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A U T O I M M U N I T Y

MicroRNA-142-3p shuttling in extracellular vesicles 
marks regulatory T cell dysfunction in multiple sclerosis
Giusy De Rosa1,2, Claudia Russo1,3, Silvia Garavelli1, Dario Di Silvestre4, Ilaria Spatocco2,  
Giorgia Mele2, Claudia La Rocca1, Alessandra Colamatteo2, Fortunata Carbone1,5,  
Clorinda Fusco1,3, Fabiana Passaro2, Donatella Carpi6, Elena Tagliabue7, Francesco Prattichizzo7, 
Francesca Brambilla4, Pierluigi Mauri1,4, Mirjam Hoxha8, Valentina Bollati8, Ilaria Giusti9,  
Vincenza Dolo9, Paola D’Antona10, Paola Campomenosi10, Valentina Mangolini11,12,  
Annalisa Radeghieri11,13, Paolo Bergese11,13,14, Ivana Morabito15, Alessandra Mandelli15, 
Annamaria Finardi15, Francesca Beretta16, Edoardo Dalmato Schilke17,18, Guido Cavaletti16,17, 
Ettore Dolcetti19, Fabio Buttari19,20, Gianmarco Abbadessa21,22, Simona Bonavita21,  
Giacomo Lus21, Elisabetta Signoriello23, Roberta Lanzillo24,25, Vincenzo Brescia Morra24,25,  
Maria Mottola26, Bruno Zuccarelli26, Antonio Uccelli27,28, Marco Salvetti19,29, Diego Centonze19,20, 
Roberto Furlan15,30, Giuseppe Matarese1,2,3, Claudio Procaccini1,5*†, Paola de Candia2*†

CD4+CD25hiFoxP3+ regulatory T cells (Treg cells) are key controllers of immune self-tolerance, and their suppressive 
function is impaired in people with relapsing-remitting multiple sclerosis (pwRR-MS). Because the mechanisms 
underlying this condition are still ill-defined, we investigated the role of Treg cell–derived extracellular vesicles 
(Treg-EVs) in Treg cell dysfunction observed in pwRR-MS. We found that Treg-EVs from healthy individuals inhibit 
CD4+ conventional T (Tconv) cells by shuttling miR-142-3p from the Treg cell to the Tconv cell. There, miR-142-3p 
down-regulated mRNAs necessary for Tconv cell growth and effector functions, such as the redox controller cystine 
carrier SLC7A11. However, Treg cells from pwRR-MS released EVs containing reduced amounts of miR-142-3p, re-
sulting in impaired suppressive function. Furthermore, Treg-EV miR-142-3p inversely correlated with the disability 
score and gadolinium-enhancing lesions in pwRR-MS. Together, our results elucidate a molecular mechanism in-
volving miR-142-3p shuttled by Treg-EVs in the control of immune self-tolerance and unveil its pathogenetic impli-
cations in human autoimmunity.

INTRODUCTION
Starting from the last years of the 20th century, the interest in cell-
derived lipid bilayer–enclosed particles, collectively named extracel-
lular vesicles (EVs), has exponentially grown (1). EVs are found across 
the three domains of life—Archaea, Bacteria, and Eukarya—and their 
biogenesis and release are involved in pivotal cellular processes, such 
as damage-associated molecular patterns, the senescence-associated 
secretory phenotype, and viral egress (2–4). Originally thought to 

mostly serve as a waste disposal system for the extrusion of obsolete cel-
lular molecules, EVs are instead at the center of multifaceted communi-
cation mechanisms based on the functional cell-to-cell transfer of their 
molecular cargo (1). In particular, an impressive amount of experimen-
tal work has progressively unveiled the participation of EVs in funda-
mental immunological processes, such as allergic, antimicrobial, and 
antitumor responses (5). As a relevant example, EVs contribute to the 
communication between T lymphocytes and antigen-presenting cells 
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occurring at the immune synapse, a process at the very base of adaptive 
cellular immunity and antibody production, by shuttling key transcel-
lular signals, such as proteins and microRNAs (miRNAs) (6–10).

In the past decade, EVs have also been evaluated for a more 
comprehensive understanding of the biology of CD4+CD25+FoxP3+ 
regulatory T cells (Treg cells), which safeguard immunological self-
tolerance and inhibit aberrant or exaggerated immune responses by 
curbing the action of proinflammatory immune cells, including 
CD4+CD25−FoxP3− conventional T (Tconv) cells (11, 12). In addi-
tion to the traditionally recognized mechanisms of Treg cell action, 
more recent results indicate that murine Treg cells may also suppress 
dendritic and effector T cells by releasing EVs, which function 
through both protein-dependent mechanisms and miRNA-mediated 
non–cell-autonomous gene silencing (13–16). Although the study of 
human Treg cells is hampered by their difficult purification and nu-
merical exiguity, prior work has shown that EVs released by those 
cells (Treg-EVs) shuttle a different fingerprint of miRNA cargo 
compared with those released by the other T cell subsets and that 
Treg-EVs hamper T cell–mediated proinflammatory activity (17–
19). However, the mechanisms involved in the suppressive function 
of human Treg-EVs are largely unexplored. Moreover, whether the 
Treg cell functional impairment reported in autoimmune conditions 
such as multiple sclerosis (20–23) may also be, at least in part, due to 
defective EV release is still unknown. By thoroughly analyzing hu-
man CD4+ T cells upon exposure to Treg-EVs in terms of gene ex-
pression, signaling pathways, proliferative potential, and effector 
function, we have discovered that Treg-EV biological function may 
represent a pathogenetic node contributing to the breach of im-
mune self-tolerance in individuals with multiple sclerosis.

RESULTS
Human Treg-EVs hamper the activation, proliferation, and 
effector phenotype of CD4+ T cells
The nanometric EVs released by human CD4+ T helper cell (TH cell) 
subsets upon T cell receptor (TCR) stimulation in vitro and isolated 
through size exclusion chromatography (SEC) have been previously 
characterized (17, 24) and have now been further analyzed for sev-
eral features (https://evtrack.org/, #EV210300), including size and 
morphology (fig. S1, A and B). To dissect the biological function of 
Treg-EVs in humans, we set up an in vitro system in which TCR-
stimulated CD4+ T cells were treated with allogeneic Treg-EVs or the 
EVs released by the correspondent Tconv cells (Tconv-EVs) isolated 
from the same donor (in a 1:1 ratio of EV-releasing:EV-recipient 
cells) or with a mock EV preparation from unconditioned medium 
(controls) (Fig.  1A). Compared with CD4+ T cells treated with 
Tconv-EVs, those exposed to Treg-EVs formed fewer clusters upon 
TCR stimulation, appeared smaller in size, and showed higher via-
bility, although no difference was observed in apoptotic cell death 
(Fig. 1, B to E). Treg-EVs also reduced the expression of three key 
activation markers—CD25, CD69, and OX-40—on CD4+ T cells; 
decreased the phosphorylation of the linker of activation of T 
cells (LAT), the extracellular signal-regulated kinase 1/2 (ERK1/2), 
and the mammalian target of rapamycin (mTOR) target S6; and 
enhanced the quantity of the cyclin-dependent kinase inhibitor 
p27Kip1, thus revealing the interference of Treg-EVs in TCR-mediated 
activation signals (Fig. 1, F to K).

Furthermore, Treg-EVs, compared with controls and Tconv-EVs, 
reduced CD4+ T cell proliferation, as assessed by impaired CellTrace 

violet dilution (Fig. 1, L and M) and a DNA incorporation tracking 
assay (fig. S1, C to E). Treg-EVs also affected CD4+ TH cell polariza-
tion and function because they reduced the frequency of cells ex-
pressing T-box transcription factor (T-bet), GATA binding protein 3 
(GATA3), and retinoic acid–related orphan receptor γt (RORγt) 
(master orchestrators of TH1, TH2, and TH17 cell subset differentia-
tion, respectively) while not affecting the frequency of cells ex-
pressing FoxP3 (master regulator of Treg cells), when compared with 
cells exposed to either controls or Tconv-EVs (Fig. 1, N to Q); Treg-
EVs also inhibited the secretion of proinflammatory cytokines 
[e.g., interferon-γ (IFN-γ), tumor necrosis factor–α (TNF-α), and 
interleukin-17A (IL-17A)], relative to cells treated with either con-
trols or Tconv-EVs (Fig. 1R and fig. S1F). At the protein level, Treg-EVs 
specifically imprinted CD4+ T cell targets, as demonstrated by pro-
teomics clustering analysis (Fig. 1S); in particular, Treg-EVs decreased 
IFN-dependent cell activity and macromolecular catabolism, including 
proteolysis, and enhanced the expression of the Runt-related tran-
scription factor 3 (RUNX3) pathway, known to hamper T cell func-
tional activation (Fig. 1, T and U; fig. S2; and data files S1 and S2).

