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1

ABSTRACT

2

Natural killer (NK) cells recognise and kill target cells undergoing different types of stress. NK

3

cells are also capable of modulating immune responses. In particular, they regulate T cell

4

functions. Small RNA next-generation sequencing of resting and activated NK cells and their

5

secreted EVs led to the identification of a specific repertoire of NK-EV-associated microRNAs and

6

their post-transcriptional modifications signature. Several microRNAs of NK-EVs, namely miR-

7

10b-5p, miR-92a-3p and miR-155-5p, specifically target molecules involved in Th1 responses.

8

NK-EVs promote the downregulation of GATA-3 mRNA in CD4+ T cells and subsequent T-bet de-

9

repression that leads to Th1 polarization and IFN-γ and IL-2 production. NK-EVs also have an

10

effect on monocyte and moDCs function, driving their activation and increased presentation and

11

co-stimulatory functions. Nanoparticle-delivered NK-EV microRNAs partially recapitulate NK-EV

12

effects in vivo. Our results provide new insights on the immunomodulatory roles of NK-EVs that

13

may help to improve their use as immunotherapeutic tools.

14
15
16
17
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21

INTRODUCTION

22

Extracellular vesicles (EVs) are key mediators of cell-to-cell communication and play a crucial

23

role in the regulation of immune responses (1). EVs, e.g. exosomes, microvesicles and apoptotic

24

bodies, carry bioactive molecules such as proteins, carbohydrates, lipids, but also genetic

25

information, including microRNAs (miRNAs) (2). These miRNAs can be transferred among cells

26

and modulate gene expression in the recipient cell.

27

Natural killer (NK) cells recognise and kill cells undergoing different types of stress, including

28

aging, malignant transformation and pathogenic infection. NK cells also modulate immune

29

responses, particularly T cell function. NK cells promote T cell differentiation, proliferation and

30

cytokine production (3). These effects are mediated by direct interactions between NK and T

31

lymphocytes; but also indirectly through their effect on antigen-presenting cells and the secretion

32

of soluble factors.

33

Every immune cell releases EVs, including NK cells. Recent evidence shows that NK-derived EVs

34

(NK-EVs) can exert antitumoral functions. NK cell-derived exosomes mediate cytolytic effects on

35

melanoma (4) and neuroblastoma cells (5). In addition, NK cell-derived exosomes contain

36

cytotoxic molecules (6), such as Fas-L and perforin, which induce tumour cell apoptosis (7); or

37

DNAM1 (8), which is also involved in exosome-mediated antitumoral responses, as revealed by

38

experiments using blocking antibodies. Proteomic analyses of NK-EVs have identified additional

39

effector candidates that may induce tumour cell death, including TRAIL, NKG2D or fibrinogen (9).

40

Thus, increasing evidence supports the potential use of cytotoxic cell-derived EVs, including NK

41

cells and also cytotoxic T lymphocytes (CTLs) as therapeutic agents (10). Although most studies

42

to date have highlighted the potential role of NK-EVs in cancer, they can be potentially used to

43

modulate other biological processes and pathologies. In particular, NK-EVs have a beneficial

44

effect in lung injury recovery after Pseudomonas aeruginosa infection (11). NK-EVs curb CCL4-

45

induced liver fibrosis in mice by inhibiting TGF-β1-induced hepatic stellate cells activation (12).

46

Also miR-207-containing NK-EVs alleviate depression-like symptoms in mice (13).

3
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47

Interestingly, recent studies have identified the role of biologically active NK-EV miRNAs, such as

48

miR-186, which impaired neuroblastoma tumour growth and inhibited immune escape

49

mechanisms by targeting the TGF-β pathway (14); or miR-3607-3p, which inhibited pancreatic

50

cancer, presumably by targeting its putative target IL-26 (15). These reports suggest the

51

modulatory role of NK-EV-miRNAs to inhibit cancer progression. However, little is known

52

regarding the overall small RNA composition of human NK-EVs, and their impact on the regulation

53

of immune responses remains far from being fully elucidated.

54

In this study, we have set up a model to study human primary NK-EVs. We have analysed the

55

small RNA content of resting and in vitro activated NK cells and their secreted EVs by next-

56

generation sequencing (NGS). We show that NK-EVs have specific miRNA repertoire and post-

57

transcriptional modification (PtM) patterns, which differ from that of their parental cells. Analyses

58

of the NK-EV miRNA signature revealed an enrichment of Th1 function-related miRNAs that target

59

key T cell mRNA molecules. One example is GATA-3, as its downregulation leads to T-bet de-

60

repression. Other identified miRNAs are involved in DC presentation and co-stimulatory functions.

61

We further showed that NK-EVs promote T cell activation followed by IFN-γ and IL-2 production

62

and induced DC expression of MHC-II and CD86 in DCs. Finally, in vivo nanoparticle-based

63

delivery of the NK-EV enriched miRNAs miR-10b-5p, miR-92a-3p and miR-155-5p partially

64

reproduces the effects of NK-EV treatment in T cell responses, suggesting an involvement of

65

these miRNAs in effector functions. These findings shed light on the antitumor effect of NK-EVs

66

and support their use as therapeutic tools.

67

4

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475119; this version posted January 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

68

RESULTS

69

NK-derived EVs bear a specific miRNA signature different from their secreting cells

70

To identify the miRNA repertoire of resting- and in vitro-activated NK cells and their load into EVs,

71

we set up the protocol shown in Figure 1—figure supplement 1A. Briefly, NK cells were enriched

72

from isolated peripheral blood mononuclear cells (PBMCs) of human healthy donor´s buffy coats

73

by adding a mixture of IL-12 and IL-18 together with irradiated feeder cells. Six days after, NK cell

74

expansion was tested by flow cytometry, and cells were kept in culture with IL-2 for a further 48

75

h, in the absence of feeder cells, before NK cell isolation (Figure 1—figure supplement 1A).

76

EVs accumulated for 72 h from 15x106 NK cells were purified by serial centrifugation as previously

77

described (16) and tracked (EV‐TRACK ID: EV210234). RNA was isolated from resting NK cells

78

(directly isolated without being cultured), in vitro activated NK cells and small EVs released from

79

activated NK cells (Figure 1—figure supplement 1A,C). Vesicles isolated from activated NK

80

cells were characterized using Nanosight showing a mode size ranging from 165 to 209 nm

81

among donors (Figure 1—figure supplement 1D-F). Also, biochemical analyses showed the

82

NK-EV expression of the exosomal markers CD63 and Tsg101 and the absence of the EV-

83

excluded marker Calnexin (Figure 1—figure supplement 1G).

84

Small RNA sequencing analyses showed that resting and activated cells display a distinct miRNA

85

profile that differs to that of cultured NK cells-secreted EVs, as shown in Heatmap and PC plots

86

(Figure 1A—figure supplement 1H and Supplementary Table 1). A total of 130 miRNAs were

87

differentially expressed between activated NK cells and NK-EV released miRNAs; 96 miRNAs

88

being enriched in NK-EVs and 34 miRNAs being more abundant in NK cells than in NK-EVs

89

(Figure 1B). Such differential expression suggested the existence of mechanisms of specific

90

miRNAs sorting into EVs derived from NK cells, in agreement with published data (17-21). Also,

91

the repertoire found in resting NK cells was different from that of in vitro activated NK cells (Figure

92

1A—figure supplement 1I and Supplementary Table 1). A total of 70 miRNAs were

93

upregulated upon activation, while 98 miRNAs decreased their levels after cytokine stimulation

5
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94

(Figure 1A—figure supplement 1I). These data are in agreement with extensive miRNA

95

remodelling occurring upon T lymphocyte activation (22).

96

Unbiased analysis of the pathways potentially affected by miRNAs shuttled into NK-EVs using

97

the Ingenuity Pathway Analysis revealed that the putative mRNA targets of NK-EV enriched

98

miRNAs were involved in cellular development and movement, cell growth and proliferation, cell

99

death, survival and cell cycle (Figure 1C). In silico mRNA target analyses for NK-EV-miRNAs

100

identified putative target molecules related to immune signalling and Th1 responses, targeting

101

CD4+ T lymphocytes and DCs among other immune effectors (Supplementary Table 2).

102

Selected miRNAs identified in this screening (Figure 1D) were validated by qPCR (Figure 1E,F).

6
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Fig. 1. Figure 1. NK-EVs have a specific miRNA signature and are enriched in miRNAs
related with Th1 functions.

