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Abstract
Background The physiological relevance of cell-to-cell communication mediated by small extracellular vesicle-
encapsulated microRNAs (sEV-miRNAs) remains debated because of the limiting representativity of specific miRNAs 
within the extracellular pool. We hypothesize that sEV-miRNA non-canonical function consisting of the stimulation 
of Toll-like receptor 7 (TLR7) may rely on a global shift of the sEV cargo rather than on the induction of one or few 
specific miRNAs. Psoriasis represents an ideal model to test such hypothesis as it is driven by overt activation of TLR7-
expressing plasmacytoid dendritic cells (pDCs) following keratinocyte damage.

Methods To mimic the onset of psoriasis, keratinocytes were treated with a cocktail of psoriatic cytokines or 
UV-irradiated. SmallRNA sequencing was performed on sEVs released by healthy and UV-treated keratinocytes. 
sEV-miRNAs were analyzed for nucleotide composition as well as for the presence of putative TLR7-binding 
triplets. Primary human pDCs where stimulated with sEVs +/- inhibitors of TLR7 (Enpatoran), of sEV release 
(GW4869 + manumycin) and of TLR7-mediated pDC activation (anti-BDCA-2 antibody). Secretion of type I IFNs and 
activation of CD8+T cells were used as readouts. qPCR on psoriatic and healthy skin biopsies was conducted to 
identify induced miRNAs.

Results sEV-miRNAs released by damaged keratinocytes revealed a significantly higher content of TLR7-activating 
sequences than healthy cells. As expected, differential expression analysis confirmed the presence of miRNAs 
upregulated in psoriatic skin, including miR203a. More importantly, 76.5% of induced miRNAs possessed TLR7-binding 
features and among these we could detect several previously demonstrated TLR7 ligands. In accordance with this 
in silico analysis, sEVs from damaged keratinocytes recapitulated key events of psoriatic pathogenesis by triggering 
pDCs to release type I interferon and activate cytotoxic CD8+T cells in a TLR7- and sEV-dependent manner.
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Background
Toll-like receptors (TLRs) are innate immune receptors 
that, upon recognition of conserved molecular compo-
nents of pathogens, activate inflammation to alert the 
immune system about infection [1]. Notably, TLRs can 
also interact with endogenous ligands released under 
sterile conditions by stressed or damaged tissues to initi-
ate immune cell recruitment and tissue repair. However, 
sustained TLR activation leads to exacerbated inflamma-
tory responses that pave the way to hyperinflammation 
and/or autoimmunity, as well exemplified by the patho-
genesis of immune-mediated inflammatory diseases 
(IMIDs) (reviewed in [2]).

One TLR subfamily comprising TLR3, TLR7, TLR8 
and TLR9 is characterized by endosomal localization 
and by recognition of different species of nucleic acids 
derived from pathogen digestion. Within this family, 
TLR7 and TLR8 are both activated by single-stranded 
RNA (ssRNA) ligands but display reciprocal expres-
sion and functional significance [3]. Indeed, TLR7 is 
expressed by pDCs and masters the production of IFN-
α, while TLR8 is expressed by conventional DCs, which 
specialize in the release of inflammatory cytokines [4]. 
The sequence specificity of ssRNA ligands of TLR7 and 
TLR8 remained long debated, until it was demonstrated 
that both recognize short ssRNA sequences derived from 
endosomal digestion of longer ssRNAs [5]. These studies 
allowed to bring all previous findings together determin-
ing that TLR7 requires guanosine (G) residues to activate 
a first binding site and a 3-mer containing a nonterminal 
uridine (U) for the activation of a second binding site, 
although for synergistic effects sequences with at least 
two Us are required [3, 5–10]. Since overwhelming evi-
dence exists that endosomal TLRs, and TLR7 in particu-
lar, play a central role in the induction and progression of 
IMIDs [11–14], therapeutic strategies aimed at blocking 
TLR activation by self-nucleic acids are currently in the 
limelight of both preclinical and clinical research [13, 15, 
16].

MicroRNAs (miRNAs) are a class of short, noncod-
ing, ssRNAs originally discovered as regulators of mRNA 
expression in the cell cytoplasm of producing cells [17]. 
However, miRNAs bound to carrier proteins such as 
Argonaute 2 (Ago2), that preserves them from degrada-
tion, can also be transferred from cell to cell, generally 

through mechanisms involving the shedding of extra-
cellular vesicles (EVs) [18–20]. In recipient cells, extra-
cellular miRNAs can either perform canonical RNA 
interference or activate pro-inflammatory signaling 
pathways by direct interaction with TLR7/8 in the endo-
somes of innate immune cells [6, 21, 22]. Our group and 
others previously demonstrated that selected extracel-
lular miRNAs, upregulated in settings of cancer, sepsis, 
neurodegeneration and autoimmunity, could activate 
the secretion of IFN-α by pDCs via human TLR7 [23] or 
inflammation via TLR8 [24–26]. However, the physiolog-
ical relevance of cell-to-cell miRNA-based communica-
tion remains uncertain, mainly because of the limiting 
representativity of specific miRNAs within the extracel-
lular pool.

IMIDs include, among others, common diseases such 
as psoriasis, systemic lupus erythematosus, rheuma-
toid arthritis, type 1 diabetes and multiple sclerosis, 
thus accounting for a high disease burden in the popu-
lation [27]. These diseases share common pathogenetic 
mechanism involving a complex combination of environ-
mental factors, which trigger unwanted inflammation, 
and genetic susceptibility, fostering an undue immune 
response [27, 28]. In psoriasis, a systemic condition that 
manifests with skin involvement [29], the development 
of lesions is long known to follow skin-damaging events 
such as trauma and ultraviolet (UV) ray exposure (a.k.a 
Koebner phenomenon [30]), , but the link between such 
environmental triggers and immuno-mediated tissue 
destruction was only recently unveiled. Indeed, the ini-
tiation of the autoreactive adaptive immune response 
is now known to depend on the aberrant production of 
type I interferons (IFNs) by plasmacytoid dendritic cells 
(pDCs) [31, 32], a small subset of circulating immune 
cells that are typically absent in peripheral tissues under 
homeostatic conditions but accumulate within psoriatic 
skin [14, 33]. Seminal work indicated that pDC activation 
depended on the accumulation of self-nucleic acids mas-
sively released by damaged keratinocytes, which induce 
unnecessary IFN-α secretion by engaging endosomal 
TLR7 and TLR9 [34–36]. Of note, several miRNAs were 
found dysregulated in psoriasis, both at the cellular and 
extracellular levels [37–39].

