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Mesenchymal stromal cells (MSCs) are adult, multipotent ¢ls of mesodermal origin
representing the progenitors of all stromal tissues. MSCs gssess signi cant and

broad immunomodulatory functions affecting both adaptiveand innate immune
responses once MSCs are primed by the in ammatory microenvonment. Recently,

the role of extracellular vesicles (EVs) in mediating theetapeutic effects of MSCs
has been recognized. Nevertheless, the molecular mechamss responsible for
the immunomodulatory properties of MSC-derived EVs (MSCN&) are still poorly
characterized. Therefore, we carried out a molecular charaerization of MSC-EV content
by high-throughput approaches. We analyzed miRNA and prot@ expression pro le in

cellular and vesicular compartments both in normal and in mmatory conditions. We
found several proteins and miRNAs involved inimmunologitprocesses, such as MOES,
LG3BP, PTX3, and S10A6 proteins, miR-155-5p, and miR-497-p. Differentin silico

approaches were also performed to correlate miRNA and profe expression pro le

and then to evaluate the putative molecules or pathways inveed in immunoregulatory
properties mediated by MSC-EVs. PI3K-AKT signaling pathwaand the regulation of
actin cytoskeleton were identi ed and functionally valideed in vitro as key mediators of
MSC/B cell communication mediated by MSC-EVs. In conclusio, we identi ed different

molecules and pathways responsible for immunoregulatory neperties mediated by
MSC-EVs, thus identifying novel therapeutic targets as saf and more useful alternatives
to cell or EV-based therapeutic approaches.

Keywords: extracellular vesicles, mesenchymal stromal cells , B cells, high-throughput analysis, PI3K-AKT

signaling pathway, actin cytoskeleton, miRNA-155-5p
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Adamo et al. Extracellular Vesicles in MSC/B Cell Interaction

INTRODUCTION cells and play a crucial role in the induction of regulatory T
and myeloid cells to further inhibit the immune responsk4¢
Intercellular communication amongst neighboring cellsially  1¢). EVs in co-culture with peripheral blood mononuclear cells
occurs either through cell-to-cell contact or exchange ofpBMCs) inhibit B cell proliferation and immunoglobulin relse
soluble factors. The latter mechanism rarely occurs thiotg (17). Placenta-derived exosomes, puried from the blood of
Simple secretion of molecules in the intercellular space, thiCpregnant women, carry immunosuppressive mo]ecu|e5, such as
would lead to their rapid inactivation eSpeCia”y if releassd Fas_”gandywhichinduce tolerance toward the fetus (]__m)tl'@
tiny concentrations. A very e ective, physiological intdfaiar  other hand, EVs may also stimulate the immune system, wi¢h th
communication, even at low molecule concentrations, iSna| e ect depending on many factors, such as e ector and target
represented by the exchange of extracellular vesicles (EVs). cells as well as the biological context in which this inteoact
consist of a membrane-like envelope, i.e., spherical phogptoli takes placel( 4, 19).
bilayer surrounding various molecules, such as proteinsADN  Eyen the immune regulatory properties of stromal cells
di erent types of RNAs (MRNAs, miRNAs, and INcRNAs), lipids, can be in uenced by EV release, as shown by a number of
and active metabolites. EVs are shedding vesicles acting @a obtained with mesenchymal stromal cells (MSCs) derived
molecular shuttles, constantly released by the cells inra sorom bone marrow (BM) or other tissuesl§, 20). MSCs are
of assembly chain process, which are characterized by diteredult, multipotent cells of mesodermal origin representitg t
size and molecular content according to their origin, biogsis, progenitors of all stromal tissues. In fact, although theyeve
and cellular functional Statuﬂ“). EVs include exosomes (50— rst identi ed and isolated from BM, MSCs can be expanded
100nm), microvesicles (100-1,000 nm), apoptotic bodies (Ifrom virtually any tissue with a stromal architecture, inding
5mm), and some other membrane-bound particles. Exosomegdipose tissue, umbilical cord blood, skin, tendon, musclé, an
originate from multivesicular body and contain common prste  dental pulp @1-24). MSCs are characterized by the ability
families, such as chaperones (Hsp70 and Hsp90), cytoskelefg! di erentiate into mesodermal tissues, such as osteohlasts
proteins (actin, myosin and tubulin), ESCRT proteins (TS@-10 chondrocytes, and adipocytes, with therapeutic potential in
and Alix), proteins involved in transport and fusion (Rabll,the eld of regenerative medicine2f, 26). However, MSCs
Rab7, Rab2, and Annexines) as well as tetraspanin proteiggssess also signi cant and broad immune modulatory fureio
(CD9, CD63, CD81, and CD82)5¢7). Microvesicles result 3 ecting both adaptive and innate immune responses once
from plasmatic membrane gemmation and contain speci cMSCs are primed by the in ammatory microenvironmeri ).
cytoplasmatic proteins of the cells of origin, such as GTPMSC-mediated immune regulation has been con rmed by both
binding protein, ADP-ribosylation factor 6 (ARF6), matrix preclinical and clinical studies based on systemic or local
metalloproteinases (MMPs), glycoproteins (e.g., GPIb, GPIllbvSC administration in a broad spectrum of in ammatory and
llla), integrins, receptors (e.g., EGFRuvIIl), and cytosk&l autoimmune diseases, such as Graft-vs.-Host Disease (GvHD)
components (e.gh-actin anda-actinin-4) (5, 6). In addition,  (28), Crohn's disease and enteropathiez3{31), as well as
both exosomes and microvesicles contain a large number @f cardiovascular diseas&Z 33), acute kidney injury §4),
molecules, whose functions are still under investigati@ ( colitis, sepsis 35), and other disorders 3). The bene cial
By contrast, apoptotic bodies are functionally dierent by thee ect of MSCs was initially ascribed to their ability to home
other two kinds of EVs, as they result from the programmedyithin the in ammation sites, thus stimulating endogenous
cell death mechanisms and contain DNA, hiStOﬂeS, and Ce”u'a'epair of the injured tissue and modu|ating immune responses
debris derived from cell dismantlement; their formationas (37-39); actually, only a negligible percentage of systemically
highly controlled mechanism preventing leakage of potelytial administered MSCs is capable of reaching the damaged tissues
toxic, enzymatically active orimmunogenic components 6idy (40, 41). Therefore, MSC biological activity—in terms of both
cells, thereby preventing tissue destruction, inammati@amd  regeneration and immunomodulation—is supposed to reside in
autoimmune reactions through cytoskeleton weakening angheir ability to act at paracrine level through the release of
activation of caspase enzymes. In addition, apoptotic bodigsioactive factors, as observed with cardiomyocytes expased t
act as a powerful signaling pathway for the microenvironmenhypoxia/reoxygenation4?), or through indirect mechanisms
surrounding dying cellsi-4). involving phagocytesi@. Recently, the role of EVs in mediating
The secretion of EVs is not restricted to mammalianthe paracrine e ects of MSCs has been recognized both in
cells, but it has been also identi ed in lower eukaryotes andissue repair and immunomodulatiori.g, 20). Nevertheless, the
prokaryotes, highlighting a high degree of conservation ofolecular mechanisms responsible for the immunomodulatory
such communication system and, consequently, its relevangole of MSC-derived EVs are still poorly characterized. Thuneef
in intercellular communication ¢, 10). EVs in uence various in this study we carried out a high-throughput characteriaat
biological process directly activating cell surface reaspto of miRNA and protein expression in MSCs at resting conditions
through protein and bioactive lipid ligands, and delivering (control MSCs, cMSCs), in ammatory conditions (primed-
e ectors including transcription factors, oncogenes, mRNAs\MSCs, pMSCs), and corresponding EVs (cEVs and pEVs,
and non-coding regulatory RNAs, such as miRNAs into targetespectively). We then functionally validated the modulated
cells (L 1-13). molecules and we focused our analysis on those involved in
EVs play a role also during the onset of immune responseshe crosstalk between MSCs and B cells for the following
EVs possess immunosuppressive e ects on T cells and Nfeasons: (i) we and other groups have previously demonstrated
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that B cell activity is strongly modulated by EVs released byuorescent probes. The transfer of MSC-derived membrane and
MSCs @0, 44); (ii) the characterization of the EV-mediated RNA was observed at di erent culture times by ow cytometry.
interactions between normal B cells and MSCs represents thWWe detected a double-positive B cell population receiving
basis for studying the same crosstalk in in ammatory andMSC-derived EVs containing RNA={gures 2D,H. EVs derived
autoimmune diseases as well as in hematological maligesncifrom both resting and primed MSCs were internalized by
(45-47). The molecules and pathways here identied areactivated B lymphocytes. Initial incorporation was observed
important for the immunoregulatory properties mediated by after 24 h of co-culture, followed by an increase until 72h.
MSC-EVs and may represent some novel potential therapeutist each time points we observed a higher internalization of
targets as safer and more useful alternatives to cell or EMEVs compared to pEVsF{gure 2A). The same trend was
based therapeutic approaches for in ammatory, autoimmunenbserved considering separately the internalization of MSC-
and proliferative disorders. derived membranes and RNA molecules, with a more marked
e ect on RNA transfer Figures 2B,Q. Considering that pMSCs
RESULTS release a higher percentage of exosomes compared to cMSCs,
U which represent smaller sized-EVs compared to microvesicles
Size and Surface Marker Characterization the dierence observed in terms of EV internalization may
of MSC-Derived EVs result from the di erence in size of internalized particleso T
. . further con rm our hypothesis, we directly co-cultured acited
To characterize MSC-derived EVs, we rst analyzed '[heni3 . - ;
. . . - . . cells with double-labeled resting or primed EVs and the same
size using dynamic light scattering (DLS). We identi ed two - .
. : experiments were carried out by ow cytometry. As expected,
separate, equally represented populations of EVs derived fron}t . . e
resting MSCs Figure 1A). The small-sized EVs, ranging from atter 24 h we observed a higher internalization of cEVs comgar
9 g : ’ 9ing to pEVs Figures 2G,H. EV incorporation was also assessed by

0,
30 to 100nm (peak 40.43 15.63nm, . percentage. 46.6%), uorescence microscopyHgure 2B). Overall, our data showed
corre_sponded to exosomes. The large-sized population of Evt?iat the uptake of MSC-derived EVs occurs at both resting and
ranging from 100 to 400 nm (peak 207.753.95 nm, percentage

53.4%), corresponded to microvesicles. The percentage pérm(_ad condlthns, thus h|gh|!ght|ng a possible involvemerit
o . . . s in modulating B cell activity.
exosomes was signi cantly higher as compared to microvesicle

in EVs derived from primed MSCs (75.1 and 24.9%, respectivelﬁI,O,[eomiC Pro ”ng of MSCs and EVs

