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Microvescicles Derived from Mesenchymal Stromal
Cells Are Not as Effective as Their Cellular Counterpart
in the Ability to Modulate Immune Responses In Vitro

Antonella Conforti, Marco Scarsella? Nadia Starc,"® Ezio Giorda? Simone Biagini,
Alessandra Proia,' Rita Carsetti®> Franco Locatelli|* and Maria Ester Bernardo'

Mesenchymal stromal cells (MSCs) are multipotent cells that possess broad immunomodulatory properties; the
mechanisms underlying these properties have not been completely clarified. Aim of this study was to compare
in vitro immunomodulatory effects of MSCs with those of microvesicles (MVs) released in supernatants from
the same MSCs. MSCs were generated from bone marrow of 12 healthy donors (HDs) and MVs were isolated
from their supernatant by serial ultracentrifugation according to two different procedures. Both MSCs and MVs
were characterized by flow cytometry and incubated in vitro with peripheral blood mononuclear cells (PBMCs)
of 12 HDs after stimulation with PHA and CpG. Growth factors and cytokines were quantified by ELISA. MVs
were identified as 0.1-1 um particles positive for CMFDA, CD107, and CD13. MSCs were significantly more
capable to inhibit in vitro PHA-induced T-cell proliferation as compared with the corresponding MVs (P <0.01
and P <0.05 for MSC:PBMC ratio 1:2 and 1:10, respectively). While MVs displayed similar inhibitory activity
on B-cell proliferation (P=0.43 as compared with PBMCs/CpG/MSCs; MSC:PBMC ratio 1:10) they induced
lower inhibitory effect on plasmacell differentiation and antibody secretion (P < 0.05 as compared with PBMCs/
CpG/MSCs). For both T and B cells, MSC co-colture induced a statistically significant increase in IL-10 and
TGFp and decrease of GM-CSF and IFNYy, as compared with MV incubation. Our data indicate a lower in vitro
immunomodulatory effect of MVs on T-cell proliferation and antibody formation, as compared with their
cellular counterpart. The relative clinical benefit of either MSCs or MVs needs to be compared in proper
prospective studies.

Introduction

HUMAN MESENCHYMAL STROMAL CELLS (MSCs) are
multipotent cells, able to differentiate into mesenchymal
lineages, that can be isolated from bone marrow (BM) and
adipose tissue, or from cord blood and fetal tissues [1].
Among their extensively characterized in vitro properties
[2,3], MSCs have been reported to display a strong anti-
proliferative and anti-inflammatory effect on immune re-
sponses [4,5]. In several in vitro studies, MSCs have been
shown to inhibit T-cell proliferation in response to allo-
antigens and mitogens, preventing the development of cyto-
toxic T-cells and inducing functional regulatory T cells [6-8].
In most studies it has been demonstrated that MSCs can in-
hibit in vitro B-cell proliferation and differentiation [9,10],
whereas other researchers have reported a stimulatory effect
of MSCs on B cells [11].

Based on these in vitro data, MSCs have been tested in
phase I/IT clinical trials aimed at treating steroid-resistant
acute graft-versus-host disease (aGvHD) and favoring he-
matopoietic engraftment/recovery after hematopoietic stem
cell transplantation [12-14], and in strategies of Regenerative
Medicine [15,16]. The mechanisms by which MSCs exert their
immunomodulatory and reparative effects in vitro and in vivo
are still under investigation: although some authors consider
MSCs-mediated immunosuppressive effects as mostly de-
pendent on the secretion of antiproliferative soluble factors,
such as TGFp, prostaglandin E2 (PGE2), indoleamine-2,
3-dioxygenase (IDO), hepatocyte growth factor (HGF), and
human leucocyte antigen G, cell-to-cell contact mechanisms
may also play a role*>. Moreover, recent reports have indi-
cated that MSCs are not per se constitutively inhibitory, but
need to be activated by an inflammatory environment in the
host to deliver their immunomodulatory signals [17,18].
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Recent studies have suggested that, besides growth fac-
tors and cytokines, most cell types, including MSCs, secrete
large amounts of microvesicles (MVs), either constitutively
or upon activation. MVs have been shown to play a role in a
variety of cellular events, such as cardiovascular and kidney
repair and modulation of the immune response [19-24].
There are various types of secreted membrane vesicles that
show distinct structural and biochemical properties, de-
pending on their intracellular site of origin, consequently
exerting different effects on target cells [19,20,23,24]. Most
in vitro studies focused on two main and distinct types of
signaling vesicles: exosomes and small shedding vesicles
[21,22,24]. Exosomes derive from the endosomal membrane
cell compartment and are released into the extracellular
space after fusion of multivesicular bodies with the plasma
membrane. They are more homogenous in size (30-120 nm)
and contain large amounts of annexins and heat-shock
proteins. Shedding vesicles or microparticles originate from
direct budding of small cytoplasmic protrusions from the
plasma membrane and are more heterogeneous in size
(100nm—1 pm). They expose high amounts of phosphati-
dylserine and are rich in cholesterol and ceramide [21,22,24].
Given the heterogeneity of vesicles released by cells in re-
sponse of any kind of stimuli, mixed vesicles populations,
containing both shedding vesicles and exosomes, are com-
monly referred to as MVs. MVs may influence the behavior
of target cells by different mechanisms: they may act as
signaling complexes by direct stimulation of target cells, they
may fuse with target cell membranes and transfer receptors
and/or bioactive factors, and they may mediate a horizontal
transfer of genetic material, such as mRNA and microRNAs.

