
geneous ribonucleoprotein A2B1 (hnRNPA2B1) and synapto-
tagmin-binding cytoplasmic RNA-interacting protein
(SYNCRIP)'". In addition, it has been reported a homeostatic
mechanism responsible for miRNA export in exosomes that is
dependent on the amount of target mRNA available in cells'”.

MiRNAs represent key players in NK cell development
and function. Indeed, Dicer deletion is associated with
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impairment of NK cell development in vivo'>'*. In addi-
tion, evidences showed that miRNA regulates NK cell func-
tion by targeting proteins associated with cytotoxicity or
cytokine production'®'”. Furthermore, TME can induce
changes in miRNA profiles of immune cells associated
with increased tumor tolerance'®. For example, the immu-
nosuppressive miR-183 is induced in NK cells by trans-
forming growth factor B (TGF-B). The miR-183 targets
the signaling polypeptide DNAX activating protein 12
kDa (DAPI12), inducing an impairment of NK cell
function'’.

Recent studies have demonstrated that NK cells release exo-
somes capable of recognizing and killing cancer cells by multiple
mechanisms in vitro and in vivo. NK derived-exosomes (NK-
exo) expressed a number of NK receptors/markers including
CD56, CD69, NKG2D, NKp44, NKp46, NKp30, CD40L, PD-1,
and molecules involved in tumor cell recognition and immuno-
logical synapse formation (LFA-1, DNAMI). They also carry
cytotoxic proteins such as Perforin, Granzyme A-B, Fas-L and
cytokines such as IFN-y'®72°,

Interestingly, a study reported that NK exosomes carry the
tumor suppressor miR-186-5p, which impairs the growth of
neuroblastoma cells in vitro and in vivo®'. Another study
showed that miR-3607-3p is enriched in NK exosomes and
can inhibit pancreatic cancer growth*’. Recently, we demon-
strated that NK exosomes may have cytotoxic effects on pan-
creatic cancer cells®.

In this work, we explored the miRNA content in NK-exo in
comparison with that of their cellular counterpart. We show
that NK-exo exhibits distinct miRNA expression profiles. We
found that let-7b-5p is enriched in NK-exo and can be down-
regulated by pancreatic cancer cells. We also provide evidence
that let-7b-5p is involved in the anti-proliferative effects of NK
exosomes on cancer cells. Thus, this study sheds light on novel
molecular mechanisms used by NK-exo to exert anti-tumor-
activity, and it may offer new clues to integrate cancer treat-
ments with NK-exo.

Materials and methods
Cell culture and exosome isolation

NK cells were isolated from the peripheral blood of healthy
volunteers admitted at blood transfusion center in
Bambino Gesu Children Hospital. The study was approved
by the Hospital Ethical Committee (ID: 1724/2018) and
was conducted in accordance with the tenets of the
Declaration of Helsinki. All donors have signed the
informed consent. Briefly, peripheral blood mononuclear
cells (PBMCs) were separated by density gradient centrifu-
gation (Lympholyte®, Cedarlane) and NK cells isolated by
RosetteSep Human NK cell enrichment cocktail (Stem Cell
Technologies).

NK cells were cultured in NK MACS® medium (Miltenyi
Biotec) supplemented with 10% Fetal Bovine Serum (FBS;
Thermo-Fisher Scientific), 1% penicillin and streptomycin
(Euroclone) in the presence of 600 U/ml IL-2 (Novartis).

Human PANC-1 pancreatic cancer and NALM-18 B-cell
childhood acute lymphoblastic leukemia cell lines were

cultured in RPMI medium supplemented with 10% FBS, 2
mM L-glutamine (Euroclone), 1% penicillin and streptomycin
(Euroclone). MIA PaCa-2 pancreatic cell line was cultured in
DMEM high-glucose medium supplemented with 10% FBS, 2
mM L-glutamine (Euroclone), 1% penicillin and streptomycin
(Euroclone).

For exosome isolation, IL-2 activated NK cells were
washed and seeded in round-bottom 96-wells at cell density
1.2 x 10° cells/mL in RPMI supplemented with 10% of FBS
(Thermo-Fisher Scientific, Massachusetts, USA) previously
depleted of bovine exosomes by ultracentrifugation (exo-
some-free FBS) and 600 IU/mL IL-2. Depending on the
experiments, a total number of 15 x 10° or 30 x 10° NK
cells in 12 mL or 24 mL of medium supplemented with exo-
some-free FBS were used, respectively. After 48 h, super-
natants were collected and exosome isolated and quantified.
Briefly, the supernatants were centrifuged at +4°C 300 g for 5
min, followed by a second centrifugation at 2000 g for 15
min. Then, supernatants are filtered by 0.22 um pore size
filters and ultra-centrifuged at+4°C (100,000 g for 70 min)
(Optima MAX-XPN, Beckman, Brea CA, USA). Exosomes
were washed with phosphate buffer saline solution (PBS) and
undergone to a second round of ultracentrifugation (100,000
g for 70 min). Isolated exosomes were resuspended in 50 pL
of PBS and indirectly quantified by Bradford Assay (Biorad,
Hercules, CA, USA)'®.