(Figure 2B). Furthermore, we re-analyzed the size of EVs after. . . . } ; o
. . o identify proteins potentially involved in immunomodulatpr
freezing and thawing the samples. We observed the same . . .
. S o .~ properties mediated by pEVs, MSCs treated or not with
DLS pro le, demonstrating that EVs maintained their intetyri . L .
. in ammatory stimuli and corresponding EVs were analyzed
(Figures 1C,D. To assess the surface marker pro le of MSC- . . . - .
; . using shotgun MS. A complete list of the identi ed proteins
derived EVs, we used a multiplex bead-based platform thawallo . . . -
. . . . is shown inTable S1 As expected, the number of identi ed
the detection of 37 surface epitopes. Both resting and primés-E o . . : )
s ) roteins in the cells is higher compared to that identi ed in
were positive for the well-established exosome markers CD6
. . . . e EV compartment. Nevertheless, the number of modulated
CD81, and CD9 Figure 1B. In particular, CD63 intensity was R .
. : proteins is similar among the two compartmentBigure S1
higher compared to CD81 and CD9 expression. As the cells
- - o andTable S2.
of origin, MSC-derived EVs were positive for CD29, CD44, . .
. - o To assess the overall variation of the samples following
CD105, and negative for hematopoietic, epithelial, and oance . - atorv stimuli. shotaun MS data were processed b
stem cell markers Higure 1F. Moreover, MSC-derived EVs y ! 9 P y

expressed SSEA-Eigure 1P, an early embryonic glycolipid PCA. The score plot of the rst two PCs calculated for EVs
antigen identifying the adult MSC population derived from (Figure 34) and MSCsFigure 38 allows the clear separation of

BM (49). Furthermore, we found a signi cant expression Othe sample groups, thus indicating that the information abdne t

. . = .~ _in ammatory stimuli is present in the protein pro le of both EVs
CD146 Figure 1B, a typical molecule characterizing a speci ¢ . .
. . . ; ._and MSCs samples; nevertheless, in the case of EVs, two samples
subpopulation of MSCs with a higher therapeutic potential

(49. Western blot analysis conrmed the surface marker(BMOO4 and D24) seem quite di erent as they are far from the

prole of EVs, as far as the exosome marker CD63 ané)thers located atthe orlgl_n of the axes. o
We analyzed di erentially expressed proteins in pEVs and

the hMSC-associated markers CD44, CD105, and CD146 ar‘lavISCs using both univariate and multivariate approaches. By

: p
concemedEigure 1G). using the univariate analysis, we found 55 and 39 proteins

. L. di erentially expressed in pEVs and in pMSCs, respectively
MSC-Derived EV Internalization by (Table S3. Using the multivariate approach, based on Ranking-
Activated B Lymphocytes PCA followed by PLS-DA, we found 181 and 363 proteins
To evaluate a possible role of MSC-derived EVs in modulatingi erentially expressed in pEVs and in pMSCs, respectively,

B cell activity, we rst assessed the potential of MSCs teonsidering 1 PC in Ranking-PCA and 1 LV in the nal PLS-
transfer membrane fragments and RNA molecules to activateDA models (for MSCs, only the rst 200 proteins selected

B lymphocytes. To this aim, activated B lymphocytes werby Ranking-PCA were included in the PLS-DA model).
co-cultured with resting or primed MSCs labeled or not atFigures 3C,D report the score plots of the rst 2 LVs for
membrane (Vibrant Dil) and RNA (Syto RNA Select) level withEVs and MSCs, respectively. Selected proteins clearly separate
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FIGURE 1 | Size and surface marker characterization of MSC-derived BV Histograms represent hydrodynamic diameter distributin plots measured on EVs freshly
isolated from resting(A) and primed MSC (B) (CEVs exosomes peak 40.43 15.63 nm, percentage 46.6%; cEVs microvesicles peak 207.7 53.95nm, percentage
53.4%; pEVs exosomes peak 51.17 23.23 nm, percentage 75.1%; pEVs microvesicles peak 200.9 63.57 nm, percentage 24.9%).(C) Hydrodynamic diameter
distribution of cEV stored at 80 C (cEVs exosomes peak 51.08 21.07 nm, percentage 59%; cEVs microvesicles peak 196.9 65.34 nm, percentage 41%).
(D) Hydrodynamic diameter distribution of pEV stored at 80 C (pEVs exosomes peak 55.91 21.99 nm, percentage 83.6%; pEVs microvesicles peak 201.1
76.45nm, percentage 16.4%). Error bars represent mean SD obtained from at least ve measurements of three independet samples. All experiments were
performed in PBS at 25 C. (E) Background corrected median uorescence intensity of CD9, @63, CD81 markers and corresponding isotype controls on cE¥ and
PEVs @ D 5). (F) Background corrected median uorescence intensity of 34 suface epitopes on cEVs and pEVs( D 5). (G) Immunoblot analysis of CD44, CD146,
CD105, and CD63 expression in cEVs and pEVs. This blot is repsentative of three independent experiments showing the sae trends.

resting from primed samples (BM0004 and D24 EVs samplesnalysis and the corresponding regression coe cients are
are no more separated from the others as in PCA analysisprovided in Table S4 Variables with a positive coe cient
The obtained models allowed the perfect classi cation of altorrespond to up-regulated proteins, while those characterized
the replications of all the samples (NER36100%, accurac) by a negative coe cient correspond to down-regulated protein
100%), both in tting and in cross-validation for both EVs and The variables can be ordered according to a decreasing
MSCs. The list of candidate biomarkers identi ed by multiide  discrimination ability on the basis of the decreasing abt®l
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FIGURE 2 | Incorporation of MSC-EVs and RNA transfer in activated B lynicytes. (A) Percentage of Vibrant Dff Syto RNA SelecF B cells co-cultured for 24, 48,
and 72 h with double stained resting or primed MSCsr( D 5) *p < 0.05. (B) Vybrant Dil Geometric Mean of Fluorescence Intensity (GMFIf)B cells co-cultured with
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FIGURE 2 | double stained resting or primed MSCs(C) Syto RNA Select GMFI of B cells co-cultured with double staid resting or primed MSCs.(D) Representative
gating strategy on the nal gated population.(E) MSC-EVs were double-stained for membrane in red (Vybrant Diand for RNA in green (Syto RNA Select). Labeled
EVs were incubated for 24 h on activated B lymphocytes. The for panels show (from the left to the right) B cells stained WitDAPI (blue), the internalization of
membrane components of cEVs and pEVs (red), the distributivof Syto RNA Select carried by MSC-EVs inside B cells (greergnd a merge between the three
previous panels (original magni cation 400x). The images amepresentative for three independent experiments with siilar results.(F) Representative FACS analysis
of Vibrant Dif Syto RNA Selecf B cells co-cultured with double stained (right) or not (leftresting or primed MSCs.(G) Percentage of Vibrant Df Syto RNA Selecf
B cells co-cultured for 24 h with double stained resting or pmed MSC-EVs i D 5) *p < 0.05. (H) Representative FACS analysis of Vibrant I§iISyto RNA Selecf B
cells co-cultured with double stained (right) or not (leftesting or primed MSC-EVs.
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FIGURE 3 | Overall variation of differentially expresses proteins MSCs and EVs following in ammatory priming and PLS-DA. Scorglot of the rst two PCs
calculated after the application of PCA to EV$A) and MSCs (B). Score plot of the rst two LVs calculated after the applicatn of PLS-DA to the 181 proteins selected
by Ranking-PCA on the EVs datase{C) and on the rst 200 proteins selected by Ranking-PCA on the MSG dataset (D). Score plot of the rst two LVs calculated
after the application of PLS-DA to the 55 proteins selected § univariate statistics on the EVs datasefE) and on the 39 proteins selected by univariate statistics ontte
MSCs dataset (F).

value of the regression coe cient. The multivariate models For downstream analyses, we selected signi cantly moddilate
were compared to PLS-DA models built including the markergproteins obtained using both univariate and multivariate
identied as statistically signicant by classical unii@e approaches: thus, we found SEigure 4A) and 39 Figure 4B)
statistics Figures 3E,f and provided the same classi cation modulated proteins in pEVs and pMSC respectively. Notably,
performances (100% in tting and cross-validation for all AAAT, CO1A1, CO1A2, COCAL, FINC, and ICAM1 were the 6
the samples). proteins modulated both in pMSCs and pEVs showing the same
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experiments showing the same trends.

FIGURE 4 | Proteomic pro le of resting and primed MSCs and correspondiig EVs. (A) Differentially expressed proteins in pEVs compared to cEMsbtained both from
univariate and multivariate approach (adj) < 0.05, Fold Change (FCy> 1.5 and FC< 0.667) (1 D 7). (B) Differentially expressed proteins in pMSCs compared to
cMSCs obtained both from univariate and multivariate app@ch (adjp < 0.05, FC> 1.5, and FC< 0.667) (D 7). (C) Venn diagram representing modulated proteins
both in pMSCs and pEVs.(D) Immunoblot analysis of LG3BP, MOES, PTX3, and S10A6 expressi in cEVs and pEVs. This blot is representative of three indendent

trend (Figure 4Q). Interestingly, among modulated proteins in obtained through shotgun MS, we selected 4 proteins according

pEVs, we found a strong down-regulation of di erent proteins to their immunomodulatory potential and we validated their
involved in many processes related to the immune responsexpression through western blotting. As expected, Galetin-
such as LG3BP (galectin-3-binding protein), PTX3 (pentr&in  binding protein (LG3BP) and pentraxin 3 (PTX3) were up-

CCL5 (C-C motif chemokine 5), ENOA (alpha-enolase), MOESegulated, while moesin (MOES) and Protein S100-A6 (S10A6)

(moesin), and S10A6 (Protein S100-A6). To con rm the result were down-regulated in pEVs compared to cE¥&(re 4D).
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Protein Annotation and Pathway
Enrichment Analysis on Modulated
Proteins

Di erentially expressed proteins of pEVs and pMSCs were

annotated on the basis of the GO terms. Considering th
pEVs dataset, we found 20 GO terms signi cantly enriche
in the “cellular component” categoryFigure 5A), most of
which are related to exosomes and EVs, and 11 and 14 ter
enriched in “molecular function“ and “biological process
categories, respectivelyFigures S2A,¢. As for the enriched
GO terms of dierentially expressed proteins in pMSCs
we found only 4 GO terms in the “cellular component”
(Figure 5B), of which the most signi cant was “extracellular
exosome,” only one term in “molecular function” category,
and 10 enriched terms in “biological process” categor
(Figures S2B,D. As expected, many terms refer to biologica
processes related to the immune system and response t
in ammatory stimuli.

To identify potentially perturbed molecular pathways, pEV-

derived modulated proteins were mapped to terms in th

enriched (adjustedp-value < 0.05) figures 5C,B. Notably,
the top 10 pathways included the following terms: (i) “PI3K-
AKT signaling pathway,” an important pathway involved in
cell proliferation, survival, and growth; (ii) “regulatiomf
actin cytoskeleton”; (iii) “focal adhesion”; and (iv) “leacyte
trans-endothelial migration”. These pathways are crucialr
leukocyte activation, especially during leukocyte mignati
through activated venular walls. Modulated proteins resgti
enriched in these four KEGG pathways are mainly down
regulated Figure 5G), thus suggesting a possible inhibition of
these pathways in immune e ector cells, mediated by pEV
Pathway enrichment analysis was also performed for dereggiila
proteins of pMSCs and 8 pathways resulted signicantl
enriched Figures 5D,F.