106
107
108
109
110
111
112
113
114
115
116

(A) Heat map showing small RNA sequencing analysis of miRNAs differentially expressed in
resting and activated human NK cells and their secreted EVs. Data are from NK cells isolated
from five healthy donors. Significance was assessed using the Benjamini-Hochberg
procedure and only miRNAs with an adjusted p-value < 0.05 are shown. (B) Histogram plot
showing logarithmic fold-increase expression between activated NK cells and their released
EVs. Only fold-changes with adjusted P-value < 0.05 and log fold-change > 2 are
represented. MiRNAs significantly more expressed in cells than in their secreted exosomes
are shown in green, while miRNAs significantly more represented in the EV fraction are
shown in red. (C) Summary of molecular and cellular functions targeted by NK-EV miRNAs
identified by unbiased Ingenuity Pathway Analysis (IPA). The numbers indicate the molecules
targeted by miRNAs over-represented in NK-EVs compared to NK cells. (D) Log fold-change
7
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in the small RNAseq expression of miRNAs significantly overexpressed in NK-EVs compared
to their secreting cells, related to Th1 functions. Significance was assessed using BenjaminiHochberg adjusted p-values; *P<0.05,**P<0.01, ***P<0.001, ****P<0.0001. (E,F)
Quantitative real-time PCR of NK-EV upregulated miRNAs in resting NK cells, activated NK
cells and secreted EVs. Bars represent the mean ± SEM of cells and vesicles obtained from
5 healthy donors, normalized to the small nucleolar RNU5G. Data show the validation of
CD4+ T cell (E) and DC (F) function related miRNAs, obtained by the 2-∆∆Ct method, using
Biogazelle software. Significance was assessed by One-Way ANOVA Dunn´s test; *P<0.05,
**P<0.01.

127

Post-transcriptional modifications in NK cells and EV miRNAs

128

Since changes in the miRNA repertoire were linked to post-transcriptional modifications (PtMs) of

129

miRNAs during T lymphocyte activation (22), we analysed the global PtMs signatures of miRNAs

130

from resting NK cells, activated NK cells and released NK-EVs (Figure 2A-C). These analyses

131

revealed a complex pattern of miRNA PtMs in human NK cells and released small EVs. Most

132

PtMs appeared at the edges of the canonical sequence, particularly at the terminal nucleotide

133

(position 0) and the two flanking nucleotide positions (-1 and +1). The 3p-end of miRNAs was

134

significantly more prone to PtMs (Figure 2A) than the 5p-end in every sample (Figure 2B—figure

135

supplement 2A). Also, non-templated mono-additions of nucleotides were much more abundant

136

than poly-additions (Figure 2D—figure supplement 2B). Thus, we focused our analyses on the

137

3p-end miRNA´s PtMs, in particular single nucleotide additions accumulated in positions -1 to +1.

138

Interestingly, miRNAs from the different fractions (resting NK cells, activated NK cells and NK-

139

EVs) exhibited clear PtM signature differences (Figure 2C,D). Cytosine addition was the most

140

common modification, followed by adenine terminal insertion. Upon NK cell activation, miRNAs

141

displayed reduced adenylation (positions -1, +1) and cytosylation (positions -1, +1). Comparing

142

activated NK cells with the NK-EVs they release, we detected increased levels of cytosylated

143

miRNA reads (positions 0, +1), and a decrease in guanosine additions (positions -1, 0). Although

144

other significant changes in miRNA PtMs are observed in the different groups under study, they

145

are supported by fewer number of reads.

146
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Fig. 2. Resting NK cells, activated NK cells and their released EVs contain miRNAs
with a different PtM signature.
(A,B) Bar charts showing the PtM profile of miRNAs from resting NK cells, activated NK
cells and NK-EVs, expressed in normalized Counts per Million (CPMs) at the 3p-end (A)
and 5p-end (B), respectively. Modifications from the canonical sequence in positions
ranging from -4 to +4 are represented. (C) Box and whiskers plots show the additions of
U, A, C and G at the indicated positions (ranging from -1 to +1) in miRNAs from resting
NK cells, activated NK cells and NK-EVs. Significance was assessed, comparing resting
and activated NK cells and activated NK cells with their released small EVs using nonparametric t-test; *P<0.05, **P<0.01. (D) Pie charts show the proportion of the different
modifications (U, A, C and G) for each position (from -1 to +1) for resting NK cells,
activated NK cells and NK-EV miRNAs, respectively. The area of each pie chart is
proportional to the total number of reads bearing the specified PtMs at the indicated
positions.

163

Given that the number of detected PtMs are influenced by the level of expression of individual

164

miRNAs, we next studied the fraction of reads with PtMs within individual miRNAs. Remarkably,

165

analysing the percentage of reads with PtMs for the miRNAs specifically enriched in NK-EVs

166

(Figure 3A, right panel), we found a significantly higher proportion of PtMs from these miRNAs

167

in NK-EVs than in their secreting-activated NK cells. This suggests that miRNA molecules with

168

PtMs are more likely to be included into EVs. In fact, 5 out of 6 of the most enriched NK-EV

169

miRNAs show a higher number of reads with PtMs in NK-EVs compared to activated NK cells

170

(Figure 3B). We next analysed the specific nucleotide mono-additions in miRNAs preferentially

171

targeted into NK-EVs (Figure 3C). We found that both adenylation and cytosylation of canonical

172

miRNA sequences accounted for the observed accumulation of PtMs in the NK-EV fraction. The

173

levels of guanosylated miRNAs were very low in all samples, although more represented in resting

174

NK cells, while no significant differences were observed in the levels of uridine additions, among

175

the samples analysed.

176

Altogether, accumulation of PtMs in miRNAs enriched in NK-EVs suggests an active PtMs-

177

dependent mechanism of specific miRNA sorting into EVs. However, the accumulation of modified

178

miRNAs in NK-EVs was not observed in the case of the most expressed NK-EV miRNAs (Figure

179

3—figure supplement 3A), indicating additional layers of complexity in NK-EV-miRNA specific

180

packaging, e.g. passive sorting of the most abundant miRNAs.
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181

Specific short sequence miRNA motifs are over-represented in EVs. Binding of these motifs to

182

RNA binding proteins, e.g. heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1),

183

promotes miRNA sorting into EVs (18). Bioinformatics sequence analyses showed over-

184

represented short motifs in resting NK cells (UGCUG, Figure 3—figure supplement 3B),

185

activated NK cells (UGCA, Figure 3D), and released NK-EVs (GGCAGU and UGGA, Figure 3E),

186

respectively. Interestingly, the short EV-associated motif identified in T cell-derived small EVs

187

GGAG was over-represented in NK-EV-miRNAs, and the tetra-nucleotide motif UGCA was also

188

identified as a “cell retention motif” in T cells, pointing towards similar mechanisms of miRNA

189

sorting in lymphocytes (23).

190
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Fig. 3. NK-EV miRNAs are enriched in non-templated nucleotide additions and
specific short motifs
(A) Violin plots represent the fraction of miRNA reads with PtMs. Analysis was performed
comparing the most differentially expressed miRNAs in activated NK cells compared to
NK-EVs. The left panel summarizes the data obtained from the 30 miRNAs more
expressed in the activated NK cell fraction, while the right panel shows the percentage of
reads with PtMs from the 30 miRNAs with a higher expression in NK-EVs compared to
their secreting activated NK cells. Individual miRNAs with less than 10 reads were
excluded from the analysis. The median value is shown as a solid line and quartiles
represented as dotted lines. Significance was assessed with the Kruskal-Wallis test;
*P<0.05, **P<0.01. (B) Pie charts showing the proportion of the modified (dark gray) and
unmodified (light gray) fractions respectively, for the six miRNAs more differentially
enriched in activated NK-derived EVs compared to their secreting cells. (C) Violin plots
represent the fraction of miRNA reads with U, A, C or G mono-additions at positions -1, 0
and +1. Analysis was performed for the 30 miRNAs more enriched in NK-EVs, comparing
the PtM signature in resting cells and activated cells, and activated cells and their released
NK-EVs. Significance was assessed with the non-parametric t-test Wilcoxon matchedpairs signed ranked test; *P<0.05, **P<0.01,***P<0.001. (D,E) Over-represented motifs in
activated NK cells (D) and NK-EV-miRNAs (E), using the ZOOPS model. For each data
set, all miRNAs annotated in miRBase 21 were used as background. Short motifs with
adjusted E-value<0.2 are shown.

213

Our analyses of NK-EV enriched specific miRNAs suggest that specific miRNAs packaging into

214

NK-EVs may involve different mechanisms, including non-templated nucleotide additions to

215

miRNA canonical sequences and short-motif miRNA recognition by RNA-binding proteins. Active

216

targeting of specific miRNAs for EV release implies a putative role for these NK-EV-miRNAs in

217

intercellular communication and regulatory functions.