By taking advantage of the well characterized pathoge-
netic mechanisms of psoriasis, this study was designed to 

Discussion Our results demonstrate that miR203a is just one paradigmatic TLR7-activating miRNA among the 
hundreds released by UV-irradiated keratinocytes, which altogether trigger pDC activation in psoriatic conditions. 
This represents the first evidence that cell damage shifts the miRNA content of sEVs towards a TLR7-activating cargo 
capable to propagate inflammation and immunity, offering strong support to the physiological role of systemic 
miRNA-based cell-to-cell communication.
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explore the hypothesis that the TLR7-activating function 
of extracellular miRNAs may depend on a global shift of 
the miRNA cargo of sEVs rather than on the induction 
of one or few specific miRNAs. In addition to identify so 
far neglected triggers of pDC activation in psoriasis, and 
possibly other IMIDs, this scenario would help overcome 
the limitations of miRNA-based cell-to-cell communica-
tion theory.

Methods
Cell preparation and culture
Human primary keratinocytes (KCs) were kindly pro-
vided from Banca delle Cute, AOU Città della Salute e 
della Scienza Torino, Italy. A written informed consent 
was obtained from all donors of skin grafts. KCs were 
grown in CnT-Prime Epithelial Cell Culture Medium 
(CELLnTEC Advanced Cell System). The immortalized 
human epidermal keratinocyte cell line HaCaT was pur-
chased from American Type Culture Collection (ATCC), 
and the cells were cultured in DMEM supplemented with 
10% FBS, 2 mM L-Glutamine, penicillin and streptomy-
cin (all from Gibco, Thermo Fisher Scientific). pDCs and 
CD8+ T cells were obtained from buffy coats (through the 
courtesy of Centro Trasfusionale, Spedali Civili, Brescia, 
Italy) after immunomagnetic separation with the Plas-
macytoid Dendritic Cell Isolation kit II and CD8+ T cell 
isolation kit (Miltenyi Biotec), respectively. pDCs (1 × 106 
cells/ml) were cultured in RPMI 1640 supplemented with 
10% heat-inactivated FBS, 2 mM L-Glutamine, penicillin 
and streptomycin, and 20 ng/ml IL-3 (Miltenyi Biotec).

Cell treatment
KCs and HaCaT cells were stimulated with a mix of pro-
inflammatory cytokines namely IL-1α (Biomart), IL-6 
(Peprotech), TNF-α (Prospec), IL-17 (Biomart), IL-22 
(Peprotech) and IFN-γ (Peprotech), each at 50 ng/ml, for 
24 h. Conditioned media were concentrated 10 times by 
using centrifugal concentrator with 10,000  MW cutoff 
(Vivaspin, Sartorius).

Alternatively, KCs and HaCaT cells were exposed for 
30 s to UVC irradiation using a germicidal lamp G30T8 
(Sankyo Denki) in 10-cm uncovered dishes with a thin 
layer of PBS at a distance of 40 cm [40]. PBS was removed 
immediately after UV irradiation, and cells were replen-
ished with serum-free fresh media for 24 h. Where indi-
cated, 10 µM GW4869 and 1 µM manumycin A were 
added after UV irradiation.

Human samples
Human lesional and nonlesional skin as well as plasma 
from patients with psoriasis and healthy donors were 
obtained after informed consent and approval of the Eth-
ics Committee of the Humanitas University (Milan, Italy) 
and in accordance with the Declaration of Helsinki. Skin 

samples were immediately stored in RNAlater (Thermo 
Fisher Scientific) until further processing.

pDC stimulation and T cell coculture
Purified pDCs were stimulated with 10  µg/ml synthetic 
hsa-miR203a-3p (miR203a) stabilized with a phospho-
rothioate linkage between each base (Integrated DNA 
Technologies). Complexation of miR203a with DOTAP 
(Roche Diagnostics) was performed as previously 
described [23]. Whenever indicated, pDCs were pre-
treated for 1 h with 1 µM Enpatoran (Enp, MedChemEx-
press) or 1 µg/ml of an anti-BDCA2 monoclonal antibody 
(clone AC144, Miltenyi Biotec). miR203a-activated pDCs 
were cocultured with CFSE-stained allogenic CD8+ T 
cells (Miltenyi Biotec) as previously described [41]. After 
6 days, alloreactive T cell proliferation was assessed by 
measuring the loss of the dye CellTrace-CFSE upon cell 
division using flow cytometry. Positive controls of T cell 
proliferation were routinely performed using IL-2 plus 
phytohemagglutinin (PHA, Merck Millipore).

Flow cytometry
pDCs or HaCaT cells were stained with the follow-
ing antibodies from Miltenyi Biotec or as indicated: 
APC-Vio770-conjugated anti-human HLA-ABC (clone 
REA230), Alexa Fluor 488-conjugated anti-human HLA-
DR (clone L243, BioLegend), PE-conjugated anti-human 
CD80 (L307.4, BD Pharmingen), Vioblue-conjugated 
anti-human CD86 (clone FM95), PE-Vio770-conjugated 
anti-human CD69 (clone FN50), APC-conjugated anti-
human BDCA2 (clone AC144) and APC-conjugated 
anti-human CD29 (clone TS2/16). KC and HaCaT cell 
death induced by UV treatment was assessed by Pacific 
Blue-Annexin V and 7-AAD kit (BioLegend) following 
the manufacturer’s instructions. To analyze sEV sur-
face proteins, EVs were subjected to bead-based multi-
plex analysis by using MACSPlex Exosome kit (Miltenyi 
Biotec). Briefly, 109 EVs were incubated overnight on an 
orbital shaker with MACSPlex Exosome Capture Beads 
containing 39 different antibody-coated beads. For coun-
terstaining of EVs bound by capture beads with detec-
tion antibodies, APC-conjugated anti-CD9, anti-CD63 
and anti-CD81 detection antibodies were added to each 
sample and incubated at room temperature for 1 h on an 
orbital shaker. Samples were read on a MACSQuant Ana-
lyzer (Miltenyi Biotec) and analyzed with FlowJo (Tree 
Star Inc.). Median fluorescence intensity (MFI) for all 39 
capture beads were background corrected by subtracting 
respective MFI values from matched media control.

Cytokine detection
IFN-α was detected using a specific Module Set ELISA 
kit (Invitrogen, Thermo Fisher Scientific). TNF-α, IL-6 
and IFN-γ were measured using specific Duo-Set kits 
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(R&D Systems). All assays were performed on cell-free 
supernatants according to the manufacturer’s protocol.