PEVs Induce a Down-Regulation of
PISK-AKT Signaling Pathway in Activated
B Lymphocytes

e
KEGG database and categorized into 35 pathways signi cantﬁlélW

S

MSC-Derived EVs Inhibit B Cell Spreading

The second most signi cant KEGG pathway enriched in EV-
modulated proteins was “regulation of actin cytoskeletondriv
works revealed that B cells undergo dramatic morphological
éeorganization following antigen-mediated activati@i{52). In

c}hese mechanisms, the activation of actin cytoskeletomsee

to play a crucial role, especially during early events on B cell

rﬁgtivation 61. To test the possible role of MSC-derived EVs
» t0 promote the reorganization of B cell actin cytoskeleton, we

evaluated the ability of B lymphocytes, either pre-treatedatr
with MSC-derived EVs, to spread on coverslips coated with
immobilized F(a§2 anti-human IgM/IgA/IgG 63). We rst
veri ed the speci city of F(a§2 anti-human IgM/IgA/IgG to
induce cell spreadingFgures 7A,B. The percentage of cell
preading after 1 h of incubation on coated coverslip was 55%.
ISpreading cells showed elongated and irregular shape with an
gverage area of 129 59 mm? (Figure 7B). B lymphocytes pre-
treated with pEVs showed a signi cantly reduced cell spreading
with a cell area average of 111 61 mm?, as compared to
the one treated with cEVs, with a cell area average of 86
mm? (Figure 70. In addition, the treatment with cEVs
ered the percentage of spreading cells to 47%, while spreading
cells were strongly reduced to 27% when B lymphocytes were
treated with pEVs Figure 7D) We also observed di erences
in terms of cell shape in the di erent experimental conditions.
While the morphology of spreading B cells treated with
cEVs was similar to the one of the control condition, pEVs
induced B cells to retain a spherical shapEig(re 7.
These results con rmed the potential of MSC-derived EVs to
modulate the organization of actin cytoskeleton by inhitnifi
its activation during the processes of B cell spreading. This
observation suggests another possible mechanism of action
explaining the immunomodulatory properties mediated by MSC-
erived EVs, in addition to the modulation of PI3K-AKT
signaling pathway.

MIiRNA Expression Pro le of MSCs

and EVs
To determine miRNA expression pattern in MSCs and
EVs following the treatment with in ammatory stimuli, we

To evaluate the capability of MSC-derived EVs to modulatgerformed next generation miRNA sequencing. To evaluate
the PI3K-AKT signaling pathway, activated B lymphocytes werthe overall variation of the samples, miRNA sequencing data
treated with cEVs or pEVs. The expression and phosphorylatiowere analyzed by PCAF{gures 8A,B. PCA revealed a clear
pro le of di erent components of PI3K-AKT signaling pathway separation between cMSCs and pMSCc, while cEVs and pEVs
(PAN AKT, AKT pS473, GSK3b pS9, p70S6K, S6 pS240, ®&6re not clearly separated. The same trend was observed
pS235pS236) was evaluated by ow cytometry. We observeduaing the hierarchical clustering analysis (HCA) among the
strong up-regulation of the pathway during B cell activation,9 samples in terms of signi cantly dierentially expressed
especially considering the phosphorylation of the ribosomamiRNAs between cMSCs and pMSCs and corresponding EVs
protein S6, one of the main PI3K-AKT downstream e ectors(Figures 8C,D. Cellular samples were completely divided into
(Figure 6A). As expected, the treatment with pEVs inducedtwo branches, corresponding to the treated and the control
a signi cant down-modulation of the pathway compared to groups, while cEVs and pEVs were not well-separated. These
cEVs Figures 6B,0. We observed a signi cant reduction of S6 observations highlight that the impact of in ammatory stiriu
pS235pS236 when activated B lymphocytes were cultured witin miRNA expression is much more evident in MSCs rather
both cEVs and pEVs. However, the treatment with pEVs ledhan in EVs. Following the treatment with in ammatory

to a signi cantly higher reduction compared to the treatment stimuli, we found 15 miRNAs di erentially expressed in pEVs
with cEVs. (Figure 8B, of which 4 up- and 11 down-regulated. Some of
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FIGURE 5 | GO protein annotation and Pathway Enrichment Analysis. alar component GO category annotation of differentially>@ressed proteins in pEVs(A), the
top 10 terms are shown] and pMSCs(B). Pathway enrichment analysis on differentially expresseatoteins in pEVs (C), the top 10 terms are shown] and pMSCs
(D). Terms with adjustedp-value < 0.05 were considered signi cantly enriched. Cytoscape plaiorm based ClueGO/CluePedia pathway analysis and visualizan of
differentially expressed proteins in pEVEE) and pMSCs (F). Terms are grouped based on shared genes (kappa score) shoveein different colors. The size of nodes
indicates the degree of signi cance. The most signi cant termde nes the name of the group. (G) Modulation of differentially expressed proteins in pEVs eiched in
focal adhesion,” and “leukocyte trans-endotheéil migration” KEGG pathway (FG 0.0667 or FC >

them are known to be involved in dierent immunological Three miRNAs resulted modulated with the same trend both
responses. In the cellular compartment we found 46 miRNA&n pMSCs and pEVs, i.e., miR-155-5p, miR-199a-5p, and
di erentially expressed between cMSCs and pMS&guyre 8F. miR-222-3p Figure 8G).
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FIGURE 6 | PI3K-AKT signaling pathway expression in activated B lymplaytes co-cultured with MSC-EVs.(A) Relative expression of PAN AKT, AKT pS473, GSK3h
pS9, p70S6K, S6 pS240, S6 pS235pS236 in activated B lymphoctes analyzed by ow cytometry. (B) Relative expression of PAN AKT, AKT pS473, GSK3b pS9,
p70S6K, S6 pS240, S6 pS235pS236 in activated B lymphocyteseated or not with resting or primed EVs. Wilcoxon testg < 0.05. (C) Representative histograms
showing the levels of expression of PAN AKT, AKT pS473, GSK3bS9, p70S6K, S6 pS240, S6 pS235pS236 in activated B lymphocyes treated or not with resting
or primed EVs.
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FIGURE 7 | B cell spreading inhibition mediated by MSC-EVS(A) Cell area of B cells plated on coverslips coated or not with E()C) 2 anti-human IgM/IgA/IgG 16 D
42-204). (B) Double-stained B cells with DAPI (blue) and rhodamine phaitlin (F-actin, red) before and after the induction of cellgeading (60 min).(C) Cell area of B
cells pre-treated with cEVs or pEVs and then plated on coatedoverslips 6 D 212-398). (D) Percentage of spread B cells treated with cEVs or pEVs after@min of
incubation on coated coverslips.(E) Double-stained B cells with DAPI (blue) and rhodamine phaltlin (F-actin, red) after 60 min of incubation on coated caarslips.
The images are representative for three independent expenents with similar results (Original magni cation 400x). Eor bars represent mean SEM of three
independent experiments.t-test *p < 0.05, ***p < 0.001.

To assess the functional role of specic miRNAs inof miRNA-Sequencing, the expression of miRNA-155-5p,
MSC-derived EV immunomodulatory properties toward B miRNA-199a-5p, and miRNA-497-5p was validated through
lymphocytes, we selected miRNAs for RT-gPCR validation bRT-qPCR Figure 8H).
evaluating their experimentally validated targetfalfle S5
that were mapped to the terms in the KEGG databaséMiR-155-5p Reduce B Cell Viability and
Eventually, miRNA-155-5p, miRNA-199a-5p, and miRNA-P|3K-AKT Signaling Pathway
497-5p resulted the most promising miRNAsTable S6 Due to its strong up-regulation in pEVs and its potential role
shows the top 20 pathways signi cantly enriched (adjustedn immunomodulation processes, we investigated the e ect of
p-value < 0.05) for each miRNA. Notably, these miRNAsSmiR-155-5p on B cell activity. Although the over-expression
can modulate the PI3K-AKT signaling pathway, oneof miR-155-5p in activated B lymphocytes did not aect
of the pathway that we found impaired following the cell proliferation (data not shown), we observed a signi cant
treatment with MSC-derived EVs. To conrm the results reduction in cell viability Eigure 9A). Furthermore, considering
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FIGURE 8 | miRNA expression pro le of MSCs and EVs following in ammatoryriming. PCA plot calculated using regularized-logarithriransformation of miRNA
counts on EVs(A) and MSCs (B) samples. Heatmap summarizing differentially expressed RNAs in pEVs(C) and pMSCs (D). Bar plot representing the log2-fold
change of differentially expressed miRNAs in pEME) and pMSCs (F). (G) Venn diagram representing common differentially expressemiRNAs in pEVs and pMSCs.
(H) RT-gPCR validation of differentially expressed miRNA in & f  3). Wilcoxon test p < 0.05.
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FIGURE 9 | Effect of miR-155-5p on B cell activity.(A) Relative cell viability of B cells transfected with doublstranded RNA mimic miR-155-5p (1 D 7). (B) Relative
PI3K-AKT signaling pathway expression in B cells transfeatewith double-stranded RNA mimic miR-155-5p (1 D 5). Wilcoxon test p < 0.05.

that many genes belonging to PI3K-AKT signaling pathway areould a ect the activity of B lymphocytes, especially during
targeted by miR-155-5p, we assessed its contribution on PI3Keukocyte migration.
AKT pathway activation. As expected, miR-155-5p contributed

to reduce PAN AKT expression and ribosomal protein S6Combination of miRNA and Proteomic

phosphorylationskigure 9B). Pro les of MSCs and EVs
To verify possible correlations between miRNA and proteomic
miRNA Targets Annotation and Pathway pro les, the data from miRNA expression pro les and proteomic

. . determinations were merged by using a multivariate approach.
En”Ch,mem A,nalySIS_ . L To perform this operation, only the individuals in common with
As the identi cation of miRNA targets can provide insights j, , characterizations were retained; therefore, 4 samptes
?nto the biological role of di erentially expressed miRNA considered. Only proteins expressed in at least 2 individozds

in pEVs and pMSCs, we used miRTarBase, a resourGR qre considered. Due to the small number of samples involved
for experimentally validated microRNA-target interaction® o pca results are presented; however, to show only the
identify the list of expenmen_tally va_1I|dated_ MIRNA targetscorrelation structure of the most discriminating variab]e?CA
(data not shown_). To determine t_helr functions, the targetsWaS carried out on the rst 200 variables selected by ranking
of the top 10 miRNAs modulated in pEVs and pMSCs Weré>c a5 the most discriminating for both EVs and MSCs. The
annotated on the basis of the GO termbigures S3AB o0 piot of the rst two PCs calculated for EVBigure 104

show the top 10 GO tgrm_s signi cantly enriched in the and MSCsigure 10B) allows the clear separation of the groups
“cellular component,” considering EVs and MSCs compartments, samples.

respectively. Interestingly, the enrichment pro le resdl&@most
equal into the two compartments. A similar trend occurredgrif, that Ranking-PCA rst includes mainly miRNA signals
also copgdgrlng “molecular function” and “bl_olog|cal prese (and a lower number of proteins), while the last half of
categoriesKigures S3C,D,E J: These observations suggest thal,e a4qded signals belongs to the proteomic group. Similar
probably miRNAs modulated in pEVs only re ected the state.ngjgerations can be drawn from the loadings in the case of

of miRNA expression pro le of the cell of origin. Many terms MSCs Table S¥; however, in this case Ranking-PCA includes

that we found in the three GO categories were related Q. exclusively miRNA signals in the rst 200 variables

the transcription activity, such as “gene expression,” "RNA, jyst a few proteins, thus indicating that in the case of
blndlqg, trans.c.npt,!on factor binding;” and *transcriph  \15cs the two characterization pro les are more independent
coactivator activity.” Thus, we could expect that the genegqy, each other. Positive coe cients correspond to variable

targeted bY modulated m'R_NA_ n pE\_/s_ are involved In(miRNAs or proteins) over-expressed in primed samples, while
the regulation of the transcriptional activity of target Isel 5 apjes with negative coe cients have the opposite behavior

Conceming the enriched pathwayBigures S3G,Hshow the o |53 dings show a strong correlation between miRNA pro les
top 10 KEGG pathways that could be a ected by modulatec!ijmd proteomic signals.

