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Abstract
An immunoregulatory role of stem cells, often mediated by their secretome, has 
been claimed by several studies. Stem cell- derived extracellular vesicles (EVs) are 
crucial components of the secretome. EVs, a heterogeneous group of membra-
nous vesicles released by many cell types into the extracellular space, are now 
considered as an additional mechanism for intercellular communication. In this 
study, we aimed at investigating whether human amniotic stem cell- derived 
extracellular vesicles (HASC- EVs) were able to interfere with inflammasome 
activation in the THP- 1 cell line. Two subsets of HASC- EVs were collected by 
sequential centrifugation, namely HASC- P10 and HASC- P100. We demonstrated 
that HASC- EVs were neither internalized into nor undertake a direct interac-
tion with THP- 1 cells. We showed that HASC- P10 and P100 were able to intrinsi-
cally produce ATP, which was further converted to adenosine by 5’- nucleotidase 
(CD73) and ectonucleoside triphosphate diphosphohydrolase- 1 (CD39). We 
found that THP- 1 cells conditioned with both types of HASC- EVs failed to acti-
vate the NLRP3/caspase- 1/inflammasome platform in response to LPS and ATP 
treatment by a mechanism involving A2a adenosine receptor activation. These 
results support a role for HASC- EVs as independent metabolic units capable of 
modifying the cellular functions, leading to anti- inflammatory effects in mono-
cytic cells.
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1  |  INTRODUCTION

Extracellular vesicles (EVs) are a heterogeneous family 
of lipid bilayer- vesicular structures that are released by 
nearly all living cells and can perform a wide range of crit-
ical biological functions.1 As carriers of biologically active 
molecules including proteins, lipids, and nucleic acids, 
EVs mediate cell- to- cell communication and execute di-
verse functions by delivering their cargoes to specific cell 
types in both normal and pathological conditions, includ-
ing cancer, angiogenesis, cellular differentiation, osteo-
genesis, and inflammation.2– 6 EVs transmit information 
and activate biological responses in target cells through 
several potential mechanisms: (i) direct fusion with the 
plasma membrane and release of the exosomal content; 
(ii) uptake of intact exosomes into endosomes and subse-
quent release of the content into the cytoplasm; (iii) jux-
tacrine signaling between ligands expressed on exosomes 
and cognate receptors on target cells, without intracellular 
delivery of cargo.7,8

A growing body of evidence supports a key role for 
EVs in regulating metabolic homeostasis or associated 
cellular processes.9 A pivotal role attributed to EVs is the 
propagation of specific metabolic signals to the surround-
ing cells in the microenvironment. For instance, glucose 
deprivation has been shown to promote the trafficking of 
glucose transporters and glycolytic enzymes between car-
diomyocytes through EVs.10 Iraci et al. demonstrated that 
neural stem/progenitor cell (NSC)- derived EVs exhibit 
L- asparaginase activity.9 Prostate- derived EVs harbor en-
zymes involved in adenosine triphosphate (ATP) meta-
bolic turnover which is involved in EVs uptake by prostate 
cancer cells.11 Although it has been shown that cells can 
traffic metabolic enzymes via EVs, much remains to be 
clarified regarding the impact of their metabolic activity.

Several studies have highlighted an immunoregula-
tory role for stem cells (SCs) and their secreted EVs.4,12,13 
Although the remarkable ability of SCs to promote tissue 
repair and regeneration has long been attributed to their 
proficiency to differentiate into other cell types upon en-
vironmental cues, it has become clear that SCs can exert 
most of their reparative, angiogenic and immunosuppres-
sive functions through paracrine mediators, involving 
soluble factors and EVs.14 Therefore, SC- derived EVs are 
now of great interest as an alternative to stem cells in spe-
cific MSC- based therapeutic approaches and have shown 
promising effects in various autoimmune disorders.12,15,16

Maturation of IL- 1β by caspase- 1  mediated cleavage 
is a key inflammatory event. Caspase- 1 itself is synthe-
sized as an inactive 45 kDa zymogen (pro- caspase- 1) that 
undergoes autocatalytic processing following an appro-
priate stimulus.17 Caspase- 1 is activated within multipro-
tein complexes, named inflammasomes. Inflammasomes 
recognize various inflammation- inducing stimuli, such 
as endogenous danger/damage- associated molecular 
patterns (DAMPs) and exogenous pathogen- associated 
molecular patterns (PAMPs). They tightly regulate the 
production of proinflammatory cytokines, such as IL- 1β 
and IL- 1818 by activating caspase- 1 through interaction 
with ASC (apoptosis- associated speck- like  protein con-
taining a carboxy- terminal CARD), an adapter protein 
that  bridges NOD- like receptor (NLRs) and caspase- 1.19 
Canonical NOD- like receptor protein 3 (NLRP3) is the 
most studied and best- known inflammasome receptor, 
which senses multiple microbial and endogenous dan-
ger signals.20 Inflammasomes are now recognized as key 
mediators of acute and chronic inflammatory responses 
involving macrophages and dendritic cells. Moreover, a 
recent study demonstrated that EVs can be involved in in-
flammasome activation in cells of prostatic origin.21

The objective of this study was to investigate whether 
EVs derived from human amniotic fluid stem cells (HASC- 
EVs) have an intrinsic metabolic activity that could exert 
functional roles either directly or indirectly, through the 
autonomous production of active biomolecules. We have 
demonstrated for the first time that HASC- EVs possess 
intrinsic metabolic activities and that the generated met-
abolic products influence the phenotype of the human 
monocytic cell line THP- 1 through the production of 
adenosine.

2  |  MATERIALS AND METHODS

2.1 | Reagents

All the chemicals used in the present study were an-
alytical grade reagents from various sources. LPS 
(Lipopolysaccharide from Escherichia coli 0111:B4), 
ATP (Adenosine 5′- triphosphate disodium salt hydrate), 
ADP (Adenosine 5′- triphosphate disodium salt), AMP 
(Adenosine 2′- monophosphate), ADO (Adenosine), glu-
taraldehyde solution, osmium tetroxide were purchased 
from Sigma– Aldrich (Milan, Italy).
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Acetonitrile (HPLC grade) was from J.T.Baker, ammo-
nium acetate was from Carlo Erba Analyticals. All reagents 
used for the HPLC were dissolved in ultra- pure water and 
then filtered with a 0.45- µm Durapore Membrane Filters 
(Millipore).