Aim of this study was to assess in vitro the immunomodula-
tory effect of MVs generated from BM-derived MSCs on T and
B cells and to compare it with that of their cellular counterpart, to
draw some useful information for implementing cellular therapy
approaches based on the use of MVs as MSC substitutes.

Materials and Methods

Isolation, ex vivo culture, and characterization
of BM-derived MSCs

Isolation of mononuclear cells, ex vivo expansion and
characterization of MSCs were performed from healthy
donors (HDs) who donated BM for transplantation at the
Bambino Gesu Children’s Hospital, as previously described
[25]. HDs gave their written informed consent and the study
was conducted according to the Declaration of Helsinki.

Briefly, mononuclear cells were obtained from BM aspirates
(10mL) of 12 HDs by density gradient centrifugation (Ficoll
1.077 g/mL; Lympholyte, Cedarlane Laboratories Ltd.) and
plated in noncoated 75-175cm” tissue culture flasks (BD
Falcon) at a density of 160,000/cm” in complete culture me-
dium: DMEM (Eurocloney) supplemented with 10% fetal
bovine serum (FBS; Gibco, Life Technologies Ltd.), penicillin
50U/mL, 50mg/mL streptomycin, and 2mM L-glutamine
(Euroclone). Cultures were maintained at 37°C in a humidified
atmosphere, containing 5% CO,. After 48-h adhesion, non-
adherent cells were removed and culture medium was replaced
twice a week. MSCs were harvested, after reaching >80%
confluence, using Trypsin (Euroclone), and they were propa-
gated at 4,000 cells/cm?.
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MSCs were phenotypically characterized by flow cytom-
etry at passage (P) 2-3. Fluorescein isothiocyanate- or phy-
coerythrin (PE)-conjugated monoclonal antibodies specific
for CD13, CD14, CD34, CD45, CD73, CD80, CD90, class
I-HLA and HLA-DR, CD73, CD105 (BD PharMingen)
were used. Analysis of cell populations was performed by
means of direct immunofluorescence with a FACSCanto flow
cytometer (BD PharMingen) and data were calculated using
the FACSDiva software (Tree Star, Inc.).

The osteogenic and adipogenic differentiation capacity of
MSCs was assessed at P2-3 according to previously reported
methods [25]. To detect osteogenic differentiation, cells were
stained for calcium deposition with Alizarin Red (Sigma-
Aldrich), whereas adipogenic differentiation was evaluated
through the morphological appearance of fat droplets stained
with Oil Red O (Sigma-Aldrich).