miRNA in pEVs and pMSCs, respectively. Considering pEVS,

we observed a strong enrichment of pathways related tg . . . .
cancer, highlighting a potential role of MSC-derived EVs in?r"FQI\IAS Differentially Expressed in pEVs

mediating cancer-related processes. Moreover, we found tdodulate Pathways Affected by pEV

following terms already identi ed with enrichment analysis  Proteins

modulated proteins: (i) “focal adhesion,” and (ii) “regutat of To verify other correlations between miRNA and proteomic
actin cytoskeleton.” Thus, the modulation of speci c protein proles, we employed anin-silico approach to evaluate the
together with the modulation of specic miRNA in pEVs possible involvement of miRNAs, dierentially expressed in

Looking at the loadings for EVsTéble S7, it is possible to
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FIGURE 10 | Combination of miRNA and proteomic pro les of MSCs and EVs. Sare plot of the rst two PCs calculated after the application d PCA to EVs(A) and
MSCs (B). Chord diagrams representing proteins belonging to “PI3K-KT signaling pathway”(C), “regulation of actin cytoskeleton”(D), “focal adhesion” (E), and
“leukocyte trans-endothelial migration’(F) KEGG pathways targeted by miRNAs differentially expressed pEVs.
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PEVs, in regulating some of the top enriched pathways a ected On the other hand, the role and prognostic signi cance of
by modulated proteins. We correlated miRNA-Seq and shotguiEVs have been documented in a broad range of hematological
MS results. To this aim, we evaluated the percentage of geneslignancies, including B-cell leukemia and lymphoma, with
belonging to “PI3K-AKT signaling pathway,” “regulation of a clear involvement in the development and progression
actin cytoskeleton,” “focal adhesion,” and “leukocytenta of the disease4G-47). In all these pathological conditions,
endothelial migration” KEGG pathways targeted by miRNAsBM stromal cells represent a pivotal player in the survival,
di erentially expressed in pEVs. All 15 di erentially expressedproliferation, di erentiation, and chemoresistance of neopias
miRNAs targeted more than 50% of genes that constitute “PI3KB cells ¢0, 61).
AKT signaling pathway” and “regulation of actin cytoskelgto Consequently, in this work we focused the analysis on
pathways (61.8 and 52.8%, respectivelfFigyres 10C,D. the crosstalk between MSCs and B cells, as we have recently
Moreover, 14 miRNAs targeted 58 and 72.4% of genes belongisgown that pMSC-derived EVs strongly modulate B cell
to “leukocyte trans-endothelial migration” and “focal aeflion” activity. Here, we showed the e ect of in ammatory stimuli
pathways, respectiveliigures 10E, . on MSC-derived EV secretion and content in terms of
miRNA and protein expression prole. We also correlated
EVs content with their immunomodulatory properties
DISCUSSION toward B lymphocytes.
Notably, in ammatory priming induced MSCs to release
EV-mediated cellular communication has become a hot re$ear a higher percentage of exosomes compared to microvesicles,
topic because of increasing evidence of EV involvement isuggesting that the role of smaller vesicles could be funalip
many physiological and pathological conditions. Dependingnore crucial in mediating MSC-related immunosuppressive
on their molecular composition, EVs can inuence severalmechanisms. As shown by ow cytometry, the internalization
biological processes by directly activating cell surfaceptrs of cEVs by B lymphocytes resulted higher than pEVs, probably
and delivering molecular e ectors into target cellsl{13). The due to the dierent size of EVs released by MSCs in normal
molecular composition of EVs is strictly in uenced by thelagfl  or in ammatory conditions. In ammatory stimuli a ected
origin and di erent environmental conditions; accordingliZVs not only MSC-derived EV size, but also their protein and
secreted by di erent cell types can modulate the immune systemmiRNA content. Protein expression pro le of MSCs and MSC-
depending on such molecular compositioh ¢, 18 19). derived EVs was deeply aected by inammatory priming.
The predominance of paracrine mechanisms in MSCinterestingly, modulated proteins in cellular compartment wer
mediated immunomodulatory eect has been broadlymostly involved in the release of extracellular exosomes,
demonstrated §4-57). These mechanisms include the releas¢hus highlighting the signi cance of EV release by MSCs
of EVs responsible for the reduction of immune e ector cellduring in ammatory processes and, consequently, their role
activation, especially as far as B and NK cells are considerad MSC-mediated immunoregulation. Furthermore, modulated
(20). MSC priming with in ammatory cytokines dramatically proteins in pEVs are involved in dierent processes related
enhances their immunosuppressive properties, thus increasirig immunological events, especially during leukocyte atitma
the capability of EVs they release to reduce the immune regsonsand migration. Such processes include “PISK-AKT signaling
(20). Furthermore, the immunoregulatory ability mediated by pathway” and “regulation of actin cytoskeleton.” PI3K-AKT
MSCs was comparable to the e ect mediated by correspondingignaling pathway is an intracellular pathway a ecting the
EVs, especially when primed-EVs were considerét).( function of several biological processes, such as cell slireeia
This observation strongly supports the hypothesis that MSCQycle progression, and cellular growt?, while the regulation
immunosuppressive properties are strictly a ected by the EVef actin cytoskeleton is pivotal during leukocyte activatio
they release. Many studies have con rmed the bene cial e ecespecially during the early stage of B cell receptor activation
of MSC-derived EVsn vivo, paving the way for alternative (50). The proteins belonging to these pathways resulted
cell-free therapeutic approaches in the eld of in ammatory down-modulated, thus suggesting their possible involveimen
and autoimmune diseasesq 59). Nevertheless, the therapeutic during the process of immunosuppression toward e ector
application of MSC-derived EVs is still hampered by the laclcells. As expected, pEVs induced a strong down-modulation
of standardized and reproducible methods of EV isolationpf PI3K-AKT components and a substantial impairment of
characterization and quanti cation and by the diculty of actin reorganization in B lymphocytes during the early stage
large-scale production of EVs for therapeutic purposes. Imof activation. These results suggest some of the potential
addition, considering their involvement in several physgital mechanisms of action underlying the immunomodulatory
and pathological processes, further pre-clinical studies angroperties mediated by MSC-derived EVs. Pathway enrichment
necessary to exclude possible adverse or simply undesiralalealysis for modulated proteins in pMSCs revealed only four
e ects of MSC-derived EVs. For this reason, a comprehensivierms, including “antigen processing and presentation” patw
analysis of MSC-derived EVs allows to understand theas signicantly enriched, highlighting the well-known cafisic
molecular mechanisms underlying their immunomodulatoryof MSCs to present antigen via major histocompatibility
properties, thus identifying novel therapeutic targets asomplex (MHC) molecules, which are constitutively expressed
safer and more useful alternatives to cell or EV-basednd up-regulated on MSCs following in ammatory priming
therapeutic approaches. (20, 63). Similarly, only the term “identical protein binding”
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resulted signi cantly enriched in the molecular functionGG miRNAs in pEVs could a ect the activity of immune e ector
category. Taken together, our results showed that in anmomat  cells, especially during leukocyte migration.
stimuli mainly a ect the protein content of EVs compared Protein and miRNA molecules contained in MSC-derived
to the originating cells, conrming their crucial role and EVs following in ammatory priming are strictly connected.
the predominance of paracrine mechanisms in mediatingrhey could be transferred into target cells and contribute
immunomodulatory functions. Focusing on modulated protein synergistically to the regulation of immune e ector cell adty.
in pEVs, we found several proteins involved in many processdsotably, we found that all di erentially expressed miRNAs in
related to immune response, such as LG3BP, PTX3, MOEBEVs in uence the most signi cant enriched pathways resutin
and S10A6. Galectins are a family of beta-galactosideiignd from the protein di erential expression analysis. Furtherraor
proteins implicated in modulating cell-cell and cell-matrix many of them have a crucial role in immunological processes
interactions. LG3BP promotes integrin-mediated cell adires in di erent cellular contexts {4). In particular, miRNA-155-
and in uences dierent processes of immune response, suchp is one of the most well-characterized miRNA regulating
as NK cell activation and lymphokine-activated killer (LAK) immune response75-77). Here, we showed that miRNA-155-
cell cytotoxicity 64). PTX3 is involved in the regulation of 5p has a direct capability to reduce cell viability in actidaB
innate resistance to pathogens and in ammatory reactiofse T lymphocytes. This e ect could be in part mediated by its ability
expression of this protein is induced by in ammatory cytokine to act as negative regulator of PI3K/AKT signaling pathwang o
in several mesenchymal and epithelial cell types).(MOES of the pathways we proved to be impaired following the treatment
and S10A6 are also involved in immune response mechanismsith MSC-derived EVs.
especially regarding the organization of actin cytoskeletod In summary, our data show that MSC-derived EVs
cell motility (66-68). Furthermore, the Ezrin, Radixin, and contain several molecules potentially responsible for their
Moesin (ERM) protein family is not only involved in the immunomodulatory properties and potentially involved in
cytoskeletal reorganization; such proteins are also irelin ~ MSC/B-cell crosstalk; in particular, speci ¢ molecules meaded
the transmission of signals in response to di erent extradall  in pEVs are capable of in uencing typical immune e ector cell
stimuli  through their ability to crosslink transmembrane activity, thus representing novel potential therapeutic &sghat
receptors with downstream signaling components in B cél.( could be further investigated in the eld of in ammatory and
Considering their function, each of such modulated proteinautoimmune diseases as well as in neoplastic microenvirohmen
could contribute to immunoregulatory activity mediated by of B-cell malignancies.
MSC-derived EVs. In addition, pEVs showed a strong up-
regulation of ITI components. ITI represents a family of
structurally related plasma serine protease inhibitors ned MATERIALS AND METHODS
in extracellular matrix stabilization 60). Frequent loss of
expression of ITIH genes is recurring in multiple human Cell Culture
solid tumors, thus promoting tumor metastasig(f. This MSCs were isolated from BM aspirates of healthy donors
observation further strengthens the role of MSC-derived EV¢informed consent, approved by Ethical Committee of Azienda
in cancer, with a potential therapeutic action in preventingOspedaliera Universitaria Integrata Verona; N. 1828, May 12,
tumor metastasis. 2010 “Institution of cell and tissue collection for biomedi