The non- specific adenosine receptor agonist N- 
ethylcarboxamidoadenosine (NECA), the selective 
adenosine A2a receptor agonist CGS- 21680 (4- [2- [[
6- Amino- 9- (N- ethyl- β- D- ribofuranuronamidosyl)- 9
H- purin- 2- yl]amino]ethyl]benzenepropanoic acid) 
and the selective A2A receptor antagonist ZM241385 
(4- (2- [7- Amino- 2- (2- furyl)[1,2,4]triazolo[2,3- a][1,3,5]
triazin- 5- ylamino]ethyl)phenol) were obtained from 
Tocris Bioscience (Bristol, UK) and dissolved in dimethyl 
sulfoxide (DMSO). BS(PEG)5 (PEGylated bis(sulfosuccin-
imidyl)suberate) and DiL (1,1′- Dioctadecyl- 3,3,3′,3′- Tetra
methylindocarbocyanine Perchlorate) were from Thermo 
Fisher Scientific (Walthnam, MA, USA). Unless other-
wise stated, all the antibodies were from Cell Signaling 
Technology (Danvers, MA, USA), and all cell culture re-
agents were from Invitrogen (Milan, Italy).

2.2 | HASCs isolation and culture

HASCs were obtained from human amniotic fluids of 
16– 17- week pregnant women (aged 35– 40  years), who 
underwent amniocentesis during routine prenatal di-
agnosis. The study was approved by the University of 
Perugia Bioethics Committee, and each participant pro-
vided informed consent for the secondary use of amniotic 
fluid samples. The isolation was performed according to 
Romani et al.12

2.3 | Isolation of HASC- derived EVs

EVs isolation was performed according to Romani et al.12 
Briefly, serum- free conditioned medium (MSCBM Lonza, 
Milan Italy # PT- 3238 with L- glutamine and gentamicin 
sulfate/amphotericin B) from 5  ×  106 HASCs (passage 
4– 5) after 24 h culture, was pooled and centrifuged at 300 g 
for 10  min, then at 2000  g for 20  min, followed by cen-
trifugation at 10 000 g for 45 min, the pellet was saved as 
HASC- P10 fraction and the supernatant was ultracentri-
fuged at 100 000 g for 60 min in an Optima TLX ultracen-
trifuge with a 60Ti rotor (Beckman Coulter, USA) and the 
pellet saved as HASC- P100. HASC- P10 and HASC- P100 
pellets were washed by ultracentrifugation at 100 000 g for 
60  min with PBS containing 1% penicillin/steptomycin. 
We used sterile certified centrifuge tubes free of any de-
tectable DNA, DNase, RNase, PCR inhibitors, and endo-
toxins (Beckman Coulter, USA) and sterile practices. The 

pellets were suspended at 1  mg/ml concentration with 
endotoxin- free PBS (Merck, Darmstadt, Germany) added 
with 1% penicillin/ and streptomycin to avoid potential 
microbial contamination and stored at −80°C until fur-
ther use. All samples were tested for their endotoxin level 
with Pierce™ LAL Chromogenic Endotoxin Quantitation 
Kit (Thermo Scientific, San Jose, CA, USA). All the sam-
ples used in the study have endotoxin levels below the de-
tection limit.

2.4 | Nanoparticle tracking analysis 
(NTA)

HASC- P10 and HASC- P100 pellets were resuspended in 
PBS (filtered through a 0.02 µm Anotop 25 filter) to ob-
tain a concentration within the recommended range 
(2  ×  108– 1  ×  109 particles per ml). Samples were vor-
texed for 1  min and then loaded into a NS500 instru-
ment (Malvern Instruments Ltd, Worcestershire, UK). 
For each sample, 5 videos of 60  sec were acquired and 
processed using the NTA2.3  software. Particles moving 
under Brownian motion were tracked and their hydrody-
namic diameter was calculated using the Stokes- Einstein 
equation.

2.5 | Scanning Electron Microscopy 
(SEM) analysis

EVs were fixed in 1.5% glutaraldehyde for 15 min at room 
temperature, washed with water, sedimented on glass cov-
erslips, and then allowed to dry at room temperature. SEM 
images were obtained using a field emission gun electron 
scanning microscope (LEO 1525 Zeiss; Thomwood NY, 
USA) with Cr metallization using a high- resolution sput-
ter 150T ES- Quorum apparatus (24 s, sputter at a current 
of 240 mA). Chromium thickness was ~10 nm.

2.6 | Transmission Electron Microscope 
(TEM) analysis

HASCs were detached from the flask by trypsin- EDTA and 
fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer 
(PB; sodium chloride, 150  mM, and sodium phosphate, 
150 mM pH 7.3), for 1 h at 4°C. Cells were washed in PB 
and centrifuged at 300 g for 10 min to remove the fixative. 
After washing twice with PB, the pellet was post- fixed in 
2% osmium tetroxide, dehydrated in a graded series of eth-
anol up to absolute, and embedded in Epon 812. Ultrathin 
sections (90 nm) were mounted on 200- mesh copper grids, 
stained with uranyl acetate and lead citrate, and examined 
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under a Philips EM 208 transmission electron microscope 
(TEM) equipped with a digital camera (University Centre 
for Electron Microscopy [CUME]— Perugia).

2.7 | Proteomics analysis

HASC- P10 and HASC- P100 were separated on 6%– 15% po-
lyacrylamide gels and then stained with Oriole Fluorescent 
gel stain (Bio- Rad, Hercules, California USA). The whole 
gel was sliced in 21 bands (approximately 3 × 5 mm) for 
each lane using a Versadoc 1000 instrument (Bio- Rad, 
Hercules, CA, USA). The band were washed and gradu-
ally dehydrated twice in 100 mM ammonium bicarbonate 
(ABC)/50% acetonitrile (ACN), in 50 mM ABC/50% ACN 
and in 25 mM ABC/50% ACN.

Cysteine bonds were reduced by incubation with 
10 mM DTT/25 mM ABC at 56°C for 1 h and alkylated 
with 50 mM iodoacetamide/25 mM ABC at room tempera-
ture for 45 min in the dark, washed in water, and dried in 
a vacuum centrifuge. Gel cubes were incubated overnight 
with 6.25 ng/ml trypsin in ABC at 37°C to allow digestion. 
The supernatants were recovered, and peptides were ex-
tracted twice in 0,1% formic acid/60% ACN and dried in 
a vacuum centrifuge. Peptides were then resuspended in 
100 µl of loading buffer (5% ACN/0.1% formic acid).