Nanoparticle tracking analysis (NTA) was performed with
NanoSight LM10 device by System Biosciences service. 20 ug of
exosomal vesicles were diluted in PBS supplemented with pro-
tease inhibitors cocktail (Thermo Fisher Scientific) and particle
Brownian movements were assessed by NTA Software. Mean
exosome number/g of protein was calculated using NTA data:
7.9 x 10" £2.79 x 10" particles/ug protein (1= 3).

Flow cytometry

Flow cytometry analysis of exosomes with conjugated anti-
bodies anti-CD81 APC-Vio770 (REA513) and anti-CD63-
APC-Vio770 (H5C6; Miltenyi Biotec) was performed as
already described'®. Exosome samples were analyzed with
the LX-Cytoflex instrument (Beckman Coulter) and Flow]Jo
Software (BD Biosciences). Cytofluorimetric analysis of NK
and pancreatic cancer cells was performed as described”.
The following fluorophore-conjugated antibodies were
used: anti-CD56 (REA196; Miltenyi Biotec) and anti-CD3
(UCHT1; Ancell Corporation); anti-HLA-A,B,C - PB (W6/
32; Biolegend); anti-PD-L1 PE-CF594 (BD Biosciences);
anti-MICA/B-PC7 (6D/4; Biolegend); anti-ULPb 2/5/6-PE
(# 165903; R&D Systems).

Western blot

NK cells and derived exosomes were lysed in RIPA buffer and
incubated for 30 min or 15 min in ice, respectively. Then,
samples were centrifuged at 20,000 g for 20 min, lysates quan-
tified by Bradford assay (Biorad) and 10 pg of protein lysates
for each sample were analyzed by western blot (WB) as
described'®, Primary antibodies used were anti-CD63 (MX-
49.1129.5), anti-CD81 (5A6; Santa Cruz Biotechnology), anti-



Calnexin (#2433; Cell Signaling) and anti-tumor susceptibility
gene 101 (TSG-101; 4A10; Abcam).

Microarray analysis

High-quality total RNA (140 ng per sample) obtained from the
samples of human NK cells (n =7) and exosomes (n =7) were
used as start material for the microarray analysis. Biotin-
labeled RNA was generated using the FlashTag Biotin HSR
Labelling Kit (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions. The biotin-labeled RNA was subse-
quently hybridized to a Lympholyte® miRNA 4.1 array plate
(Thermo Fisher Scientific). The hybridization, wash and stain-
ing procedures were done in a GeneChip™ Instrument accord-
ing to the manufacturer’s protocol (Thermo Fisher Scientific).
Labelling, hybridization, washing, staining and scanning pro-
cedures were performed by Eurofins Genomics microarray
service. The .cel file output was used as input in the Partek
Genomics Suite Software (Partek) for generation of Robust
Multi-Array Average (RMA) normalized data.

RNA extraction and real time PCR

RNA extraction from purified NK exosomes and NK cells was
performed with miRNeasy micro kit (Qiagen). RNA concen-
tration and purity were evaluated by spectrophotometric ana-
lysis (Nanodrop 2000; Thermo Fisher Scientific). For miRNA
expression analysis, for each sample 20 ng of RNA was reverse
transcribed with miRCURY LNA RT kit following manufac-
turer’s instructions (Qiagen). Synthetic RNA spike-in UniSP6
(Qiagen) was added to the RT reaction to normalize analytical
differences between the samples. cDNA was diluted 1:30 in
nuclease-free water, and 3 uL of diluted cDNA was loaded in
10 uL of final volume of real Time PCR mix by using
miRCURY Sybr Green master mix plus ROX reference dye
and the LNA primer mix assay (Qiagen). The following
miRCURY LNA PCR assays were used: UniSP6 (Y00203954),
hsa-miR-15b-5p (YP00204243), hsa-miR-20a-5p
(YP00204292), hsa-miR-146a-5p (YP00204688), hsa-miR
-27a-3p (YP00206038), hsa-miR-106b-5p (YP00205884), hsa-
miR-16-5p (YP00205702), hsa-let-7b-5p (YP00204750), hsa-
miR-92a-3p (YP00204258), hsa-miR-24-3p (YP00204260),
hsa-miR-342-3p (YP00205625), SNORD44 (YP00203902),
SNORA66 (YP00203905). For mRNA expression analysis,
total RNA was reverse transcribed with random primers
using Super Script IV first-strand synthesis system following
manufacturer’s instructions (Thermo Fisher Scientific). Real-
time PCR was performed in 20 uL of total volume with
TagMan™ Fast Advanced Master Mix and TagMan Gene
Expression Assay (Applied Biosystems). The following
TagMan™ Gene Expression assays were used: ACTB
(Hs01060665_g1), CDK6  (Hs01026371_ml), CDK4
(Hs00364847_m1), CCNA2 (Hs0099678_ml), HMGAI
(Hs00852949_g1).