218
219

NK-EVs promote Th1-like responses with increased T-bet expression and IFN-γ and IL-2

220

release

221

To dissect the putative immunomodulatory effects of shuttled NK-EV miRNAs, analyses of the

222

individual miRNAs, either more abundant in the NK-EV fraction (Figure 3—figure supplement

223

3C) and more differentially enriched in NK-EVs as compared to activated NK producing cells,

224

(Figure 3—figure supplement 3D), and their in silico-predicted mRNA targets (Supplementary

225

Table 2) were carried out. As previously pointed out, miRNAs with key roles in immune function

226

regulation, in particular with T cell responses, such as miR-10b-5p, miR-155-5p or miR-92a-3p

227

were highly expressed in NK-EVs.
12
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228

To unravel the effects of NK-EVs on T cell function, CD4+ T cells were isolated from human buffy

229

coats and cultured either in the presence or absence of purified NK-EVs. An initial profiling of the

230

cytokines secreted by NK-EV treated CD4+ T cells in non-cytokine polarizing conditions showed

231

high levels of Th1-function related cytokines, including IFN-γ and IL-2 (Figure 4—figure

232

supplement 4A). Unbiased IPA analysis had identified cell death and survival as pathways

233

potentially affected by NK-EV enriched miRNAs, hence we evaluated CD4+ T cell survival (Figure

234

4—figure supplement 4B,C). We found no significant differences in overall CD4+ T cell survival

235

after NK-EV treatment.

236

Further in vitro studies were performed to address the effects of NK-EV addition in non-polarizing

237

and Th1-skewing conditions using a mixture of IL-2 and IL-12. Cultured CD4+ T cells were

238

analysed after three and six days, respectively. Flow cytometry analysis of cultured CD4+ T cells

239

showed an increase in the percentage of IFN-γ producing T cells in the presence of NK-EVs in

240

non-polarizing conditions. However, the effects were not evident in Th1-polarizing conditions

241

(Figure 4A). Sandwich-ELISA analysis of cultured cells supernatants revealed an increase in the

242

levels of soluble IFN-γ in NK-EV treated T cells in a non-cytokine polarizing milieu (Figure 4B).

243

In addition, incubation with NK-EVs also induced T-bet expression in non-cytokine polarized T

244

cells (Figure 4C,D—figure supplement 4D), correlating with a downregulation of the NK-EV

245

miRNA target Gata-3 mRNA levels at day 3, which acts as a T-bet suppressor (Figure 4E) (24).

246

The increase of the NK-EV identified miRNAs miR-10b-5p and miR-92a-3p, which have crucial

247

functions in T cell responses (Supplementary Table 2) was confirmed by RT-qPCR in non-

248

polarized culture conditions but not in cytokine Th1-polarizing cultures, after 3 days of incubation

249

with NK-EVs (Figure 4F). Altogether, NK-EV miRNA driven Gata-3 downregulation may promote

250

T-bet de-repression and subsequent Th1 reprogramming in T cells.
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Fig. 4. NK-EVs promote Th1 differentiation via Gata-3 downmodulation and T-bet
de-repression correlating with increased levels of miR-10b-5p and miR-92a-3p
CD4+ T cells isolated from healthy human buffy coats were cultured either in nonpolarizing or in cytokine Th1-polarizing conditions, with a mixture of IL-2 and IL-12, in the
presence or absence of NK-EVs. (A) Flow cytometry analysis of isolated CD4+ T
lymphocytes incubated under non-cytokine polarizing (upper panels) and Th1 cytokinepolarizing (with a mixture of IL-2 and IL-12, lower panels) conditions. A representative
experiment is shown. Box and whiskers plots show the expression of CD4 and IFN-γ in
gated live cells (min to max and median values), after addition of NK-EVs. Right panel
plots show the quantification of n ≥ 4 independent experiments. Significance was
assessed with Paired Student´s t-test; *P<0.05, **P<0.01. (B) ELISA quantification of
soluble IFN-γ in supernatants from cultured cells in the indicated conditions (unpolarized,
upper panel; cytokine polarized, lower panel). The chart shows the median concentration
from n ≥ 4 independent experiments. Significance was assessed with Paired Student´s t14
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test; *P<0.05. (C) Flow cytometry analysis of isolated CD4+ T cells cultured in the different
conditions. Graphs show the Mean Fluorescence Intensity of T-bet in gated live single
CD4+ T cells after 3 and 6 days of culture respectively. Significance was assessed with
Paired Student´s t-test; *P<0.05. (D,E) Quantitative real-time PCR at days 3 and 6
showing mRNA levels of T-bet (D) and Gata-3 (E), respectively, normalized to GAPDH
and β-actin. Significance was assessed by Paired Student´s t test; *P<0.05. (f)
Quantitative real-time PCR at day 3 to detect miRNA levels in CD4+ T cells after culture
in the indicated conditions. MiR-10b-5p (left panel) and miR-92a-3p (right panel) relative
expression is shown, and normalized to RNU1A1 and RNU5G. Significance was assessed
by Paired Student´s t test; *P<0.05.

277

The activation of CD4+ T cells by NK-EVs was also evaluated. NK-EVs promoted T cell activation,

278

as revealed by increased CD25 expression in non-polarizing conditions; whereas these effects

279

were not further increased in a Th1-cytokine polarized milieu (Figure 5A). Increased IL-2 release

280

upon incubation with NK-EVs was confirmed by ELISA, 3 days after culture (Figure 5B). Since

281

CD25 is also a hallmark of regulatory T cells (Treg), we next analysed the expression of Foxp3

282

and IL-10 production in NK-EV treated T lymphocytes (Figure 5C). Although no significant

283

differences were found, increased Foxp3 levels (p-value < 0.1) in non-polarized NK-EV treated

284

cells were observed compared to non-EV treated cells. However, IL-10 secretion was not affected

285

by NK-EV treatment, and was even reduced 3 days after culture in polarizing conditions. These

286

data suggest that additional levels of regulation participate in T cell responses, and that NK-EVs

287

may limit suppressive Treg functions in Th1 skewing conditions.

288

Analysis of additional putative NK-EV miRNA targets described in Supplementary Table 2 was

289

carried out (Figure 5D—figure supplement 5). Functional regulatory molecules were

290

downregulated by NK-EVs, including PTEN (Figure 5D), which is involved in T cell homeostasis;

291

IL-6, which was reduced after NK-EV incubation (p-value < 0.1)); TGF-β and Ship1 (Figure 5—

292

figure supplement 5A-F). On the contrary, the pleiotropic TNF-α cytokine was upregulated

293

shortly after NK-EV incubation in non-polarizing conditions, but decreased in Th1 cytokine-

294

polarizing conditions (Figure 5—figure supplement 5E). Altogether our data indicate a complex

295

regulation of T cells responses mediated by NK-EVs.
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Fig. 5. NK-EVs promote CD4+ T cell activation and IL-2 release but not Treg
responses
(A) Flow cytometry analysis of isolated CD4+ T cells incubated under non-cytokine
polarizing (upper panel) and Th1 cytokine-polarizing (with a mixture of IL-2 and IL-12,
lower panel) conditions. Dot plots show the expression of CD4 and CD25 in gated single
live cells ± SEM, after addition of NK-EVs. Plots show the quantification of n ≥ 4
independent experiments. Significance was assessed with Paired Student´s t-test;
*P<0.05, **P<0.01. (B) ELISA quantification of soluble IL-2 in supernatants from CD4+
cultured T cells in the indicated conditions (unpolarized, upper panel; cytokine polarized,
lower panel). The graph shows the mean concentration from n ≥ 3 independent
experiments. Significance was assessed by Paired Student´s t-test; *P<0.05. (C,D)
Quantitative real-time PCR showing FoxP3 (C, left); IL-10 (D, right) and Pten (D) mRNA
levels at days 3 and 6 in CD4+ T cells after culture in the indicated conditions. Relative
expression is shown, normalized to GAPDH and β-actin. Significance was assessed by
Paired Student´s t test; *P<0.05.
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313

NK-EVs promote DC-mediated Th1 responses, enhancing monocytes and moDC

314

presentation and costimulatory functions

315

Dendritic cells are critical for the establishment of effective T-cell responses (25). To ascertain

316

the role of NK-EVs in DC function, human monocytes were obtained, and cultured either in DC

317

polarizing conditions (supplemented with a mixture of GM-CSF and IL-4) or without cytokines

318

(26). The effects of the addition of NK-EVs were assessed in both experimental conditions

319

(monocytes and monocyte-derived DCs, moDCs). Flow cytometry analyses revealed that,

320

although no significant differences were observed in cell survival and apoptosis (Figure 6—figure

321

supplement 6A,B), the presentation and co-stimulatory capacities of DCs were enhanced by NK-

322

EVs exposure (Figure 6A-D). Indeed, both NK-EV-treated monocytes and moDCs showed

323

increased levels of MHC-II (Figure 6A) and the co-stimulatory CD86 molecule (Figure 6B).

324

Additionally, non-cytokine polarized monocytes exhibited a higher DC-polarization, marked by an

325

increased percentage of CD11c+DC-Sign+ cells after incubation with NK-EVs (Figure 6C).