Oligopeptides were separated using a ProteomeX ap-
paratus (Thermo Scientific, San Jose, CA, USA) equipped 
with a 100 μl loop and a Hypersil- Keystone BioBasic C18 
capillary column (0.18 × 100 mm) and configured in the 
Protein ID mode. The oligopeptide mixtures were injected 
in the RP- column equilibrated with 0.1% formic acid (sol-
vent A) and separated with a gradient of ACN containing 
0.1% formic acid (solvent B), at a flow rate of 2  μl/min. 
After column injection, oligopeptides were eluted with a 
35 min linear gradient from 5 to 60% solvent B, followed 
by a 5 min linear gradient from 60 to 80% solvent B and 
8  min isocratic elution with 80% solvent B. Columns 
were equilibrated 20  min with solvent A before loading 
next sample. Eluted oligopeptides were electrosprayed di-
rectly into the LCQ Deca- XPPlus ion- trap mass spectrom-
eter. Database searching was performed by the MASCOT 
software version 2.2 (http://www.matri xscie nce.com/).22 
Bioinformatic analysis of the proteomics data was per-
formed by means of FUNRICH software.23

2.8 | THP- 1 cell culture and 
drug treatments

Human THP- 1 monocytes were purchased from American 
Type Culture Collection (ATCC, USA) and routinely main-
tained at 37°C in 5% CO2 in RPMI 1640  supplemented 

with 10% heat- inactivated FBS, L- glutamine, 1  mM so-
dium pyruvate, non- essential amino acids, 1% of penicil-
lin/streptomycin. THP- 1 cells (3  ×  106 cells/well) were 
plated in 12- well culture dishes, pretreated for 1  h with 
100  μg/ml HASC- derived EV- P10 (HASC- P10) or EV- 
P100 (HASC- P100), corresponding to approx. 1 × 102 and 
2  ×  102 EVs/cell, respectively. THP- 1 cells were subse-
quently primed with 10 µg/ml LPS for 20 min and then 
activated with 5 mM ATP for 40 min. The concentration 
of EVs has been chosen on the basis of previous experi-
ences.21,24 In independent experiments, THP- 1 cells were 
treated with 1 µM NECA or with 100 µM CGS- 21680 for 
2  h, or with 500  nM ZM241385 1  h before treatments. 
Vehicle- treated cells (DMSO) did not show any significant 
difference with respect to untreated control cells; there-
fore, all the relative treatments were compared to these 
latter controls.

At the end of the treatments, total cell lysates were pre-
pared using RIPA buffer with protease and phosphatase 
inhibitors.

2.9 | Western blot analysis

Total THP- 1 cell lysates (10 µg) were separated by 8% or 
12% sodium dodecyl sulfate- polyacrylamide gel electro-
phoresis (SDS- PAGE) and transferred on nitrocellulose 
membrane. Non- specific binding sites were blocked in 
Roti- Block (Roth GmbH) for 1 h at room temperature. The 
membranes were blotted overnight at 4°C with the follow-
ing anti- human Abs diluted in Roti- Block: anti- ALIX(1A12; 
sc- 53540) mouse monoclonal antibody (mAb) (Santa Cruz 
Biotechnology); antiTGS101(C- 2; sc- 7964) mAb (Santa 
Cruz Biothecnology); anti- CD81 (B- 11;sc- 166029) mAb 
(Santa Cruz Biotechnology); anti- ARF6 (3A- 1; sc7971) 
mAb (Santa Cruz Biothecnology); anti- Lamin A/C (346; 
sc- 7293) mAb (Santa Cruz Biotechnology); anti- COX 
IV (F- 8: sc- 376731) mAb (Santa Cruz Biotechnology); 
anti- GAPDH (D16H11) mAb; anti- pyruvate kinase mAb 
(#4053); anti- NLRP3 (D4D8T) mAb (#15101); anti- 
Caspase- 1 polyclonal antibody (pAb) (#2225); anti- IL- 1β 
(3A6) pAb (#12242); anti- ASC/TMS1 (E1E31) (#13833) 
mAb; anti- AIM2 (D5X7K) (#15101) mAb; anti- A2aR (7F6- 
G5- A2) mAb (#32261) (Cell Signalling Technology); anti- 
phospho- NLRP3 (Ser295) pAb (#5071SL) (Thermo Fisher 
Scientific, USA). After washing with TBST, blots were in-
cubated for 1 h at room temperature with the appropriated 
HRP- conjugated secondary Abs and revealed using the 
enhanced chemi- luminescence (ECL) system (Amersham 
Pharmacia Biotech). Membranes were stripped and re- 
probed with anti- β- actin mAb (I- 19) antibody (Santa Cruz 
Biotechnology) as the loading control. Densitometric 
analyses were performed with ImageJ software.

http://www.matrixscience.com/
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ASC crosslinking was performed with BS(PEG)5 ac-
cording to the manufacturer's guidelines. Briefly, cells were 
resuspended in PBS (pH 7.2), frozen, thawed 5 times, and 
centrifuged for 10 min at 10 000 g at 4°C. Pellets were gently 
resuspended in 50 µl of PBS (pH 7.2). Subsequently, 1 µl of 
a BS(PEG)5 250 mM to a final concentration of 5 mM was 
added and incubated for 30 min at room temperature. In the 
end, 5 µl TRIS 500 mM (pH 7.5) was added, incubated for 
15 min at room temperature, and centrifuged for 10 min at 
10 000 g at 4°C. Pellets were resuspended in 20 µl loading 
buffer and resolved on a 12% SDS- PAGE and visualized by 
immunoblotting with an anti- ASC antibody.

2.10 | ATP measurement

ATP measurement was performed with an in vitro assay, 
20 μg EVs and HASC cells (positive controls) were incu-
bated in “glycolytic buffer” containing: 10  mM MgCl2, 
10 mM KCl, 10 mM β- nicotinamide adenine dinucleotide 
(NAD+), 10 mM DTT, 50 μM ADP in PBS. The mixture 
was preincubated for 10 min at 37°C. Preincubated EVs 
were separately incubated with selected effectors (5 mM 
glucose, 20 mM 2- deoxyglucose, 10 mM sodium tartrate, 
1 mM sodium fluoride, 1 mM rameic sulfate) for 30 min at 
37°C to examine ATP formation under various conditions. 
Then, 10 μl of the mixture were used to determine ATP 
concentration by an ATP determination kit (Molecular 
Probes, Eugene, OR, USA) following the manufacturer's 
instruction. In independent experiments, ADP or NAD+ 
were omitted from the glycolytic buffer or EVs were pre-
treated for 1 h with 50 µg/ml proteinase K that was subse-
quently blocked with 2 mM PMSF.

2.11 | Lactate determination

Twenty micrograms HASC- P10 and P100 were incu-
bated in the glycolytic buffer for 30  min, then treated 
with TCA (10% v/v) and centrifuged at 12 000 g for 3 min. 
Supernatants were incubated with LDH reaction buffer 
(280 mM hydrazine, 467 mM glycine, 2.6 mM ethylenedi-
aminetetraacetic acid, 2.5  mM NAD+, 500 units L- lactic 
dehydrogenase used), and spectrophotometrically moni-
tored at 340 nm. Results were expressed as mM of lactate 
was released. A lactate standard curve was prepared for 
each determination.

2.12 | FACS analyses

To determine the expression of CD39 and CD73 HASC- P10 
and HASC- P100 staining with CD39- PE— or CD73- FITC 

conjugated antibodies was performed according to stand-
ard protocols; the samples were washed in PBS and cen-
trifuged for 1 h at 100 000 g to recover EVs. The two EVs 
subsets were analyzed on an EPICS flow cytometer using 
the EXPO 32 ADC software (Beckman Coulter, Pasadena, 
CA, USA).