The antiproliferative effect of Treg-EVs on target CD4+ T cells 
was comparable (same order of magnitude) to that of Treg cells 
themselves (fig. S3A). Confirming the contribution of EVs to Treg 
cell suppressive activity, we observed that Treg cells treated with an 
inhibitor of EV release (GW4869) (25) delivered substantially lower 
amounts of miR-142-3p and miR-150-5p (two miRNAs known to 
be highly expressed in CD4+ T cells) (26) as compared with vehicle-
treated cells (fig. S3, B and C) and were significantly less proficient 
in suppressing CD4+ T cell proliferation (P < 0.0001) and activation 
(%CD25, P < 0.0001; %CD69, P < 0.0001; and %OX40, P < 0.01) 
in coculture experiments as compared with vehicle-treated cells 
(fig. S3, D to H). Furthermore, the suppressive activity of Treg-EVs 
did not depend on the specific EV purification method used (SEC) 
because small (but not large) Treg-EVs isolated by differential cen-
trifugation (100,000g versus 16,000g, respectively) were also able to 
reduce CD4+ T cell growth, as compared with Tconv-EVs prepared 
with the same procedure (fig. S3, I to K).

After having verified that human Treg-EVs were able to also ham-
per murine CD4+ T cell proliferation and activation (fig. S3, L to R), 
we injected human Treg-EVs into mice with experimental autoim-
mune encephalomyelitis [EAE; a mouse model of human multiple 
sclerosis, (27)] to test the capability of Treg-EVs to lower inflamma-
tory processes in  vivo. In detail, EAE was induced in C57BL/6 
mice by immunization with myelin oligodendrocyte glycoprotein 
(MOG35-55) peptide, and, upon symptom appearance [12 days 
postimmunization (p.i.)], mice were randomized and intraperitone-
ally injected for 3 consecutive days (days 12 to 14 p.i.) with either 
Treg-EVs or controls (n =  20 or 21 mice, respectively); then, they 
were euthanized 25 days p.i. (fig. S4A). Compared with control, 
Treg-EV treatment was found to decrease maximum disease severity 
(fig. S4, B to F) and perivascular immune cell infiltration in the cen-
tral nervous system (CNS), although no marked differences were 
observed in EAE cumulative score, demyelination area, and axonal 
loss (fig. S4, G to J). Specifically, the CD8+ T cell component of the 
CNS-infiltrating leukocytes expressed significantly (P < 0.05) lower 
amounts of the migratory marker CC chemokine receptor type 5 
(CCR5) in mice treated with Treg-EVs, suggesting that the capac-
ity of those key pathogenetic lymphocytes to reach the CNS may 
be partially impaired (fig.  S4K). Regarding the myeloid compo-
nent (CD11b+ cells) within the CNS, mice treated with Treg-EVs, 

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 28, 2025

https://evtrack.org/


De Rosa et al., Sci. Transl. Med. 17, eadl1698 (2025)     28 May 2025

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  Art   i c l e

3 of 17

Fig. 1. Human Treg-EVs hamper 
CD4+ T cell growth and effector 
functions. (A) Schematic outline 
summarizing the experimental flow 
from CD4+ T cell isolation and in vitro 
TCR stimulation to EV purification by 
SEC and EV treatment of allogenic 
in vitro TCR-stimulated CD4+ T cells. 
(B) Representative optic microscope 
pictures of activation-dependent 
cellular clustering of TCR-stimulated 
CD4+ T cells treated as indicated. 
(C to E) Bar graphs (means ± SEM 
with all experimental points) show-
ing the cell size as forward-scatter 
(FSC) (C) and the percentage of vital 
cells (D) (n = 7 from four indepen-
dent experiments) and caspase-
dependent apoptotic cells [(E), from 
two independent experiments] as 
assessed by flow cytometry analy-
sis of TCR-stimulated CD4+ T cells 
treated as indicated. (F to I) Repre-
sentative experiment (F) and bar 
graphs (means ± SEM with all ex-
perimental points) showing the 
mean fluorescence intensities (MFIs) 
of CD25 (G), CD69 (H), and CD134 
(OX40) (I) as assessed by flow cytom-
etry analysis of TCR-stimulated CD4+ 
T cells treated as indicated (mini-
mum n = 14 from six independent 
experiments). (J and K) Immunob-
lotting of the reported signaling 
proteins [one representative expe
riment, (J)] and relative normal-
ized quantifications [mean fold 
change versus controls ± SEM with 
all experimental points; minimum 
n = 6 measurements from two in-
dependent experiments, (K)] in 
TCR-stimulated CD4+ T cells treated 
as indicated. (L and M) CellTrace 
violet dilution assay assessed by 
flow cytometry [one representative 
experiment, (L)] and bar graph 
[means ± SEM with all experimental 
points; n = 13 from seven indepen-
dent experiments, (M)] showing the 
percentage of CD4+ T cell prolifera-
tion upon TCR stimulation and the 
indicated treatments. (N to Q) Bar 
graphs (means ± SEM with all experimental points) showing the frequency of cells expressing the master regulators of T cell polarization, T-bet (N), GATA3 (O), RORγt (P), and FoxP3 
(Q) as assessed by flow cytometry analysis of TCR-stimulated CD4+ T cells treated as indicated (minimum n = 10 from at least two independent experiments). (R) Heatmap reporting 
the mean values (see also fig. S1F) of cytokine quantification through Luminex assay of the media of TCR-stimulated CD4+ T cells treated as indicated (minimum n = 21 from 14 in-
dependent experiments). (S) Clustering analysis based on proteomics samples (mean of three independent experiments) from TCR-stimulated CD4+ T cells treated as indicated. 
(T and U) Bar graphs showing the number of proteins leading to Reactome (T) and biological process (U) enrichment in the lists of expressed proteins [false discovery rate 
(FDR) < 0.05], as assessed by proteomics analysis of TCR-stimulated CD4+ T cells treated as indicated (linear discriminant analysis, P < 0.05). Data were analyzed by Friedman’s test 
with Dunn’s correction for multiple comparisons [(C) to (E), (G) to (I), and (K)]; ordinary one-way ANOVA with Šidák’s correction for multiple comparisons (M); or Kruskal-Wallis test 
with Dunn’s correction for multiple comparisons [(N) to (Q)]. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant. GM-CSF, granulocyte-macrophage colony-
stimulating factor; rRNA, ribosomal RNA.
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compared with controls, showed a significantly (P < 0.01) lower 
percentage of neutrophils (Ly6G+), known to exert a proinflamma-
tory action in EAE. Moreover, those mice exhibited a significantly 
(P < 0.05) higher frequency of anti-inflammatory monocytes 
(characterized by low Ly6C expression), thus revealing a less aggres-
sive inflammatory phenotype also at the level of innate immunity 
(fig. S4, L to N). Although there were no differences in the expres-
sion of the main pathogenic cytokines (Tnfa, Ifng, and Il1b), we 
did observe a slight increase in FoxP3+ Treg cell frequencies in the 
spleens of mice, suggesting a less pronounced splenic proinflam-
matory milieu in the Treg-EV–treated mice (fig. S4, O and P); con-
sistently, the frequency of splenic FoxP3+ Treg cells negatively 
correlated with the disease score (fig. S4Q). Collectively, these re-
sults support the hypothesis that human Treg-EVs are able to 
dampen CD4+ T cell activation, proliferation, proinflammatory 
phenotype, and effector functions in vitro and may exert a protec-
tive effect in autoimmune conditions, as suggested by mouse data.

MiR-142-3p is enriched in human and mouse Treg-EVs
We then decided to correlate the observed biological function of Treg-
EVs with their specific molecular cargo. With this aim, 51 miRNAs [of 
752 profiled by real-time quantitative polymerase chain reaction (RT-
qPCR)] were initially found detectable [threshold cycle (Ct) < 35 in a 
minimum of four of the five donors] in Treg-EVs, 38 of which were also 
found in the corresponding Tconv-EVs (GSE209714 and GSE183713) 
(Fig. 2A). The relative quantities of those 38 miRNAs, normalized by 
sample-based Ct global mean (which efficiently eliminated intersample 
quantitative variability, Fig. 2B), were able to discriminate the cellular 
origin of the EVs, as shown by clustering analysis (Fig. 2C). In particu-
lar, miR-142-3p was significantly (P < 0.05) up-regulated in Treg-EVs 
compared with Tconv-EVs and also turned out to be the most abundant 
miRNA in Treg-EVs, representing 25% of the 10 highest miRNAs; in 
contrast, miR-142-3p only ranked seventh in terms of quantitative rep-
resentation in Tconv-EVs (Fig. 2, D and E). The 10 top-ranked miRNAs 
in Treg-EVs are highly conserved between mice and humans (identical 
sequences of the mature miRNA molecules, with the only exception of 
hsa-miR-1260a, exclusively found in Homo sapiens; table S1); more-
over, murine Treg-EVs were able to shuttle significantly (P < 0.05) high-
er quantities of mmu-miR-142-3p compared with Tconv-EVs, suggesting 
a mammalian conservation of this specific Treg-EV cargo feature 
(Fig. 2, F and G).