326

Interestingly, NK-EVs addition correlated with increased levels of IFN-γ and IL-12 secretion in

327

monocytes, but not in moDCs that exhibited very low levels of these cytokines (Figure 6D,E).
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Fig. 6. NK-EVs enhance monocyte and moDCs polarization, costimulatory and
presentation activities
CD14+ monocytes isolated from buffy coats from healthy donors were cultured under nonpolarizing and cytokine monocyte-derived DC-polarizing conditions, with a mixture of GMCSF and IL-4, with or without NK-EVs. (A,B) Flow cytometry analysis of isolated CD14+
monocytes in the different culture conditions. Histogram plots show the expression of
MHC-II (A) and CD86 (B), after 6 days of culture in the indicated conditions, either in the
presence (dotted line) or absence (solid line) of polarizing cytokines. A representative plot
of n ≥ 4 experiments of the Mean Fluorescence Intensity (MFI) of these proteins in live
cultured cells (left panel), and their quantification (right panel) are shown. Significance was
assessed by Paired Student´s t test; *P<0.05. (C) Flow cytometry analysis of isolated
CD14+ monocytes in the different culture conditions. Dot plots show the expression of
CD11c and DC-Sign in the indicated culture conditions (left panel) and their quantification
(right panel). Significance was assessed by Paired Student´s t test; ***P<0.001. (D,E)
Quantitative real-time PCR showing IFN-γ (D) and IL-12 (E) mRNA levels in CD14+ cells
6 days after culture in the indicated conditions. Relative expression is shown, normalized
to GAPDH and β-actin. Significance was assessed by Paired Student´s t test; *P<0.05.

347

Several putative targets for NK-EV miRNAs with important functions in DCs (Supplementary

348

Table 2) were analysed after treatment with NK-EVs, including KLF13, Foxo1, Notch1 and

349

VEGFR2, but no significant expression differences were found (Figure 6—figure supplement

350

6C-F).
18
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351

NK-EV miRNAs partially recapitulate NK-EV polarizing functions

352

To address whether miRNAs contained in NK-EVs may account for the observed Th1 immune

353

deviation, nanoparticles bearing either individual miRNAs or a combination of several miRNA

354

molecules were synthesized. The effects of in vivo footpad administration of nanoparticles

355

carrying the NK-EV-miRNAs miR-10b-5p, miR-92a-3p and miR-155-5p were analysed.

356

Interestingly, splenocytes isolated from nanoparticle-treated mice activated in vitro with anti-CD3

357

and anti-CD28 antibodies showed increased T cell activation after miRNA-bearing treatment

358

compared to control nanoparticles, assessed by increased CD25 expression in CD4+ lymphocytes

359

(Figure 7A,B). qPCR analysis of total splenocytes (Figure 7C) and popliteal draining lymph

360

nodes (Figure 7D) showed increased mRNA levels of the Th1 hallmark IFN-γ after footpad

361

administration of NK-EV miRNAs, in particular with miR-155 and a mixture of all three NK-EV

362

miRNAs. Increased secretion of IFN-γ was also confirmed in supernatants from in vitro activated

363

splenocytes by sandwich-ELISA (Figure 7E). Although no significant differences were found in

364

the percentage of IFN-γ expressing CD4+ T cells (Figure 7F, lower panel), we could observe a

365

similar tendency in T cells from mice treated with miR-10b-5p and miR-92a-3p, that exhibited a

366

significantly enhanced expression (Mean fluorescence Intensity) of this cytokine upon TCR-

367

stimulation, compared to non-miRNA treated cells (Figure 7F, upper panel). The effects of miR-

368

10b-5p, miR-92a-3p and miR-155-5p delivery in CD8+ T cells IFN-γ secretion of this cytokine were

369

more robust (Figure 7G). The levels of T-bet were slightly increased in miRNA-treated mice

370

(Figure 7—figure supplement 7A), although the differences were not significant, likely due to

371

the kinetics of T-bet upregulation after Th1 commitment (27). Importantly, as observed in the

372

experiments after NK-EV treatment in vitro, no differences were observed in the Treg

373

compartment upon nanoparticle-based miRNA delivery, as addressed by the percentage of

374

CD4+CD25+Foxp3+ cells (Figure 7—figure supplement 7B) and the levels of IL-10, neither in

375

the spleen (Figure 7—figure supplement 7C), nor in the popliteal draining lymph nodes (Figure

376

7—figure supplement 7D). ELISA analysis of supernatants splenocytes from treated mice

377

showed no significant differences in the levels of IL-2 secretion (Figure 7—figure supplement

19

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475119; this version posted January 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

378

7E). Low levels of both IFN-γ and IL-2 cytokines were detected in serum from treated mice,

379

however miR-10b-5p and miR-155-5p bearing nanoparticles promoted a slight increase of these

380

cytokines (Figure 7—figure supplement 7F,G).

381
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Fig. 7. NK-EV T-cell function related miRNAs partially mimic NK-EV mediated effects
in vivo
NPs bearing the identified NK-EV miRNAs were generated and their functional effects
were evaluated in vivo after footpad injection of control and miRNA-loaded NPs in wildtype C57/BL/6 mice. (A) Flow cytometry analysis of live splenocytes isolated 6 days after
footpad injection with the indicated control or miRNA-loaded NPs. Isolated cells were
either left unstimulated (upper panel) or incubated for 16 h with anti-CD3 and anti-CD28
antibodies (lower panel) before analysis. Density plots show the expression of CD4 and
CD25 in TCRβ+ CD4+ gated live T lymphocytes. A representative plot of n ≥ 3 mice is
shown. (B) Bars summarize the quantification of the percentage of CD4+ CD25+ T cells
shown in (A) from n ≥ 3 mice in untreated splenocytes (white) and anti-CD3 plus antiCD28 stimulated splenocytes (black). Significance was assessed by Two-way ANOVA,
followed by Tukey´s test; **P<0.01, ***P<0.001, ****P<0.0001. (C,D) Quantitative real-time
PCR showing IFN-γ mRNA levels in anti-CD3 and anti-CD28 activated splenocytes (C)
and draining popliteus lymph nodes (D), 6 days after footpad nanoparticle-based miRNA
delivery. Relative expression is shown, normalized to GAPDH and β-actin. Significance
was assessed by One-way ANOVA Bonferroni test; *P<0.05, **P<0.01. (E) ELISA
quantification of soluble IFN-γ in supernatants from splenocytes harvested and isolated 6
days after miRNA delivery and cultured with anti-CD3 and anti-CD28 antibodies for 16 h.
The graph shows the mean concentration from n ≥ 3 independent experiments.
Significance was assessed by One-way ANOVA Bonferroni test; *P<0.05, **P<0.01. (F,G).
Upper panel bar charts show the Mean Fluorescence Intensity (MFI) expression of IFN-γ
and lower panels the percentage of IFN-γ expressing cells, analysed by flow cytometry in
CD4+ T cells (F), CD8+ T cells (G). Splenocytes were either left unstimulated (white) or
stimulated with anti-CD3 plus anti-CD28 antibodies for 16 h (black). Significance was
assessed by Two-way ANOVA, followed by Tukey´s test; *P<0.05,**P<0.01, ***P<0.001,
****P<0.0001.

410

In summary, activated NK cells release a specific set of EV-miRNAs, likely by mechanisms

411

involving PtMs and specific-short miRNA motifs recognition, which are related with Th cells

412

effector functions and may therefore contribute to orchestrate the immune response (Figure 8).
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Fig. 8. NK-EV miRNAs promote Th1-like responses.
NK cells release small EVs that are enriched in post-transcriptionally-modified miRNAs
and specific short motifs. NK-EVs have a direct impact on T cells fate and function,
promoting Th1-like responses, marked by increased levels of IFN-γ and IL-2 release. NKEV-miRNAs miR-10b-5p and miR-92a-3p may account, at least partially, for the observed
effects, via GATA-3 downmodulation and subsequent T-bet de-repression that drives Th1
skewing. Additionally, NK-EVs promote monocyte polarization to moDCs and enhance
their presentation and costimulatory capacities, by upregulating MHC-II and CD86,
respectively. This pathway also may contribute to the regulation of Th1-like responses
mediated by NK-EVs.
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425

DISCUSSION

426

In recent years, the potential of EVs as tools for the treatment, diagnosis and prognosis of several

427

diseases has been intensively studied. Most studies to date suggest that EV miRNA cargo can

428

be exploited to specifically target pathological recipient cells, including immune cells.