PCR reactions were carried out in triplicate on
a QuantStudio 12 Flex instrument using thermal cycling
conditions suggested by the manufacturer (Applied
Biosystems). All real-time PCR data were analyzed with
baseline threshold algorithm and 2-ACt method
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(QuantStudio  Real-Time PCR  software, Applied
Biosystems). The mean of SNORD44 and SNORA66 (in
PANC-1 cells) or SNORD44 (in MIA PaCa-2 cells) expres-
sion was used for normalization of cellular miRNAs
expression.

Bioinformatic analysis

Heatmap (Figure 1C) and scatter plot (Figure 2C) were
generated by Partek Genomics Suite software (Partek). GO
term enrichment analysis was performed using FunRich
software according to”*. An over-represented exo-motif
sequence analysis was performed using the MEME suite
according to the study by Bailey and Elkan®’. Sequences of
miRNA highly expressed only in exosomes (66 miRNAs)
were compared to miRNA sequences highly expressed in
cells and exosomes (81 +91 miRNAs; Figure 2A) and
ZOOPS (zero-or-one-occurrence) model was run to find
over-presented 4 to 10 nucleotide motifs.

MiRNA target prediction was performed using miRWalk
and targets predicted simultaneously by TargetScan, miRDB,
miRTarBase databases were considered for further analysis™.

Selection of cancer-related targets of miRNA was performed
using the ONCO.IO database (https://onco.io/). Differential
expression of MIRLET7BHG and CDKG6 in pancreatic cancer
patients was calculated on the basis of RNA-seq data from The
Cancer Genome Atlas (TCGA) using the TNMplot.com web
tool””. The overall survival test on pancreatic cancer patients
was built using the R2: Genomics Analysis and Visualization
Platform (http://r2.amc.nl) on the Tumor Pancreatic adeno-
carcinoma dataset (TCGA — 178 - rsem - tcgars). The Kaplan
Scan feature was used to divide the samples of a dataset into
two groups based on the CDK6 gene expression, with a cutoff
based on the highest p-value calculated with a logrank test.

NK - pancreatic cancer cells co-culture experiments

The IL2-activated NK cells were cultured with PANCI or
MIA PaCa-2 cells at a ratio of 5:1 (NK: tumor cells) and after
5 days NK cells were separated from cancer cells by using NK
cell isolation kit (Miltenyi Biotec). Purity of isolated NK cells
was confirmed by flow cytometry with anti-CD56 (REA196;
Miltenyi Biotec) and anti-CD3 (UCHT1; Ancell
Corporation) antibodies and then seeded in an exosome-
free medium for 48 h for exosome isolation.

Cytotoxic assay

NALM-18 cell line was used as target cells and labeled with Cell
Tracker Green CMFDA (Thermo Fisher Scientific) according
to manufacturer’s instruction and seeded at density of 40,000
cells/mL in 96-well plate. The day after, cells were incubated
with 20 pg/well (~1.6 x 10° exosomes/cell) of NK-exo purified
from NK cells not co-cultured (control; CTRL) and after co-
culture (AC) with PANCI cells. After 24 h, Propidium Iodide
(PI) was added to identify dead cells.


https://onco.io/
http://r2.amc.nl

4 (&) A LDIPACEETAL

Cell transfection

PANCI and MIA PaCa-2 cells were seeded in 24-well plate
at a density of 40,000 cells/ml and after 24 h they were
transfected by Lipofectamine™ 3000 transfection reagent
(Thermo Fisher Scientific). Briefly, Opti-MEM medium
(Thermo  Fisher Scientific) was combined with
Lipofectamine™ 3000 and 60 pmol of mirVana miRNA
mimic - hsa-let-7b-5p (ID: MCI11050), mirVana miRNA
mimic - Negative Control #1, mirVana let-7b miRNA inhi-
bitor or mirVana miRNA inhibitor Negative Control #1
(Thermo Fisher Scientific) and incubated for 20 min to
allow formation of complexes. Then, cells were incubated
with liposomes containing let-7b-5p mimic, let-7b inhibitor
or their respective controls, and after 24 h, cells were used
for further analysis.