The capability of T cell–derived EVs to transfer miR-142-3p into the 
EV-target cells was evaluated by directly transfecting them with a 
miR-142-3p mimic (or the nonhuman Cel-miR-39-3p, as control) and 
registering the miRNA uptake by EV recipient CD4+ T cells through 
RT-qPCR quantification and flow cytometry analysis (fig. S5, A to E). 
By tracing the EV-associated whole RNA with a selective fluorescent 
RNA stain (SYTOGreen RNASelect), CD4+ T cell–derived EVs were 
demonstrated to shuttle their RNA cargo into most of heterologous tar-
get T cells upon 48 hours of EV treatment (fig. S5, F to H).

Treg-EVs reduce transcripts linked to T cell activation, IFN 
signaling, and proteasomal function in TCR-stimulated 
CD4+ T cells
We then evaluated the effect of EVs on the whole coding transcrip-
tome of CD4+ T cells and unveiled a distinct transcriptional profile 
of cells treated with Treg-EVs compared with Tconv-EVs or controls 
[Fig.  3, A and B; RNA sequencing (RNA-seq) data: GSE208570]. 
Specifically, compared with controls, Treg-EVs were able to significantly 

(adjusted P < 0.05) modulate 487 transcripts (330 up-regulated and 
157 down-regulated), which only marginally overlapped with the list 
of transcripts modulated by Tconv-EVs (21 and 11% for up- and down-
regulated transcripts, respectively; Fig. 3, C and D, and data file S3). 
Whereas the transcripts up-regulated by Treg-EVs were mostly linked 
to cell cycle regulation, the list of down-regulated ones was instead 
highly enriched for IFN-related transcripts, consistent with the pro-
teome data (Fig.  3, E and F). Furthermore, the transcripts down-
regulated by Treg-EVs were also enriched for those related to the 
proteasome complex and its regulation (in line with experimental evi-
dence of decreased T cell proliferation upon inhibition of proteasome 
activity) (28) and others linked with the cell cycle, signal transduction, 
and antigen presentation (fig. S6, A to C), delineating a broad impair-
ment of T cell activation at the transcriptional level, in the presence 
of Treg-EVs. Consistently, the transcriptome modulation induced by 
Treg-EVs (but not Tconv-EVs) in CD4+ T cells was negatively correlat-
ed with that previously described in the same cells upon TCR stimula-
tion [GSE154401 (23); Fig. 3, G and H], with transcripts encoding key 
activation-induced factors, such as CD109, CD69, IL-2Rα, IL-5, IL-6, 
IL-31, and REL, among others (23), all decreased by Treg-EV treat-
ment (Fig. 3I).

The antiporter SLC7A11, repressed by Treg-EVs in CD4+ T 
cells, is a direct target of miR-142-3p
The category of transcripts decreased by Treg-EV treatment was sig-
nificantly (P < 0.00001) enriched among miR-142-3p targets (as per 
miRTarBase release 8.0, 142 of 324, 44%), supporting the hypothesis 
that the biological effect of Treg-EVs may be mediated, at least in 
part, by the higher relative quantities of EV-shuttled miR-142-3p, 
compared with Tconv-EVs (Fig. 4A). A similar enrichment was also 
true for the second most-abundant miRNA in Treg-EVs, miR-21-5p 
(50%), whereas the effect started fading with the third and the 
fourth, miR-150-5p and miR-16-5p (33% of decreased transcripts in 
both cases), and disappeared with the fifth (miR-1260a, 28%); as a 
negative control, no enrichment was revealed for the targets of an 
unrelated miRNA (miR-1-3p, 31%,  Fig.  4A). In particular, miR-
142-3p mRNA targets down-regulated by Treg-EVs were found to 
be specifically enriched for biological processes mostly linked to 
protein metabolism (including proteasomal genes, such as PSMD11, 
PSMD12, and PSME4) and fatty–acyl–coenzyme A metabolism 
(Fig.  4B and data file S4). Gene set enrichment analysis (GSEA) 
demonstrated that miR-142-3p targets were more densely clustered 
in the region of transcripts decreased by Treg-EVs in comparison 
with either controls or Tconv-EVs, confirming that the targetome of 
this miRNA is marking Treg-EV transcriptional effects (Fig. 4C).

Among the top 20 most–down-regulated transcripts by Treg-EVs, 
we identified the transmembrane antiporter mediating cystine uptake 
and glutamate export SLC7A11 as the most-repressed putative 
miR-142-3p target (log2 fold change = −1.03, data file S3). Further-
more, the enrichment score (ES), reflecting the degree to which 
miR-142-3p targets are overrepresented in the ranked gene list 
(transcriptional modulation by Treg-EVs), identified SLC7A11 as the 
top transcript among those driving the GSEA results (leading edge sub-
set, Fig. 4D). Because the actual capability of miR-142-3p to directly 
target SLC7A11 expression was only supported by weak experimental 
evidence (data file S4), we tested two plasmids in which the luciferase 
gene, under the control of a constitutive promoter, was cloned to 
bear the two putative miR-142-3p binding sequences of the SLC7A11 
mRNA in the 3′ untranslated region (3′UTR) (nucleotides at positions 
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3301 to 3308 and 5397 to 5403, TargetScanHuman 7.0; Fig. 4E). The 
luciferase assay in human embryonic kidney (HEK)–293 cells trans-
fected with those plasmids allowed us to demonstrate that only one 
of the two tested seeding sites (5397 to 5403, highly conserved in 
mammalian genomes; table S2) specifically responds to miR-142-3p– 
dependent regulation (Fig. 4F). Consistently, CD4+ T cell–derived EVs 
transfected with a miR-142-3p mimic, compared with mock-transfected 

ones, significantly decreased SLC7A11 at the protein level in Jurkat 
cells (P < 0.01) and in primary human CD4+ T cells (P < 0.0001) 
(Fig. 4, G to J). The hypothesis that miR-142-3p shuttled by Treg-EVs is 
able to target SLC7A11 (and other relevant mRNAs) in bystander 
CD4+ T cells may have important mechanistic implications, which per-
tain to both Treg cell suppressive function and the potential therapeutic 
use of Treg-EVs. We thus decided to further investigate the dynamics of 