429

NK cells play a pivotal role in the recognition and killing of pathological cells, and recent evidence

430

supports the potential of NK-secreted EVs for therapy (10). Several reports have described the

431

modulation of NK cell effector functions by EVs, including exosomes. Tumour-derived EVs exert

432

immune suppressive functions, dampening lymphocyte cytotoxicity (16, 28, 29). Studies aimed at

433

characterizing the biological effect of dendritic cell (DC)-derived EVs have indicated that they can

434

boost NK and T cell effector functions (30-33). In fact, DC-derived exosomes capabilities are

435

being used in clinical trials for immune maintenance after chemotherapy (34) and cancer

436

immunotherapy (35).

437

NK-EVs can kill target cells directly (7) due to the presence of cytotoxic proteins amongst the

438

cargo, as shown using proteomics assays (6, 36). Recently, specific NK-EV miRNAs were shown

439

to exert antitumoral effects in neuroblastoma (14) and pancreatic cancer progression (15). In

440

particular miR-186-5p, identified as a down-modulated miRNA in patients with a high risk of

441

developing neuroblastoma was found to inhibit key components of the TGF-β pathway limiting

442

tumour immune evasion. However, the specific NK-EV miRNA repertoire and the impact of NK-

443

EV-miRNAs in the immune response remains far from being fully elucidated.

444

In this study, we identify a specific miRNA signature of human NK cells (resting and activated)

445

and their secreted EVs by small RNA NGS. Also, we show that a distinct pattern of PtMs is found

446

in resting NK cells, activated NK cells and NK-EVs. Global analysis of miRNA PtMs also identified

447

an enrichment of PtM-miRNAs in the miRNAs more highly expressed in the NK-EV fraction

448

compared to both the relative levels of PtMs in their parental cells, and to the percentage of PtMs

449

found in NK-EVs of activated NK-cell enriched miRNAs. Also, in this context, activated NK cells

450

miRNAs exhibited significantly decreased levels of PtMs compared to resting cells. Thus, it is
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451

tempting to speculate that upon activation, post-transcriptionally-modified NK-EV-miRNAs are

452

preferentially targeted to small EVs. These results strongly suggest a PtMs-dependent

453

mechanism of miRNA specific shuttling into NK- EVs.

454

Analyses of the specific nucleotide additions to the canonical miRNA sequences at different

455

positions, also highlighted a different signature for miRNAs in resting and activated NK cells and

456

their released EVs. The post-transcriptional addition of non-templated nucleotides, particularly to

457

the 3´ends of RNA molecules, is the most frequent and conserved RNA PtM. Interestingly, these

458

modifications have an impact on miRNA stability, and gene regulation, thus on its regulatory

459

capacities (37). Furthermore, 3´uridylation is related to miRNA turnover during T cell activation

460

(38, 39). Non-templated addition of nucleotides has been differentially detected in diverse body

461

fluids. PtMs of miRNAs have been previously reported to determine RNA fate and 3´ adenylation

462

has been found to be overrepresented in cells, while uridylation in exosomes from B cells,

463

suggesting a PtMs-dependent specific cargo of miRNAs into small EVs (40).

464

In our human NK cell model, we observed that the fraction of both adenylated and cytosylated

465

miRNAs was abundant in resting NK cells and decreased upon activation. Remarkably, a

466

significant enrichment of miRNAs with non-templated 3´ end additions of adenines and cytosines

467

was found in the NK-EV fraction. It is therefore conceivable that cytosylated and adenylated

468

miRNAs are preferentially sorted into small EVs upon NK cell activation.

469

Moreover, over-represented short sequence motifs were found in NK-EV-miRNAs. In particular,

470

the previously identified GGAG exosomal-sorting motif in T cell-derived small EVs (18) was also

471

enriched in NK-EV-miRNAs, indicating that binding of sumoylated ribonucleoproteins may also

472

be involved in the control of NK-EV-miRNAs sorting. Altogether, our data indicate that a complex

473

regulation, including miRNA PtMs and short motif recognition patterns, may determine the

474

inclusion of specific miRNAs with potential regulatory effects into NK-derived EVs.

475

Interestingly, NK-EVs are enriched in miRNAs with important functions in the regulation of

476

immune

responses,

in

particular

related

to

Th1

responses.

Other

miRNAs
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477

immunomodulatory functions are also abundantly expressed in NK cell-derived EVs, e.g. miR-

478

20a-5p and miR-25-3p. These two miRNA are transferred through the immune synapse, with an

479

impact on germinal centre reaction and antibody production (41). Incubation of CD4+ T cells with

480

NK-EVs induced an increase of IFN-γ secretion and T-bet expression. This effect correlated with

481

increased levels of the NK-EV associated miR-10b-5p and miR-92a-3p and reduced levels of the

482

T-bet suppressor GATA-3, which is a putative target for these miRNAs (37). In addition,

483

nanoparticle-based delivery of NK-EV-miRNAs miR-92a and miR-155 in vivo promoted IFN-γ

484

production. Thus, NK-EV miRNAs miR-10b-5p and miR-92a-3p uptake may promote GATA-3

485

downregulation and subsequent T-bet de-repression, reprogramming recipient T cells towards

486

the Th1 phenotype. In addition, NK-EVs drive CD4+ T cell activation, marked by increased CD25

487

expression and IL-2 production, but do not significantly affect the Treg compartment. Indeed,

488

although slightly increased levels of Foxp3 were found in T cells after incubation with NK-EVs, no

489

increase in IL-10 secretion was observed and a reduction of this cytokine was found in polarizing

490

conditions, suggesting that NK-EVs may be limiting Treg anti-inflammatory functions in these

491

conditions. A similar trend was observed in vivo after nanoparticle-delivery of NK-EV specific

492

miRNAs. In this regard, we detected reduced levels of the pro-inflammatory cytokine IL-6 and

493

TGF-β in T cells upon NK-EV addition. However, the tumour necrosis factor (TNF)-α was found

494

to be increased in T cells shortly after NK-EV addition, in agreement with its presence in the NK92

495

cell line-derived exosomes (4). It is important to highlight, that EVs do not only contain miRNAs,

496

but also lipids and proteins that also may contribute to the immunomodulatory effects of the NK-

497

EVs. The presence of these non-miRNA bioactive molecules in NK-EVs may account for some of

498

the differences observed between the effects of synthetic miRNAs and NK-EVs.

499

Our data also show that NK-EVs may impact on T cell responses indirectly by increasing the

500

polarization of monocytes to moDCs, and enhancing their presentation and costimulatory

501

capacities, upregulating MHC-II and CD86 respectively. Hence, NK-EVs promote Th1 responses,

502

both by directly targeting CD4+ T cells and by increasing APCs stimulating functions, necessary

503

for the establishment of effective T cells responses. In this regard, many tumours dampen Th
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504

effector cell-mediated immunosurveillance, and many immunotherapeutic approaches have

505

focused in restoring Th1 responses (42). Immune therapy has revolutionized the treatment of

506

cancer, however, long-lasting effects are only observed in about 15% of the patients. This might

507

be due to the variety of cancer immune evasion mechanisms, including immune-suppressive

508

mediators in the tumour microenvironment, impairment of CTL responses, promotion of T cell

509

tolerance and/or exhaustion and polarization from Th1 to Th2, among others (43). Thus, we

510

propose that NK-EV mediated immune deviation towards Th1 may be exploited and taken into

511

account when designing EV-based therapies. Interestingly, although primary human NK-EVs

512

isolation may be tedious and time-consuming, a large-scale NK-EV isolation protocol has been

513

set up and may help translation into clinical therapies (44).

514

In summary, here we provide new insights on the miRNA composition and impact of NK-EVs on

515

immune responses, promoting both directly and indirectly (via APCs) Th1 responses. Unravelling

516

the effects and mechanisms underlying NK-EV mediated immune targeting, in particular Th2 to

517

Th1 immune deviation, may help to improve therapeutic strategies.

518
519
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523

MATERIAL AND METHODS

524

In vitro cell culture, antibodies, and reagents

525

Primary human NK cells were obtained from healthy donor´s buffy coats, using a protocol

526

modified from (45). Briefly, peripheral blood mononuclear cells (PBMCs) were isolated by

527

centrifugation in Ficoll-hypaque and allowed to adhere for 30 min. Thereafter, resting NK cells

528

were obtained using the human NK cell isolation kit (MACS Miltenyi Biotec), following

529

manufacturer´s instructions, and lysed in QIAZOL (QIAGEN) buffer for RNA extraction and

530

analysis. For activated NK cultures, PBMCs (seeded at 1,5x106 cells/well) were incubated for 5-

531

6 days in RPMI medium [containing 2 mM L-glutamine, 1 mM sodium pyruvate, 0,1 mM non-

532

essential aminoacids, 100 U/ml Penicillin-Streptomycin (Biowest), 50 μM β-mercaptoethanol

533

(Merck), 10 mM HEPES (Lonza)] supplemented with 10% human serum (HS), 10% foetal bovine

534

serum (FBS), a mixture of irradiated feeder cells (721.221 and RPMI8866, at 0,5x106 per well)

535

and a combination of NK-polarising cytokines; 10 U/ml IL-12 (Peprotech) and 25ng/ml IL-18

536

(MBL). Then, cells were allowed to proliferate for two additional days by activation with 50 U/ml

537

IL-2 (Peprotech) and 10% HS and 10% FBS. NK cell-enriched cultures were analysed by flow

538

cytometry to confirm the expansion of the NK cell population (CD3-CD56+). NK cells were purified

539

using the NK isolation kit. Isolated NK cells were cultured for 72 hours in RPMI supplemented

540

with 10% EV-depleted FBS and 50 U/ml IL-2 (by ultracentrifugation at 100,000 g for 16 h) for EV

541

accumulation.