For the detection of EVs uptake, HASC- P10 and 
HASC- P100 were stained for 30  min with 50- µM DiL, 
washed by ultracentrifugation at 100 000 g for 1 h. The pel-
let was resuspended at 1 mg/ml in PBS supplemented with 
1% penicillin/streptomycin solution. THP- 1 cells (3 × 105) 
were exposed to labeled EVs for 2 h and DiL- labeled pos-
itive cells were determined by FACS. Samples were run 
on LSRFortessa (BD Biosciences, Franklin Lakes, NJ, 
USA) flow cytometer and analyzed using FlowJo analysis 
software.

Crosslinking was performed with BS(PEG)5, accord-
ing to the manufacturer's guidelines. Briefly, THP- 1 cells 
(3 × 105) were exposed to HASC- P10 and HASC- P100 in 
500  µl of the medium, 10 µl of 250  mM BS(PEG)5 was 
added and incubated for 30  min at room temperature. 
After centrifugation at 10 000 g at 4°C for 10 min, pellets 
were resuspended in 500 µl of buffer for flow cytometry 
analysis (PBS with 1% paraformaldehyde and 4% FBS).

2.13 | Florescence microscopy analyses

THP- 1 cells, seeded on glass coverslips, were exposed to 
100 μg/ml of DiL- stained - EVs. After 2 h, cells were fixed 
with 4% PFA for 20  min at room temperature, and the 
membrane was stained with CellMask™ Green Plasma 
Membrane (Thermofisher scientific, USA) for 30 min at 
room temperature. Cell nuclei were counterstained with 
4′,6′- diamidino- 2phenylindole (DAPI). Cells were then 
rinsed in PBS, mounted, and analyzed with a Zeiss Axio 
Observer Z1 equipped with Apotome and digital Camera 
Axiocam MRm (Zeiss, Oberkochen, Germany).

2.14 | Adenosine detection by 
HPLC analyses

20 µl of ATP, ADP, AMP, and ADO standards (55 µg/ml) 
were used for HPLC analysis. Mobile phase A consisted of 
7 mM ammonium acetate buffer, adjusted to pH 3.0 with 
hydrochloric acid, while mobile phase B consisted of 100% 
acetonitrile. The HPLC analysis was carried out on an 
integrated JASCO LC- 4000  system (ASCO Corporation, 
Ishikawamachi Hachioji- shi Tokyo Japan), which con-
sisted of a quaternary pump equipped with an on- line vac-
uum degasser, and an UV/VIS detector. Chromatographic 
separations were performed on a NUCLEOSIL 100– 5 C18 
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column (5 µm, 250 × 4.6 mm) (Agilent technology, Santa 
Clara, CA, USA), at 22°C. HPLC separation was achieved 
using a continuous gradient elution. The elution program 
(25 min total) was as follows: 0 min 97% A, 3%B; 3– 15 min 
90%A, 10%B; 15– 16  min 2%A, 98%B; 16– 19  min 2%A, 
98%B; 19– 20 min 98%A, 2%B; 20– 25 min 97%A, 3%B. The 
flow rate of the mobile phase was 1 ml/min, UV detection 
was set to 260 nm, while the injection volume was 20 μl.

2.15 | Statistical analysis

All analyses were performed using Prism version 6.0 
(GraphPad Software). Results are expressed as means ± SD 
from at least three independent experiments and were 
evaluated by Student's t- test or non- parametric test (one 
- way- ANOVA with Dunnett's Multiple Comparison test). 
A p value less than .05 was considered significant.

3  |  RESULTS

3.1 | Characterization of HASC- EVs

Recent stem cell research suggests that EVs released by 
stem cells reflect the same regenerative potential and im-
munomodulatory capacity as their parental cells.25 We 
used previously characterized human amniotic stem cells 
(HASC)12 as a cell source to isolate EVs. TEM analyses 
of HASCs showed the presence of exosome- containing 
multivesicular bodies in the cytoplasm (Figure 1A,B) and 
ectosome release from the plasma membrane (Figure 1C) 
indicating that HASCs produce both ectosomes and ex-
osomes. In this study, we named both vesicle types as EVs. 
HASC- EVs were isolated from serum- free cell culture 
media by differential centrifugation, following the proto-
col depicted in Figure 1D, and then subjected to specific 
characterization. Two fractions indicated as HASC- P10 
(sedimented at 10  000  g) and HASC- P100 (sedimented 
at 100 000 g) were recovered. SEM analysis revealed the 
presence of EVs with a mean diameter of 60 ± 10 nm for 
HASC- P10 and 60 ± 20 nm for HASC- P100 (Figure 1E– 
H), whereas NTA analysis indicated a mean diameter of 
163  ±  16.53  nm for HASC- P10 and 156  ±  18.60  nm for 
HASC- P100 (Figure 1I). Differences in sample preparation, 
and in particular the dehydration steps required for SEM 
analysis, may explain the discrepancies observed between 
the results of the two analysis methods. Nevertheless, both 
methods did not detect any significant dimensional differ-
ences between the two fractions. The profile of HASC- P10 
and HASC- P100 size distribution are similar (Figure 1J). 
Both analyses showed that the two fractions were ho-
mogeneous in dimension and, according to O’Connell 

et al.,26 Takov et al.,27 Balbi et al.,28 no large vesicles (range 
>250  nm) were detected. Moreover, the number of par-
ticles/mg was higher in the HASC- P100 fraction as com-
pared to the HASC- P10 fraction (Figure 1K). The number 
of particles/producing cell was 2.3  ×  102  ±  0.85  ×  102 
particles/cell and 3.5 × 102 ± 0.74 × 102 particles/cell in 
HASC- P10 and HASC- P100, respectively, in agreement 
with reports in the literature.27 Biochemical characteriza-
tion of EVs confirmed the expression of EV marker pro-
teins, including Alix (ALG- 2 interacting protein X), CD81 
(Tetraspanin- 28), and TSG101 (Tumor susceptibility gene 
101) (Figure 1K). HASC- P10 and HASC- P100 preparation 
did not contain markers characteristic of cellular orga-
nelles, such as lamin A/C, for the nucleus and COX IV for 
the mitochondria (Figure 1L), indicating that intracellular 
organelles were not co- isolated with EVs.

To further characterize the HASC- EVs, we conducted 
a qualitative proteomic analysis. The complete list of pro-
teins detected in HASC- EVs is shown in Table S1. 95 pro-
teins were detected in HASC- P10 and 59 were identified in 
HASC- P100, with 42 proteins in common between the two 
EVs subsets (Figure 2A).