NF-κB luciferase reporter assay
25,000 human HEK293 cells expressing luciferase under 
control of the NF-κB promoter and stably transfected 
with human TLR7 or luciferase alone [23] were seeded 
in complete DMEM without antibiotics in 96-well plates, 
as previously described [26, 41]. After 24  h, cells were 
stimulated with 10  µg/ml miR203a or RNA40 (a TLR7-
ligand positive control, Integrated DNA Technologies) 
for an additional 24 h. After stimulation, cells were lysed 
using ONE-Glo EX Luciferase Assay System (Promega) 
and assayed for luciferase activity using the EnSightMul-
timode Plate Reader (PerkinElmer).

sEV isolation from HaCaT conditioned media
24 h after UV irradiation, HaCaT conditioned media were 
collected and processed with a serial centrifugation pro-
tocol to isolate sEVs [42, 43]. Briefly, conditioned media 
were firstly centrifuged at 300 g for 5 minutes to discard 
cells and debris and then centrifuged at 800 g for 30 min 
at 4 °C to pellet and discard large vesicles and cell debris. 
Supernatants were centrifuged at 16,000 g for 45 min at 
4  °C to pellet medium EVs, and finally ultracentrifuged 
at 100,000  g for 4  h at 4  °C to collect sEVs (Type 45 Ti 
rotor, Beckman Optima XPN 80, Beckman Coulter). sEVs 
were washed with 1  ml of sterile PBS to remove con-
taminants and pelleted again at 100,000 g for 2 h at 4 °C 
(rotor TLA-55, Beckman Optima MAX). Finally, sEVs 
were resuspended in PBS for further analyses. EV pro-
tein concentration was measured by Bicinchoninic Acid 
(BCA) assay (Thermo Fischer Scientific). 1 × 105 pDCs (in 
50 µl of RPMI 20% FBS) were stimulated by adding sEVs 
derived from 12.5  ml HaCaT supernatant resuspended 
in 50  µl serum free RPMI medium (approximately 1010 
sEVs). Throughout the text, sEVs isolated from condi-
tioned media of UV-treated HaCaT cells are indicated as 
UV-sEVs, while sEVs isolated from conditioned media of 
resting HaCaT cells are indicated as NT-sEVs.

Atomic force microscopy (AFM) imaging
AFM imaging was performed as previously described 
[44]. Briefly, sEVs isolated from HaCaT conditioned 
media were resuspended in 50 µl of PBS and diluted 1:100 
v/v with Milli-Q water. The diluted samples (5–10  µl) 
were then spotted onto freshly cleaved mica sheets 
(PELCO® Mica discs Grade V-1, thickness 0.15  mm, 
10 mm diameter from Ted Pella, Inc). All mica substrates 
were air dried over a plate heated at 37–40  °C and ana-
lyzed using a Nanosurf NaioAFM equipped with Mul-
ti75AI-G probes (Budget sensors). Images were acquired 
in dynamic mode, scan size ranged from 1 to 20 μm and 
scan speed ranged from 0.8 to 1.5  s per scanning line. 

AFM images were processed using Gwyddion ver. 2.58. 
The size of particles was extrapolated using built-in mod-
ules from topography images. A minimum of 300 round-
shaped vesicles per sample were analyzed. Particle size 
distribution was then calculated on GraphPad PRISM 
ver. 8, by plotting particle size against relative abundance.

Purity assessment and titration with CONAN assay
The EV samples were checked for purity (meaning the 
absence of significant presence of single or aggregated 
protein contaminants) and subsequently titrated by using 
the COlorimetric NANoplasmonic (CONAN) assay, an 
effective method to determine the purity and concentra-
tion of EV preparations [45] that is based on the cluster-
ing of gold nanoparticles (AuNPs) onto lipid membranes 
[46]. The CONAN assay was performed as previously 
described [47]. Briefly, sEVs were resuspended in 50 µL 
of PBS. 2 µl of EVs were resuspended in 23 µl of water, 
mixed with 50 µl of 6 nM AuNPs and 25 µl of PBS. When 
mixed with pure EV formulations, the AuNPs cluster on 
the EV membrane, whereas in EV formulations that con-
tain soluble protein contaminants the AuNPs are prefer-
entially cloaked by such proteins, which prevents AuNPs 
from clustering to the EV membrane. When AuNPs clus-
ter, their localized surface plasmon resonance (LSPR) 
peak shifts and broadens, resulting in a color change 
of the AuNP solution from red to blue, which can be 
acquired by Ensight MultiMode Reader (Perkin Elmer). 
AuNP aggregation is described by the aggregation index 
ratio (AI%), a numerical value indicating the sample 
purity and the EV concentration, extrapolated from the 
UV-VIS spectra of the tested samples. The particle num-
bers were evaluated comparing the sample AI%, resulting 
from the assay, with a calibration line built with standard 
liposome solutions (concentrations ranging from 0.012 to 
0.75 mg/mL) quantified with the CONAN assay.

Isolation of miRNAs and qPCR
Skin biopsies were homogenized in Qiazol reagent (Qia-
gen) by using Ultra-Turrax and centrifuged at 12,000  g 
for 10  min at 4  °C. Then, miRNAs were purified with 
miRNeasy Mini Kit (Qiagen) according to the manufac-
turer’s instructions. To purify miRNAs from plasma sam-
ples, the miRNeasy Serum/Plasma Kit (Qiagen) was used. 
miRNAs contained in sEVs were purified with miRNeasy 
Mini Kit, together with RNeasy Mini Elute Cleanup Kit 
(Qiagen). To isolate miRNAs from conditioned media, 
the protocol set up by Turchinovich was followed [48]. 
Briefly, 1.2 ml of Qiazol were added to 0.4 ml of condi-
tioned media, mixed by vigorous shaking for 10  s and 
then incubated for 10 min at RT. After supplying 320 µl 
of chloroform, the mixture was vortexed and allowed 
to stand for 5  min at RT. Following the centrifugation 
at 14,000 g for 20 min total RNA was precipitated from 
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the upper (aqueous) phase by adding 1.5 V of 100% etha-
nol. Purification of extracted total RNA, including miR-
NAs, was performed with miRNeasy Mini Kit (Qiagen) 
according to the manufacturer’s instructions. To monitor 
the miRNA extraction efficacy, RNA spike-in (compris-
ing UniSp2 RNA, UniSp4 RNA and UniSp5 RNA or cel-
miR39) was added to Qiazol reagent before mixing with 
the sample. Reverse transcription was performed using 
miRCURY LNA RT Kit (Qiagen). The levels of indicated 
miRNAs and RNA spike-in were measured using specific 
miRCURY LNA miRNA Probe PCR assay in association 
with miRCURY SYBR Green PCR Kit (Qiagen). Reac-
tions were run in triplicate on a StepOne Plus Real-time 
PCR System (Applied Biosystems), and the generated 
products were analyzed by the StepOne Plus Software 
(Version 2.3, Applied Biosistems). UniSp4 RNA or cel-
miR39 was used for the normalization of miRNA expres-
sion as indicated.

SDS-PAGE and Western blot
sEVs from HaCaT conditioned media or HaCaT cells 
were lysed in NP-40/Triton lysis buffer. Equal volumes 
of extracts (corresponding to 20 µg in UV sample) were 
analyzed through SDS-PAGE. Western blot was per-
formed with the following antibodies against GM130 
(610823, BD Biosciences), TSG101 (sc-7964, Santa Cruz 
Biotechnology Inc.), CD81 (sc-7637, Santa Cruz Biotech-
nology Inc.) and Ago2 (MABE253, Merck Millipore). 
Protein bands were detected with SuperSignal West Pico 
Chemiluminescent Substrate (Pierce).