Cell proliferation assay

PANCI and MIA PaCa-2 cells transfected with let-7b-5p
mimic, miRNA mimic control, let-7b inhibitor, miRNA inhi-
bitor control, incubated with NK exosomes (10 pug per 40,000
cells; ~2 x 10® exosomes/cell) or with an equal volume of
exosome resuspension buffer (PBS) for 24 h, were washed in
PBS, detached with trypsin and then cell number was deter-
mined by flow cytometry or with automated cell counter
(Countess II, Thermo Fisher Scientific). Dead (PI" or Trypan
Blue-stained) cells were excluded from cell counts.

Results
miRNA expression profiles in NK cells and exosomes

To identify the miRNA repertoire in NK exosomes, these were
isolated from long-term, IL2-activated NK cell cultures by
serial rounds of centrifugations, as detailed in Materials and
Methods. The size of isolated vesicles was assessed by NTA
(NanoSight). The typical exosomal markers including the tet-
raspanins CD81 and CD63 and TSG101 were analyzed by both
flow cytometry and WB. The absence of contaminating intra-
cellular protein Calnexin was also confirmed. Both size and
molecular markers in the isolated vesicles corresponded to
those of exosomes according to Minimal Information for
Studies of Extracellular Vesicles (MISEV) guidelines
(Figure 1A-B and S1)%8,

Then, we performed a comprehensive miRNA compara-
tive analysis by microarray on seven samples of NK cells
and seven samples of their derived exosomes. Out of over
2,500 mature miRNA sequences analyzed, 337 were differ-
entially expressed (fold change <-2 o> 2, False Discovery
Rate p-value <0.05), of which 192 were upregulated in NK
cells, and 145 were up-regulated in NK exosomes
(Table S1).

Hierarchical cluster analysis using the most differentially
expressed miRNAs (fold change > |10|) clearly shows that
NK cells and exosome samples clustered separately
(Figure 1C).

To better investigate potential differences of miRNA pat-
terns in NK cells and their exosomes, the 100 most up-
regulated miRNA in NK cells or exosomes were selected

for target prediction analysis, and Gene Ontology (GO)
enrichment analysis was performed using FunRich
software®”. The main targeted GO categories were related
to the regulation of apoptosis, intracellular and intercellular
signal transduction, regulation of transcription from
Polymerase II promoter and regulation of cell proliferation
(Figure S2, Table S2). This analysis showed that miRNA in
NK cells and NK exosomes targeted similar biological
processes.

Comparative analysis of miRnas in NK cells and
NK-derived exosomes

Based on microarray normalized expression signals, we
focused on the most expressed miRNAs in NK cell and exo-
some groups. In each group, we selected mature miRNAs with
the highest expression signal (over 90" percentile; 258 top-
expressed miRNAs). As shown by the Venn diagram, cells and
exosomes shared 156 top-expressed miRNAs, while 102 were
highly expressed in cells or exosomes only, respectively
(Figure 2A). In order to verify the presence of over-
represented motifs in exosomal miRNAs, we performed
sequence comparison analysis of miRNAs highly expressed in
exosomes only versus all the miRNAs included in the Venn
diagram of Figure 2A. The exo-motif discovery analysis
showed an enrichment of the conserved exo-motif GGCUG
in miRNA from NK exosomes (Figure 2B). This motif is
recognized by SYNCRIP protein and mediates miRNA trans-
port in exosomes'".

We also plotted normalized expression signal in NK cells
and exosomes for all 2,578 mature human miRNAs included in
the microarray chip. We found that global miRNA expression
in NK cells and exosomes display a positive correlation (r=
0.711; Figure 2C). The vertical line delimitates 90™ percentile
of cellular miRNA signals, whereas the horizontal line indicates
90" percentile of exosome miRNA signals. Since miRNAs
expressed in exosomes should also be detected in parental
cells (i.e., the source of exosomes), we focused our attention
on two miRNA subgroups: miRNAs highly expressed in both
NK cells and exosomes (quadrant I, Figure 2C) and miRNAs
highly expressed in NK cells and with low expression in NK
exosomes (quadrant IV, Figure 2C). Using this approach, we
could select the miRNAs miR-16-5p, let-7b-5p, miR-92 a-3p,
miR-24-3p, miR342-3p in the quadrant I (high in exosomes)
and miR-15b-5p, miR-20 a-5p, miR-146b-5p, miR-27-3p, miR-
106b-5p in the quadrant IV (low in exosomes; Figure 2C).
Real-time PCR confirmed a higher expression in NK exosomes
selected miRNAs in the quadrant I as compared to miRNAs of
the quadrant IV (Figure 2D).