FUNRICH software comparison with the 100 proteins 
most frequently described in EVs (source Vesiclepedia: 
http://micro vesic les.org/) revealed 36 out of 95 and 27 
out of 59 common proteins in HASC- P10 and HASC- P100 
fraction, respectively (Figure  2B). The main biological 
processes in which EVs proteins are involved include sig-
nal transduction pathways and cell growth (Figure  2C). 
Furthermore, proteins involved in metabolism or protein 
associated with immune responses were also identified 
(Figure  2C). Notably, proteomic analysis, revealed that 
both HASC- P10 and HASC- P100 contained the enzymes 
of the glycolysis pay- off phase (Figure 2B), such as glyc-
eraldehyde 3- phosphate dehydrogenase (GAPDH) and 
pyruvate kinase whose presence was further validated by 
western blot analysis (Figure 2D). β- actin and ARF6, iden-
tified by proteomic analysis, were also validated by west-
ern blotting analyses (Figure 2D).

3.2 | HASC- EVs produce 
ATP and adenosine

It has been demonstrated that EVs derived from human 
and animal semen can produce extracellular ATP, through 
the glycolytic pathway.29,30 Because proteomic analyses of 
HASC- EVs revealed the presence of the enzymes of the 
glycolysis pay- off phase (Figure  2C, Table  S1), we won-
dered whether also HASC- EVs could produce ATP. As 
depicted in Figure 3A, when incubated in the presence of 
5  mM glucose, both HASC- EV types produced ATP, al-
though the amount generated by HASC- P10 was higher 

http://microvesicles.org/
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than that of HASC- P100. Already after a 30- min incu-
bation, both EV subsets produced a detectable amount 
of ATP that increased over time. Then, we addressed 
the localization of ATP- producing enzymes by exposing 
HASC- P10 and HASC- P100 to proteinase K (PK), which 
degrades proteins localized on EVs surface (Figure  3B). 
We found that PK treatment slightly reduced the amount 
of ATP produced by HASC- P10 while halving ATP pro-
duction by HASC- P100 (Figure  3B). These data suggest 
that ATP production by the two EV types might involve 
enzymes with different localization. Furthermore, we 
showed that ATP production by both EV types strictly 
depends on the presence of exogenous ADP since its ab-
sence completely abrogated ATP production (Figure 3B). 
It is to highlight that ATP production was independent of 
the presence of exogenous NAD+ (Figure 3B). To deter-
mine the contribution of the glycolytic pathway to ATP 
production, both HASC- P10 and HASC- P100 were in-
cubated with 2- deoxy glucose (2dG), a known inhibitor 

of glycolytic flux (Figure 3B). Under these experimental 
conditions both EV types were still capable of producing 
ATP, suggesting that glucose phosphorylation by hexoki-
nase was not necessary for ATP production by EVs, thus 
strengthening the importance of the glycolytic pay- off 
phase enzymes. Due to the inefficacy of 2dG in inhibiting 
ATP production, we examined whether EVs could pro-
duce ATP in the absence of exogenously added glucose. 
We found that both HASC- P10 and HASC- P100 produced 
ATP under those experimental conditions (Figure  3C). 
Moreover, the amount of ATP produced by both EVs sub-
sets in the glucose- depleted condition was comparable. 
Notably, also under glucose- depleted conditions, exog-
enous ADP was required while NAD+ was dispensable for 
ATP production (Figure 3C).

Based on these results we wondered whether other en-
zymes, besides the glycolytic ones, could be responsible for 
the sustained production of ATP under glucose- depleted 
conditions. It has been previously demonstrated that EVs 

F I G U R E  1  Characterization of HASC- EVs. TEM analysis of HASCs. Production of EVs by MVB (A and B) and/or ectosomes (C). (D) 
Flowchart of the isolation procedures by differential centrifugation. (E– H) SEM images of HASC-  EVs at different magnifications, (E and F) 
HASC- P10, (G and H) HASC- P100. Nanoparticle tracking analysis determination of HASC- EVs concentration (I) and profile of size 
distribution (J). Western blotting of specific EV markers (K) and of markers characteristic of cellular organelles (L) (HASC total cell lysate 
was used as positive control). HASC- EVs (P10, P100) and HASCs used for western blotting analysis were from the same fresh preparation 
and the same amount of protein was loaded. The images and data shown are representative of one out of three independent experiments
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secreted by prostate epithelial cells can produce ATP from 
two ADP molecules via adenylate kinase (AK).30 In order 
to determine whether ATP production by HASC- P10 and 
HASC- P100 could also be dependent on AK activity, we 
preincubated both types of EVs with 10 mM sodium tar-
trate (T) to inhibit 5′- nucleotidase. In fact, by compromis-
ing the removal of AMP by 5′- nucleotidase inhibition, the 
equilibrium constant of the AK reaction will be affected.30 
We found that in the presence of sodium tartrate (T) the 
amount of ATP produced by HASC- P10 was significantly 
reduced, whereas that of HASC- P100 resulted unaffected 
(Figure 3C). We then assessed the effects of rameic ions 
as inhibitors of GAPDH, one of the enzymes involved 
in the glycolysis pay- off phase. We found that the expo-
sure to Cu++ prevented ATP production by HASC- P100 
and significantly reduced ATP production by HASC- P10 

(Figure 5C). The combination of sodium tartrate (T) and 
rameic ions (Cu++) completely inhibited ATP production 
by both EVs subsets. These data suggest that AK activity 
contributes to ATP production by HASC- P10, whereas 
ATP production by HASC- P100 predominantly relies on 
the glycolytic pay- off phase. In order to further confirm 
that ATP production is related, at least in part, to the gly-
colysis pay- off phase, we evaluated the production of lac-
tate. When incubated in the glycolytic reaction mixture 
for 30′, both subsets of HASC- EVs were able to produce 
lactate (310 ± 99.0 μM and 279 ± 83.4 μM by HASC- P10 
and HASC- P100, respectively).

Besides glycolytic pay- off phase enzymes, proteomic 
analyses also identified 5′- nucleotidase (CD73) in both 
HASC- EVs types. Several reports in the literature claim the 
co- localization of CD73 and ectonucleoside triphosphate 

F I G U R E  2  Proteomic analysis of HASC- EVs. Bioinformatic analysis of proteomics data was performed by means of FUNRICH 
software. (A) Venn diagram showing the overlap and differences in proteins identified in HASC-  P10 and HASC-  P100. (B) Comparative 
analysis between proteins identified in both HASC- EV subsets and Vesiclepedia database. The comparison was performed between the 
HASC- EVs proteins and the100 proteins most represented in the Vesiclepedia database. The box lists EVs and Vesiclepedia common 
proteins. The proteins highlighted with the red boxes are enzymes of the glycolysis pay- off phase. (C) Main biological processes in which 
proteins identified in HASC- EVs are involved. HASC- P10 is reported on the outer chart and HASC- P100 on the inner chart. The percentage 
of proteins involved in the biological process is reported in brackets. (D) Western blotting validation of selected proteins identified by 
proteomics analysis. Results are representative of one out of three independent experiments
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diphosphohydrolase- 1 (CD39) on EVs.25,31,32 In order to 
verify the presence of CD39 and CD73 on HASC- EVs, we 
performed a FACS analysis and, as shown in Figure 4A– 
D, both HASC- EV types expressed similar levels of the 
ectoenzymes CD39 and CD73. These data suggest that 

HASC- EVs carry the enzymatic machinery for the conver-
sion of ATP into adenosine.