Small RNA sequencing and analysis
RNA extraction and next generation sequencing was per-
formed by Genomix4life S.R.L. (Baronissi, Salerno, Italy), 
using their standard protocols. SmallRNA sequenc-
ing libraries were prepared from 700 ng RNA using the 
TruSeq SmallRNA Sample Prep Kit (Illumina) accord-
ing to the manufacturer’s instructions. Libraries were 
pooled at equimolar concentrations and sequenced on 
the Illumina NovaSeq 6000 System (Illumina) to obtain 
75  bp single-end reads. Adapters were trimmed from 
raw reads using cutadapt [49], and small RNA expression 
analysis was performed using COMPSRA (v 1.0.3 [50]), 
, a comprehensive platform to identify and quantify dif-
ferent small RNA types. First of all reads were aligned to 
the human genome (UCSC, hg38) using the COMPSRA 
alignment module, a wrapper for STAR aligner (v 2.5.3a 
[51]), , with default parameters. Mapped reads were anno-
tated to smallRNAs genes (miRNAs, piRNAs, tRNAs, 
snRNAs, snoRNAs, and circRNAs) using the COMP-
SRA annotation module. Annotation was performed 
using, as reference, the following databases: miRbase for 
miRNAs; piRNABank, piRBase and piRNACluster for 
piRNA; gtRNA for tRNA; GENECODE release 27 for 

snRNAs and snoRNAs; circBase for circRNAs. The func-
tion module was used to estimate the expression of each 
smallRNA. smallRNA counts were normalized among 
different samples using DESeq2 (v 1.36.0 [52]), , and 
differentially expressed smallRNAs between UV-sEVs 
and NT-sEVs were identified using the Wald test imple-
mented in DESeq2. smallRNAs with absolute log2(fold 
change) > 1.5 and adjusted p-value < 0.05 were considered 
differentially expressed. Only mature miRNAs were used 
for downstream analysis. Variance stabilized counts (vsd) 
and fragment per million mapped reads (FPM) expres-
sion value were calculated using the varianceStabiliz-
ingTransformation and the fpm functions implemented 
in DESeq2. vsd values of mature miRNAs were used to 
performed principal component analysis (PCA) using the 
pca function implemented in the Bioconductor/R pack-
age PCAtools (v 2.8.0) with removeVar = 0.2. For heat-
map representation FPM were z-score transformed. For 
specific analysis, mature microRNAs with less than 20 
mapped reads per sample were considered not expressed.

Identification of putative TLR7-activating miRNAs
miRNA sequences were analyzed for nucleotide com-
position (numbers/percentage of A, C, G, U). miRNA 
sequences were also analyzed for the presence of puta-
tive TLR7-binding triplets as previously described [5, 9, 
53]. Specifically, miRNAs were characterized as “high 
TLR7 binding” if containing at least one UU(U/C) trip-
let or “medium TLR7 binding” if containing at least one 
UU(A/G) triplet. miRNAs devoid of these triplets were 
classified as “no/dampened TLR7 binding”.

Statistics
Normal distribution in each group was always tested 
using the Shapiro-Wilk test first for the subsequent 
choice of a parametric (paired or unpaired 2-tailed Stu-
dent’s t test, 1-way ANOVA with Dunnett’s post-hoc 
test ANOVA) or non-parametric (Mann-Whitney) test 
by using GraphPad Prism 9. P < 0.05 was considered sig-
nificant. Base proportions were modelled using a mul-
tinomial regression. Post-hoc contrasts p-values were 
adjusted using Holm procedure.

Results
Hsa-miR203a-3p is a TLR7-activating ligand upregulated in 
psoriatic skin and released in plasma and in supernatants 
of inflamed keratinocytes
Based on previous work by our group demonstrating 
the capability of selected extracellular miRNAs to acti-
vate human DCs and trigger autoimmunity [23, 26], we 
observed that hsa-miR203a-3p (miR203a), a skin-spe-
cific miRNA that increases in psoriatic keratinocytes 
[37, 38], displayed six G and a “UUU” motif (Fig.  1A), 
which identify RNA sequences with full TLR7 binding 
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potential [6, 8, 9]. Indeed, synthetic miR203a activated 
an NF-κB reporter gene in TLR7 stably transfected 
cell lines in a way comparable to the control sequence 
RNA40 [6] (Fig.  1B) and also induced the secretion of 
IFN-α by human pDCs (Fig. 1C), which express TLR7 as 
the main ssRNA receptor and do not express TLR8 [54]. 
Supplemental Fig. 1 shows that pDC activation induced 
by miR203a was full and functional, including TNF-α 
and IL-6 secretion (Supplemental Fig.  1A) and pheno-
typic maturation (Supplemental Fig.  1B), which allowed 
pDCs to activate allogeneic T cells (Supplemental Fig. 1C 
and 1D). To demonstrate the involvement of TLR7 in 
pDC activation by miR203a, pDCs were stimulated in 
the presence of Enpatoran, a selective TLR7/8 antago-
nist, which significantly reduced both cytokine secretion 
(Fig. 1C and Supplemental Fig. 1A) and T cell activation 
(Supplemental Fig. 1C-D) without affecting pDC viability 
(Supplemental Fig. 1E).

In accordance with previous literature [37, 38, 55], 
miR203a was significantly upregulated in lesional skin 
of three psoriatic patients as compared to non-lesional 

counterparts (Fig. 1D) and also increased in the plasma 
of psoriatic patients as compared to healthy donors 
(Fig.  1E). These findings indicate that miR203a upregu-
lation correlates with psoriatic activation and that it is 
released and accumulate extracellularly upon skin dam-
age, thus potentially representing a pDC-activating trig-
ger in psoriasis. In the attempt to reproduce in vitro this 
phenomenon, primary (KC) and immortalized (HaCaT 
cells) keratinocytes were stimulated with a mix of cyto-
kines mimicking the psoriatic inflammatory milieu (IL-
1α, IL-6, TNF-α, IL-17, IL-22 and IFN-γ) [56]. Figure 1F 
demonstrates that miR203a could be detected in the 
supernatants of both cells and that it was increased by the 
psoriatic cytokine mix. We then asked whether miR203a-
enriched supernatants could induce pDC activation. As 
shown by Fig. 1G, conditioned media of cells treated with 
psoriatic cytokines stimulated the production of IFN-α 
by pDCs in a TLR7 dependent manner, as demonstrated 
by the lack of production in the presence of Enpatoran. 
Of note, cytokines alone (unconditioned medium) did 