In ammatory microenvironment a ected not only MSC- research in Onco-Hematology”) and characterized as already
derived EVs proteins, but also miRNA expression. Indescribed8, 79). MSCs were cultured in DMEM supplemented
consideration of miRNA stability and involvementin modulagi ~ with 10% heat-inactivated fetal bovine serum (FBS), 1%
gene expression, their role in cell-to-cell communicationpenicillin-streptomycin, and 2% L-Glutamine (all from Sigma-
mediated by EVs has been increasingly studied in the lagtldrich). All experiments were performed between passages 2
years. As for miRNA overall variation following in ammatory and 7. MSCs at 80% con uence were treated or not for 48h
priming, enriched GO terms resulted similar in pMSCs andwith 10ng/mL IFNg and 15ng/mL TNFa (R&D Systems)
pEVs, showing less remarkable dierences between cellulé induce in ammatory priming. PBMCs were isolated from
and EV compartment in miRNA composition as comparedhuman blood using Lymphoprep (Stemcells Technologies). B
to proteins composition. Modulated miRNAs in uence many lymphocytes were isolated from PBMCs using immunomagnetic
processes related to transcription activity; accordinglyhway negative selection (Miltenyi Biotec) with at least 95% celltpur
enrichment analysis showed a strong enrichment of pathwayas evaluated by ow cytometry7g, 79. B lymphocytes were
related to cancer in both dataset. On the other hand, them is cultured in RPMI medium supplemented with 10% FBS, 1%
clear evidence that MSCs and MSC-derived EVs can enhanpenicillin-streptomycin and 2% L-Glutamine (all from Sigma-
or suppress tumor progression depending on tumor model andildrich). B lymphocytes were activated withn§/mL anti-
stage considered’{-73). Nevertheless, di erentially expressed human IgMCIgACIgG (F(al$)2, Jackson Immunoresearch), 50
miRNAs in pEVs are also involved in immunomodulatory IU/mL rhlL-2 (Novartis), 50 ng/mL polyhistidine-tagged CD40
processes. Among these, we identied “focal adhesion” anligand, 5mg/mL anti-polyhistidine antibody (R&D Systems),
“regulation of actin cytoskeleton” KEGG pathways, alreadynd 0.5mg/mL CpG ODNSs (Invitrogen). The proliferation was
found amongst modulated proteins. Thus, the modulationassessed by ow cytometry on viable TOPRGC D43 S cells
of speci c proteins together with the modulation of specic by using FlowJo software (TreeStar) as the percentage of cells
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undergoing at least one cell division. B cells and MSC wereoncentration was measured with BCA Protein Assay. Samples

co-cultured in allogeneic setting. were subjected to denaturation with tri uoroethanol, reckd
with DTT 200 mM, alkylation with lodoacetamide 200 mM, and

Puri cation, Characterization and digested with Trypsin/Lys-C (Promega). The peptide digests

Quanti cation of MSC-Derived EVs were desalted on the DiscoveéryDSC-18 solid phase extraction

(SPE) 96-well Plate. The SPE plate was preconditioned with

ultracentrifugation as already described. EVs quanticat LMl of acetonitrile and 2ml of water. After the sample
was performed through BCA Protein Assay (Thermo Fishef02ding, the SPE was washed with 1 ml of water. The adsorbed
Scienti c). Particle size was evaluated by dynamic ligttsting proteins were eluted with 8081 of acetonitrile:water (80:20).

(DLS) measurements using a Zetasizer Nano ZS (Malverﬁﬂer the desalting, the sample was vacuum-evaporated and
Instruments, 4mV He-Ne lasel, o D 633nm," D 173). reconstituted with 20m of 0.05% formic acid in water before

LC-MS/MS analysis.

EVs were isolated from conditioned medium by

To assess the surface marker prole, b@ of EVs were
analyzed using MACSPlex Exosome Kit (Miltenyi Biotec)
a multiplex bead-based platform that allows the detecti0r$h0tgun Mass Spectrometry

of 37 surface epitopes. Samples were analyzed with a Fac e digested proteins were analyzed with a micro-LC Eksigent

Canto Il (BD Bioscences). Mean uorescence values werkechnologies (Eksigent) system interfaced with a &500

background corrected according to the protocdh vitro  11PIETOF system (AB  Sciex) equipped with DuoSpray
experiments with MSC-EVs were carried out using pooled EvEOn Source and Calibrant Delivery System. More detailed

derived from at least 5 MSC donors, with the aim to reducdnformation on instrument setting and label-free quantation
interindividual variability. is available in Supplementary Materials and Methods

Two DDA and three DIA acquisitions were
EV Internalization and Fluorescen performed 60). _ o
ernalization and Fluorescence The DDA les were searched using Protein Pilot software

MICI‘OSCOpy o v. 4.2 and Mascot v. 2.4. Trypsin/Lys-C as digestion enzyme
To assess EV internalization by B lymphocytes, MSC membrangs, speci ed for both the software. For Mascot we used 2

and ,RNA were stained with 208M Vybrant Dil Cell-  piggeq cleavages, the instrument was set to ESI-QUAD-TOF
labeling Solution and 500nM Syto RNA Select (both from

' ' ' and the following modi cations were speci ed for the search:
Life Technologies), respectively. Then, labeled or unébel .5 hamidomethyl cysteines as xed modi cation and oxidize

MSCs were co-cultured in presence of B lymphocytes (1:1)athionine as variable modi cation. A search tolerance 6f 5
and EV internalization was assessed after 24, 48, and 72h. m was speci ed for the peptide mass tolerance, and 0.1 Da

the end of the co-culture, cells were stained with anti-Cb45¢, 1o \MS/MS tolerance. The charges of the peptides to search
PerCP-Vio770 (Miltenyi Biotec) and TOPRO-3 lodide (Life ¢y were set to 2T, 3C, and 4C, and the search was set on
Technologies), allowing us to exclude MSCs from our analys?ﬁonoisotopic mass(L, 82).

performed on CD45 positive viable cells by ow cytometry.  the yniprot Swiss-Prot reviewed database containing human
Furthermore, EVs were directly stained with i Vybrant 5 qteins (version 2015.07.07, containing 42131 sequeridesin

Dil Cell-labeling Solution and 1M Syto RNA Select and 55 ysed and a target-decoy database search was perforised. Fa
washed with Exosome Spin Column (MW 3000) (Thermo F'Shebiscovery Rate was xed at 1%.

Scienti ¢). Then, activated B lymphocytes were cultured for

24h with of labeled or unlabeled EVs (309/2  10° B oyiracted ion chromatogram of all the unique ions for a given

cells). EVs internalization were evaluated by ow Cytoryetr peniide and was carried out with PeakView 2.0 and MarkerView
using the same gating strategy used for MSC/B cell cOr 5 gix peptides per protein and six transitions per peptide were
cultures. For uorescence microscopy 'experlments, B celte We oy tracted from the SWATH les. Shared peptides were excluded
loaded into the CytoSpin centrifuge’s sample chamber andg \e|| as peptides with modi cations. Peptides with FDR lower
centrifuged 300xg for 5m|n.. Fmal[y, cells were stainedhwit 1,54 1.09% were exported in MarkerView for theest §3).

1mg/mL Hoechst (Thermo Fisher) in PBS and then analyzed proteomic t-test statistical analysis was performed with

by uorescence microscopy using a Zeiss Axio Observer Zj, erview. Proteins were considered modulated in presefice o

The protein quanti cation was performed by integrating the

microscope (Carl Zeiss). afold change 1.50 or 0.5 and g-value< 0.05.
Sample Preparation for Shotgun Western Blot Analysis
Proteomics Immunoblot analysis on EV candidate proteins was performed

EVs were collected and lysed in PBS supplemented with proteasg previously described34). Briey, protein samples from
inhibitors (Roche) and 1% Sodium Dodecyl Sulfate (SDSJi erent biological replicates were diluted 1:1 with Laemmli's
(Bio-Rad). Protein extraction was performed by 5-6 cyclesample buer (62.5mM Tris-HCI, pH 6.8, 25% glycerol, 2%
of sonication. Then, ice-cold acetone was added to sampl&DS, 0.01% Bromophenol Blue), heated for 5min aC9@&nd

and protein precipitation was conducted overnight a0 C.  separated by SDS/polyacrylamide gel electrophoresis (PAGE)
Samples were then centrifuged at 14,000xg for 10min & 4 on 4-20% T acrylamide gels in Tris/glycine/SDS bu er.
and pellet was resuspended in 100mM MHCO3. Protein  After separation on SDS-PAGE, proteins were electroblotted
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on PVDF membrane and subjected to immunodetectionRanking-PCA just one PC was used for calculation, due to the
Amido Black staining (Sigma-Aldrich) was used to con rm small number of degrees of freedom available. The clasgicat
equal protein loading in dierent lanes. Membranes wereperformances were evaluated by calculating model accuragy,
incubated with the di erent primary antibodies diluted in 1% the ratio of correctly assigned samples, and the Non-ErrateRo
non-fat dried milk, 0.05% Tween-20 in Tris-bu ered saline (NER%), i.e., the average of the accuracies calculated fbr eac
for 3h at room temperature. Blots were then incubatedclass independently.
1h at room temperature with the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody {abée S§.
Immunocomplexes were visualized by chemiluminescencegusifRNA Extraction and Quality Controls
the Chemidoc MP imaging system (Bio-Rad) and the intensityfotal RNA was extracted using miRNeasy Mini Kit
of the chemiluminescence signal was measured by processing (Qiagen) and miRNA enriched fraction was obtained
image with Image Lab software (Bio-Rad). using mirPremier microRNA Isolation Kit (Sigma Aldrich)
according to manufacturer's instructions. RNA was quanti ed
. . . ] with the Qubit RNA Assay kit (Life Technologies). RNA
Univariate and Multivariate purity and integrity were assessed at the Nanodrop 1000
Statistical Analysis spectrophotometer (Thermo Fisher Scientic) and by
Proteomic data were analyzed by univariate and multivariatcapillary electrophoresis on an Agilent Bioanalyzer (Adilen
statistical analyses. The univariate approach consisted ihechnologies), respectively.
selecting proteins modulated at least in 4 samples among 7
processed samples using a cut o with adjusfedalues of< .
0.05 and fold change of 1.5 or< 0.0667. Principal Component Small RNA Sequencing
Analysis (PCA) was applied to provide a general overview of themall RNA libraries were prepared using the NebNext Small RNA
correlations existing between the variables and the exéstef  Library Preparation Kit (New England Biolabs) for miRNA and
sample groups (se&upplementary Materials and Methods ~ short non-coding RNAs sequencing according to manufactsirer
PCA is exploited in Ranking-PCA to select the mostinstructions, starting from 200 ng RNA and using 15 PCR
discriminating variables (i.e., candidate biomarkersymen two ~ cycles. Each library was analyzed with the High Sensitivity
groups of samples and sort them according to their decreasifgNA chip (Agilent) using Agilent 2100 Bioanalyzer. Pools of
discrimination ability §5-89). 12 libraries were concentrated with AMPure XP magnetic beads
PLS is a multivariate regression method establishing éBeckman Coulter) and eluted in 4@ of nuclease free water.
relationship between one or more dependent variables (Y) and@ihe eluate from each pool was loaded onto a 6% precast gel (Life
a group of descriptors (X). X and Y variables are modeled echnologies), a 146 bp band was cutted, puri ed with ardl
simultaneously, to nd the latent variables (LVs) in X that Iter with Qiaquick gel extraction kit (Qiagen) and quantie
will predict the LVs in Y. PLS can be applied for classi cationusing the Qubit DNA HS (Life Technologies). The miRNAseq
purposes by establishing an appropriate Y related to thébraries were sequenced on a NextSeq500 sequencer (I#)min
association of each sample to a class. Since two classes &g 75 bp-reads and producing on average 2,047,034,738 read
present in this case (control and primed samples), a binary Yer sample.
variable is added to each dataset, coded so thas attributed
to control samples an€1 to primed samples. The regression . . . .
is then carried out between X-block variables (protein csynt ldenti cation of Differentially
and the Y just established. This application for classi catio Expressed miRNASs
purposes is called PLS-DA8Y). Here, Ranking-PCA was lllumina sequencing was used to generate small RNA reads from
used as selection method to provide the list of all candidat® biological replicates of primed and control EVS/MSCs. Raw
biomarkers in decreasing order of discriminant ability ¢fet fastg les were analyzed to evaluate their quality using FastQC
nal model. The list identi ed in this way was then used for software (http://www.bioinformatics.babraham.ac.uk/jeics/
classi cation, based on PLS-DAY), to provide a nal model fastqc). Adapter trimming was performed using TrimGalore
able to discriminate the two classes of samples present. Tliettps://www.bioinformatics.babraham.ac.uk/projeatisit
analysis was done considering 1PC in Ranking-PCA and galore) specifyindengthand max-lengthparameters. After this
LV in the nal PLS-DA models (for MSCs, only the rst 200 step, only reads with length between 16 and 26 nucleotides
proteins selected by Ranking-PCA were included in the PLSemained for further analysis. Clipped reads were aligned using
DA model). Both the selection of the signi cant proteins by Bowtie2 to the GRCh38 human genome built from ENSEMBL,
Ranking-PCA and the calculation of the performance abilityusing the preset of parameters/ery-sensitive-locab obtain
of the PLS-DA models were obtained by leave-one-out (LOORigh-score matches9(). The summarization of the reads was
cross-validation: all the replications of the same sampleh(botperformed using featureCount87), using the GFF annotation
control and primed replications) were eliminated in turn from le provided by miRBase. Dierential expression analysis
the calculation and used to provide an evaluation of the nalwas conducted through the R/Bioconductor package DESeq2
predictive ability. Since 7 individuals were availableydofDO  comparing primed vs. control EV/MSC samples, using a 5% FDR
was applied, and one individual was eliminated at a time. Ircut-o (92).
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Real-Time gPCR control miRNA (SGAUGGCAUU CGAUCAGUUCUA) both