To confirm our hypothesis, we incubated both 
HASC- EV subsets in the glycolytic buffer for 2 h and eval-
uated adenosine production by HPLC analysis. We found 

F I G U R E  3  HASC- EVs are capable of producing ATP. ATP levels were measured by an ATP determination kit. (A) HASC- P10 and 
HASC- P100 were incubated in a glycolytic reaction mixture for the indicated time. HASC- P10 and HASC- P100 were incubated in a 
glycolytic reaction mixture for 30′ in the presence (B) or the absence (C) of 5 mM glucose (control). The reaction mixture was supplemented 
with 20 mM 2- deoxyglucose (2dG), 10 mM sodium tartrate (T), 1 mM rameic sulfate (Cu++) or devoided of ADP (– ADP) and NAD+(– 
NAD+). In selected experiments, HASC- EVs were pretreated for 1 h with 50 µg/ml proteinase K (PK) that was subsequently blocked 
with 2 mM PMSF. ATP levels in the presence or in the absence of glucose was assumed as 100% and used as control (HASC- P10 + Glu, 
100% = 0.78 ± 0.07 pmol/μg EVs; HASC- P100 + Glu, 100% = 0.17 ± 0.09 pmol/μg EVs; HASC- P10 - Glu, 100% = 0.41 ± 0.25 pmol/μg 
EVs; HASC- P100 − Glu, 100% = 0.13 ± 0.03 pmol/μg EVs). HASCs were used as the positive control (ATP levels: 37.02 ± 8.0 nmol/mg of 
protein). Results represent the mean ± SD of at least n = 3 independent experiments performed in duplicate. *p < .05 vs. the respective 
control

F I G U R E  4  Expression of CD39 and CD73 and adenosine production in HASC- EVs. Representative flow cytometry histogram plot 
showing the expression level of CD39 (red) and CD73 (blue) and isotype control (grey) in HASC- P10 (A and B) and HASC- P100 (C and D). 
The histogram shows Mean Fluorescence Intensity (MFI) representative of one out of three independent experiments. (E) Adenosine 
evaluated by HPLC, representative chromatograms for the two EVs subsets is shown
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that both HASC- P10 and HASC- P100 produced detectable 
adenosine levels (Figure 4E).

3.3 | HASC- EVs prevent inflammasome 
activation in THP- 1 cells

Our previously published data on the anti- inflammatory 
properties of HASC- EVs12 along with data in the literature,21 
prompted us to investigate whether HASC- EVs could in-
fluence the activation of NLRP3 or AIM2- inflammasome 
platform and IL- 1β maturation, using the human mono-
cytic THP- 1 cell line, a well- established cell model for the 
evaluation of inflammasome platform activation by differ-
ent stimuli.24,33– 35

To this aim, THP- 1 cells were pre- treated with either 
HASC- P10-  or HASC- P100 (100  µg/ml) for 1  h, before 
being stimulated with the inflammasome activating 
stimuli LPS (10 μg/ml, 20 min) and ATP (5 mM, 40 min) 
(LPS + ATP)21,34,35; control cells were left untreated or 

treated with either type of EVs alone. We found that 
HASC- P10 or HASC- P100 pre- treatment prevented 
both the activation of the NLRP3/caspase- 1/inflam-
masome platform and IL- 1β maturation after LPS and 
ATP treatment (Figure 5). In particular, we found that 
the treatment with LPS  +  ATP significantly increased 
the expression of NLRP3 (Figure 5A,B) without affect-
ing AIM2 expression (Figure  5A,C). In the presence 
of LPS  +  ATP, HASC- EVs treatment reduced inflam-
masome receptors expression. In particular, HASC- P100 
reduced both NLRP3 and AIM2 expression, whereas 
HASC- P10 only affected NLRP3. The expression lev-
els of pro- IL- 1β, induced by LPS  +  ATP treatment, 
were significantly reduced by HASC- EVs pretreatment 
(Figure  5A,D). The activation of the inflammasome 
platform, indicated by increased expression of ma-
ture p20 Caspase- 1 (Figure  5A,E) and mature IL- 1β 
(Figure 5A,F), by LPS + ATP treatment was completely 
abolished in the presence of HASC- EVs. These data in-
dicate that HASC- EVs regulate inflammatory responses 

F I G U R E  5  HASC- EVs prevent inflammasome activation in THP- 1 cells. THP- 1 cells, pre- treated for 1 h with 100 µg/ml of HASC- P10 
or HASC- P100, were subsequently primed for 20 min with 10 µg/ml LPS and then activated for 40 min with 5 mM ATP (LPS + ATP). Cell 
lysates were immunoblotted with the indicated antibodies (A). β- actin was used as a loading control. Representative western blots images 
are shown. Histograms represent densitometric quantification (B– F) and indicate the mean ± SD of at least n = 3 independent experiments 
each one tested in triplicate. *p < .05, **p < .01, ***p < .001 vs. untreated cells. #p < .05, ##p < .01, ###p < .001 vs. LPS + ATP- treated cells
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in THP- 1 cells, suggesting an anti- inflammatory poten-
tial for HASC- EVs.

To gain insights into the mechanism by which HASC- 
EVs prevented inflammasome activation in THP- 1 cells, 
HASC- P10 and HASC- P100 were labeled with DiL and 
then incubated with THP1 cells to check their potential 
interaction. FACS analysis showed a 17.5  ±  2.2% and a 
15.3 ± 3.0% of DiL positive THP- 1 cells after exposure to 
HASC- P10 and HASC- P100, respectively (Figure 6A,C,E), 
indicating some degree of uptake/interaction between 
EVs and THP- 1 cells. To define whether a protein– protein- 
mediated interaction occurred between THP- 1 cells 
and EVs, we performed crosslinking experiments using 
BS(PEG)5. Nevertheless, treatment with the crosslink-
ing agent (CL) did not further increase the percentage of 
DiL- positive THP- 1 cells (Figure 6B,D,F). To understand 
whether the fluroscence signal detected by the FACS anal-
ysis was correlated with the internalization of the EVs or 
if was confined outside the cell, we analyzed THP- 1 cells 
exposed to HASC- EVs by fluorescence microscopy. The 
images show that fluorescence is predominantly external 

to the cells for both EVs types (Figure 6G,H). These data 
indicate that THP- 1 cells do not uptake HASC- EVs.