Fig. 2. High quantities of miR-142-3p molecular cargo characterize Treg-EVs from healthy humans and mice. (A) Venn diagram showing the overlap (n = 38) of 
miRNAs detected (Ct < 35 by RT-qPCR profiling, n = 179 miRNAs) in at least four of the five independent donors of purified EVs released by both Tconv and Treg cells. (B) Box 
and whisker plots [min to max with median and interquartile range (IQR)] showing the Ct values (left) and the quantities relative to the Ct global mean (right) of the 
17 miRNAs coexpressed in five of the five samples of Tconv-EVs and Treg-EVs, showing an efficient normalization procedure. (C) Heatmap showing the hierarchical clustering 
(based on Pearson correlation with complete linkage) of Tconv-EV and Treg-EV samples on the basis of the expression of EV-associated miRNA profiles [n = 38 coexpressed 
molecules, as for (A)]. (D) Box and whisker plot (min to max with median and IQR, including all five experimental points) reporting the quantities (relative to Ct global 
mean) of miR-142-3p in Tconv-EV and Treg-EV samples. (E) Pie charts showing the mean quantitative representation of the first 10 most-expressed miRNAs in Treg-EVs (top) 
and Tconv-EVs (bottom); the ranking position of miR-142-3p in the two EV subtypes is highlighted. (F and G) Schematic outline summarizing the experimental flow for 
mouse CD4+ T cell and T cell–derived EV purification (F) and bar graph (means ± SEM with all experimental points) reporting the quantities (as assessed by RT-qPCR, n = 8 
from four independent biological replicates) of miR-142-3p in CD4+ T cells and T cell–derived EVs, as indicated (G). Data were analyzed by Mann-Whitney test (D) or 
Wilcoxon matched-pairs rank test (G). *P < 0.05; n.s., not significant.
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Fig. 3. Transcriptomics of CD4+ T cells treated with human Treg-EVs. (A) Heatmap showing the hierarchical clustering (as determined by Euclidean distance with com-
plete linkage) of RNA-seq samples (mean of three independent biological samples) from TCR-stimulated CD4+ T cells treated as indicated. (B) Scatter plot showing the 
correlation between the log2 fold changes in the comparisons Treg-EVs versus controls, x axis, and Treg-EVs versus Tconv-EVs, y axis, for the RNA-seq of TCR-stimulated CD4+ T 
cells. Pearson correlation coefficient (r), P value, and transcript numbers are also reported. (C) Venn diagrams reporting the overlap in terms of differentially expressed (DE) 
transcripts (adjusted P < 0.05) for the indicated RNA-seq comparisons, stratified for being either up-regulated (top) or down-regulated (bottom) versus controls. 
(D) Volcano plot reporting the fold changes (x axis) and −log10 P values (y axis) for RNA-seq expression in TCR-stimulated CD4+ T cells treated with Treg-EVs versus controls. 
(E and F) STRING analysis showing the Reactome pathway enrichments for the list of transcripts significantly (adjusted P < 0.05) either up-regulated (E) or down-regulated 
(F) by Treg-EVs. (G and H) Scatter plots showing the correlations between the RNA-seq fold changes [Tconv-EV (G) and Treg-EV (H), treatments versus controls] and the tran-
scriptional modulation reported in CD4+ T cells upon TCR stimulation. (I) Bar graph showing the RNA-seq fold changes of biologically relevant transcripts down-regulated 
upon Treg-EV treatment versus controls (blue) previously reported to be up-regulated (red) in CD4+ T cells upon TCR stimulation, independently of statistical significance.
Fpkm, fragments per kilobase million; ATR, ataxia telangiectasia and Rad3 related; CDK6, cyclin-dependent kinase 6; CISH, cytokine-inducible SH2-containing protein; CXCL11, 
C-X-C motif chemokine ligand 11; IFI44L, interferon-induced protein 44-like; IFIT3, interferon induced protein with tetratricopeptide repeats 3; IL2RA, interleukin 2 receptor subunit 
alpha; IRF4, interferon regulatory factor 4; IRF8, interferon regulatory factor 8; KEAP1, Kelch-like ECH-associated protein 1; NFE2L2, nuclear factor erythroid-derived 2-like 2; NFIL3, 
nuclear factor interleukin-3; PMAIP1, phorbol-12-myristate-13-acetate-induced protein 1; SCL7A11, solute carrier family 7 member 11; TNFRSF9, TNF receptor superfamily member 9.
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Fig. 4. CD4+ T cell transcripts 
down-modulated by human 
Treg-EVs are enriched for miR-
142-3p mRNA targets. (A) Pie 
charts showing the distribution of 
transcripts that are up-regulated 
(red, log2 fold change > 0.1), un-
changed (gray, −0.1 < log2 fold 
change < 0.1), or down-regulated 
(blue, log2 fold change < −0.1) 
in the RNA-seq comparison of 
TCR-stimulated CD4+ T cells 
treated with Treg-EVs versus con-
trols; either all detected tran-
scripts (n = 11,899) or the list of 
the targets (as per miRTarBase) 
of the indicated miRNAs are 
plotted; miR-1 was used as a 
negative control, not being ex-
pressed in Treg-EVs. Fisher’s exact 
test. (B) STRING analysis showing 
the Reactome and Kyoto Ency-
clopedia of Genes and Genomes 
(KEGG) pathway enrichments on 
the basis of the list of miR-142-3p–
validated mRNA targets (as per 
miRTarBase) down-regulated by 
Treg-EVs versus controls. (C) GSEA 
based on the list of miR-142-3p 
validated mRNA targets for the 
transcriptional fold change re-
ported in the RNA-seq compar-
ison of Treg-EVs versus controls 
(left) or Treg-EVs versus Tconv-EVs 
(right); normalized enrichment 
scores (NESs) and P values are 
also reported. (D) Column bar 
plot showing the running ES 
(green) and the core enrichment 
(orange) for the top-ranked gene 
list driving the GSEA enrichment 
for miR-142-3p targets. SLC7A11 
is highlighted. (E) Schematic rep-
resentation of the SLC7A11 tran-
script, reporting the positions of 
two putative seed sites for miR-
142-3p present in the 3′UTR region 
of the transcript. (F) Bar graph 
(means  ±  SEM with all experi-
mental points) reporting the lucif-
erase assay performed in HEK-293 
cells (n = 3 independent experi-
ments), testing the ability of a 
miR-142-3p mimic molecule to 
functionally bind the identified seed sites in the SLC7A11 3′UTR. (G to J) Immunoblotting [representative experiments, (G) and (I)] and the corresponding quantifications 
[bar graphs reporting the means ± SEM with all experimental points, (H) and (J)], comparing the relative capacity of CD4+ T cell–derived EVs (derived from HDs) transfected 
with a miR-142-3p mimic molecule or with a control mimic to decrease the quantity of SLC7A11 protein in both EV-treated Jurkat cells (n = 12 measurements from four 
independent experiments) [(G) and (H)] and allogeneic human CD4+ T cells (n = 18 from five independent experiments) [(I) and (J)]. Control mimic was set to 1. Data were 
analyzed by ordinary one-way ANOVA with Holm-Šidák’s correction for multiple comparisons (F) or paired t test [(H) and (J)]. **P < 0.01; ****P < 0.0001; n.s., not significant.
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miR-142-3p and SLC7A11 transcript modulation in CD4+ T cells upon 
TCR stimulation and Treg-EV treatment.

MiR-142-3p shuttled by Treg-EVs impinges on the highly 
tuned regulation of the SLC7A11 antiporter upon 
TCR stimulation
SLC7A11 mRNA induction during activation of CD4+ T cells is a key 
determinant of their proliferative potential (23, 29). Upon TCR stimu-
lation, SLC7A11 expression in CD4+ T cells was predominant (>65%) 
in CD25+ T cells (the activated subpopulation), whereas it remained 
marginal (<5%) in CD25− cells (Fig. 5A). Treg-EV–mediated inhibi-
tion of CD25 expression was accompanied by a significant reduction 
in the percentage of SLC7A11-expressing cells (P < 0.01) and their 
mean fluorescence intensity (P < 0.05) (Fig. 5, B to D). The measure-
ment of RNA molecules at single-cell resolution by PrimeFlow assay 
(Fig. 5E) allowed for contextualizing the dynamics of miR-142-3p and 

SLC7A11 transcript quantities together with CD25 protein expression 
by flow cytometry. CD4+ T cell activation modified the quantitative 
relation between SLC7A11 and miR-142-3p, with the miRNA quanti-
ties growing less than those of the mRNA in the CD25+ compared 
with the CD25− T cell subpopulation, thus leading to a reduced miR-
142-3p/SLC7A11 ratio in the activated (CD25+) cells independently 
of EV treatment (Fig. 5, F and G, and fig. S6D). Nonetheless, Treg-EVs 
were specifically shown to unbalance the regulatory circuit between 
miR-142-3p and SLC7A11 mRNA during T cell activation by signifi-
cantly increasing the miR-142-3p/SLC7A11 ratio in both CD25− (P < 
0.05) and CD25+ (P < 0.001) T cell subpopulations compared with 
controls (Fig. 5H). These observations suggested that the uptake of 
Treg-EV cargo in CD4+ T cells raises the intracellular amounts of miR-
142-3p relative to its targets (mRNAs necessary to engage growth and 
effector functions, such as SLC7A11), thus hampering the induction 
of those proteins during the process of cellular activation.