Isolation and characterization of MVs

On the basis of the published literature, two of the most
commonly employed protocols for the isolation of MVs
were employed [26,27]. Aim of this double approach was to
possibly identify and select the best MV isolation method.
To remove endogenous MVs, FBS was ultracentrifuged at
100,000 g by Optima XL-100K Ultracentrifuge (Beckman
Coulter) before use. For both MV isolation protocols, su-
pernatant was collected after 4-day MSC culture at P2-3
from 2% 10° MSCs, when ~90% cell confluence was re-
ached. In the first procedure (MVs-1), to obtain a more
purified final product, the medium was centrifuged as fol-
lows: 800 g for 10 min, 2,500 g for 15 min, and 10,000 g for
30min.>® This was followed by centrifugation of the su-
pernatant at 100,000 g for 1h to isolate MVs, which were
then washed at 100,000 g for 1h in phosphate-buffered sa-
line (PBS; Euroclone). In the second procedure (MVs-2),
the MSC medium was first centrifuged at 1,000 g for 20 min
to remove cell debris and then concentrated by centrifuga-
tion for 20 min at 2,000 g in sterile hydrated 30 kDa MWCO
Amicon Ultra Centrifugal filter (Millipore) up to a volume
of 200 uL [27]. Afterward, this intermediate product was
diluted in 12mL of PBS in polyallomer tubes (Beckman
Coulter) and washed at 100,000 g at 4°C for 1 h. At the end
of the ultracentrifugation, the suspension was once again
concentrated by centrifuging for 20 min at 2,000 g in a sterile
30kDa MWCO Amicon Ultra Centrifugal filter (Millipore)
up to a volume of 400 pL.

Once isolated, both MV preparations were labeled with 5-
chloromethylfluorescein diacetate at the final concentration
of 0.1 mg/mL (CellTracker CMFDA; Molecular Probes) and
phenotypically characterized by flow cytometry with PE-
conjugated monoclonal antibody specific for CD13 and
allophycocyanin-conjugated monoclonal antibody specific
for CD107a (BD PharMingen). Calibration beads were em-
ployed to gate MVs by dimension parameters. Analysis
of cell populations isolated from seven different HDs
was performed by means of direct immunofluorescence
with a FACSCanto flow cytometer (BD PharMingen) and
data were calculated using the FACSDiva software (Tree
Star).

Protein content of both MV preparations was measured via
Bradford protein assay (Bio-Rad) following manufacturer’s
instructions; results were expressed as mean and range.
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Peripheral blood mononuclear cell isolation

Peripheral blood mononuclear cells (PBMCs) were ob-
tained by conventional Ficoll separation from heparinized
peripheral blood samples from 12 HDs (different from those
who donated BM), who gave informed consent for this
study. Cells were employed on the same day of collection.

In vitro T-cell proliferation assay
with phytohemagglutinin

PBMC proliferation in response to phytohemagglutinin
(PHA-P; Sigma-Aldrich) was evaluated in triplicate in flat-
bottom 96-well tissue culture plates (BD Falcon) in RPMI
1640 medium (Gibco, Life Technologies Ltd.) supplemented
with 10% FBS in the presence or absence of MSCs, MVs-1,
or MVs-2. Briefly, MSCs were seeded at MSCs:PBMCs ra-
tios of 1:2 and 1:10 and allowed to adhere overnight before
adding 10° PBMCs per well with or without PHA (5 pg/mL).
MVs-1 or MVs-2, generated from 2 X 10° MSCs, were added
(100 pL) directly to PHA-stimulated PBMCs by diluting
them 1:2 in co-culture final volume. After 3-day incubation at
37°C in a humidified 5% CO, atmosphere, cultures with both
MSCs and MVs were pulsed with *H-thymidine (1 pCi/well,
specific activity 6.7 Ci/mmole; Perkin Elmer) and harvested
after 18h. *H-thymidine incorporation was measured by
standard procedure with Microbeta Trilux 1450 instrument
(Perkin Elmer). Results, obtained from 12 experiments
employing 12 different MSC/MV donors, were expressed as
mean percentage (=SD) of PBMC proliferation. All ex-
periments were performed in triplicate, in an allogeneic
setting (HD-PBMCs/HD-MSCs; HD-PBMCs/MVs-1; HD-
PBMCs/MVs-2).

With the aim to investigate a potential dose- and time-
dependent effect of MVs, MVs generated from increas-
ing numbers of MSCs (2x10°% 5x10° and 10x10°% or
added at different time points of the culture (t0, t+0 and
t+24h; t+0, t+24 and t+48 h) were evaluated in the PHA
assay.