3.4 | HASC- EVs anti- inflammatory 
effects rely on adenosine A2a receptor

The ability of HASC- EVs to produce adenosine, an impor-
tant modulator of inflammation 30,36 led us to hypothesize 
that adenosine receptor activation might be involved in 
inflammasome inhibition in THP- 1 cells.

To address this hypothesis, we used NECA a high- 
affinity non- selective adenosine receptor agonist, and 
found that, similarly to HASC- EVs, pre- treatment of THP- 1 
cells with NECA for 1 h completely prevented caspase- 1 
activation induced by LPS and ATP (Figure  7A,B), sug-
gesting the involvement of an adenosine receptor subtype 
in Caspase- 1  modulation. We then preincubated THP- 1 
cells with CGS- 21680, a selective A2a adenosine recep-
tor agonist, and found it abolished Caspase- 1 activation 
(Figure  7C,D), indicating that A2a adenosine receptor 

F I G U R E  6  THP- 1 cells do not uptake HASC- EVs. THP- 1 cells were treated with DiL- labeled HASC- P10 and HASC- P100 and analyzed 
by flow cytometry. Chemical crosslink (CL) was performed with BS(PEG)5. The sequence of flow cytometry histogram plot was: (A) 
THP- 1 cells in basal medium, (B) THP- 1 cells in basal medium plus the crosslinking agent, (C) THP- 1 cells exposed to labeled HASC- P10, 
(D) THP- 1 cells exposed to labeled HASC- P10 with chemical crosslink, (E) THP- 1 cells exposed to labeled HASC- P100, (F) THP- 1 cells 
exposed to labeled HASC- P10 with chemical crosslink. Intracellular localization of EVs. THP- 1 cells were exposed to DiL- stained HASC- 
EVs (HASC- P10 [G]; HASC- P100 [H]) for 2 h and then fixed with 4% PFA. The cell membrane was stained with CellMask™ Green Plasma 
Membrane Stain and nuclei were counterstained with DAPI. The images are representative of one out of three separate experiments. 
Magnification 63×
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activation is involved in Caspase- 1 regulation. It is to note 
that none of the treatments affected adenosine A2a recep-
tor expression in THP- 1 cells (Figure 7E,F).

To confirm the involvement of the adenosine A2a 
receptor on HASC- EVs- mediated inhibition of inflam-
masome activation, we pretreated THP- 1 cells with the 
selective adenosine A2a receptor antagonist ZM- 241385. 
As shown in Figure 8, the adenosine A2a receptor antag-
onist completely prevented HASC- EVs effect on caspase- 1 
(Figure  8A,C), without affecting NLRP3 protein expres-
sion (Figure  8A,B). Adenosine A2a receptor activation 
culminates in the activation of cAMP- dependent protein 
kinase (PKA) which is known to phosphorylate NLRP3 
at Ser295, thus leading to an inflammasome platform dis-
assembly.37 We found that the exposure of THP- 1 cells to 
both EV subsets, in the presence of LPS + ATP, increased 
NLRP3 phosphorylation (Figure 8D,E) and decreased ASC 
polymerization, as evidenced by crosslinking experiment 
(Figure  8F). Moreover, pretreatment with ZM- 241385 
reverted EVs induced effects on ASC polymerization 
(Figure 8F). Altogether these data demonstrate that both 
HASC- P10 and HASC- P100 suppress inflammasome sig-
naling in THP- 1 via adenosine release and adenosine A2a 
receptor activation, leading to NLRP3 phosphorylation 
and blockade of caspase- 1 activation.

4  |  DISCUSSION

Our results demonstrate for the first time that HASC- EVs 
possess intrinsic metabolic activities, whose products in-
fluence the inflammatory behavior of monocytic THP- 1 
cells. Specifically, we have shown that HASC- EVs are ca-
pable of producing adenosine which, acting as a soluble 
mediator, activates adenosine A2a receptor leading to in-
hibition of NLRP3 inflammasome platform assembly.

EV purification by differential centrifugation led to the 
isolation of two distinct EV subsets namely HASC- P10 
and HASC- P100. According to MISEV2014 guidelines, a 
potential bias in the EVs isolation procedure is the separa-
tion of non- vesicular entities from EVs. MISEV2018 guide-
lines38 highlighted that, besides this concern is still valid, 
isolation by differential ultracentrifugation can result in 
an intermediate recovery and intermediate specificity. 
In fact, we found that mitochondrial or nuclear proteins 
were not detected in HASC- EVs preparations. It is to 
underline that, according to MISEV 2018 guidelines, we 
isolated EVs from culture media deprived of FBS thus 
further reducing the potential carryover of contaminant 
serum- derived proteins and lipoproteins. Nonetheless, 
the carryover of contaminants cannot be excluded. The 
isolated HASC- P10 and HASC- P100 are characterized by 
the same dimensional range but different sedimentation 

rates. Several reports link the dimensional differences to 
density characteristics.39,40 Here, we showed that, despite 
a distinct sedimentation rates, the two HASC-  EV subsets 
were characterized by comparable mean diameter, sug-
gesting that they have a different composition of biolog-
ical molecules. Furthermore, our data highlight that both 
EV subsets achieve the same functional effects but use 
only partially overlapping mechanisms.

The immunomodulatory effects of mesenchymal 
stem cells (MSCs) and their secretory products have been 
largely explored in recent years41,42 and it has been shown 
that EVs play a crucial role in the stem cell secretome 
functions.3,12,41,43 In addition, MSC- EVs contain bioactive 
molecules that are able to regulate the phenotype, func-
tion, and homing of immune cells.3

Inflammasomes are molecular platforms activated 
upon cellular infection or stress that trigger the matu-
ration of proinflammatory cytokines to engage innate 
immune defenses. Inflammasome activation leads to 
caspase- 1 activation, which in turn culminates in the mat-
uration and secretion of IL- 1β and IL- 18.44 IL- 1 family 
has numerous activities that are important for adaptive 
immune responses.45 We have already demonstrated that 
HASCs release EVs containing immunoregulatory mole-
cules capable of modifying the phenotype of T lympho-
cytes.12 Here, we aimed at examining whether HASC- EVs 
were capable of interfering with inflammasome activa-
tion, a master player in inflammatory and immune re-
sponses.46,47 In agreement with data in the literature, our 
results demonstrate that HASC- EVs play a pivotal role 
in negatively modulating inflammasome activation.48– 51 
Rajan et al. showed that human periodontal ligament 
stem cell- derived exosomes could negatively modulate 
NALP3 inflammasome activation,52 while Zhang et al.53 
demonstrated how MSC- derived exosomes reduce inflam-
matory processes by dampening the release of IL- 1β. Our 
results, obtained in an in vitro model of inflammasome ac-
tivation, demonstrated that THP- 1 cells conditioned with 
HASC- EVs failed to activate NLRP3/caspase- 1/inflam-
masome platform and IL- 1β maturation in response to 
LPS + ATP treatment. Indeed, inflammasome activation 
requires two stimuli: LPS which increases the expression 
of inflammasome cascade components, and ATP which, 
through P2X7 purinergic receptor, induces the assembly 
of the inflammasome platform.18

In particular, we found that, through a molecular 
mechanism that induces NALP3 phosphorylation, the in-
flammasome platform did not assemble when THP- 1 cells 
are pretreated with HASC-  EVs.