For miRNA analysis, 10 ng of RNA was retro-transcribedirom Exiqon using INTERFERIn (Polyplus-transfection S.A.).
with TagMan MicroRNA Reverse Transcription Kit (Applied After 6 h, complete RPMI medium supplemented with stimuli
Biosystems). Relative miRNA expression was determined usingas added to each well. Finally, cells were harvested for the
TagMan Universal Master Mix Il, no UNG and Tagman functional analyses after 24, 96, or 120 h.

microRNA assay (Applied Biosystems) and normalized to . .

U6. All reactions were performed in triplicates and run on PI3K/AKT Signaling Pathway

LightCycler 480 Instrument Il (Roche) following manufacttse Expression Pro le

instructions. Data obtained from the gPCR were analyzedgisinB lymphocytes were cultured for 4 days in presence or absence of

thell Ctmethod. EVs (30mg EVs/2x104 cells) or transfected with miRNA Mimics.
At the end of culture, cells were harvested and stained with
GO Annotation and Pathway Enrichment CDA45-PerCpVio700 and Viobility 405/520 Fixable Dye (both
Analysis of Differentially from Miltenyi Biotec). Then, cells were xed and permeabilized
Expressed Proteins using Cell Signaling Bu er Set A (Miltenyi Biotec) and stained

GO annotation of signi cantly altered proteins expressed inWith Antl-AKT pS473-Vio515, Anti-AKT Pan (PKB)-APC, Anti-

pEVs was performed with DAVID v6.8 Functional Annotation
Bioinformatics Tools (https//david.ncifcrf.gov/). Thegchment

GSK3B pS9-PE, Anti-p70 S6 Kinase-FITC, Anti-S6 pS235/pS236-
PE, and Anti-S6 pS240-APC (all from Miltenyi Biotec)

analysis for GO cellular component, biological process angccordlng to dmbanufacturters knstrgctlons. ITro_tem expre?5| d
molecular function was done by comparing the GO terms ofV@S assessed by ow cylomelry. Data analysis was performe

. . . . : . using FlowJo software (TreeStar). Data were expressed as mean
identi ed proteins against the human proteome. This analysis L : :
b g b y SEM. Statistical analysis was performed by Pism software

detected the signi cant (p adf 0.05) over-representation of GO . 4 .
terms in the submitted dataset. In addition, ClueGO v2.3.8sw (Gr?‘phpad) using the Wilcoxon tese. < 0.05 was considered
statistically signi cant.

used for analyzing signi cantly enriched KEGG pathways (p ad
< 0.05) with the human genome as backgrouf@)( The nodes _Cell Proliferation and Viability Assay

in functionally grouped _networks were linked based on theiry evaluate the e ect of selected miRNAs on B cell proliferation,

kappa score level (0.4) in ClueGO; the GO Tree Levels rang&Qiis were activated and stained witims! carboxy uorescein

from levels 3-8. succinimidyl ester (CFSE, Life Technologies). After 24ellsc

. . were transfected with miRNA mimics and negative control.

GO An_nOtatlon and Pathway Enrichment After 4 days, cells were harvested and stained \?vith antidnum

Analysis of Modulated miRNAs and CD45-PerCP-Vio700 (Milteniy Biotec) and TOPRO-3 lodide

MiRNA Targets (Life Technologies). The e ect of selected miRNA on cell vigbil

Functional enrichment of top 10 (based on adjustedalue) Wwas assessed by ow cytometry using AnnexinV/7AAD staining.

di erentially expressed miRNAs in pEVs and pMSCs wad-ollowing 24 h stimulation, cells were transfected with miRNA

performed using DIANA-miRPath v3.09¢). The enrichment mimics and negative control. After 24 h, cells were harveatet

analysis was conducted on KEGG and GO using onlgtained with anti-human CD45-APC (Milteniy Biotec), Annexi

experimentally validated miRNA-target interactions provddsy ~ V-FITC (Milteniy Biotec) and 7AAD (BD Biosciences). Cell

DIANA-TarBase v7.0, wittgenes unioras merging algorithm. viability was evaluated on CDB%Annexin V'°9 7AAD"®9 cells

Furthermore, the parametaonservative statgere used to have using FlowJo software (TreeStar). Data were expressed as mean

a more stringent statistical test. Only terms with an adjaist SEM. Statistical analysis was performed by Prism software

p-value< 0.01 were selected. (GraphPad) using the Wilcoxon test<P0.05 was considered
statistically signi cant.

In vitro Cell Spreading

Glass coverslips were coated at room temperature for 2h with ATA AVAILABILITY

5mg/mL of F(al9)2. 15x104 B lymphocytes, pre-treated for 24 h

with resting, and primed EVs, were left to spread at @7 The datasets produced in this study are available at the

on coverslips for di erent time points. Then, cells were xed following link:

with 4% paraformaldehyde in PBS (ChemCruz), permeabilized https://www.dropbox.com/sh/prf3r38hmdrr08g/AAAczrn_

with 0.5% Triton X-100 (AppliChem) and stained with DAPI rSvLKYWbVQK9cySUa?dI=0.

and rhodamine phalloidin (both from Life Technologies). Cell

spreading was quanti ed by measuring the mean cellam@a) AUTHOR CONTRIBUTIONS

by using AxioVision 4.8.2 software (Carl Zeiss).

AA designed and performed the laboratory work and wrote the
miRNA Mimic Transient Transfection manuscript. JB performed the laboratory work and contributed
Activated B cells were seeded at 2105/200mL per well. to paper writing. RB, RC, MM, GB, PT, GD, AG, AM, MA, and
After 24h, cells were transfected with 10nM of miR-155-5gMO performed the laboratory work. DC contributed to paper
mimic (S(UUAAUGCUAAUCGUGAU AGGGGU) or negative writing. SC, PD, RG, ER, EM, and RAC performed statistical

Frontiers in Immunology | www.frontiersin.org 19 March 2019 | Volume 10 | Article 446



Adamo et al.

Extracellular Vesicles in MSC/B Cell Interaction

analysis and contributed to paper writing. MK coordinatedof Verona. We would like to thank Centro Piattaforme
the research plan, wrote and approved the nal version offecnologiche from the University of Verona for its contrilar

the paper.

ACKNOWLEDGMENTS

and help for DLS analyses.

SUPPLEMENTARY MATERIAL

This work was supported by Fondazione CARIVERONA. ThisThe Supplementary Material for this article can be found
study was in part performed in the LURM (Laboratorio online at: https://www.frontiersin.org/articles/10.388nmu.
Universitario di Ricerca Medica) Research Center, University019.00446/full#supplementary-material

REFERENCES
L
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

. Abels ER, Breake eld XO. Introduction to extracellular vesiclesgdmesis,

Théry C, Zitvogel L, Amigorena S. Exosomes: composition, besieand
function. Nat Rev Immunol(2002) 2:569-79. doi: 10.1038/nri855

Cocucci E, Racchetti G, Meldolesi J. Shedding microvesictefacis no
more.Trends Cell Bio(2009) 19:43-51. doi: 10.1016/j.tcb.2008.11.003
Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, reicteseand
friends.J Cell Biol(2013) 200:373-83. doi: 10.1083/jcb.201211138

. Théry C, Ostrowski M, Segura E. Membrane vesicles as conveyonsohe

responsedNat Rev Immunol(2009) 9:581-93. doi: 10.1038/nri2567

. Maas SLN, Breake eld XO, Weaver AM. Extracellular vesicles: eniqu

intercellular delivery vehicles.Trends Cell
doi: 10.1016/j.tcb.2016.11.003

Biol. (2017) 27:172-88.

. van Niel G, D'Angelo G, Raposo G. Shedding light on the cell giolo

of extracellular vesiclesNat Rev Mol Cell Biol.(2018) 19:213-28.
doi: 10.1038/nrm.2017.125

. Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch P23.

et al. Analysis of ESCRT functions in exosome biogenesis, cotigmoand
secretion highlights the heterogeneity of extracellular vesitiesll Sc{2013)
126:5553-65. doi: 10.1242/jcs.128868

RNA cargo selection, content, release, and upt@led. Mol Neurobiol(2016)
36:301-12. doi: 10.1007/s10571-016-0366-z

. Chatterjee SN, Das J. Electron microscopic observations oextretion

of cell-wall material byVibrio choleraeJ Gen Microbiol(1967) 49:1-11.
doi: 10.1099/00221287-49-1-1

Ellis TN, Leiman SA, Kuehn MJ. Naturally produced outer membranelessi
from Pseudomonas aeruginosa elicit a potent innate immune respoase Vi
combined sensing of both lipopolysaccharide and protein componérfesct
Immun. (2010) 78:3822-31. doi: 10.1128/IA1.00433-10

Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, DvoraklPEhbryonic

stem cell-derived microvesicles reprogram hematopoietic progenitors28.

Evidence for horizontal transfer of mMRNA and protein delivebgukemia.
(2006) 20:847-56. doi: 10.1038/sj.leu.2404132
Valadi H, Ekstrém K, Bossios A, Sjostrand M, Lee JJ, LétvaEx@ome-

mediated transfer of MRNAs and microRNAs is a novel mechanism daétien  29.

exchange between celiat Cell Biol (2007) 9:654-9. doi: 10.1038/ncb1596
Camussi G, Deregibus MC, Bruno S, Grange C, Fonsato V, Tetta C.
Exosome/microvesicle-mediated epigenetic reprogramming of o&iis.J

Cancer Reg2011) 1:98-110. Available online at: www.ajcr.us/ISSN:215630.

6976/ajcr0000008

Whiteside TL. Immune modulation of T-cell and NK (natural killerglc
activities by TEXs (tumour-derived exosomeB)ochem Soc Tran§2013)
41:245-51. doi: 10.1042/BST20120265

Wieckowski EU, Visus C, Szajnik M, Szczepanski MISWJte¥ide TL.
Tumor-Derived microvesicles promote regulatory T cell expansion and
induce apoptosis in tumor-reactive activated GDST lymphocytes.J
Immunol.(2009) 183:247-53. doi: 10.4049/jimmunol.0900970

Dorsam B, Reiners KS, von Strandmann EP. Cancer-deriveacektilar

vesicles: friend and foe of tumour immunosurveillanBéilos Trans R Soc  33.