Fig. 1 miR203a is upregulated in psoriatic patients and released by inflamed keratinocytes. (A) Sequence of synthetic hsa-miR203a-3p. G and U are 
highlighted in light blue and purple respectively while the TLR7 full binding motif “UUU” is underlined. (B) HEK293 cells stably transfected with a NF-kB 
reporter gene and human TLR7 or luciferase alone were stimulated with 10 µg/ml of miR203a or RNA40 for 24 h. NF-κB activation was evaluated in terms 
of luciferase activity (fold of induction) over unstimulated cells (NT). Data are expressed as mean ± SEM (n = 3); *P < 0.05 vs. “NT” by 1-way ANOVA with 
Dunnett’s post hoc test. (C) pDCs were pretreated or not with Enpatoran (Enp, 1 µM) for 1 h and then stimulated with miR203a for 24 h. IFN-α secretion 
was evaluated by ELISA (mean ± SEM, n = 3); *P < 0.05 vs. “NT” or #P < 0.05 vs. (-) by paired Student’s t test. (D) miR203a expression from paired non lesional 
(NL) and lesional (L) skin biopsies from 3 psoriatic patients was investigated by qPCR. Data are expressed as mean ± SEM of Relative Units (RU) compared 
to cel-miR39; *P < 0.05 vs. “NLS” by paired Student’s t test. (E) miR203a expression in the plasma of healthy donors (HD, n = 8) and psoriatic patients (PSO, 
n = 13) by qPCR; *P < 0.05 vs. “HD” by Mann-Whitney test. (F) Primary keratinocytes (KC) and HaCaT cells were stimulated with a mix of psoriatic cytokines 
(PC, each cytokine at 50 ng/ml) for 24 h and the expression of miR203a in the supernatant was assessed by qPCR (mean ± SEM, n = 3); *P < 0.05 vs. “NT” by 
paired Student’s t test. (G) pDCs were pretreated or not with Enpatoran for 1 h and then stimulated with conditioned media of KC or HaCaT (CM, 50% vol/
vol). IFN-α production was evaluated by ELISA (mean ± SEM, n = 3); *P < 0.05 vs. “NT” or #P < 0.05 vs. (-) by paired Student’s t test
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not induce IFN-α production by pDCs (Supplemental 
Fig. 1F).

This first set of experiments demonstrates that 
miR203a can be released by activated/psoriatic keratino-
cytes and, in turn, stimulate the production of the patho-
genetic mediator IFN-α by pDCs.

miR203a is encapsulated in small EVs (sEVs) released by 
damaged keratinocytes
Next, we set up a model to investigate if extracellu-
lar miR203a is encapsulated in EVs. This task required 
the availability of large amounts of supernatants pos-
sibly devoid of exogenous molecules such as cytokines 
used in previous experiments. Since the initiation phase 
of psoriasis is closely linked with environmental trig-
gers such as skin-damaging events and trauma (a.k.a 
Koebner phenomenon), keratinocytes and HaCaT cells 
were exposed to ultraviolet (UV) irradiation damage. As 
expected, UV exposure induced cell death as assessed by 
the double positivity for Annexin V and 7-AAD stain-
ing (Fig. 2A, left panels). In supernatants, we confirmed 
the accumulation of miR203a in both cell types (Fig. 2A, 
right panels). HaCaT cells were used for further experi-
ments because of the limited growth capability of pri-
mary keratinocytes that hampered the collection of 
sufficient amounts of supernatants for EV separation 
and analysis. sEVs were separated by differential ultra-
centrifugations from conditioned media of untreated- 
and UV-treated HaCaT cells (from now on, indicated as 
NT-sEVs and UV-sEVs). Morphology and size distribu-
tion of EVs were investigated by atomic force microscopy 
(AFM) and revealed that both EV populations had typi-
cal vesicular morphology with a diameter ranging from 
35 to 180 nm, compatible with the size of sEVs (Supple-
mental Fig.  2A-B). Specifically, NT-sEVs showed a peak 
around 40  nm whereas UV-sEVs showed higher vari-
ability in size distribution with a prevalence of EVs with 
a diameter around 80  nm (Supplemental Fig.  2B). EVs 
were evaluated for purity by COlorimetric NANoplas-
monic (CONAN) assay (Supplemental Fig. 2C) revealing 
that both NT- and UV-sEVs contained mainly vesicular 
particles being devoid of significant presence of single or 
aggregated proteins and thus of non-vesicular particles of 
diameter < 35 nm. Despite no significant difference could 
be found in the number of NT-sEVs versus UV-sEVs as 
well as in the three different preparations (Supplemental 
Fig. 2D), NT-sEVs and UV-sEVs differed in protein con-
centration, with a total protein content almost 10-fold 
higher in UV-sEVs as compared to NT-sEVs (Supplemen-
tal Fig. 2E). The expression of specific sEV markers was 
evaluated by flow cytometry and western blot to inves-
tigate extracellular and intracellular proteins, respec-
tively. Multiplex bead-based flow cytometry showed the 
expression of the canonical vesicle markers CD9, CD63 

and CD81 on sEVs, with a more abundant expression in 
UV-sEVs as indicated by the increase of the Median Fluo-
rescence Intensity (MFI) (Fig. 2B).

By contrast, both NT-sEVs and UV-sEVs expressed 
similar levels of the integrin CD29, the epithelial marker 
CD326 (also known as EpCAM) and the glycoprotein 
CD44 (Fig.  2B). Interestingly, the surface expression of 
MHC-I (a.k.a. HLA-ABC) was downregulated on UV-
sEVs (Fig.  2B). The expression of CD29 and MHC-I on 
sEVs was in line with what observed on the HaCaT cell 
surface (Supplemental Fig.  2F). sEVs were negative for 
most of the other surface markers investigated, such as 
hematopoietic markers, confirming the high specificity 
of the assay and the quality of sEV preparations (Fig. 2B 
and Supplemental Fig.  2F). Western blot analysis con-
firmed the presence of the typical sEV marker TSG101, 
a component of the ESCRT-I complex, and the absence 
of GM130, a cis-Golgi matrix protein, thus confirm-
ing EV enrichment and the absence of cell contami-
nants (Fig. 2C, upper panels). While using these protein 
extracts as controls in unrelated experiments, we unex-
pectedly noticed an enrichment in Ago2 protein, a com-
mon transporter of extracellular miRNAs, in UV-sEVs 
(Fig.  2C, lower panels). Finally, we confirmed that UV-
sEVs were enriched in miR203a as compared to NT-sEVs 
(Fig. 2D).

These experiments, designed to localize miR203a 
within sEVs, a population of EVs with the appropriate 
size for pDCs uptake [57] and content delivery to TLR7, 
also provide initial evidence that sEVs from untreated 
and UV-treated keratinocyte differ in several quali-quan-
titative features such as diameter, protein content and 
markers that may deserve thorough attention in future 
studies.