Surprisingly, the achievement of these biological re-
sults depended neither on the release of vesicle content 
into THP- 1 cells nor on membrane- membrane contact 
between vesicles and cells. In fact, flow cytometric and 
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microscopy analyses indicated that these cells did not take 
up nor exerted a protein- protein- mediated interaction 
with HASC- EVs. An alternative way by which EVs may 
condition THP- 1 cells foresees the production of soluble 
factors. We hypothesized that HASC- EVs could release 
soluble factors related to their specific enzymatic activity. 
In fact, the analysis of the HASC- EVs proteome revealed 
the presence of glycolytic enzymes, in particular the en-
zymes of the pay- off phase which led to ATP production. 
This result is in agreement with findings by Ronquist and 
collaborators demonstrating the presence of glycolytic 
enzymes capable of producing ATP on EVs isolated from 
prostate cancer cells.29,30 Moreover, HASC- EVs also carry 
CD39 and CD73, which are capable of converting ATP 
into AMP and AMP into adenosine, respectively.

Data in the literature report that the enzymatic ac-
tivities of CD39 and CD73 play strategic roles in cali-
brating the duration, magnitude, and chemical nature 
of purinergic signals delivered to immune cells through 
the conversion of ATP into adenosine. This drives a shift 
from an ATP- driven proinflammatory environment to 
an anti- inflammatory milieu induced by adenosine.54 
Adenosine plays a key role in modulating inflamma-
tory responses. In fact, it has been demonstrated that 
extracellular adenosine prevents excessive inflamma-
tion by suppressing proinflammatory cytokine produc-
tion.55– 58 However, reports in the literature claim both 

pro- inflammatory and anti- inflammatory effects for 
both ATP and adenosine. It is conceivable that the final 
effect of ATP and adenosine on the immune response de-
pends on the balance between ATP and adenosine in the 
immediate vicinity of the cells.36,55 Adenosine exerts its 
anti- inflammatory effects through four cell- surface G- 
protein coupled adenosine receptors subtypes, namely 
A1, A2a, A2b, and A3. Adenosine receptors have dif-
ferent sensitivities to nucleoside concentration so that 
A1 and A2a are activated by low levels of adenosine, 
whereas A2b and A3 require higher ligand amount.59 
As several lines of research suggested, adenosine may 
mediate anti- inflammatory effects via the stimulation 
of the A2a adenosine receptor.60– 64 Adenosine A2a re-
ceptor is a stimulatory G- protein coupled receptor 
whose activation leads to the accumulation of intracel-
lular cAMP. This compound subsequently activates the 
cAMP- dependent protein kinase (PKA).65 It has been 
thoroughly demonstrated that protein kinase- mediated 
phosphorylation of NLRP3 at Ser 295 exerts inhibitory 
effects on inflammasome activation by impeding plat-
form assembly24,37,66 and that PKA is deeply involved 
in the process.66 Our results support the hypothesis 
that, upon adenosine A2a receptor engagement, PKA 
activation mediates the phosphorylation of NLRP3 in-
flammasome receptor at Ser 295 thus impeding ASC 
oligomerization, indicative of inflammasome platform 

F I G U R E  7  HASC- EVs anti- inflammatory effects rely on adenosine A2a receptor. THP- 1 cells were pretreated for 1 h with 1 µM NECA 
(A and B) or 100 µM CGS- 21680 (C and D) subsequently primed for 20 min with 10 µg/ml LPS and then activated for 40 min with 5 mM 
ATP (LPS + ATP). Cell lysates were immunoblotted for Caspase- 1. THP- 1 cells were pre- treated for 1 h with 100 µg/ml of HASC- P10 or 
HASC- P100, subsequently primed for 20 min with 10 µg/ml LPS and then activated for 40 min with 5mM ATP (LPS + ATP). Cell lysates 
were immunoblotted for adenosine A2a receptor (E and F). β- actin was used as a loading control. Representative western blots images are 
shown. Histograms represent densitometric quantification and indicate the mean ± SD of at least n = 3 independent experiments each one 
tested in triplicate. ***p < .001 vs. untreated cells. ###p < .001 vs. LPS + ATP treated cells
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assembly. Confirmation of adenosine A2a receptor in-
volvement was given by the use of a specific agonist 
and antagonist. CGS- 21680, a specific adenosine A2a 
receptor agonist, exerts superimposable effects on 
HASC- EVs, whereas the EVs effects were reversed when 
ZM- 241385, an adenosine A2a receptor antagonist, was 
co- administered.

In conclusion, we have demonstrated that HASC- 
EVs exert immunomodulatory effects on THP- 1 cells by 
dampening inflammasome activation (Figure 9). It must 
be highlighted that these effects seem not to depend on 
the physical interaction between EVs and recipient cells, 
but to be mediated by the production of soluble media-
tors by EVs themselves. It is worth noting that both types 
of HASC- EVs produce ATP, but through only partially 
overlapping biochemical processes. In fact, the data ob-
tained in our experimental conditions suggest that both 

EVs types use glycolysis pay- off phase enzyme, but that in 
the HASC- P10 subset also adenylate kinase plays an im-
portant role.

These results offer a new point of view on the role of 
EVs, in fact, they can be considered not just mere trans-
porters of pre- formed biomolecules, but also subcellular 
particles capable of playing an active role in microenviron-
ment homeostasis via the autonomous synthesis of soluble 
metabolic products which, by altering tissue microenvi-
ronment composition, can affect cellular behaviors.
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F I G U R E  8  HASC- EVs affect inflammasome assembly via A2a receptor engagement. THP- 1 cells were pre- treated for 1 h with 
100 µg/ml of HASC- P10 or HASC- P100, subsequently primed for 20 min with 10 µg/ml LPS and then activated for 40 min with 5 mM 
ATP (LPS + ATP). In selected experiments ZM- 241385 (500 nM) was added 1 h before HASC- P10 or HASC- P100 treatment; cell lysates 
were immunoblotted for NLRP3 (A,B), Caspase- 1(A,C), p- NLRP3 (Ser295) (D and E). ASC oligomerization was assessed by crosslinking 
assay followed by Western blot analysis (F). The blots were stripped and re- probed with mouse anti- β- actin, to confirm equal loading. 
Representative western blots images are shown. Histograms represent densitometric quantification and indicate the mean ± SD of at least 
n = 3 independent experiments each one tested in triplicate. **p < .01, ***p < .001 vs. untreated cells; ##p < .01, ###p < .001 vs. LPS + ATP 
treated cells
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