Lond Ser B, Biol S¢2018) 373:20160481. doi: 10.1098/rsth.2016.0481
Burrello J, Monticone S, Gai C, Gomez Y, Kholia S, Camussi G. $iém c
derived extracellular vesicles and immune-modulatiBront Cell Dev Biol.
(2016) 4:1-10. doi: 10.3389/fcell.2016.00083

18.

19.

20.

21.

22.

24.

25.

26.

27.

31.

32.

34.

Robbins PD, Morelli AE. Regulation of immune responses by extréarellu
vesiclesNat Rev Immunol(2014) 14:195-208. doi: 10.1038/nri3622

Rani S, Ryan AE, Grin MD, Ritter T. Mesenchymal stem cell-gded
extracellular vesicles: toward cell-free therapeutic applicatibted. Ther.
(2015) 23:812-23. doi: 10.1038/mt.2015.44

Di Trapani M, Bassi G, Midolo M, Gatti A, Kamga PT, Cassaro A let a
Di erential and transferable modulatory e ects of mesenchymal strooedl
derived extracellular vesicles on T, B and NK cell functi®rs. Rep(2016)
6:1-13. doi: 10.1038/srep24120

da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymalcsi&m
reside in virtually all post-natal organs and tissuk€ell Sc{2006) 119:2204—
13. doi: 10.1242/jcs.02932

Im G, Il, Shin Y-W, Lee KB. Do adipose tissue-derived mesgnahstem
cells have the same osteogenic and chondrogenic potential asniEmnew-
derived cells®steoarthr Cartil (2005) 13:845-53. doi: 10.1016/j.joca.2005.
05.005

Campagnoli C, Roberts IA, Kumar S, Bennett PR, Bellantuono k Fis
NM. Identi cation of mesenchymal stem/progenitor cells in human tis
trimester fetal blood, liver, and bone marrolood.(2001) 98:2396-402.
doi: 10.1182/blood.V98.8.2396

Nakashima M, lohara K, Murakami M. Dental pulp stem cells and
regenerationEndod Top(2013) 28:38-50. doi: 10.1111/etp.12027
Friedenstein AJ, Deriglasova UF, Kulagina NN, Panasuk AFakeud
SF, Luria EA, et al. Precursors for broblasts in di erent populatioos
hematopoietic cells as detected by thevitro colony assay methodExp
Hematol.(1974) 2:83-92.

Pittenger MF, Mackay AM, Beck SC, Al E. Multilineage po&nti
of adult human mesenchymal stem cellScience.(1999) 284:143-7.
doi: 10.1126/science.284.5411.143

Krampera M. Mesenchymal stromal cell ‘licensing: a multistep process.
Leukemia(2011) 25:1408-14. doi: 10.1038/leu.2011.108

Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis |].et a
Mesenchymal stem cells for treatment of steroid-resistant, sewetge
graft-versus-host disease: a phase Il studgncet. (2008) 371:1579-86.
doi: 10.1016/S0140-6736(08)60690-X

Garcia-Olmo D, Garcia-Arranz M, Herreros D, Pascual |, Peiro CriBoez-
Montes JA. A phase | clinical trial of the treatment of crohn's stblaadipose
mesenchymal stem cell transplantatiddis Colon Rec{2005) 48:1416-23.
doi: 10.1007/s10350-005-0052-6

Ciccocioppo R, Russo ML, Bernardo ME, Biagi F, Catenaccidnzivi MA,

et al. Mesenchymal stromal cell infusions as rescue therapy for osigioid-
refractory adult autoimmune enteropathiylayo Clin Procee@2012) 87:909—
14. doi: 10.1016/j.mayocp.2012.04.014

Ciccocioppo R, Corazza GR. Mesenchymal stem cells for stylisin
Crohn's diseaselancet.(2016) 388:1251-2. doi: 10.1016/S0140-6736(16)
31209-0

Patel AN, Genovese J. Potential clinical applications ofit dduman
mesenchymal stem cell (Prochymial therapy.Stem Cells Cloning2011)
4:61-72. doi: 10.2147/SCCAA.S11991

Toma C, Fisher A, Wang J, Chen X, Grata M, Leeman J, et al. Vascular
endoluminal delivery of mesenchymal stem cells using acoustic radliat
force.Tissue Eng Part A2011) 17:1457-64. doi: 10.1089/ten.tea.2010.0539
Togel F, Weiss K, Yang Y, Hu Z, Zhang P, Westenfelder C. \dsmpic,
paracrine actions of infused mesenchymal stem cells are important to the

Frontiers in Immunology | www.frontiersin.org

20

March 2019 | Volume 10 | Article 446



Adamo et al.

Extracellular Vesicles in MSC/B Cell Interaction

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

recovery from acute kidney injuryAm J Physiol Renal Physi¢R007)
292:F1626-35. doi: 10.1152/ajprenal.00339.2006
Gonzalez-Rey E, Anderson P, Gonzédlez MA, Rico L, Buscher D,

Delgado M. Human adult stem cells derived from adipose tissueb4.

protect against experimental colitis and seps&ut. (2009) 58:929-39.
doi: 10.1136/gut.2008.168534
Haga H, Yan IK, Takahashi K, Matsuda A, Patel T. Extracelludaicles

from bone marrow-derived mesenchymal stem cells improve survival front5.

lethal hepatic failure in miceStem Cells Transl Medq2017) 6:1262—72.
doi: 10.1002/sctm.16-0226

Li C, Kong Y, Wang H, Wang S, Yu H, Liu X, et al. Homing of bone marrow
mesenchymal stem cells mediated by sphingosine 1-phosphate cdegriiou

liver brosis.J Hepatol(2009) 50:1174—83. doi: 10.1016/j.jhep.2009.01.028 56.

Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD. Human wiggeal
stem cells di erentiate to a cardiomyocyte phenotype in the adult marrin
heart.Circulation.(2002) 105:93-8. doi: 10.1161/hc0102.101442

Hofmann NA, Ortner A, Jacamo RO, Reinisch A, Schallmoser K.
Oxygen sensing mesenchymal progenitors promote neo-vasculogenesi
in a humanized mouse modein vivo. PLoS ONE.(2012) 7:44468.
doi: 10.1371/journal.pone.0044468

Beitnes JO, @ie E, Shahdadfar A, Karlsen T, Mdiller RMB, Aakhus
S, et al. Intramyocardial injections of human mesenchymal stem cells

following acute myocardial infarction modulate scar formation and 59.

improve left ventricular function.Cell Transplant.(2012) 21:1697-709.
doi: 10.3727/096368911X627462

Waszak P, Alphonse R, Vadivel A, lonescu L, Eaton F, Thék&ud
Preconditioning enhances the paracrine e ect of mesenchymal stelis

in preventing oxygen-induced neonatal lung injury in ratem Cells Dev.
(2012) 21:2789-97. doi: 10.1089/scd.2010.0566

Xiang MX, He AN, Wang JA, Gui C. Protective paracrine e ect of
mesenchymal stem cells on cardiomyocyteZhejiang Univ Sci §2009)
10:619-24. doi: 10.1631/jzus.B0920153

Galleu A, Rio-Vasquez Y, Trento C, Lomas C, Dolcetti L, Cheung
TS, et al. Apoptosis in mesenchymal stromal cells indugesvivo

recipient-mediated immunomodulatiorSci Transl Med(2017) 9:eaam7828. 62.

doi: 10.1126/scitranslmed.aam7828
Laurenzana |, Lamorte D, Trino S, De Luca L, Ambrosino C, Zoppoli

P, et al. Extracellular vesicles: a new prospective in crosstalk betweés.

microenvironment and stem cells in hematological malignancsem cells
Int. (2018) 2018:9863194. doi: 10.1155/2018/9863194

Boyiadzis M, Whiteside TL. The emerging roles of tumor-derive
exosomes in hematological malignanciésukemia.(2017) 31:1259-68.
doi: 10.1038/leu.2017.91

Caivano A, Laurenzanal, De Lucal, La Rocca F, Simeon V, Srietal. High
serum levels of extracellular vesicles expressing malignancy-relatedrsnarke
are released in patients with various types of hematological neaplasti
disorders. Tumor Biol. (2015) 36:9739-52. doi:
3741-3

Caivano A, Del Vecchio L, Musto P. Do we need to distirtgaiosomes from
microvesicles in hematological malignan@idssukemia(2017) 31:2009-10.
doi: 10.1038/leu.2017.205

Gang EJ, Bosnakovski D, Figueiredo CA, Visser JW, Perbng€R. SSEA-
4 identi es mesenchymal stem cells from bone marroBiood. (2007)
109:1743-51. doi: 10.1182/blood-2005-11-010504

Wu CC, Liu FL, Sytwu HK, Tsai CY, Chang DM. CDA@nhesenchymal
stem cells display greater therapeutic potential than CD146— cells for
treating collagen-induced arthritis in mic&tem Cell Res ThgR016) 7:23.
doi: 10.1186/s13287-016-0285-4

Song W, Liu C, Upadhyaya A. The pivotal position of the actioskeleton
in the initiation and regulation of B cell receptor activatidBiochim Biophys
Acta.(2014) 1838:569-78. doi: 10.1016/j.bbamem.2013.07.016

Harwood NE, Batista FD. The cytoskeleton coordinates thly eaents
of B-cell activation.Cold Spring Harb Perspect Bi¢2011) 3:a002360.
doi: 10.1101/cshperspect.a002360

Batista FD, Treanor B, Harwood NE. Visualizing a role for thénac 71.

cytoskeleton in the regulation of B-cell activatiommunol Rev.(2010)
237:191-204. doi: 10.1111/j.1600-065X.2010.00943.x

53.

57.

58.

60.

61.

64.

65.

10.1007/s13277-01566.

67.

68.

69.

70.