In vitro B-cell proliferation and differentiation
assay with CpG

Total PBMCs were labeled with 5-chloromethylfluorescein
diacetate at the final concentration of 0.1 mg/mL (CellTracker
CMFDA; Molecular Probes). Then, 2%x10° PBMCs were
seeded on 96 well-plates in the presence or absence of MSCs
(MSCs:PBMCs ratio 1:10) or MVs-1 or MVs-2 and then
stimulated with RPMI 1640, 10% FBS, 2% L-glutamine,
5x107°M 2-Bmercaptoethanol (Sigma-Aldrich), and 20 mg/
mL gentamycin (Gibco), supplemented or not with 2.5 pg/mL
CpG-ODN (Hycult Biotechnology). After 7-day culture,
B cells were collected and stained with an appropriate com-
bination of fluorescent-labeled antibodies: monoclonal
clone HIB19 (anti-CD19), clone M-T271 (anti-CD27) and
clone HIT2 (anti-CD38; all from BD Biosciences), and anti-
IgM FcSp fragment specific (Jackson Immuno Research
Laboratories). Dead cells were excluded from analysis by
side/forward scatter gating. Analysis was performed on a
FACSCanto (BD PharMingen) interfaced to FACSDiva
software. One hundred thousand events per sample were
analyzed.
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Measurement of growth factors
and cytokines by ELISA

The concentration of IL-2, IL-6, IL-10, TGFf3, GM-CSF,
and IFNy in supernatants of both MSCs/PBMCs and MVs/
PBMCs cultures was quantified by means of commercially
available ELISA kits obtained from Mabtech after 72h
of incubation. Galectin-1, HGF, and PGE2 content was
evaluated using ELISA Kkits obtained from R&D System,
following the manufacturer’s instructions. Plates were read
either at 405nm (for ALP-conjugated antibodies) or at
450nm (for HRP-conjugated antibodies) through Envision
Multilabel Reader (Perkin Elmer). The concentration of
cytokines and growth factors was also measured in MVs-1
and MVs-2 preparations.

Immunoglobulin production

Quantitative analysis of IgA, IgG, and IgM concentra-
tions in culture supernatants was performed by ELISA.
Briefly, 96-well plates were coated overnight with purified
goat anti-human IgA, IgG, or IgM antibodies (Jackson
Immuno Research Laboratories). After washing with PBS/
0.05% Tween20 and blocking with PBS/1% gelatine, plates
were incubated for 1 h with the supernatants of the cultured
cells. After washing, plates were incubated for 1h with
peroxidase-conjugated fragment of goat anti-human IgA, IgG
or IgM antibodies (Jackson Immuno Research Laboratories).
The assay was developed with o-phenylendiamine (Sigma-
Aldrich) as chromogenic substrate. Optical density was
measured on a microtiter plate reader at 450nm and Ig
concentrations were calculated by interpolation with the
standard curve done using IgM, IgG, and whole IgA (Jackson
Immuno Research Laboratories).

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism software package and determined with the Student’s
t-test, assuming paired data. A P value lower than 0.05 was
considered to be statistically significant.

Results
Characterization of MSCs and of MV phenotype

BM-derived MSCs were characterized as adherent spin-
dle-shaped cells expressing the typical pattern of surface
markers reported in the literature [2]. In particular, MSCs
highly expressed the surface markers CD13, CD73, CD90,
and CD105, whereas hematopoietic markers such as CD14,
CD34, CD45, CD80, and HLA-DR were no longer detect-
able by P2. MSCs were able to differentiate into osteoblasts,
as demonstrated by the histologic detection of calcium de-
positions positive for Alzarin Red, and into adipocytes, as
revealed by the formation of lipid droplets stained with Oil
Red O (data not shown).

Both MVs-1 and MVs-2, after being isolated from MSCs
by means of ultracentrifugation procedures, were pheno-
typically characterized by flow cytometry and, to precisely
gate MVs by morphological parameters, calibration beads of
1 pm dimension were used. As shown in Fig. 1A and B, no
differences in dimensions between the two preparations
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FIG. 1. Characterization of microvesicles (MVs) isolated
from mesenchymal stromal cell (MSC) supernatant by flow
cytometry. (A, B) Representative example of dot-plot analysis
of MVs-1 (A) and MVs-2 (B). The two preparations show
similar dimension. (C-E) Representative example of the sur-
face marker analysis performed on one sample of MVs-1. (C)
After MVs were gated by dimension through calibration
beads of 1 um, the percentage of CMDFA * M Vs resulted to be
20.5% of total gated MVs. (D) Among CMFDA™ MVs,
CD13" MVs were 56.5% and CD13" CD107a™ MVs were
24.6% (E). No signal was revealed when isotype control
for CD13 was included. Dot plots analysis of MVs-2 was
comparable.