542

Antibodies and primers are summarized in Supplementary Table 3. Primers for specific mature

543

miRNAs detection were purchased from EXIQON-QIAGEN.

544

Animals

545

Wild-type C57BL/6 mice were housed in specific pathogen‐free conditions according to European

546

Commission recommendations at the Centro Nacional de Investigaciones Cardiovasculares

547

(CNIC) animal facility in Madrid. Experiments were performed with male mice aged 10–12 weeks.
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548

All experimental methods and protocols were approved by the CNIC and the Comunidad

549

Autónoma de Madrid and conformed to European Commission guidelines and regulations.

550

NK-EV isolation and characterization

551

EVs were purified from supernatants after accumulating for 72h from 15x106 NK cells (2x106

552

cells/ml in RPMI supplemented with 10% EXO‐free FBS and 50 U/ml IL‐2), by serial centrifugation

553

as previously described (28). EVs were resuspended either in EXO-free RPMI for functional

554

analysis, PBS for EV characterization by NanoSight (41), or in Laemmli loading buffer for western

555

blot.

556

For small RNA sequencing and qPCR analysis, EV pellets obtained after 100,000xg

557

ultracentrifugation of NK cell supernantants, were lysed in QIAZOL (QIAGEN) and RNA was

558

isolated using the miRNeasy Mini Kit, as described above. Culture medium pellet after 100,000g

559

ultracentrifugation alone was analysed by size-exclusion chromatography to rule out possible

560

serum contaminations in NK-EV samples, as previously described (41).

561

All the relevant data of our experiments were submitted to the EV‐TRACK knowledgebase (EV‐

562

TRACK ID: EV210234) (46).

563
564

RNA extraction, real‐time PCR, small RNA next‐generation sequencing (NGS), and data

565

RNA from purified human NK cells, both resting and activated in vitro (as described above) and

566

their secreted small EVs were extracted using the miRNeasy Mini Kit (QIAGEN).

567

For small RNA sequencing, RNA integrity was checked using an Agilent 2100 Bioanalyzer

568

(Agilent) for total RNA (RNA nano‐chips) and for small RNA (small RNA chips), and

569

concentrations were measured in a Nanodrop‐1000 and using the Quantifluor RNA system

570

(Promega). Samples from 5 healthy donors were analysed, and small RNA libraries were

571

generated using the NEBNext Small RNA Library Prep Set from Illumina. Single read NGS was

572

performed using an Illumina HiSeq 2500 System. Small RNASeq data were analysed by the

analysis
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573

Bioinformatics Unit at CNIC. Sequencing reads were processed as previously described (41).

574

Changes in small RNA expression were considered significant when Benjamini and Hochberg

575

adjusted P-value < 0.05.

576

For qPCR analysis, isolated RNA was retro-transcribed using either the miRCURY LNA Universal

577

RT miRNA PCR System (EXIQON) for miRNA or the Promega RT kit for mRNA, as described in

578

(41). Real‐time (RT)–PCR was performed in a CFX384 Real‐time System (Bio‐Rad) using SYBR

579

Green PCR Master Mix (Applied Biosystems). Reactions were analysed with Biogazelle

580

QbasePlus software. Mature miRNA levels were normalized to the small nucleolar RNAs RNU5G

581

and RNU1A1, whereas mRNA levels were normalized to glyceraldehyde‐3‐phosphate

582

dehydrogenase (GAPDH) and β-actin and expressed as a relative variation from control levels.

583

All primers for miRNA analysis were purchased from EXIQON, and primers used for mRNA

584

detection (Metabion) are listed in supplementary methods.

585

In silico target analysis

586

Putative mRNA targets for human miRNAs overexpressed in small EVs compared to secreting

587

NK cells, were identified using the prediction algorithm miRTarBase and are summarized in

588

Supplementary Table 2.

589

Functional unbiased analysis of EV-enriched miRNAs (compared to secreting NK cells) was

590

performed using the Ingenuity Pathway Analysis (IPA).

591

NK-EVs functional assays

592

NK-EVs and CD4+ T cell function assays

593

CD4+ T cells were isolated from non-adherent PBMCs, using the human CD4+ T cell isolation kit

594

(MACS Miltenyi Biotec). Isolated T helper cell purity was checked by flow cytometry CD4 staining

595

and they were then cultured in CD3 (5µg/ml) and CD28 (2µg/ml) coated plates either in the

596

presence or absence of NK-EVs and both in non-polarizing (RPMI supplemented with 10% EV-

597

free FBS) and Th1 polarizing conditions, adding a mixture of cytokines (20U/ml IL-2 and 20ng/ml
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598

IL-12). NK-EVs obtained from 15x106 NK cells supernatants, as described above, were

599

resuspended in 100µl of EXO-free RPMI and 25µl were added to 2x106 CD4+ T cells per condition.

600

On days 3 and 6 post-coculture, cells in the different conditions and their supernatants were

601

analysed as described below. NK-EVs isolated from three different healthy donors were

602

cocultured with Th cells from at least two different donors.

603

NK-EVs and monocyte/moDC function assays

604

Human monocyte–derived DCs (moDCs) were obtained as described (26). Briefly, CD14+

605

monocytes were isolated from total PBMCs, using a positive selection kit (StemCell) and cultured

606

in RPMI medium supplemented with 10% EV-free FBS, either in the presence or absence of DC-

607

polarizing cytokines (50ng/ml GM-CSF and 1000U/ml IL-4). The effects of NK-EVs addition (25µl

608

of isolated NK-EVS were used to treat 3x106 CD14+ cells) were analysed 6 days after culture.

609

NK-EVs isolated from three different healthy donors were cocultured with CD14+ cells from at

610

least two different donors.

611

Flow cytometry

612

Cultured cells were stained with the antibodies listed in Supplementary Table 3 and analysed

613

by flow cytometry in a BD FACSCanto cytometer. For all analysis, only live single cells were

614

included and analysed with the FlowJov10 software. Dead cells were excluded by DAPI or

615

Live/Dead Fixable Yellow (Thermofisher) staining. Murine cells were incubated with mouse

616

CD16/CD32/Fc shield and human cells with 100µg/ml γ -globulin before antibody staining.

617

Cytokine Arrays

618

CD4+ T cells were isolated as described above from human buffy coats. A total of 5x106 cells

619

were incubated for 16 hours with NK-EVs isolated from 5x106 72 h NK cell cultures in RPMI

620

supplemented with 10% EV-free FBS. Culture supernatants were analysed using the Proteome

621

Profiler Human Cytokine Array Kit (R&D Systems), following manufacturer´s instructions.

622

Cytokine analysis of cell culture supernatants by ELISA
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623

Cytokine production was detected in cell culture supernatants using ELISA kits purchased from

624

DIACLONE (IL-2) and eBioscience (IFN-γ) respectively, following manufacturer´s instructions.

625

Absorbance was measured at 450 nm, with a reference wavelength of 570 nm.

626

Nanoparticle-miRNAs synthesis

627

Gold nanoparticles (AuNPs) were synthesized following the Turkevich method (47). Rounded 12

628

nm AuNPs at 25.2 nM were obtained and modified with oligonucleotides (IDT) containing the

629

proper thiol-modifications (Supplementary Table 4). MiRNA duplex formation was performed

630

using the same volume and concentration of both strands diluted in annealing buffer (10 mM Tris,

631

pH 7.5 - 8.0, 50 mM NaCl, 1 mM EDTA), according to Sigma Aldrich´s protocol

632

(https://www.sigmaaldrich.com/ES/es/technical-documents/protocol/genomics/pcr/annealing-

633

oligos). The mixture was incubated for 10 min at 95 ˚C and then cooled down to RT slowly. Before

634

conjugation, the miRNA duplexes were deprotected by incubation with 100x excess TCEP for 2h

635

at RT. For the functionalization reaction, 4 pmol/ µl AuNPs of deprotected miRNA duplex were

636

added to 1 ml AuNP for each condition. AuNP miR-mix contains 4 pmol/ µl of each miRNA duplex;

637

AuNP control contains 4 pmol/ µl poli T- thiol (TTTTTTTTTTTT/3ThioMC3-D/). After

638

oligonucleotide addition, NaCl was added in small volumes until 0.3M final concentration. Finally,

639

the AuNPs were incubated 16 h in agitation, light protected at RT. After this step, 3 washeswere

640

performed by 40 min 16,100 g centrifugation at 4˚C. In the last washing step, AuNPs were

641

resuspended in sterile 1x PBS and filtered with 0.2 µm syringe-filter in a laminar hood.