UV-sEVs contain more miRNAs than NT-sEVs and display a 
higher TLR7-activating potential
Based on the observed enrichment of UV-sEVs in the 
miRNA transporter Ago2 protein (Fig.  2C), we hypoth-
esized an enrichment in other miRNAs besides miR203a. 
Therefore, smallRNA sequencing was performed to thor-
oughly characterize the vesicle miRNome. Principal com-
ponent analysis (PCA) of miRNAs from sEVs revealed 
that UV-sEVs clearly segregate from NT-sEVs (Fig. 3A). 
According to our hypothesis, reads (FPM) attributed 
to miRNAs were significantly higher in UV-sEVs as 
compared to NT-sEVs (fold change UV-sEVs vs. NT-
sEVs = 6.05, Fig. 3B). 280 miRNAs could be identified in 
NT-sEVs and 355 in UV-sEVs: of these, 101 were pres-
ent only in UV-sEVs, 26 only in NT-sEVs and 254 in both 
populations (Fig.  3C). Despite this large overlap, miR-
NAs detected in UV-sEVs were present at significantly 
higher levels (FPM) as compared to NT-sEVs (Fig.  3D), 
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Fig. 2 sEVs derived from conditioned media of UV-treated HaCaT cells are enriched in Ago2 protein. (A) KC and HaCaT cells were UV irradiated and cell 
death was investigated by flow cytometry (left panels). miR203a expression in cell-free supernatants was assessed by qPCR (right panels). Data are ex-
pressed as mean ± SEM of Relative Units (RU) compared to UniSp4 RNA; *P < 0.05 vs. “NT” by paired Student’s t test. (B) sEV surface proteins were analysed 
by multiplex bead-based flow cytometry. PE channel vs. APC-stained channel dot plots (B, left panels) display the signal of single bead types. The bead 
populations with the brightest staining are colored. (B, right panel) Heatmap of the Median Fluorescence Intensity (MFI) of the APC channel for all 39 
bead populations after subtraction of background signal (medium alone) in 2 independent sEV preparations. Markers called present are highlighted with 
the same colors as in dot plots. (C) Western blot analysis was performed on HaCaT cell lysates (10 µg) or on equal volumes of NT-sEVs and UV-sEVs. One 
representative experiment out of 3 is shown. (D) miR203a expression in NT-sEVs or UV-sEVs was evaluated by qPCR. Data are expressed as mean ± SEM of 
Relative Units (RU) compared to UniSp4 RNA; *P < 0.05 vs. “NT” by paired Student’s t test
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in accordance with the highest number of global reads 
shown in Fig. 3B.

Next, we investigated the TLR7-binding properties of 
miRNAs contained in the two sEV populations. To this 

extent, we considered two approaches: GU content and 
content of TLR7-binding triplets [6, 8, 9]. Supplemental 
Fig. 3A shows that the 280 miRNAs in NT-sEVs and the 
355 miRNAs in UV-sEVs displayed an overlapping base 

Fig. 3 UV-sEVs contain more miRNAs as compared to NT-sEVs and display a higher TLR7-activating potential. (A) PCA scatterplot based on the variance 
stabilized counts of mature miRNAs identified in smallRNA-seq data of NT-sEVs (“NT”) and UV-sEVs (“UV”) (n = 3). (B) Total fragment per million mapped 
reads (FPM) in NT-sEVs and UV-sEVs. Data are expressed as mean ± SEM (n = 3); *P < 0.05 vs. “NT” by paired Student’s t test. (C) Venn diagram of number of 
miRNAs expressed in NT-sEVs and UV-sEVs as obtained from smallRNA-seq analysis. (D) Violin plot of the expression levels of miRNAs present either in NT-
sEVs and UV-sEVs. For each miRNA the FPM value of 3 experiments was plotted. Data are shown as log10 (FPM). (E) G and U content was determined for 
each miRNA in NT-sEVs and UV-sEVs and adjusted for its expression (FPM). Data are expressed as mean ± SEM (n = 3); *P < 0.05 vs. “NT” by paired Student’s t 
test. (F) miRNAs were characterized as “high TLR7 binding” if containing at least one UUU/UUC triplet or “medium TLR7 binding” if containing at least one 
UUA/UUG triplet (medium binding potential) and represented with their respective levels of expression (FPM). Data are expressed as mean ± SEM (n = 3); 
*P < 0.05 vs. “NT” by paired Student’s t test
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composition, as expected based on the high number of 
shared miRNAs. The quantification of these diagrams 
(Supplemental Fig. 3A, right panel) highlighted a preva-
lence of G and U over A and C in both conditions: this 

prevalence was previously identified as typical of human 
miRNAs [58, 59] and even more distinctive of extracel-
lular miRNAs [60]. In addition, we noticed a statistically 
significant decrease in the G content in UV-sEVs, that 

Fig. 4 (See legend on next page.)
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was compensated by an increase (although in both cases 
not statistically significant) in U and A. As expected, we 
also found a similar composition in high- medium- and 
no-TLR7-binding miRNAs (Supplemental Fig. 3B).

However, when the contents of G and U and TLR7-
binding triplets were adjusted for the level of expres-
sion of each specific miRNAs (FPM), the neat content of 
TLR7-activating bases (Fig.  3E) and miRNAs (as evalu-
ated by the content of at least one TLR7-binding triplet, 
Fig. 3F) appeared significantly higher in UV-sEVs.

These results indicate that, despite NT-sEVs and UV-
sEVs largely overlap for the panel of miRNA that they 
vehiculate, UV treatment increases the miRNA load of 
sEVs, thus also increasing the TLR7-activating potential 
of UV-sEVs.

Most miRNAs are upregulated in UV-sEVs and display 
marked TLR7-activating features
Next, we performed a differential miRNA expression 
analysis to compare UV-sEVs and NT-sEVs. A total of 
281 miRNAs were significantly modulated in UV-sEVs 
as compared to NT-sEVs; notably, 260 of these miRNAs 
(92.5%) were upregulated in UV-sEVs (Fig. 4A and Sup-
plemental 4A). Upregulation of miR203a in UV-sEVs was 
confirmed also in sequencing data (fold change = 5.51, 
adjusted p-value = 2.53 × 10− 9, Fig.  4B, upregulation 
assessed by real-time PCR was shown in Fig. 2D). Inter-
estingly, among upregulated miRNAs we noticed miR21 
and miR146a, previously described as elevated in pso-
riasis [37] and also found here to be upregulated in our 
psoriatic skin biopsies (Supplemental Fig. 4B upper pan-
els), thus further validating that our in vitro model faith-
fully mimic psoriatic conditions. As an internal control 
of the accuracy of our bioinformatic analysis, these two 
miRNAs were confirmed as upregulated also in sequenc-
ing data (Supplemental Fig.  4B middle panels) and by 
real-time PCR in sEVs (Supplemental Fig. 4B lower pan-
els). Additionally, we confirmed by real-time PCR that 
NT-sEVs and UV-sEVs contained equal levels of some 
miRNAs that were found unchanged by bioinformatic 
analysis (Supplemental Fig. 4C, and Methods section).