The exosomal miRNA let-7b-5p inhibits proliferation of
pancreatic cancer cells

Among enriched miRNAs in NK-exo, we focused our attention
on let-7b-5p, since it belongs to let-7 family of miRNAs with
critical onco-suppressive function®>'. It plays a key role in
cancer and is frequently downregulated in different tumors,
including pancreatic cancer’®>>. Thus, we asked whether
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Figure 1. Comprehensive miRNA expression in NK cells and exosomes. (a) Histogram representing the size distribution of particles from NK-exo samples revealed by
Nanoparticle Tracking Analysis (NTA). A representative NK-exo sample is shown. (b) Flow cytometry analysis of NK exosomes stained with anti-CD81 and anti-CD63
exosome markers. Grey histograms represent stained samples, white histograms unstained controls. A representative experiment is shown. (c) Hierarchical clustering of
NK cells and exosomes samples analyzed by miRNA microarray. Rows represent samples; columns represent the top 148 mature miRnas (74 up-regulated in exosomes,
74 up-regulated in NK cells) differentially expressed between NK-exo and NK cells (FDR p-value <0.05).

exosomal let-7b-5p could be implicated in NK cell anti-tumor
activity.

Bioinformatic analysis by miRWalk*® showed that let-7b-5p
acts on multiple genes involved in cell cycle regulation, differ-
entiation and cancer progression. Among the validated targets
identified in our analysis, we found CDK6, CCNA2, CCND1,
CCND2, SOCS1, HMGA1 and AURKB, which are involved in
cancer progression (Figure 3A).

Next, we investigated a possible role of let-7b-5p in NK
exosome function. To this end, we first assessed let-7b-5p
expression in PANC1 and MIA PaCa-2 pancreatic cancer
cells upon incubation with NK-exo. After 24 h, we found an
increased expression of let-7b-5p in exosome-treated

pancreatic cancer cells, suggesting that this miRNA can be
efficiently transferred to cancer cells by NK exosomes
(Figure 3B).

NK-exo has been shown to inhibit cancer cell proliferation
and viability?>. In agreement with these data, after 24 h of
incubation with NK-exo, PANCI and MIA PaCa-2 cell num-
bers were significantly decreased (Figure 3C and Figure S3B).
Notably, transient transfection of pancreatic cancer cells with
let-7b-5p induced similar effects (Figure 3C and Figure S3A).
In agreement with these data, transient transfection of pan-
creatic cancer cells with let-7b inhibitor produced opposite
effects after 24 h, with a slight increase in cell number.
Interestingly, let-7b miRNA inhibitor was sufficient to
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4. Sequences of miRnas highly expressed in exosomes only were compared to all miRNA sequences highly expressed in cells and exosomes. (c) Scatter plot of the

log,-transformed expression signal for all the mature miRnas analyzed. Each dot represents a miRNA included in the microarray chip. X-axis reported expression in NK
cells, Y-axis expression in NK-exo. The vertical axis delimitates 90th percentile of signals in NK cells, the horizontal axis delimitates 90th percentile of signals in NK-exo.
Roman numerals (I-1V) identify four quadrants. We excluded from further analysis miRnas in quadrants Il and Ill (gray zone). MiRNAs analyzed by real time PCR are
indicated. (d) Real time PCR for the indicated miRnas in the same samples used for the microarray. Values are expressed as fold changes in exosome (n = 7) as compared
to cell (n =7). For each sample, the same amount of RNA was used for RT-PCR and Uni-SP6 spike-in was used as reference to normalize data. Brackets indicate miRnas

belonging to quadrant | or IV. Error bars indicate SEM.

abrogate the impairment of cell proliferation observed with
NK-exo treatment (Figure 3C).

Therefore, considering let-7b-5p is involved in cell cycle
regulation and that NK-exo can efficiently augment let-7b-5p
into target cells, the anti-proliferative effects of NK-exo could
be related, at least in part, to the exosomal let-7b-5p. To
confirm this hypothesis, modulation of let-7b-5p targets was
analyzed in PANCI cells following incubation with NK exo-
somes or upon let-7b-5p over-expression. We focused our
attention on experimentally validated targets involved in cell
cycle and in cancer cell proliferation (CDK6, CCNA2 and
HMGA-1)**°. PANCI1 was incubated with NK-exo or transi-
ently transfected with let-7b-5p mimic for 24 h and CDKe,
CCNA2 and HMGA-1 expressions were assessed using Real-
Time PCR. NK-exo induced significant downregulation of
CDK6 in PANCI cells, similarly to let-7b-5p miRNA mimic
(Figure 3D). As expected, after 24 h of transient transfection