(MV-1 and MV-2) were revealed. Once gated, both MV
preparations were shown to be CMFDA-positive (Fig. 1C),
thus indicating that membrane-delimited fragments and
not only free cytoplasm portions had been isolated. More-
over, CMFDA-positive MVs-1 and -2 were both shown to
be positive for CD13 (Fig. 1C), a well-known surface
marker expressed on MSC surface, and CD107a (Fig. 1D),
a widely expressed intracellular protein. CD107a is nor-
mally located on the lysosomal/endosomal membrane and
found on plasma membrane after extrusion of lysosomes/
endosomes, suggesting that the gated population of MVs
were derived from MSCs through a plasma membrane ex-
trusion mechanism.

Protein content was measured for both MV preparations: it
was 0.64 ng/pl. (range 0.35-0.87 pg/ul) and 5.04 pg/ul
(range 4.50-5.67 pg/pL) for MVs-1 and MVs-2, respectively.

CONFORTI ET AL.

Effect of MSCs and MVs on PHA-induced
T-cell proliferation

To evaluate the in vitro immunomodulatory capacity of
ex vivo expanded MSCs and MSC-derived MVs, T-cell
proliferation induced by PHA was measured in the presence
or in the absence of either MSCs or MVs-1 or MVs-2 in an
allogeneic setting. Twelve samples of MSC/MV obtained
from HDs were employed and plated with PBMCs isolated
from 12 different volunteers. In agreement with previously
reported studies [6,7], MSCs proved to exert a strong in
vitro inhibitory effect on PHA-induced T-cell proliferation
with a median percentage of proliferation in the presence
of MSCs of 5.19% (SD+8.16) and 15.14% (SD=*20.86)
at MSCs:PBMCs ratios 1:2 and 1:10, respectively. T-cell
proliferation in the absence of MSCs was 69.70% (SD+
26,28). When MVs-1 were incubated with PBMCs, T-cell
proliferation was 59.90% (SD +34.37; P<0.01 and P <0.05
as compared with the condition PBMCs/PHA/MSCs ra-
tios 1:2 and 1:10, respectively), whereas it was 44.41%
(SD+39.32; P<0.01 and P<0.05 as compared with the
condition PBMCs/PHA/MSCs ratios 1:2 and 1:10, respec-
tively) when MVs-2 were added to PBMC cultures (Fig. 2).
As compared with MVs-1, MVs-2 preparations showed a
trend for a greater inhibitory activity, suggesting that the
concentration step employed after the ultracentrifugation in
the preparation procedure of MVs-2 may allow for saving
more immune-active factors/cytokines in the final product.
This is confirmed by the measurement of the concentration
of cytokines and growth factors in both MV preparations;
indeed, the concentration of the four detectable factors
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FIG. 2. In vitro immunomodulatory effect of MSCs and
MSC-derived MVs on T-cell proliferation. The graph shows
the proliferation of healthy donor peripheral blood mono-
nuclear cells (PBMCs) stimulated with phytohemagglutinin
(PHA), in the presence or in the absence of either MSCs
(with two different MSCs:PBMCs ratios 1:2 and 1:10) or
MVs, isolated from MSCs with two different procedures
(MVs-1 and MVs-2). Each bar represents the percentage
of proliferation of 10° PBMCs, calculated by measuring
3H-thymidine incorporation after 3-day co-culture. The counts
per minute (cpm) values at each cell concentration were
normalized to the cpm of PBMCs without MSCs or MVs
in each experiment. Each bar represents the median+SD
of 12 experiments (each point being in triplicate). P values
lower than 0.01 (**) were considered highly statistically
significant.



IN VITRO IMMUNOMODULATION OF MSC-DERIVED MVs

(TGFp, Galectin-1, HGF, and PGE2) was higher in MVs-2
than in MVs-1 (Supplementary Fig. S1; Supplementary Data
are available online at www .liebertpub.com/scd).

The addition of MVs %enerated from increasing numbers
of MSCs (2x10°, 5% 10° and 10x 10°; Supplementary Fig.
S2A) or added at different time points of the culture (t0, t+0
and t+24h; t+0, t+24 and t+48h; Supplementary Fig.
S2B) did not influence their inhibitory effect.

The addition of supernatants collected at intermediate
steps during the ultracentrifugation procedure was associ-
ated with an inhibition of PHA-induced T-cell proliferation,
although inferior to that of MSCs and MVs (Supplementary
Fig. S3).