Fig. 5. Human Treg-EVs regulate miR-142-3p/SLC7A11 ratio tuning occurring upon CD4+ T cell stimulation. (A) Pie charts showing the relative percentage of cells 
expressing SLC7A11 mRNA in either CD25+ (red) or CD25− (gray) CD4+ T cells upon TCR stimulation in the absence of any EV treatment. (B to D) Contour plots [one repre-
sentative experiment, (B)] and bar graphs (means ± SEM with all experimental points) showing the percentage (C) and the MFI (D) of SLC7A11 mRNA in either CD25− 
(empty bars) or CD25+ (filled bars) TCR-stimulated CD4+ T cells upon the indicated EV treatments (n = 6 from six independent experiments). SSC, side scatter. (E) Two 
representative microscope images of the intracellular PrimeFlow fluorescent signal of miR-142-3p (green, top) and SLC7A11 mRNA (red, bottom) (scale bar, 5 μm). 
(F) Scatter plot showing the linear correlation between the miR-142-3p MFI (x axis) and that of SLC7A11 mRNA (y axis) in either CD25+ (red, r = 0.37) or CD25− (blue, 
r = 0.27) CD4+ T cells upon TCR stimulation independently of EV treatment; the two differential correlation slopes are also reported (based on 21 observations from six 
independent experiments). (G) Direct comparison (per single cell sample) of the miR-142-3p/SLC7A11 ratio (expressed as MFI) in CD25+ (red) versus CD25− (blue) CD4+ T 
cells upon TCR stimulation independently of EV treatment (based on 21 observations from six independent experiments). (H) Bar graphs (means ± SEM with all experi-
mental points) showing the miR-142-3p/SLC7A11 ratio (expressed as MFI) in either CD25− (empty bars) or CD25+ (filled bars) TCR-stimulated CD4+ T cells upon the indi-
cated EV treatments (n = 7 from six independent experiments). Data were analyzed by Friedman’s test with Dunn’s correction for multiple comparisons [(C), (D), and (H)], 
Spearman correlation (F), or t test (G). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Treg-EVs from pwRR-MS are functionally dysregulated and 
contain low amounts of miR-142-3p
Because robust experimental evidence has demonstrated Treg cell 
dysfunction in people with relapsing-remitting multiple sclerosis 
(pwRR-MS) (21), we evaluated whether Treg-EVs from pwRR-MS 
show aberrant immunosuppressive function, compared with those 
from healthy donors (HDs; fig. S7A and table S3). Treg-EVs de-
rived from pwRR-MS had completely lost their ability to dampen 
TCR-stimulated CD4+ T cell proliferation and activation in vitro as 
compared with HD-derived Treg-EVs (Fig. 6, A to C). Furthermore, 
compared with HD-derived Treg-EVs, those from pwRR-MS were 
significantly less capable of lowering the amount of T-bet (P < 
0.0001) and GATA3 (P < 0.001) (master regulators of the CD4+ TH1 
and TH2 cell lineages, respectively) in EV-target CD4+ T cells (Fig. 6, 
D to F). Treg-EVs from pwRR-MS were also significantly less effi-
cient in curtailing the percentage of RORγt-expressing EV-target 
CD4+ T cells (P < 0.001) (master regulator of the CD4+ TH17 lin-
eage, highly relevant in MS pathogenic process) (Fig. 6, G and H).

Having identified miR-142-3p shuttled by EVs as an additional 
mediator of a healthy Treg suppressive phenotype, we then decided 
to address its potential physiopathological relevance. To this aim, we 
analyzed the overall miRNA cargo of EVs released by either Tconv or 
Treg cells isolated from pwRR-MS in comparison with those previ-
ously quantified in HD Tconv- and Treg-EVs. A one-way analysis of 
variance (ANOVA) on miRNAs expressed in all samples (n = 29) 
indicated that the means of 19 of those 29 coexpressed miRNAs 
were significantly different (P < 0.05) among the four groups of 
samples, but only one miRNA (miR-142-3p) was found differen-
tially expressed in HD compared with pwRR-MS Treg-EVs, being 
markedly reduced in the latter (Fig. 6, I and J). This reduction was 
not simply mirroring a cell-based difference in miR-142-3p between 
HD and pwRR-MS Treg cells because a two-way ANOVA analysis 
taking into account the compartment (intracellular versus EV asso-
ciated) and the disease status (HD versus pwRR-MS) revealed that 
miR-142-3p had a higher expression in pwRR-MS compared with 
HD Treg cells, suggesting a specific retention of that miRNA in the 
intracellular milieu of the diseased Treg cells upon TCR stimulation 
(Fig. 6, K and L). The differential expression of miR-142-3p in Treg-
EVs was then validated in a larger cohort of HDs and pwRR-MS 
(n = 9 and n = 18, respectively; Fig. 6, M and N, fig. S7B) and con-
firmed by a multivariable logistic regression model correcting for 
age and gender and by absolute assessment through droplet digital 
PCR (fig. S7, C to E). Intriguingly, the impaired capability to shuttle 
miR-142-3p demonstrated by Treg cells from pwRR-MS was also re-
ported in the mouse system: In particular, Treg cells isolated from 
mice with active EAE and cultured in vitro released EVs with sig-
nificantly reduced amounts of miR-142-3p (P < 0.0001), com-
pared with Treg cells isolated from the healthy counterparts (fig. S7, 
F and G).

The ectopic increase in miR-142-3p cargo in Treg-EVs by trans-
fection of a mimic molecule was able to significantly (P < 0.0001) 
enhance their antiproliferative effect over TCR-stimulated CD4+ T 
cells, supporting the direct involvement of this miRNA in suppress-
ing those cells; furthermore, Tconv-EVs did also acquire an anti-
proliferative effect upon miR-142-3p transfection although not 
comparable with that of Treg-EVs, suggesting not only the key rele-
vance of this miRNA shuttling for the acquisition of immunosup-
pressive functions but also the importance of the overall molecular 
context in EVs (Fig. 6O). Moreover, miR-142-3p mimic transfection 

failed to rescue the antiproliferative effect of pwRR-MS Treg-EVs over 
TCR-stimulated CD4+ T cells, pointing to additional molecular 
defects associated with Treg-EVs in pwRR-MS (Fig. 6O).

MiR-142-3p shuttled by Treg-EVs marks disease severity 
in pwRR-MS
Because the quantity of miR-142-3p shuttled by Treg-EVs (but not 
Tconv-EVs) was able to discriminate pwRR-MS from HDs [area un-
der the receiver operating characteristic (ROC) curve; Fig. 7, A and 
B], we evaluated whether the actual amount of miR-142-3p shuttled 
by Treg-EVs in pwRR-MS may have clinical relevance. To this aim, 
we estimated its correlation with anthropometric indexes [age, sex, 
and body mass index (BMI)] on the one side and with disease dura-
tion and parameters relative to disease severity [expanded disability 
status score (EDSS), number of relapses after disease onset, brain 
lesion load, and number of brain gadolinium-enhancing lesions] on 
the other. Although Treg-EV–shuttled miR-142-3p did not correlate 
with age, disease duration, or BMI, it did inversely correlate with 
EDSS (Fig. 7, C to E), indicating that a reduced capability of Treg 
cells to shuttle miR-142-3p through EVs is associated with increas-
ing clinical disability. Furthermore, the amount of Treg-EV–shuttled 
miR-142-3p was lower in active cases in pwRR-MS as compared 
with inactive ones, considering either the experience of relapse or 
the presence of gadolinium-enhancing lesions (Fig. 7F). In particu-
lar, low Treg-EV–shuttled miR-142-3p amounts were detected in in-
dividuals having experienced one or more relapses within 6 months 
before blood collection compared with those with no relapses 
(Fig.  7G). Moreover, the quantity of miR-142-3p shuttled by Treg 
cells through EVs inversely correlated (P < 0.01) with the number of 
brain gadolinium-enhancing lesions, revealing a direct association 
between the miR-142-3p shuttling capability of Treg cells and in-
flammatory activity in patients’ brains (Fig. 7H).

DISCUSSION
Extracellular miRNAs may revolutionize medical diagnostics, but 
whether they actually represent a distinct paradigm of intercellular 
signaling remains uncertain. Here, we demonstrate that miR-142-3p, 
an indispensable intrinsic regulator of Treg cell homeostasis and 
suppressive capacity (30), is also prominently shuttled to bystander 
cells through EVs released by Treg cells upon physiologically rele-
vant TCR stimulatory signals in vitro (in both the human and mouse 
systems), becoming an antiproliferative message to those bystander 
T cells. This release of miR-142-3p–carrying EVs, therefore, repre-
sents a passive, noncompetitive, cell contact–independent sup-
pressive mechanism (31). Although proliferation and function are 
traditionally perceived as separated in Treg cells, we instead envision 
that the capability of a Treg cell to engage anabolic growth and cell 
division (by also down-regulating miR-142-3p and, hence, relieving 
its inhibitory effects on mRNAs linked to cell proliferation) is intrin-
sically linked to the suppression of bystander target cells by shuttling 
miR-142-3p through EVs.