with let-7b inhibitor, CDK6 was increased. Interestingly, let-7b
inhibition overwhelmed the negative regulation of NK-exo on
CDKG6 expression (Figure 3D). The expression of CDK6 was in
agreement with proliferation data (Figure 3C and 3D). When
MIA PaCa-2 cells were used as model, CDK6 transcript
resulted poorly expressed by real-time PCR (C, > 32) without
any clear modulation after let-7b mimic or NK exosomes (data
not shown). Nevertheless, MIA PaCa-2 highly expressed
CDK4, a CDK6 functional homologue targeted by let-7b>*. In
MIA PaCa-2, incubation with NK exosomes induced
a significant down-regulation of CDK4, whereas only a slight
decrease of this transcript was observed in PANC-1 (Figure
S3C). CCNA2 in PANCI were significantly down-regulated in
cells transfected with let-7b-5p, whereas a trend of decrease of
HMGAL1 but not a significant down-regulation was observed in
PANCI cells transfected with let-7b-5p or exposed to NK
exosomes. Similar results were obtained for MIA PaCa-2
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Figure 3. The NK exosomal miRNA let-7b-5p inhibits proliferation of pancreatic cancer cells. (a) Graph of let-7b-5p targets involved in cancer progression/cell
proliferation elaborated by using the ONCO.IO database tool. (b) Expression of let-7b-5p in PANC1 cells and in MIA PaCa-2 cells after 24 hours of incubation with NK-exo
(exo; 10 ug per 40,000 cells; ~2 x 10® exosomes/cell) and without NK-exo (ctrl) measured by real time PCR. Values are expressed as 272% SNORD44 was used for
normalization in MIA PaCa-2 (n = 3). The mean of SNORD44 and SNORA66 expression was used for normalization in PANC-1 (n = 3) bars indicate SEM. (c) Number of live
PANC1 (n=5) cells after NK-exo treatment (10 ug per 40,000 cells; ~2 x 10° exosomes/cell) or transfection with let-7b-5p miRNA mimic (n = 4) or with let-7b miRNA
inhibitor in absence or in combination with NK-exo treatment (n = 3). Percentages of proliferating live cells were calculated to their respective control, arbitrarily set as
100%.; * p-value <0.05; ** p-value <0.01 (Student’s t-test). (d) CDK6 expression measured by real time PCR in PANC1 untreated and NK-exo-treated (n=5), or
transfected with control mimic, let-7b-5p miRNA mimic (n = 4), control miRNA inhibitor or let-7b miRNA inhibitor in absence or in combination with NK-exo treatment
(n=3). Values are expressed as fold change relative to their control. ACTB was used as endogenous control to normalize expression data. Bars indicate SEM. * p-value
<0.05; ** p-value <0.01 (Student’s t-test). () RNA-seq expression data of MIRLET7BHG (let-7b-5p host gene, left panel) and CDK6 gene (right panel) in normal (n = 252)
and in pancreatic cancer samples (n = 177) obtained from TCGA dataset using TNMplot.com web tool®®. (f) Overall Survival at 72 months of pancreatic cancer patients
divided for high expression (blue; n = 35) or low expression (red; n = 111) of CDK6 gene. Kaplan—-Meier curves were built by the R2: Genomics Analysis and Visualization
Platform on TCGA — 178 dataset. p-value = 45x107* (logrank test).
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(Figure S3 D-E). These data show that NK exosomes can
participate to repressing CDK4/CDKE6 in target cells via let-
7b-5p.

We also evaluated the expression of CDK4/CDKG6 in the
TGCA dataset using the TNMplot.com tool*”. In accordance
with different reports36"38, we found higher levels of CDK4/
CDKGE in pancreatic cancer as compared to non-tumoral sam-
ples (Figure 3E and Figure S3F). We also analyzed the expres-
sion of the let-7b-5p host gene MIRLET7BHG in pancreas
tumors on publicly available TCGA datasets using the
TNMplot.com platform*”. As shown in Figure 3E,
MIRLET7BHG expression in pancreas tumors was lower as
compared to non-tumor samples, suggesting that downregula-
tion of let-7b-5p could represent a pathogenic event in pan-
creatic cancer.

Furthermore, the overall survival analysis of pancreatic can-
cer patients using R2 Genomics Analysis and Visualization
Platform highlighted that high levels of CDK6 had worse overall
survival as compared to patients with low CDK6 (Figure 3F).

Taken together, these experiments suggest that NK exo-
somes could affect pancreatic cancer cell proliferation by
transferring let-7b-5p that in turn acts on its target gene
CDK6. Moreover, in pancreatic cancer patients, let-7b-5p is
frequently downregulated, while its target CDK6 is upregu-
lated and its expression is associated with worse overall
survival.