Machtaler S, Dang-Lawson M, Choi K, Jang C, Naus CC, Meltslw The
gap junction protein Cx43 regulates B-lymphocyte spreading and amthek
Cell Sci(2011) 124:2611-21. doi: 10.1242/jcs.089532

Follin B, Juhl M, Cohen S, Perdersen AE, Kastrup J, Ekblond ckedsed
paracrine immunomodulatory potential of mesenchymal stromal cells
in three-dimensional cultureTissue Eng Part B Re{2016) 22:322-9.
doi: 10.1089/ten.teb.2015.0532

Ozdemir AT, Ozgiil Ozdemir RB, Kirmaz C, Sariboyaci AE, Unal Haliiari

ZS, Ozel C, et al. The paracrine immunomodulatory interactions between
the human dental pulp derived mesenchymal stem cells and CD4T cell
subsets.Cell Immunol. (2016) 310:108-15. doi: 10.1016/j.cellimm.2016.
08.008

Fontaine MJ, Shih H, Schéafer R, Pittenger MF. Unraveling treenahymal
stromal cells' paracrine immunomodulatory e ecfBransf Med Rey2016)
30:37-43. doi: 10.1016/j.tmrv.2015.11.004

Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, Andreini A,
et al. Role for Interferorg in the immunomodulatory activity of human
bone marrow mesenchymal stem cellStem Cells.(2006) 24:386-98.
doi: 10.1634/stemcells.2005-0008

Kordelas L, Rebmann V, Ludwig AK, Radtke S, Ruesing J, DoepRaet al.
MSC-derived exosomes: a novel tool to treat therapy-refractory-geatus-
host diseasé.eukemia(2014) 28:970-3. doi: 10.1038/leu.2014.41

Kilpinen L, Impola U, Sankkila L, Ritamo |, Aatonen M, Kilpinen
S, et al. Extracellular membrane vesicles from umbilical cord blood-
derived MSC protect against ischemic acute kidney injury, a featu
that is lost after in ammatory conditioningJ Extracell Vesic(2013) 2.
doi: 10.3402/jev.v2i0.21927

Nwabo Kamdje AH, Bassi G, Pacelli L, Malpeli G, Amati E, Nichele I,
et al. Role of stromal cell-mediated Notch signaling in CLL resistance
chemotherapyBlood Cancer §2012) 2:e73-e. doi: 10.1038/bcj.2012.17
Kamdje AHN, Mosna F, Bifari F, Lisi V, Bassi G, Malpeli G, et alchN&
and Notch-4 signaling rescue from apoptosis human B-ALL cells inamint
with human bone marrow-derived mesenchymal stromal c&leod.(2011)
118:380-9. doi: 10.1182/blood-2010-12-326694

Okkenhaug K. Rules of engagement: distinct functions Herfour class |
PI3K catalytic isoforms in immunityAnn N Y Acad Sci(2014) 1280:24—6.
doi: 10.1111/nyas.12027

Hoogduijn MJ. Are mesenchymal stromal cells immune cAlig# Res Ther.
(2015) 17:88. doi: 10.1186/s13075-015-0596-3

Brittoli A, Fallarini S, Zhang H, Pieters RJ, Lombardi @. Vitro” studies

on galectin-3 in human natural killer cellémmunol Lett.(2018) 194:4-12.
doi: 10.1016/j.imlet.2017.12.004

Ketter P, Yu J-J, Cap AP, Forsthuber T, Arulanandam B. Pentra
3: an immune modulator of infection and useful marker for disease
severity assessment in sepdixp Rev Clin Immunol(2016) 12:501-7.
doi: 10.1586/1744666X.2016.1166957

Nedjadi T, Kitteringham N, Campbell F, Jenkins RE, Park BK,aNav

P, et al. S1I00A6 binds to annexin 2 in pancreatic cancer cells and
promotes pancreatic cancer cell motilitgr J Cancer(2009) 101:1145-54.
doi: 10.1038/sj.bjc.6605289

Zawawi KH, Kantarci A, Schulze-Spéte U, Fujita T, BatistaNftar S, et al.
Moesin-induced signaling in response to lipopolysaccharide in maages.

J periodont Re€2010) 45:589-601. doi: 10.1111/j.1600-0765.2010.61271
Pore D, Gupta N. The ezrin-radixin-moesin family of proteins in the
regulation of B-cell immune response€rit Rev Immunol(2015) 35:15-31.
doi: 10.1615/CritRevimmunol.2015012327

Bost F, Diarra-Mehrpour M, Martin JP. Inter-alpha-trypsin inhioi
proteoglycan family. A group of proteins binding and stabilizing
the extracellular matrix. Eur J Biochem. (1998) 252:339-46.
doi: 10.1046/j.1432-1327.1998.2520339.x

Hamm A, Veeck J, Bektas N, Wild PJ, Hartmann A, Heindrichs U, et al.
Frequent expression loss of Inter-alpha-trypsin inhibitor heavsicHITIH)
genes in multiple human solid tumors: a systematic expression anay4G.
Cancer(2008) 8:25. doi: 10.1186/1471-2407-8-25

Lindoso RS, Collino F, Vieyra A. Extracellular vesicles as regaitafttcumor
fate: crosstalk among cancer stem cells, tumor cells and mesenchgmal st
cells.Stem Cell Investi¢r017) 4:75. doi: 10.21037/s¢i.2017.08.08

Frontiers in Immunology | www.frontiersin.org

21

March 2019 | Volume 10 | Article 446



Adamo et al.

Extracellular Vesicles in MSC/B Cell Interaction

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Zhang X, Tu H, Yang Y, Fang L, Wu Q, Li J. Mesenchymal stem agllede
extracellular vesicles: roles in tumor growth, progression, and drugaess.
Stem Cells In{2017) 2017:1-12. doi: 10.1155/2017/1758139

Takam Kamga P, Bassi G, Cassaro A, Midolo M, Di Trapani M, Gatti
A, et al. Notch signalling drives bone marrow stromal cell-mediated

chemoresistance in acute myeloid leuken@mcotarget(2016) 7:21713-27. 86.

doi: 10.18632/oncotarget.7964

Paladini L, Fabris L, Bottai G, Raschioni C, Calin GA, SargdrprTargeting
microRNAs as key modulators of tumor immune responkgxp Clin Cancer
Res(2016) 35:103. doi: 10.1186/s13046-016-0375-2

Liu J, Shi K, Chen M, Xu L, Hong J, Hu B, et al. Elevated miR-155 esipnes
induces immunosuppression via CD3%egulatory T-cells in sepsis patient.
Int J Infect Dis(2015) 40:135-41. doi: 10.1016/}.ijid.2015.09.016

Bitar A, De R, Melgar S, Aung KM, Rahman A, Qadri F, et al. Induncof

immunomodulatory miR-146a and miR-155 in small intestinal epitheliuim o 88.

Vibrio cholerae infected patients at acute stage of choRraS ONE(2017)
12:e0173817. doi: 10.1371/journal.pone.0173817

Schulte LN, Westermann AJ, Vogel J. Di erential activatiod &unctional
specialization of miR-146 and miR-155 in innate immune senshigcleic
Acids Reg2013) 41:542-53. doi: 10.1093/nar/gks1030

Di Trapani M, Bassi G, Ricciardi M, Fontana E, Bifari F, Pacelli L
et al. Comparative study of immune regulatory properties of stem cells

derived from dierent tissues.Stem Cells Dev(2013) 22:2990-3002. 90.

doi: 10.1089/scd.2013.0204

Menard C, Pacelli L, Bassi G, Dulong J, Bifari F, Bezier I, et abl.

Clinical-grade mesenchymal stromal cells produced under various good
manufacturing practice processes dier in their immunomodulatory
properties: standardization of immune quality controlStem Cells Dev.
(2013) 22:1789-801. doi: 10.1089/scd.2012.0594

Martinotti S, Patrone M, Manfredi M, Gosetti F, Pedrazzi M,rdtego E,
et al. HMGBL1 osteo-modulatory action on osteosarcoma SaOS-2 eelbin
integrated study from biochemical and -omics approactie€ell Biochem.
(2016) 117:2559-69. doi: 10.1002/jcb.25549

Cvijetic S, Bortolotto V, Manfredi M, Ranzato E, Marengo Hei8eR, et al.
Cell autonomous and noncell-autonomous role of KB-p50 in astrocyte-
mediated fate specication of adult neural progenitor cel@lia. (2017)
65:169-81. doi: 10.1002/glia.23085

Albanese P, Manfredi M, Meneghesso A, Marengo E, SaraccorierBa
et al. Dynamic reorganization of photosystem Il supercomplexes jporese

85.

87.

89.

92.

93.

94.

Marengo E, Robotti E, Bobba M, Gosetti F. The principle of esti@ness
versus the principle of parsimony: a new approach for the identi aatio
of biomarkers from proteomic spot volume datasets based on
principal component analysisAnal Bioanal Chem.(2010) 397:25-41.
doi: 10.1007/s00216-009-3390-8

Polati R, Menini M, Robotti E, Millioni R, Marengo E, Novelli E,
et al. Proteomic changes involved in tenderization of bovine lissigius
dorsi muscle during prolonged agein§ood Chem(2012) 135:2052-69.
doi: 10.1016/j.foodchem.2012.06.093

Robotti E, Demartini M, Gosetti F, Calabrese G, Marengo E.|Dpwent of a
classi cation and ranking method for the identi cation of poké# biomarkers

in two-dimensional gel-electrophoresis based on principal component
analysis and variable selection proceduré®l BioSyst.(2011) 7:677-86.
doi: 10.1039/cOmb00124d

Aspesi A, Pavesi E, Robotti E, Crescitelli R, Boria |, Avondet Fal.
Dissecting the transcriptional phenotype of ribosomal protein dermy:
implications for Diamond-Blackfan AnemiaGene. (2014) 545:282-9.
doi: 10.1016/j.gene.2014.04.077

Marengo E, Robotti E, Bobba M, Milli A, Campostrini N, Righet€,S
et al. Application of partial least squares discriminant analysis amidla
selection procedures: a 2D-PAGE proteomic studyal Bioanal Chem.
(2008) 390:1327-42. doi: 10.1007/s00216-008-1837-y

Langmead B, Salzberg SL. Fast gapped-read alignment with Bawtie
NatMethods(2012) 9:357-9. doi: 10.1038/nmeth.1923

LiaoY, Smyth GK, Shi W. featureCounts: an e cient general psgyarogram
for assigning sequence reads to genomic featuBgsinformatics.(2014)
30:923-30. doi: 10.1093/bioinformatics/btt656

Love MI, Huber W, Anders S. Moderated estimation of fold cleaagd
dispersion for RNA-seq data with DESeq@enome Biol(2014) 15:550.
doi: 10.1186/s13059-014-0550-8

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirdky A,

et al. ClueGO: a Cytoscape plug-in to decipher functionally groupea gen
ontology and pathway annotation networl&oinformatics(2009) 25:1091-3.
doi: 10.1093/bioinformatics/btp101

Vlachos IS, Zagganas K, Paraskevopoulou MD, Georgakilasr&kidani

D, Vergoulis T, et al. DIANA-miRPath v3.0: deciphering microRNA
function with experimental supportNucleic Acids Re§2015) 43:W460-6.
doi: 10.1093/nar/gkv403

to variations in light intensitiesBiochim Biophys Act§2016) 1857:1651-60. Conict of Interest Statement: The authors declare that the research was
doi: 10.1016/j.bbabio.2016.06.011 conducted in the absence of any commercial or nancial relatiops that could
Ortea |, Rodriguez-Ariza A, Chicano-Galvez E, Arenas Vacabe construed as a potential con ict of interest.

MS, Jurado Géamez B. Discovery of potential protein biomarkers

of lung adenocarcinoma in bronchoalveolar lavage uid by Copyright © 2019 Adamo, Brandi, Caligola, Del no, Bazzoni, CaejsBecconi,
SWATH MS data-independent acquisiton and targeted dataGiugno, Manfredi, Robotti, Marengo, Bassi, Takam Kamga, @b, Gatti,
extraction. J Proteomics(2016) 138:106-14. doi: 10.1016/j.jprot.2016.Mercuri, Arigoni, Olivero, Calogero and Krampera. Thisniopen-access article
02.010 distributed under the terms of the Creative Commons AttohiLicense (CC BY).
Brandi J, Cecconi D, Cordani M, Torrens-Mas M, Pacchiana RlaDa The use, distribution or reproduction in other forums is ¢zt provided the
Pozza E, et al. The antioxidant uncoupling protein 2 stimulatesoriginal author(s) and the copyright owner(s) are creditedi that the original
hnRNPA2/B1, GLUT1 and PKM2 expression and sensitizes pancregsublication in this journal is cited, in accordance withepted academic practice.
cancer cells to glycolysis inhibitioRree Radic Biol Me@2016) 101:305-16. No use, distribution or reproduction is permitted whichsdus comply with these
doi: 10.1016/j.freeradbiomed.2016 terms.

Frontiers in Immunology | www.frontiersin.org

22 March 2019 | Volume 10 | Article 446