Altogether, these in vitro findings suggest that, although
MV are able to display an antiproliferative effect on T cells,
the corresponding MSCs possess a significantly superior
ability of inhibition.

Effect of MSCs and MVs on CpG-induced B-cell
proliferation and differentiation

As reported in previous studies [28], CpG was used to
induce B-cell proliferation and plasmacell differentiation, in
the presence or in the absence of either MSCs or MVs. As
for T-cell analysis, the assays were performed in an allo-
geneic setting and in triplicate, by using PBMCs from the 12
different HDs. B-cell proliferation and differentiation were
evaluated by flow cytometry and results were expressed as
percentage of total B cells (CD19™), proliferating B cells
(CD19" CMFDA™), and plasmacells (CD19" CD277). As
shown in Fig. 3, when PBMCs were stimulated with CpG,
the percentage of CD19™ cells was 24.90% (SD+10.81);
this was reduced to 10.70% (SD £ 14.11) in the presence of
MSCs (MSCs:PBMCs ratio 1:10), to 13.60% (SD*18.15;
P=0.70 as compared with PBMCs/CpG/MSCs) in the
presence of MVs-1, and 14.54% (SDx16.34; P=0.66 as
compared with PBMCs/CpG/MSCs) in the presence of
MVs-2. As far as proliferating B cells were concerned,

H % B cells
80 4

1% proliferating B cells
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while the percentage of CD19" CMFDA™ cells in the
presence of CpG was 21.83% (SD+8.73), the addition of
MSCs reduced it to 6.90% (SD=*2.82). When MVs-1 and
MVs-2 were co-coltured with PBMCs+CpG, the median
percentage of proliferating B cells was 8.31% (SD+4.92;
P=0.43 as compared with PBMCs/CpG/MSCs) and 9.00%
(SD19.95; P=0.50 as compared with PBMCs/CpG/MSCs),
respectively. When CD197CD27™" plasmacells were eval-
uated, their median percentage of proliferation after CpG
stimulation was 59.30% (SD £5.16); this value dropped to
29.30% (SD+10.59) in the presence of MSCs, to 45.70%
(SD+13.70; P<0.05 as compared with PBMCs/CpG/
MSCs) in the presence of MVs-1, and 48.40% (SD +13.53;
P <0.02 as compared with PBMCs/CpG/MSCs) in the pres-
ence of MVs-2.

These experimental findings indicate that, when consid-
ering the proliferation of B cells, MSCs and both MV
preparations display a comparable ability of inhibition in
vitro. As far as plasmacells are concerned, although MVs
are able to induce an inhibitory effect on their differentia-
tion, the immunomodulatory effect exerted by the corre-
sponding MSCs on this cell subset is significantly superior.

Analysis of cytokines, growth factors,
and immunoglobulin secretion
in cell culture supernatants

Given the role attributed by many studies to soluble
factors in mediating MSC immunomodulatory effects [29—
31], cytokine and growth factor content in co-cultures of
PHA- and CpG-stimulated PBMCs with MSCs and MVs
were measured.

As shown in Fig. 4A, a highly significant increase in IL10
secretion was detected in co-cultures of PHA-stimulated
PBMCs and MSCs, as compared with the conditions PBMCs/
PHA/MVs-1 and -2 (P <0.01 for both MSCs:PBMCs ratios).
A lower, but still statistically significant, increase in TGFf
levels was observed in co-cultures of PHA-stimulated PBMCs

i % plasma cells
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Percentage of B cell proliferation

PBMCs/
CpG

PBMCs/CpG/

FIG. 3.

MSCs ratio 1:10

PBMCs/CpG/
MVs-1

PBMCs/CpG/
MVs-2

In vitro immunomodulatory effect of MSCs and MVs on CpG-stimulated PBMC proliferation. The graph shows