Pancreatic cancer cells modulate miRNA expression in
NK-exo

While NK-exo can exert cytotoxic effects on cancer cells,
on the other hand, cancer cells could exert inhibitory
effects on NK cells. Thus, we investigated whether the
pancreatic cancer cell line PANC1 could induce changes
in the miRNA content and in the functional properties of
NK exosomes. To this aim, NK cells were co-cultured with
PANC1 cancer cells for 5days. Then, PANCI-“condi-
tioned” NK cells were isolated, and their purity was con-
firmed (Figure S4A). Conditioned NK cells were seeded in
an exosome-free medium and, after 48 h, NK-exo was
isolated (Figure 4A).

As shown in Figure 4B, cytotoxicity of NK-exo isolated from
PANC-1 conditioned NK cells (after co-culture; AC) was sig-
nificantly lower than that of exosomes isolated from non-co-
cultured NK cells (CTRL), with a reduction of 60-80%. This
data suggests that pancreatic cancer cells can affect NK-exo
function by reducing their cytotoxic potential.

We evaluated whether the low cytotoxicity of AC NK-exo
could be related to altered miRNA expression. Thus, we com-
pared the miRNA expression in CTRL and AC NK-exo by
Real-Time PCR. After co-culture with PANC-1 cells, we
found that there was an overall significant reduction of all the
NK exosomal miRNAs tested (Figure 4C). A trend of miRNA
down-regulation, in particular for miR-16-5p and miR-24-3p,
occurred also performing similar co-culture experiments with
MIA PaCa-2, although we only found a mild decrease of
miRNA cargo upon NK conditioning with these cells
(Figure S4B).

We also analyzed by cytofluorimetric analysis the expres-
sion of HLA-I and PD-L1 on the surface of PANC-1 and
MIA PaCa-2 cells. These molecules, which can negatively
regulate NK cell activity, were expressed on both cell lines,
although they were detected at higher levels in MIA PaCa-2.
The cell lines also expressed comparable levels of the
NKG2D ligands MICA/B, whereas ULBp 2/5/6 ligands were
more expressed in MIA PaCa-2 cells (Figure S4C). These
data suggest that pancreatic cancer cells may impair the
functional activity of NK-exo by inducing downregulation
of their shuttled miRNAs.

Discussion

In the present study, we show that NK-derived exosomes may
substantially differ in their miRNA cargo from miRNAs pre-
sent in NK cells. Importantly, they contain miRNAs that exert
anti-tumor activity by inhibiting cancer cell proliferation.
Moreover, we provide evidence that NK cell exposure to cancer
cells significantly hampers the miRNA composition and cyto-
Iytic function of NK-exo.

In view of the potential anti-tumor activity of NK-exo, we
assessed their miRNA content and compared it to that of the
parental cells. The global analysis highlighted a positive corre-
lation between the expression of exosomal and cellular
miRNAs. Although the majority of exosomal miRNAs reflects
the miRNA content of the cells, we also found distinct miRNA
signatures in NK cells and exosomes differences, which may
reflect sequence-based regulating processes as well as partially
passive process®**’. Of note, miRNAs that were significantly
up-regulated in NK-exo were enriched in the GGCUG motif,
a sequence favoring miRNA shuttling into exosomes'".

A miRNA expressed in exosomes should also be detected in
parental cells (i.e., the source of exosomes). Thus, we focused
on miRNAs that are consistently expressed in NK cells. We
focused on miRNAs with the highest expression signals
detected by microarray, since they have more chance to be
biologically relevant. Considering the ascendant ranking of
expression signal in NK cells, we selected only miRNAs over
the 90" percentile (Figure 2C, quadrant I and IV). Within this
pool, we could confirm the expression of selected miRNAs by
real-time PCR. As selection criteria, we chose miRNAs with
low ID numbers because of their solid experimental validation,
whereas the existence of several recent miRBase entries with
high ID numbers is supported by NGS only*'. According to
microarray, we found a higher expression in NK-exo of the
miRNA signature miR-342-3p, miR-92a-3p, miR-24-3p, miR-
16-5p and let-7b-5p.

Next, we asked whether the functional properties of NK-exo
and their miRNA cargo could be affected by exposing NK cells
to pancreatic cancer cells, as it may occur in vivo in the TME.
We show that NK co-cultures with PANC-1 pancreatic cancer
cells can substantially reduce the cytotoxicity and the miRNA
content of NK-exo. It is conceivable that this event may indeed
represent a further immunosuppressive mechanism used by
cancer cells to hamper the NK-mediated antitumor activity.
In a previous study, we demonstrated that NK exosomes are
equipped with several molecules involved in NK function and
DNAM-1 appeared to play a substantial role in NK exosome-
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Values are expressed as fold change with respect to exosomes from NK cells not co-cultured (NK exo CTRL). Bars indicate SEM. * p-value <0.05 (Student's t-test; n = 4).