Differentially expressed miRNAs and unchanged miR-
NAs were analyzed for their TLR7-binding capability 
with the same approach of previous Sects. [6, 8, 9]. Base 
composition analysis (Fig. 4C) clearly showed that upreg-
ulated miRNAs were significantly enriched in U and A, 
while G was decreased compared to downregulated and 
unchanged miRNAs. In addition, 76.5% upregulated 
miRNAs contained high- or medium-TLR7-binding trip-
lets, while only 58.7% of down/unchanged did (Fig. 4D). 
Finally, we found that the expression of a set of GU-rich 
miRNAs known to be responsible for TLR7/8 activation, 
namely let7 and miR29 family members, miR21, miR34a 
and miR146a [21–23, 26, 61–71], was significantly upreg-
ulated in UV-sEVs as compared to NT-sEVs (Fig. 4E).

These results reinforce our previous findings, indicat-
ing that the enrichment in TLR7-binding sequences in 
UV-sEVs is striking when considering upregulated miR-
NAs. Here, indeed, the skewing towards an increased 
TLR7-activating potential is independent of miRNA 
abundance and rather suggests the existence of mecha-
nisms of “miRNA sorting” to enrich sEVs of damaged 
keratinocytes in TLR7-binding species. Further work is 
granted to confirm this hypothesis by studying the TLR7-
binding miRNA cargo in other pathological settings.

UV-sEVs, but not NT-sEVs, activate pDCs via TLR7
Next, we wanted to demonstrate the TLR7-activating 
capability of UV-sEVs (and their carried miRNome) in a 
biological setting. pDCs were stimulated with NT-sEVs 
and UV-sEVs, showing that UV-sEVs could induce IFN-α 
secretion (Fig. 5A), phenotypical maturation (Fig. 5B) and 
CD8+ T cell activation as shown by the increased release 
of IFN-γ (Fig. 5C). To better address the role of sEVs in 
pDC activation, HaCaT cells were treated with UVs in the 
presence of GW4869 and manumycin A (GW/M), which 
inhibit the ESCRT-independent and ESCRT-dependent 
EV secretory pathway respectively, prior to supernatant 
collection and sEV isolation. The inhibitor combination 
reduced the number (Supplemental Fig.  5A), the total 
protein content (Supplemental Fig. 5B), the expression of 
the sEV markers TSG101 and CD81 and of Ago2 protein 
(Supplemental Fig. 5C) as well as the content of miR203a 

(See figure on previous page.)
Fig. 4 Most miRNAs are upregulated in UV-sEVs and are enriched in TLR7-activating moieties. (A) Volcano plot of differentially expressed miRNAs in NT-
sEVs and UV-sEVs. For each miRNA, the log2 (fold change, x-axis) and the -log10 (adjusted p-value, y-axis) are shown. Dashed line shows the 0.05 boundary 
for adjusted p-value. Red dots: upregulated miRNAs (log2(fold change) > 1.5, adjusted p-value < 0.05; blue dots: downregulated miRNAs (log2(fold change) 
< -1.5, adjusted p-value < 0.05; grey dots: not differentially expressed miRNAs. Black dot highlights miR203a (B) miR203a expression levels in NT-sEVs (“NT”) 
and UV-sEVs (“UV”) as obtained from smallRNA-seq data. miR203a expression is reported as FPM (mean ± SEM, n = 3); *P < 0.05 vs. “NT” according to the 
Wald test implemented in DESeq2. (C, left panel) Base composition (%, colors as indicated in figure) of each down/unchanged or upregulated UV-sEV 
miRNA is represented. miRNAs were ordered based on decreasing contents of G + U. (C, right panel) Confidence level of the percentage of the base com-
position of down/unchanged or upregulated miRNAs is represented. Base proportions were modelled using a multinomial regression. Post-hoc contrasts 
p-values were adjusted using Holm procedure; *P < 0.05 vs. “NT”. (D) Pie charts representing the significantly different mean proportions of TLR7-binding 
miRNAs in down/unchanged or upregulated UV-sEVs. The distribution of TLR7 high, medium and no binding sequences between down/unchanged and 
upregulated was compared sing a multinomial logistic regression model and tested using a likelihood ratio test (LRT, p = 0.00055). (E) Heatmap of the 
modulation of miRNAs previously demonstrated to activate TLRs in UV-sEVs as compared to NT-sEVs. Data are shown as z-score transformed FPM
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(Supplemental Fig.  5D) of UV-sEVs. Accordingly, these 
sEVs induced low or no IFN-α when used to stimulate 
pDCs (Fig.  5D). Also, the block of IFN-α release in the 
presence of Enpatoran demonstrated that pDC activation 
almost completely depended on TLR7 triggering by sEV-
vehiculated ligands (Fig. 5E). Finally, we show that pDC 
activation by sEVs can be abolished in the presence of an 
antibody directed against the inhibitory pDC molecule, 
BDCA2 [72](Fig. 5F).

Taken together, these results demonstrate that UV-
sEVs induce pDCs activation through the interaction 

between the miRNome carried by sEVs and TLR7 
expressed by pDCs.

Discussion
miR203a is a well-known keratinocyte-specific miRNA 
upregulated in psoriatic skin [37, 38, 55]. Here, we show 
that miR203a is released by psoriatic keratinocytes 
encapsulated in sEVs and that it triggers the production 
of IFN-α by pDCs via TLR7 activation. More importantly, 
we show that miR203a represents only one paradigmatic 
TLR7-activating miRNA among the hundreds that are 

Fig. 5 The miRNA cargo of UV-sEVs activates pDCs via TLR7. (A-B) pDCs were stimulated for 24 h with an equal volume (approximately 1010 sEVs) of 
NT-sEVs (“NT”) or UV-sEVs (“UV”). IFN-α production was evaluated by ELISA (A) while pDC maturation was assessed by flow cytometry (B). (A-B) Data are 
expressed as mean ± SEM (n = 3); *P < 0.05 vs. “NT” by paired Student’s t test. (C) sEV-activated pDCs were cocultured for 6 days with allogenic CD8+ T cells 
and the secretion of IFN-γ was evaluated by ELISA in cell-free supernatants. Data are expressed as mean ± SEM (n = 3); *P < 0.05 vs. “NT” by paired Student’s 
t test. (D) pDCs were stimulated for 24 h with UV-sEVs produced in the presence or absence of 10 µM GW4869 (GW) and 1 µM manumycin A (M). (E) 
pDCs were stimulated with UV-sEVs in the presence or absence of Enpatoran (Enp, 1 µM) for 24 h. (D-E) IFN-α production was assessed by ELISA. Data are 
expressed as mean ± SEM (n = 3) of the percentage of IFN-α production; #P < 0.05 vs. (-) by paired Student’s t test. (F) pDCs were pretreated for 1 h with an 
anti-BDCA2 monoclonal antibody or an isotype control (both at 1 µg/ml) and then stimulated with UV-sEVs. The production of IFN-α was evaluated by 
ELISA and represented as percentage of IFN-α production. One representative donor out of 2 is shown
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released by damaged keratinocytes, which we propose to 
work as an alarmin cargo contributing to pDC activation 
in the earliest phases of psoriatic pathogenesis.