A prototypical example of this regulatory loop is given by SLC7A11. 
Upon TCR stimulation, the need for an efficient antioxidant net-
work makes the up-regulation of this cystine/glutamate antiporter 
(critically involved in glutathione metabolism) a key factor in 
both proinflammatory and anti-inflammatory T cells (29, 32, 33). 
We recently found that defective SLC7A11 induction in Treg cells 
from pwRR-MS associates with their reduced proliferative potential 
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Fig. 6. Treg-EVs from pwRR-MS are func-
tionally impaired and shuttle a low-
er amount of miR-142-3p. (A to C) Bar 
graphs (means ± SEM with all experimen-
tal points, minimum n = 26 measurements 
from six independent experiments) show-
ing the percentage of proliferating cells 
(assessed by flow cytometry in a CellTrace 
violet dilution assay) (A), the percentage of 
CD25+ cells (B), and CD25 MFI (C) of TCR-
stimulated CD4+ T cells upon the indicated 
treatments. (D to F) Immunoblotting of 
T-bet and GATA3 [representative experi-
ments, (D)] and bar graphs (means ± SEM 
with all experimental points) showing 
the relative normalized quantifications of 
T-bet (E) and GATA3 (F) protein abundance 
in TCR-stimulated CD4+ T cells upon the 
indicated treatments. Data are from a mini-
mum of n  =  9 measurements from four 
independent experiments for HDs, n = 12 
from two independent experiments for 
pwRR-MS, or n = 3 controls. (G and H) Rep-
resentative experiment (G) and bar graph 
[means ± SEM with all experimental points, 
(H)] showing the percentage of RORγt-
expressing cells as assessed by flow cytom-
etry analysis of TCR-stimulated CD4+ T cells 
treated as indicated (n = 8 from two inde-
pendent experiments). (I) Heatmap show-
ing miRNA hierarchical clustering based on 
the z-scored quantities of the 19 miRNAs 
identified as being significantly enriched 
(P < 0.05) in a one-way ANOVA test when 
comparing Treg-EVs and Tconv-EVs from ei-
ther HDs or pwRR-MS. (J) Volcano plot 
reporting the fold changes (x axis) and −log10 
P values (y axis) for miRNA expression 
comparison between EVs released by Treg 
cells from HDs versus pwRR-MS [groups as 
in (I)]. miR-142-3p, which is down-regulated 
in pwRR-MS-EVs with a t test P < 0.05, is high-
lighted in red in both (I) and (J). (K) Pie charts 
showing the mean differential quantitative 
representation of the first 10 most-expressed 
miRNAs in either Treg cells (top) or Treg-EVs 
(bottom) in HDs (left) and pwRR-MS (right, 
three donors per group); the differential rank-
ing position of miR-142-3p in the different 
sample types is highlighted. (L) Heatmap 
showing the z-scored quantities of the 20 
most-expressed miRNAs in the indicated 
samples; the bar graph on the right reports 
the −log10 P values as determined by a two-
way ANOVA (compartment, intracellular versus EV associated; disease status, healthy versus pwRR-MS). The bar relative to miR-142-3p (P < 0.01) is highlighted in red. (M and N) Box 
and whisker plots (min to max with median and IQR, including all experimental points) showing miR-142-3p quantities (relative to U6 small nuclear RNA) in Tconv-EVs from an addi-
tional 10 HDs and 19 pwRR-MS (M) and Treg-EVs from an additional 9 HDs and 18 pwRR-MS (N). (O) Bar graph (means ± SEM with all experimental points) showing the fold change 
in proliferation (assessed by flow cytometry in a CellTrace violet dilution assay) of TCR-stimulated CD4+ T cells upon treatment with either healthy Treg-EVs (minimum n = 26 from 
four independent experiments), healthy Tconv-EVs (n = 9 from two independent experiments), or Treg-EVs from pwRR-MS (minimum n = 5 from two independent experiments) 
transfected with either Cel-miR-39-3p (used as control mimic) or miR-142-3p, as indicated. Data were analyzed by ordinary one-way ANOVA with Tukey’s multiple comparisons test 
[(A) to (C)]; Kruskal-Wallis with Dunn’s multiple comparisons within the different groups (HDs and pwRR-MS) [(E) and (F)]; Mann-Whitney between Treg-EVs from HDs and pwRR-MS 
(for T-bet) and unpaired t (for GATA3); Kruskal-Wallis with Dunn’s multiple comparisons within the different groups (HDs and pwRR-MS as compared with controls); Mann-Whitney 
only between Treg-EVs from HDs and pwRR-MS (H); Mann-Whitney [(M) and (N)]; and unpaired t for HDs and Mann-Whitney for pwRR-MS (O). *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; n.s., not significant.
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compared with healthy Treg cells (23). The present work adds that 
this defect may be directly connected to higher Treg intracellular re-
tention of miR-142-3p in pwRR-MS, which leads to its reduced re-
lease and, consequently, decreased capability to inhibit SLC7A11 
expression in paracrine target T cells (fig. S8A). This loop may play 
a particularly relevant role in pwRR-MS, where the unbalanced ac-
tivity of this protein channel is known to fuel unrestrained immune 
cell proliferation, inflammation, and brain dysfunction (34, 35).

The recognition that, during the course of an immune response, 
the information can be transferred from one cell type to another in 

the form of RNA molecules actually dates back to around 50 years 
ago (36–38). Nonetheless, only in the past 2 decades have we aban-
doned the idea of a labile RNA and fully recognized that extracel-
lular RNA-based communication, mostly based on a sophisticated 
EV containment, is an ancient, powerful, and universal code for 
cells to influence each other (39, 40). The growing knowledge on 
the mechanisms beyond this code is opening unprecedented ther-
apeutic opportunities (41). In particular, initial observations of 
the beneficial effects of Treg-EVs on the hyperinflammatory re-
sponse linked to transplant rejection point to their potential use as 

Fig. 7. The miR-142-3p content of Treg-EVs from pwRR-MS inversely correlates with disease score and brain gadolinium-enhancing lesions. (A and B) ROC curves 
showing the capability of either Tconv-EV–shuttled (A) or Treg-EV–shuttled (B) miR-142-3p to discriminate HDs from pwRR-MS; AUC and P values are also reported. (C) Heat-
map showing the correlation matrix (yellow for positive, and blue for negative Spearman’s rank; interval, −0.4 to +0.4) for the indicated anthropometric and disease-
related parameters. (D) Scatter plot showing the linear correlation between the EDSS (x axis) and expression of Treg-EV–shuttled miR-142-3p (y axis, normalized by the 
experimental mean) in the analyzed pwRR-MS samples (n = 44). Spearman r and P value are also reported; dashed lines indicate the 95% confidence interval. (E to G) Box 
and whisker plots (min to max with median and IQR, including all experimental points) showing miR-142-3p expression in Treg-EVs from pwRR-MS stratified by EDSS (E), 
activity phase (F), and number of relapses (G). (H) Scatter plot showing the linear correlation between the number of brain gadolinium (Gd)–enhancing lesions (x axis) and 
expression of Treg-EV–shuttled miR-142-3p (y axis) in the analyzed pwRR-MS (n = 19); in the zoomed-in box, only the pwRR-MS with EDSS < 4 are shown. Spearman r and 
P value are also reported; dashed lines indicate the 95% confidence interval. Data were analyzed by nonparametric Spearman correlation [(C), (D), and (H)], Kruskal-Wallis 
test with Dunn’s correction for multiple comparisons [(E) and (G)], or Mann-Whitney test (F). *P < 0.05; **P < 0.01.
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an alternative to immune-modulatory Treg cell–based therapies 
(18, 42). Because EVs are expected to remain biologically stable in 
different contexts, being unable to either replicate or transdifferen-
tiate (43), they would overcome the pitfalls relative to cell plasticity, 
which undermine Treg cell immunosuppressive capacity upon 
in  vivo infusion (44,  45). Although the beneficial, albeit limited, 
effect of healthy Treg-EVs in the EAE mouse system calls for further 
studies aimed at optimizing EV dose and administration route, 
the failed functional rescue of dysfunctional pwRR-MS Treg-EVs by 
the ectopic enhancement of their miR-142-3p cargo, shown here, 
may suggest the need for therapies based on Treg-EVs from allo-
geneic HDs.

This study unveiled the clinical relevance of an EV-based 
mechanism of Treg cell function, supported by the correlation be-
tween the reduced capability of Treg cells to shuttle miR-142-3p 
through EVs and the presence and number of brain gadolinium-
enhancing lesions on magnetic resonance imaging, the most spe-
cific indicator of ongoing inflammatory activity within the CNS of 
pwRR-MS. This correlation not only underscores the potential 
role of the identified mechanism in pwRR-MS pathogenesis but 
also highlights its prospect as a biomarker for monitoring disease 
activity (fig. S8B).

Our study has some limitations. The mechanisms underlying 
EV biogenesis and cargo selection on the EV cell source side and 
EV uptake and intracellular fate of its molecular content on the EV 
target cell side have not been characterized yet. In particular, the 
cellular and molecular defects that lead to an impaired release of 
EV-associated miR-142-3p (but not other miRNAs) remain unde-
fined. A second limitation is relative to the in vivo experiments; 
although intraperitoneal administration of the EVs in the EAE 
animal model was chosen on the basis of the hypothesis that a 
systemic distribution is beneficial, we do not know whether other 
routes (or different doses or timing of Treg-EV injections) may be 
more efficacious. Specifically, it would be relevant to test the intra-
thecal administration of Treg-EVs, which may bring them directly 
to the actual disease site. Furthermore, we did not track the EVs 
in vivo and, hence, are still unable to define their stability, the pref-
erential target tissues and cells (in particular, whether the EVs 
were able to pass the blood-brain barrier), and the mechanism of 
action in the organism. Regarding the dysregulated molecular 
phenotype and function of Treg-EVs in pwRR-MS, at the moment, 
we are unaware of whether the previously unknown phenomenon 
described here may be present also in other autoimmune disor-
ders or is only linked to multiple sclerosis. Last, the report of a 
correlation between the miR-142-3p content of Treg-EVs in pwRR-
MS and their ongoing inflammatory activity within the CNS is 
clinically relevant; nonetheless, the use of Treg-EVs as biomarkers 
of disease status will require rigorous validation and standardiza-
tion, which remains an ongoing challenge.