642

Nanoparticle-miRNAs analysis

643

Nanoparticles in PBS were injected into the footpad (30µl) of wild-type C57BL/6 mice. On day 5,

644

animals were sacrificed and splenocytes isolated and analysed by flow cytometry and qRT-PCR

645

before and after stimulation with anti-CD3 and anti-CD28 antibodies. All cells were incubated with

646

PMA (50ng/ml) and ionomycin (500ng/ml) 4h before analysis, and Brefeldin A (5µg/ml) was added

647

to block secretion in flow cytometry experiments. Supernatants from cultured cells after 16h

648

culture were also analysed by ELISA.

34

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475119; this version posted January 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

649

Small RNASeq analyses

650

Small RNASeq data were analyzed by the Bioinformatics Unit at CNIC. Sequencing reads were

651

pre-processed

652

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), to asses read quality, and Cutadapt

653

to trim sequencing reads, eliminating Illumina adaptor remains, and to discard those that were

654

shorter than 20 nucleotides after trimming. Around 60% of the reads from any of the samples

655

were retained. Resulting reads were aligned against a collection of 2657 human, mature miRNA

656

sequences extracted from miRBase (release 21), to obtain expression estimates with RSEM (38).

657

Percentages of reads participating in at least one reported alignment were around 22%. Expected

658

expression counts were then processed with an analysis pipeline that used Bioconductor package

659

Limma (48) for normalization (using TMM method) and differential expression testing, considering

660

only 708 miRNA species for which expression was at least 1 count per million (CPM) in 3 samples.

661

Changes in gene expression were considered significant if the Benjamini-Hochberg adjusted p-

662

value < 0.05.

663

miRNA PtMs analyses

664

Epi-transcriptomic modifications were detected with Chimira (49), an online tool that, after

665

alignment of miRNA-Seq reads against miRBAse21 records, identifies mismatched positions to

666

classify them and to quantify multiple types of 3'-modifications (uridylation, for example), as well

667

as internal and 5'-modifications. Count tables produced by Chimira were further processed with

668

ad-hoc produced R-scripts to calculate summary statistics across groups of replicate samples.

669

Motif enrichment analysis

670

Over represented motifs in miRNA collections were detected with MEME (50), using the

671

differential enrichment method and complementary miRBAse21 miRNA collections as

672

background references. Both types of input were previously processed with USEARCH to make

673

them non redundant at 80% identity (51). Motif searches were performed only in the forward

by

means

of

a

pipeline

that

used

FastQC
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674

strand, using a motif size of 4-8 nt, 0-order Markov model for nucleotide distributions and

675

expecting zero or one motif occurrence per sequence (zoops).

676

Statistical analyses

677

All data were analysed with GraphPad Prism 5.0 and 8.0 (GraphPad Software, San Diego, CA,

678

USA). All data were included in the analysis, unless identified as outliers, using GraphPad

679

algorithms. Appropriate statistical tests were used, for each experiment, as indicated. Significance

680

was set at *p < 0.05, **p < 0.01, ***p < 0.001.

681

Data availability

682

Sequencing data have been deposited in the Gene Expression Omnibus and are available to

683

readers under record GSE185171 (Password: szgtqawoxpwvhit). EV isolation procedures are

684

available at EV‐TRACK knowledgebase (EV‐TRACK ID: EV210234.

685
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Fig. S1. NK-EV isolation and characterization.
(A) Scheme of NK cells (resting and activated) and NK-EV RNA samples preparation for small
RNA sequencing analysis. (B) Representative flow cytometry dot plot of PBMCs from healthy
donor´s buffy coats in the presence of NK-enrichment cytokine (CK) cocktail with IL-12 and IL-18
for 6 days. Dot plots show the enrichment of CD3- CD56+ NK cells after 6-8 days culture with
cytokines and irradiated feeder cells (left panel) and NK cell isolation (right panel), being greater
than 95% in all experiments. (C) Quantification of total RNA (Nanodrop) from isolated samples
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for small RNA sequencing analyses (resting and activated cells and NK-EVs). (D-F)
Characterization of isolated NK-derived small EVs by NanoSight analysis. A representative plot
from all analysed samples is shown (D). Nanosight determination of size quantification (E) and
statistics, including mean and mode size and EV concentration (F) of EVs isolated from 4 healthy
donors, as described in the manuscript´s methods section. (G) NK cell total lysates and NK-EV
fractions were analysed by Western blot, probing with the exosomal markers Tsg101 and CD63
and Calnexin, as indicated. (H) Principal Component Analysis plot from small RNA sequencing
data; resting NK cell (green), activated NK cells (light blue) and exosome samples (dark blue) are
represented. (I) Waterfall plot showing logarithmic fold-increase expression between resting and
activated NK cells. Only fold-changes with adjusted P-value < 0.05 are represented. MiRNAs
significantly increased in activated NK cells are shown in green, while miRNAs significantly more
represented in resting cells are shown in red.
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Fig. S2. Resting NK cells, activated NK cells and NK-EV miRNAs have a different PtM
signature
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(A) Box and whiskers plots show the mono-additions of U, A, C and G at the indicated positions
(ranging from -1 to +1) in miRNAs from resting NK cells, activated NK cells and NK-EVs at the
5p-end. Significance was assessed by non-parametric t-test, comparing resting with activated NK
cells, and activated NK cells with their released NK-EVs, respectively; *P<0.05, **P<0.01. (B) Box
and whiskers plots show the additions of two or more U, A, C and G at the indicated positions
(ranging from -1 to +1) in miRNAs from resting NK cells, activated NK cells and NK-EVs at the
3p-end. Significance was assessed by non-parametric t-test, comparing resting and activated NK
cells and activated NK cells and their released NK-EVs, respectively; *P<0.05, **P<0.01.
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Fig. S3. PtM characterization of the most expressed miRNAs in NK-EVs and resting NK
cells over-represented motifs
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(A) Violin plots represent the average percentage of reads with PtMs from each miRNA. Analysis
was performed comparing the most expressed miRNAs in NK-EVs. The median value is shown
as a solid line. (B) Over-represented motifs in resting NK cells are shown, using the ZOOPS
model. For each data set, all miRNAs annotated in miRBase were used as background. Short
motifs with adjusted E-value<0.2 are shown. (C,D) Heat maps showing small RNA sequencing
analysis of the top 30 miRNAs with higher levels of expression in NK-EVs (C) and those more
differentially expressed in NK-EVs compared to activated NK cells (D), respectively. For each
analysis, the relative expression of individual miRNAs in resting and activated human NK cells
and their secreted exosomes is shown. Data are from 5 healthy donor´s isolated NK cells.
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Fig. S4. NK-EV miRNAs and T cell function
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(A) Cytokine profiler of CD4+T lymphocytes incubated for 16 h with NK-EVs. Data show the
relative expression of the indicated cytokines and chemokines, expressed in arbitrary units (a.u.).
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(B) Flow cytometry analysis showing the viability of isolated CD4+ T cells incubated under noncytokine polarizing (upper panel) and Th1 cytokine-polarizing (with a mixture of IL-2 and IL-12,
lower panel) conditions. Contour plots show a representative staining with the viability marker
DAPI and expression of the apoptotic marker Annexin-V in CD4+ T cells. Plots show the
quantification of live DAPI- Annexin-V- CD4+ T cells ± SEM, in the different culture conditions and
after addition of NK-EVs. Plots show the quantification of n ≥ 4 independent experiments.
Significance was assessed with Paired Student´s t-test. (C) Quantification of Annexin-V
Geometric Mean Fluorescence Intensity. Data shown are from n ≥ 4 independent experiments.
Significance was assessed with Paired Student´s t-test; *P<0.05. (D) Flow cytometry analysis of
isolated CD4+ T cells incubated under non-cytokine polarizing (upper panel) and Th1 cytokinepolarizing (with a mixture of IL-2 and IL-12, lower panel) conditions. Dot plots show the expression
of T-bet and IFN-γ in gated live cells ± SEM, after addition of NK-EVs. Plots show the
quantification of n ≥ 4 independent experiments. Significance was assessed with Paired Student´s
t-test; *P<0.05, **P<0.01.
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Fig. S5. mRNA target modulation in CD4+ T cells mediated by NK-EVs
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(A-F) Quantitative real-time PCR at days 3 and 6, as indicated in either non-polarizing (upper
panels) or cytokine-polarizing (lower panels) conditions, showing mRNA levels of IL-6 (A), IL-1β
(B), Socs1 (C), TGF-β (D), TNF-α (E) and Ship1 (F) respectively, normalized to GAPDH and βactin. Significance was assessed with Paired Student´s t test; *P<0.05.
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Fig. S6. NK-EVs impact on monocyte and moDC function
(A) Flow cytometry viability analysis of isolated CD14+ monocytes (non-polarized, upper panel)
and moDCs (cytokine-polarized with a mixture of GM-CSF and IL-4, lower panel) in the indicated
culture conditions. Contour plots show a representative staining with the viability marker DAPI
and the apoptotic marker Annexin-V in cultured cells. (B) Plots show the quantification of live
DAPI-Annexin-V- CD14+ monocytic cells ± SEM, in the different culture conditions and after
addition of NK-EVs. Plots show the quantification of n ≥ 4 independent experiments. Significance
was assessed with Paired Student´s t-test. (C-F) Quantitative real-time PCR at day 6, of isolated
CD14+ monocytes, cultured as indicated in either non-polarizing or cytokine-polarizing conditions.
Plots show the relative mRNA levels of the putative NK-EV miRNAs mRNA targets KLF13 (C),
Foxo-1 (D), Notch1 (E) and VEGFR2 (F) respectively, normalized to GAPDH and β-actin.
Significance was assessed with Paired Student´s t test.
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Fig. S7. NK-EV miRNAs partially mimic NK-EV mediated effects in vivo in spleen and
draining popliteal lymph nodes
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(A) Quantitative real-time PCR showing T-bet mRNA levels in splenocytes 6 days after
nanoparticle-based miRNA delivery. Relative expression is shown, normalized to GAPDH and βactin. Significance was assessed by One-way ANOVA Bonferroni test. (B) Flow cytometry
analysis of live splenocytes isolated 6 days after footpad injection with the indicated control or
miRNA-loaded NPs. Isolated cells were either left unstimulated (white) or incubated for 16 h with
anti-CD3 and anti-CD28 antibodies (black) before analysis. Bars show the percentage of
CD4+CD25+Foxp3+ live T lymphocytes. Experiments from n ≥ 3 mice are shown. Significance
was assessed by Two-way ANOVA, followed by Tukey´s test. (C,D) Quantitative real-time PCR
showing IL-10 mRNA levels in splenocytes (C) and in popliteal draining lymph nodes (D) 6 days
after nanoparticle-based miRNA delivery. Relative expression is shown, normalized to GAPDH
and β-actin. Significance was assessed by One-way ANOVA Bonferroni test. (E) ELISA
quantification of soluble IL-2 in supernatants from splenocytes harvested and isolated after 6 days
miRNA delivery and cultured with anti-CD3 and anti-CD28 antibodies for 16 h. The graph shows
the mean concentration from n ≥ 3 mice per condition. Significance was assessed by One-way
ANOVA Bonferroni test. (f, g) ELISA quantification of soluble IFN-γ (F) and IL-2 (G) in serum from
mice 6 days after NP footpad injection. The graph shows the mean concentration from n ≥ 3 mice
per condition. Significance was assessed by One-way ANOVA Bonferroni test; *P<0.05.
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Table S1. Small RNA sequencing of resting NK and activated NK cells and their derived NKEVs. Table summarizes the analysis of samples generated from 5 donors, showing differentially
expressed miRNAs. Provided as an additional Excel file.
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Table S2 NK-EV miRNAs mRNA target candidates. Table summarizes putative mRNA
targets for selected NK-EV miRNAs identified by in silico analyses, using the miRTarBase
database. T cell function-related miRNAs are highlighted in orange and DC related miRNAs in
blue.
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Antibodies