mediated cytotoxic effects on cancer cells'®. However, we did
not observe significant changes in the expression of DNAM-1
and other effector molecules in NK exosomes after co-culture
with pancreatic cancer cells (data not shown). The concomi-
tant reduction of both cytolytic activity and miRNA cargo in
NK-exo was suggestive of the role of exosomal miRNAs in the
NK-exo cytotoxicity. Indeed, previous reports have suggested
that NK cells can exert antitumor effects through exosome-

mediated delivery of miRNAs. Sun et al. reported that in
pancreatic cancer miR-3607-3p derived from NK-exo can inhi-
bit cancer progression®”. We detected only a weak expression
signal for miR-3607-3p both in NK cells and exosomes, and we
did not find differential expression in NK-exo. This discre-
pancy could depend on different methodological approaches
and/or on the NK culture conditions, which may significantly
affect miRNA expression profiles. Sun et al. investigated
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a single miRNA in NK EVs obtained from resting NK cells
after 24 h of in vitro culture in serum-free media; we explored
the entire miRNome in exosomes purified from IL2-activated
NK cells cultured in exosome-free serum supplemented media.
Exosomes can exert their effects on target cells in mul-
tiple ways, including transfer of their content into target
cells. Active miRNA transfer from exosomes to target
cells has described
a mechanism allowing genetic transfer between cells*’.
Remarkably, the exosomal miRNA subset identified in
our study includes let-7b-5p, a member of let-7 family
with a critical role in oncosuppression. Upon incubation
with NK exosomes, pancreatic cancer cells increased their
expression of let-7b-5p, suggesting a miRNA transfer from
NK-exo into cancer cells. One of the most important
biological effects mediated by let-7 family is the inhibition
of cell proliferation®®. Accordingly, ectopic expression of
let-7b-5p in PANC-1 cells induced inhibition of cell
growth, as well as down-regulation of the let-7-b target
CDKG6, whereas let-7b-5p inhibition induced opposite
effects. Interestingly, the incubation of pancreatic cancer
cells with NK-exo induced inhibitory effects is similar to
those observed upon ectopic expression of let-7b-5p,
whereas let-7b inhibition abrogated this effect, suggesting
that exosomal let-7b-5p may play a role in this process.
Down-regulation of let-7b targets, especially CCNA2
and HMGALI, resulted in more efficiency upon mimic
transfection (characterized by a higher let-7b up-
regulation) as compared to exosome treatment. Despite
these data, NK-exo exerted a stronger inhibition on
PANC-1 cell proliferation than the ectopic expression of
let-7b-5p by transfection. These results suggest that exo-
somes use multiple ways to reduce proliferation of target
cancer cells, and let-7b-5p is only one of the players
involved in the process. Future studies are necessary to
identify other molecules in exosome cargo with anti-tumor
effects (e.g., proteins, miRNAs or other nucleic acids).
CDKG6 resulted the most down-regulated let-7b-5p target in
PANC-1 cells upon NK-exo treatment. However, in MIA
PaCa-2 cells, CDK6 was barely detectable and NK-exo or let-
7b ectopic expression failed to down-regulate it. Cell cycle in
this pancreatic cell line appeared more CDK4-dependent since
CDK4 was highly expressed. Of note, CDK4 was negatively
regulated by let-7b-5p and associated to reduced cell growth.
CDK4 and CDKG6 are G1 kinases regulating the transition from
Gl to S phase and have been identified as a major driver in
cancer progression®’. CDK4 and CDK6 up-regulation has clin-
ical impact in human cancers. Indeed, by exploring public
datasets, we found that CDK4/6 are up-regulated in pancreatic
cancers, whereas let-7b-5p expression exhibited an opposite
expression pattern. These data highlight the potential relevance
of CDK4/6-let-7 axis in pancreatic cancer proliferation and
progression. Recently, our group showed that NK exosomes
have cytotoxic effects on PANC-1 cells>. Thus, the induction
of cell death and the down-regulation of cell cycle genes by let-
7b-5p transfer could represent two mechanisms by which NK

been  well and represents

exosomes counteract tumor growth. On the other hand, our
data also indicate that alterations in the miRNA cargo of NK-
exo may represent a novel strategy exerted by cancer to evade
immune response.

The identification of specific molecules in NK exosomes with
anti-tumor activity is important also in the broad perspective of
tumor therapy, potentially including adult and pediatric cancers.
For example, NK exosomes loaded with let-7a-5p, a let-7 family
member sharing high sequence similarity with let-7b-5p, was
found to accumulate in tumor tissue and inhibit cancer cell
proliferation in a mouse model of neuroblastoma**.

In conclusion, this study sheds light on the contribution of
miRNAs contained in NK-exo to the anti-tumor effects and
provides clues for the development of novel therapeutic tools.
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