In conclusion, we propose that Treg cell–shuttled miR-142-3p, 
stabilized by EV protection, may help curb the adaptive effector re-
sponse at the paracrine, but possibly also at the endocrine, level and 
can maintain immune tolerance in mammalian physiological condi-
tions. This route of signal transmission also represents a distinct 
pathogenic mechanism contributing to the breach of immune ho-
meostasis in pwRR-MS. Knowledge of this defect in Treg function 
may drive the design of treatments aimed at restoring Treg cell func-
tion in pwRR-MS and other autoimmune diseases.

MATERIALS AND METHODS
Study design
This study was first designed to investigate the role of EVs released 
by human Treg cells in the control of CD4+ T cell function. To this 
aim, we performed in vitro studies, treating TCR-stimulated CD4+ 
T cells with Treg-EVs and assessing their effect on cell proliferation, 
activation, and polarization. We also traced the molecular mecha-
nism of this effect by linking a specific miRNA to gene expression 
modulation in Treg-EV target CD4+ T cells. To expand these ob-
servations in vivo, we evaluated the effect of Treg-EVs on disease 
progression, lymphocyte infiltration into the CNS, and systemic in-
flammation in EAE mice. The pathogenic implication of this bio-
logical system was studied by analyzing the dysregulated molecular 
phenotype and function of Treg-EVs from pwRR-MS. The sample 
size of the human cohort was chosen on the basis of similar studies 
in the literature, and experiments were always performed in technical 
and independent biological replicates (the precise number is speci-
fied in the figure legends).

All of the experimental procedures on mice were approved by 
the Institutional Animal Care at the Università degli Studi di Napoli 
“Federico II” (Italy). The mice were randomly assigned to different 
experimental groups; moreover, both the investigators following the 
disease course and the pathologist analyzing the relative histology 
were blinded to the treatment assignment of the mice. The analysis 
of human samples was approved by the Institutional Review Board 
of Università degli Studi di Napoli Federico II and Università degli 
Studi di Milano-Bicocca, Monza (Italy) and was conducted in ac-
cordance with the Declaration of Helsinki; all participants signed 
a written informed consent. Specifically, we obtained peripheral 
blood mononuclear cells (PBMCs) from HDs (n  =  48, with no 
history of inflammatory, endocrine, or autoimmune disease) and 
pwRR-MS (n = 72, table S3). pwRR-MS were stratified as being in 
either an active or an inactive phase of the disease on the basis of the 
experience of relapse, the presence of gadolinium-enhancing le-
sions, or both within 6 months before blood collection.

Human primary CD4+ T cells
Total CD4+ T cells, Tconv cells (CD4+CD25−), and Treg cells 
(CD4+CD25hi) were isolated from PBMCs by magnetic cell separation 
with the Dynabeads regulatory CD4+CD25+T Cell Kit (Invitrogen) 
or by high-performance cell sorting (BD FACSAria II) after stain-
ing with the following antibodies with a 1:100 dilution: allophy-
cocyanin (APC) anti-human CD127 (Miltenyi Biotec, REA614), 
phycoerythrin-cyanine7 (PE-Cy7) mouse anti-human CD25 (BD 
Biosciences, M-A251), and APC-H7 mouse anti-human CD4 (BD 
Pharmingen, RPA-T4) (21). Treg cell purity was checked by anti-
Human FoxP3 Staining Kit (BD Biosciences), following the manu-
facturer’s protocol; purity data were acquired by BD LSRFortessa 
(BD Biosciences) and analyzed with FlowJo software version 10.7. 
All primary T cells were cultured (1 × 106 cells/ml) in AIMV medi-
um (Gibco) and TCR-stimulated with anti-CD3 and anti-CD28-
coated Dynabeads (0.2 beads per cell, to mimic physiological in vivo 
activating conditions) (Invitrogen) (46, 47). CD4+ T cell prolifera-
tion was measured by fluorescent CellTrace violet (5 nM) dilution 
assay (Thermo Fischer Scientific) according to the manufacturer’s 
instructions. Caspase activation was measured by the CellEvent 
Caspase-3/7 Green Flow Cytometry Assay Kit (Life Technologies). 
For both proliferation and cell death, samples were acquired by a BD 
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FACSCanto II (BD Biosciences), and data were analyzed with Flow-
Jo software version 10.7.

Cell lines
Jurkat cells were cultured (3 × 105 cells/ml) in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, and 1% l-glutamine. HEK-293 cells were obtained from 
American Type Culture Collection and were cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 10% (v/v) FBS and 
1% penicillin/streptomycin (Gibco). All of the cultures were main-
tained at 37°C in a 5% CO2-humidified atmosphere.

EV isolation, transfection, and treatment
EVs were isolated from conditioned medium of TCR-stimulated 
Tconv and Treg cells (upon 72 hours of culturing) or from uncondi-
tioned medium (controls) using Exo-spin columns (Cell Guidance) 
according to the manufacturer’s protocol or by differential centrifu-
gation and then characterized for size and morphology (see the 
Supplementary Materials). Isolated EVs were transfected using 
an Exo-Fect siRNA/miRNA Transfection kit (System Biosciences, 
according to the manufacturer’s instructions) with (i) scramble 
Cy3-labeled control siRNA scramble (10 μM), (ii) AF488-conjugated 
miR-142-3p mimic (67 μM) (System Biosciences), or (iii) hsa-miR-
142-3p or Caenorhabditis elegans miR-39-3p (67 μM) (Cel-miR-39-3p, 
negative control) miRCURY LNA miRNA Mimic (100 nM, QIA-
GEN). For EV treatment, CD4+ T cell–derived isolated EVs (or 
mock EVs, as controls) were used to treat heterologous CD4+ T cells 
(or Jurkat cells), in combination with TCR stimulation (as described 
above) for either 24, 48, or 72 hours, depending on the downstream 
assay, at a ratio of EV-releasing to EV-recipient cells of 1:1 (unless 
otherwise specified).

Real-time qPCR
EV-associated miRNAs were extracted using a miRNeasy Serum/
Plasma advanced kit (QIAGEN) according to the manufacturer’s 
protocol in the presence of MS2 carrier RNA (Roche) and synthetic 
RNA spike-in resembling miRNAs (UniSp2, UniSp4, and UniSp5) 
to monitor for RNA isolation efficiency and reproducibility. A fixed 
volume of EV-miRNA extract was used as reverse transcription in-
put using miRCURY-LNA RT Kit (QIAGEN) according to the man-
ufacturer’s instructions; this approach was preferred to a fixed quantity 
of RNA because the EV-RNA yield is too low to be accurately mea-
sured. Cel-miR-39-3p was added as cDNA synthesis control. Total 
RNA was instead extracted from cells using the RNAqueous Total 
RNA Isolation Kit (Ambion) or by the Cells-to-CT 1-Step Power 
SYBR Green Kit (Invitrogen, designed for samples with extremely 
low number of cells).

Luciferase assay
The two putative miR-142-3p binding sites were separately cloned 
into the pmirGLO luciferase vector (Promega), and, as controls, oli-
gonucleotides containing a mutated seed region were also designed 
(table S4). Transfection of HEK-293 cells with luciferase vectors and 
synthetic miRNA mimics (miRCURY LNA, QIAGEN) was then 
performed using Lipofectamine LTX Transfection Reagent (Thermo 
Fisher Scientific) following the manufacturer’s instructions. Lucifer-
ase assays were performed as previously described (48). The data 
generated were expressed as relative luciferase expression, after 

normalization to the Renilla luciferase reporter, contained in the 
pmirGLO vector, and used as an internal control.

Proteomics and transcriptomics
Proteins were analyzed by liquid chromatography combined with tan-
dem mass spectrometry (MS/MS). All raw files were processed by the 
SEQUEST HT algorithm in Proteome Discoverer 2.5 software (Thermo 
Fisher Scientific). Experimental MS/MS spectra were compared 
with the in silico–digested H. sapiens protein database (UniProt, 
September 2022) using previously reported search criteria and normal-
ization methods (49). For transcriptomics, total RNA (100 ng) was 
mRNA enriched using the oligo(dT) bead system and enzymatically 
fragmented; then, library preparation was performed using a TruSeq 
Stranded mRNA Sample preparation kit (Illumina Inc.). The details 
for these techniques can be found in the Supplementary Materials.