833

Antigen
CD4
CD4
CD4
Ifn-Ɣ
Ifn-Ɣ
T-bet
T-bet
CD25
CD25
CD69
HLA-DR
CD86
CD11c
CD209/DC-SIGN
CD3
CD56
CD8
TCRβ
CD63
CD81
Calnexin
Tsg101
FoxP3
Annexin V

Specificity
human
mouse
mouse
human
mouse
human/mouse
human/mouse
human
mouse
human
human
human
human
human
human
human
mouse
mouse
human
human
human
human
mouse
human

Assay
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Western Blot
Western Blot
Western Blot
Western Blot
Flow cytometry
Flow cytometry

Conjugated
PE
PercP
PE-Cy7
FITC
FITC
PercPCy5.5
PE
PE-Cy7
eF450
V450
FITC
PE
PE-Cy7
APC
BV510
PE
PE
APC-Cy7
NA
NA
NA
NA
FITC
APC

Clone number
RPA-T4
RM4-5
GK1.5
XMG1.2
eBio4B10
eBio4B10
BC96
PC61.5
FN50

eB-h209
OKT3
53-6.7
H57-597
NK1/C-3
5A6

FJK-165

Catalog number
50-0049-T500
67-0042-U100
60-0041-U100
554551
11-7311-82
45-5825-82
12-5825-82
302612
48-0251-82
560740
347363
500869-T100
561356
17-2099-42
317332
5PE1-100T
553032
109220
OP171
sc-23962
ab10286
ab83
11-5773-82
550474

Supplier
TONBO Bioscience
TONBO Bioscience
TONBO Bioscience
BD Pharmingen
Invitrogen
Invitrogen
eBioscience
BioLegend
eBioscience
BD Biosciences
BD
TONBO Bioscience
BD Pharmingen
Invitrogen
BioLegend
Immunostep
BD Biosciences
BioLegend
Calbiochem
Santa Cruz
Abcam
Abcam
eBioscience
BD Pharmingen

Primers mRNA targets

834
835
836
837
838

Primer-FORWARD
Targets
Sequence
1 Ship1
GCGTGCTGTATCGGAATTGC
2 Socs1
CACGCACTTCCGCACATTC
3 GATA3
GCCCCTCATTAAGCCCAAG
4 T-bet
GGTTGCGGAGACATGCTGA
5 PTEN
TGGATTCGACTTAGACTTGACCT
6 IFNG P2
CTGTTACTGCCAGCAGGACCCAT
7 Bim
TAAGTTCTGAGTGTGACCGAGA
8 IFNG P2
CTGTTACTGCCAGCAGGACCCAT
9 FOXO1
TCGTCATAATCTGTCCCTACACA
10 Notch1
GAGGCGTGGCAGACTATGC
11 VEGFR2
GGCCCAATAATCAGAGTGGCA
12 KLF13
CGGCCTCAGACAAAGGGTC
13 GAPDH
AGCCACATCGCTCAGACAC
14 HPRT1
TGACCTTGATTTATTTTGCATACC
15 BETA-ACTIN CCAGAGGCGTCAAGGGATAG

Primers-REVERSE
Sequence
TGGTGAAGAACCTCATGGAGAC
TAAGGGCGAAAAAGCAGTTCC
TTGTGGTGGTCTGACAGTTCG
GTAGGCGTAGGCTCCAAGG
GGTGGGTTATGGTCTTCAAAAGG
CGCTACATCTGAATGACCTGC
GCTCTGTCTGTAGGGAGGTAGG
CGCTACATCTGAATGACCTGC
CGGCTTCGGCTCTTAGCAAA
CTTGTACTCCGTCAGCGTGA
CCAGTGTCATTTCCGATCACTTT
TTCCCGTAAACTTTCTCGCAG
GCCCAATACGACCAAATCC
CGAGCAAGACGTTCAGTCCT
CCAACCGCGAGAAGATGA

Table S3. Antibodies and primers. Specific primers for the detection of mRNA related with Tcell functions are shown in orange and DC-function related miRNAs in blue. Housekeeping
mRNAs are shown in gray.
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miRNA
pass
strand

miRNA
guide
strand

840
miR-10b-5p

miR-92a-3p

miR-155-5p

rUrArCrCrCrUrGrUr
ArGrArArCrCrGrArA
rUrUrUrGrUrG

rUrArUrUrGrCrArCrUrUr
GrUrCrCrCrGrGrCrCrUr
GrU

rUrUrArArUrGrCrUrArA
rUrCrGrUrGrArUrArGr
GrGrGrUrU

rCrArCrArArArUrUrC
rGrGrUrUrCrUrArCr
ArGrGrGrUrArUrUrU
rUrU/3ThioMC3-D/

rArCrArGrGrCrCrGrGrGr
ArCrArArGrUrGrCrArArU
rArUrUrUrUrU/3ThioMC3
-D/

rArArCrCrCrCrUrArUrC
rArCrGrArUrUrArGrCrA
rUrUrArArUrUrUrUrU/3
ThioMC3-D/
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Table S4. Oligonucleotides for miRNA duplex AuNPs design.
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