To date, the existence of an unconventional mecha-
nisms of TLR7/8 stimulation by extracellular miRNAs is 
well documented and linked to the establishment of det-
rimental inflammation in several pathological settings 
including cancer, neurodegeneration, sepsis, graft-vs.-
host diseases and different forms of autoimmunity [21–
23, 25, 26, 61–71, 73]. Most studies identified one or few 
upregulated GU-rich miRNAs as responsible of TLR7/8 
activation, for a total of less than twenty activatory 
sequences characterized so far (let-7 and miR29 family 
members, miR-7a, miR-21, miR-34a, miR-122, miR-133a, 
miR-142, miR-145, miR-146a and miR-208a).

However, the current knowledge about RNA recogni-
tion by TLR7 [3, 5, 9] suggests that many more miRNAs 
than previously thought may work as ligands after endo-
somal digestion into smaller sequences. In accordance, 
we found that sEVs released by damaged keratinocytes 
are strongly enriched in TLR7 binding sequences (in 
addition to miR203a) as compared to sEVs from resting 
keratinocytes and that such enrichment correlated with 
the potential to activate pDCs via TLR7. Thus, uncon-
ventional TLR-stimulating functions may need to be 
rethought as dependent on whole sEV miRNA cargoes 
shifted towards stronger TLR7-activating potential rather 
than on a single/few specific upregulated miRNAs. This 
hypothesis needs further research to demonstrate the 
existence of such TLR-binding shift and related TLR-
dependent immune cell activation in other pathological 
conditions. In this direction, one bioinformatic study 
reported that apoptotic endothelial cells release sEVs 
loaded with immunostimulatory viral-like RNAs strongly 
enriched in U-rich motives which could represent 
TLR7/8 ligands, but no functional activation of TLR7/8 
expressing cells is shown [60]. To the best of our knowl-
edge, our study shows for the first time a clear functional 
correlation between increased TLR7-binding sequences 
and activation of primary human TLR7-expressing 
immune cells.

Our results also add evidence in support of the physi-
ological relevance of cell-to-cell miRNA-based commu-
nication, which remains uncertain because of the low 
representativity of specific miRNAs within the extra-
cellular pool [48, 74–76]. Indeed, to trigger measurable 
effects via conventional post-transcriptional regulation, 
a threshold of about one thousand copies of target-spe-
cific miRNAs has to be reached in the cytoplasm of each 
recipient cell [77], which implies an estimated delivery 
of tens of thousands of sEVs and also an efficient escape 
of undigested miRNAs from the endosomes [78], a well-
known rate-limiting step for both therapeutic short 
interference RNA delivery and viral infection [79, 80]. By 

contrast, unconventional TLR-binding activity does not 
require the simultaneous entry of hundreds of copies of 
one target-specific miRNA in the recipient cell. Rather, as 
indicated by our results, numerous TLR-binding miRNAs 
would act synergistically to activate TLR7. In addition, 
receptor activation by miRNA-loaded sEVs is plausible, 
given that the concentration of a single RNA molecule 
within sEVs is calculated in the micromolar range, which 
matches TLR7 affinity for GU-rich sequences [9, 24, 81]. 
Finally, since inflammation is an auto-amplifying process, 
it easily transfers even weak local signals to the organism 
level, as well documented by IFN-α production by pDCs 
that ignite a systemic autoimmune response [31, 32, 34].

Extracellular miRNAs can be either free or encap-
sulated into EVs [48, 82, 83]. Our analysis focused on 
sEV-encapsulated miRNA which could activate pDCs in 
a TLR7-dependent manner, in accordance with most of 
the works describing unconventional TLR-binding activ-
ity [21, 23, 26, 61, 63, 65–71]. Indeed, EV-encapsulation 
facilitates the entering in the endocytic pathway where 
miRNAs may directly engage TLR7/8 following neces-
sary fragmentation [5, 84]. In this regard immune cells, 
including pDCs, not only represent the major sites of 
TLR7 or TLR8 expression but also display a marked 
attitude to particle engulfment correlated to their anti-
microbial and/or antigen presenting functions [85, 86]. 
Interestingly, nanometric particles were shown to be 
selectively internalized by pDCs leading to the produc-
tion of large amounts of IFN-α, in accordance the acti-
vation by nanometric sEVs demonstrated here [57]. 
However, the present experimental setting does not allow 
to exclude that micrometric particles and/or free miR-
NAs might also reach endosomal TLR7 in pDCs. In this 
regard, the uptake of free miRNAs by pDCs was previ-
ously described to take place following the recognition of 
Ago2 by the receptor Neuropilin-1 [87].

In line with theories suggesting that EVs derived from 
healthy tissues are essentially immune-silent [88], sEVs 
from resting keratinocytes did not activate pDCs. Based 
on the effects of Enpatoran, which dramatically decreases 
pDC activation by UV-sEVs, we ascribe this difference to 
the “healthy” sEV cargo of resting cells, characterized by 
reduced TLR7-binding potential. However, our EV char-
acterization shows that also protein markers and compo-
sition of the sEV populations produced by stressed cells 
differ from healthy ones, which may also play a role in 
making vesicles more activatory. Previous studies indi-
cated that sEVs released in acute stress responses con-
centrate immune active molecules apart from miRNAs, 
including lipids, prostaglandins, proteins and metabo-
lites: these, delivered as a bundle, were proposed to ini-
tiate sterile inflammation and shape the outcome of the 
immune response in different contexts [88–92]. In such 
view, it makes sense to hypothesize that acute stress 



Page 14 of 16Salvi et al. Cell Communication and Signaling          (2024) 22:536 

messages are sent more easily and efficiently by increas-
ing the sorting of GU-rich miRNA into sEVs rather than 
by upregulating one single specific miRNA. We also pro-
pose that, while immune cells equipped with a broader/
different variety of alarmin receptors may respond to 
several EV components [91], pDC activation may mostly 
depend on the miRNA cargo.

Finally, inhibitor experiments shown here indicate that 
pDC activation largely depends on unconventional TLR7 
activation by miRNAs but do not completely rule out the 
possibility that sEV-delivered miRNAs may exert mar-
ginal post-transcriptional regulation in pDCs.

From a translational point of view, the inhibition of 
IFN-α production by both Enpatoran and anti-BDCA2 
antibody has a therapeutical significance, being both 
drugs in clinical trials for the treatment of IMIDs [13, 15, 
16, 93].

In conclusion, our results indicate that the miRNA 
cargo of sEVs enriched in TLR7-activating sequences 
may contribute to unwanted inflammation and represent 
a novel mechanism capable to trigger psoriasis and pos-
sibly other IMIDs.
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