Immunoblotting
Proteins were separated onto NuPAGE 4 to 12% bis-tris precast gels 
(Invitrogen) and transferred onto nitrocellulose filter membranes 
(Amersham Protran, Cytiva), which were blocked in 5% nonfat 
milk in phosphate-buffered saline 0.05% Tween 20 for 2 hours and 
then incubated overnight with the following antibodies: rabbit 
anti-human pS6 (Ser235/236, D57.2.2E, Cell Signaling Technologies), 
mouse anti-human S6 (54D2, Cell Signaling Technologies), rabbit 
anti-human pLat (Tyr220, Cell Signaling Technologies), Lat (E3S5L 
and E3U6J, respectively, Cell Signaling Technologies), rabbit anti-
human p27 Kip1 (D69C12, Cell Signaling Technologies), rabbit 
anti-human T-bet/TBX21 (D6N8B, Cell Signaling Technologies), 
rabbit anti-human GATA3 (D13C9, Cell Signaling Technologies), 
rabbit anti-human xCT/SLC7A11 (D2M7A, Cell Signaling Tech-
nologies), mouse anti-human p-ERK (E-4, Santa Cruz Biotechnol-
ogy), rabbit anti-human Erk (K23, Santa Cruz Biotechnology), and 
goat anti-human actin (I-19, Santa Cruz Biotechnology). All filters 
were quantified by densitometric analysis of the bands using the 
program ImageJ 1.47. All antibodies used are listed in table S5, and 
uncropped images relative to immunoblotting results are reported 
in fig. S9.

Flow cytometry
CD4+ T cells were stained with the following antibodies for surface 
markers: APC-H7 mouse anti-human CD4 (RPA-T4, BD Biosci-
ences), BUV395 mouse anti-human CD3 (SK7, BD Biosciences), 
BB700 mouse anti-human CD134 (ACT35, BD Biosciences), BB700 
mouse anti-human CD69 (FN50, BD Biosciences), PE-Cy7 mouse 
anti-human CD25 (M-A251, BD Biosciences), APC rat anti-human 
RORγt (AFKJS-9, eBioscience), PE rat anti-human FoxP3 (PCH101 
eBioscience), fluorescein isothiocyanate (FITC) mouse anti-human 
T-bet (4B10, BioLegend), and BV421 mouse anti-human GATA3 
(L50-823, BD Pharmingen).

For mouse cells, CNS cellular suspensions were loaded over a 
Percoll (Merck) gradient (37 to 70%) to isolate mononuclear cells at 
the interphase and stained with the following antibodies: purified 
rat anti-mouse CD16/CD32 (2.4G2, BD Pharmingen), FITC rat 
anti-mouse CD45 (30-F11, BD Pharmingen), Alexa Fluor 700 rat 
anti-mouse CD4 (RM-45, BD Pharmingen), BUV496 rat anti-mouse 
B220 (RA3-6B2, BD Pharmingen), BV605 rat anti-mouse Ly6C 
(AL-21, BD Pharmingen), BV650 rat anti-mouse Ly6G (1A8, 
BD Pharmingen), peridinin-chlorophyll-protein (PerCP)–Cy5.5 
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hamster anti-mouse CD195 (HM-CCR5, BioLegend), PE-Cy7 rat 
anti-mouse CD11b (M1/70, BioLegend), APC rat anti-mouse CD25 
(PC-61, BD Pharmingen), APC-Cy7 rat anti-mouse CD4 (GK1.5, 
BD Pharmingen), BB515 rat anti-mouse CD195/CCR5 (C34-3448, 
BD Pharmingen), PE rat anti-mouse FoxP3 (FJK-16s, Invitrogen), PE-
Cy7 rat anti-mouse CD11b (M1/70, BioLegend), and Pacific Blue 
rat anti-mouse Ly6G (1A8, BioLegend). All samples were acquired 
by BD FACSCanto II (BD Biosciences) or Cytoflex-LX Flow Cytometer. 
Data were analyzed with FlowJo software version 10.7.

For the PrimeFlow RNA assay, concomitant single-cell–based 
expression of activation markers, miR-142-3p, and SLC7A11 mRNA 
was performed by treating EV-treated CD4+ T cells with fixable vi-
ability dye for 30 min at 4°C, then washing, and staining them for 
surface (PE-Cy7 CD25) and intracellular (PE FoxP3, PCH101) 
markers; in sequence, the PrimeFlow RNA assay was performed for 
SLC7A11 mRNA (VA1-3007681-PF, high-sensitivity design) and 
then hsa-miR-142-3p (VA4-3102286-PF) according to the manu-
facturer’s instructions (Affymetrix). Samples were acquired by BD 
FACSCanto II (BD Biosciences), and data were analyzed with Flow-
Jo software version 10.7. All antibodies used are listed in table S5.

Cytokine measurement
CD4+ T cells were evaluated for cytokine production by Luminex tech-
nology, using a bead-based multianalyte immunoassay (customized TH1/
TH2/TH9/TH17/TH22/Treg 18-Plex panel, Thermo Fisher Scientific). As-
says were conducted according to the manufacturer’s recommendations. 
xPONENT 3.1 software (Luminex 200) was used for data acquisition.

Statistical analysis
Individual-level data are presented in data file S5. Comparisons be-
tween groups (in both ex  vivo and in  vitro experiments) were 
performed by either unpaired Student’s t test or nonparametric 
Mann-Whitney test (for two groups) and by ANOVA or Kruskal-
Wallis (for three or more groups) for normally and nonnormally 
distributed variables, respectively, followed by correction for multi-
ple hypothesis testing (Šidák’s, Holm-Šidák’s, or Tukey’s correction 
for ANOVA and Dunn’s correction for Kruskal-Wallis) or Fried-
man’s test with Dunn’s correction for nonparametric matched mea-
surements. Multivariate unconditional logistic regression model 
was performed to assess the independent contribution of miR-142-3p, 
age, and gender in the prediction of MS; odds ratios and 95% con-
fidence intervals were calculated. ROC curve for the multivariate 
model was drawn and the corresponding area under the curve 
(AUC) was calculated. The correlation scores were assessed by 
Spearman correlation coefficient and graphically represented along 
with the regression line and 95% confidence bands. Analyses were 
performed with SAS Software 9.4 or GraphPad Prism 9.0. P < 0.05 
was considered statistically significant.

For omics data analysis, starting from the list of experimen-
tally identified proteins and transcripts, the corresponding human 
protein-protein interaction (PPI) network was extracted. By means 
of the STRING Cytoscape APP (50), known PPI interactions 
were retrieved by considering only edges characterized by an “ex-
periments” or “database” score  >  0.15 (51). Both STRING and 
Cytoscape BINGO APPs (52) were used for evaluating the most 
represented H. sapiens Gene Ontology (GO) terms; hypergeometric 
test, Benjamini-Hochberg false discovery rate (FDR) correction, 
and a significance level  ≤  0.05 were applied to select the most-
represented GO terms by BINGO; default parameters were used 

for STRING. The lists of differentially expressed genes were also 
screened with the DAVID 6.7 Functional Annotation Tool (53) to 
highlight overrepresented biological themes for each considered 
contrast using the H. sapiens genome as a customized population 
background. Fold enrichment was considered if Fisher’s exact P value 
was equal to or smaller than 0.01 (or exact P value was equal to 
or smaller than 0.05), and the minimum number of genes was 
set to 2.

For GSEA, we first obtained the list of targets (targetome) of 
the miRNAs of interest using the experimentally validated miRNA-
target interactions reported by miRTarBase (54). Then, for each 
miRNA, we applied GSEA v4.2.3 (Broad Institute) (55) to evaluate 
the distribution of the targetome across the ranked list of expressed 
genes ordered by the fold change of the comparison of Treg-EV– versus 
control-treated CD4+ T cells. By running the leading edge analysis, 
we extracted the subset of core genes contributing mostly to the en-
richment of the targetome in one of the ends of the ranked list. Each 
leading-edge gene was then characterized by a running ES (the ES at 
this point in the ranked list of genes) and a core score (representing 
the enrichment P value of that gene).

Supplementary Materials
The PDF file includes:
Materials and Methods
Figs. S1 to S9
Tables S1 to S5
Legends for data files S1 to S5
References (56–61)

Other Supplementary Material for this manuscript includes the following:
Data files S1 to S5
MDAR Reproducibility Checklist
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