the proliferation of healthy donor PBMCs stimulated with CpG in the presence or in the absence of MSCs (MSCs:PBMCs
ratio 1:10), MVs-1 or MVs-2 (both diluted 1:2 in co-culture final volume). Black bars represent the mean percentage of
proliferation of total B cells (CD19™"), whereas white and gray bars represent the mean percentages of proliferating B cells
(CD19" CMFDA™; % prolif B) and plasmacells (CD19"CD27*; % PC), respectively. Each bar represents the median = SD
of 12 experiments (each point being in triplicate). P values lower than 0.05 (*) were considered statistically significant.
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FIG. 4. Concentrations of cytokines and growth factors were quantified by ELISA in supernatants of co-culture of PHA-
stimulated PBMCs with either MSCs or MVs. One representative experiment is shown. Results are expressed as pg/mL in
case of cytokines and growth factors and pg/mL in case of immunoglobulins (Ig). (A) Measurement of the inhibitory/anti-
inflammatory cytokines IL6 and IL10 and growth factor TGFp. (B) Measurement of the stimulatory/pro-inflammatory
cytokines IL2 and IFNy and growth factor GM-CSF. (C) Measurement of paracrine factors involved in MSC-mediated
immunemodulation: HGF, PGE2, and Galectin-1. (D) Immunoglobulin concentrations measured in co-cultures of CpG-
stimulated PBMCs and MSCs or MVs. P values lower than 0.05 (*) were considered statistically significant, whereas P
values lower than 0.01 (**) were considered highly statistically significant. HGF, hepatocyte growth factor; PGE2, pros-

taglandin E2.

and MSCs as compared with the corresponding co-colture
with MVs-1 and -2 (P <0.05 only at MSCs:PBMCs ratio 1:2).
Not statistically significant difference in IL6 secretion profile
was detected between co-cultures in the presence of MSCs
or MVs.

As far as pro-inflammatory cytokines are concerned, a
highly significant decrease in GM-CSF levels was measured
in supernatants collected from co-cultures of PHA-stimulated
PBMCs and MSCs (P<0.01 for both MSCs:PBMC:s ratios),
as compared with the conditions PBMCs/PHA/MVs-1 and -2.
Furthermore, a significantly lower concentration of IL2
and IFNy was measured in supernatants collected from co-
cultures of PHA-stimulated PBMCs and MSCs (P <0.05 for
both MSCs:PBMCs ratios in case of IL2 and only for
MSCs:PBMCs ratio 1:2 in case of IFNYy), as compared with
the condition PBMCs/PHA/MVs (Fig. 4B).

The concentration of some of the soluble factors known
to be involved in the immunomodulatory effect displayed
by MSCs, namely HGF, PGE2, and Galectin-1, was also
measured in supernatants collected from co-cultures of
PHA-stimulated PBMCs and MSCs/MVs. In the presence of
MSCs, PGE2 levels significantly increased (P<0.05 for
both MSCs:PBMC:s ratios) as compared with the condition
PBMCs/PHA/MVs-1 and -2. A significant increase was also
measured in HGF and Galectin-1 levels (P <0.05 for both,
but only for MSCs:PBMC:s ratio 1:2).

As far as co-cultures of CpG-stimulated PBMCs and
MSCs or MVs are concerned, similar cytokine and growth
factors profiles, in terms of differential secretion pattern,
were observed for IL6, TGF, GM-CSF, IFNy, HGF, PGE2,

and Galectin-1 as compared to those observed in co-cultures
of PHA-stimulated PBMCs. Statistically significant higher
levels of IL2 were measured in supernatants collected
from co-cultures of CpG-stimulated PBMCs and MSCs as
compared with the condition PBMCs/PHA/MVs (P <0.05);
whereas, although a consistent production of IL10 was
present after CpG stimulation, no significant difference was
revealed in its levels in co-cultures with MSCs or MVs (data
not shown).

Finally, the superior ability of MSCs to impair B-cell
proliferation and plasmacell differentiation was confirmed
by the significant reduction in IgM and IgG levels detected
in supernatants collected from CpG-stimulated PBMC and
MSC cultures (P <0.05 for both Igs), as compared with the
condition PBMCs/PHA/MVs-1 and -2. On the contrary, a
not statistically significant difference in IgA production was
found between MSC and MV co-cultures (P >0.05 for both
MVs preparations; Fig. 4D).

Discussion

In the present study, we isolated BM-derived MSCs and
their corresponding MVs with the aim to phenotypically
characterize them and to evaluate their respective immune
regulatory function in vitro.

Previous studies have demonstrated the presence of MV
in intercellular microenvironments and their role in cell-to-
cell communication; however, many different procedures to
obtain them have been described in the literature, thus
generating uncertainty about their definition and biological
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effects according to the different preparations [19-24,32].
Since a well-defined and widely accepted procedure to
isolate MVs is lacking, we focused on two previously de-
scribed procedures [26,27]: the first one consists of serial
ultracentrifugation steps, used to purify the preparation that
we called microvesicles-1 (MVs-1), whereas the second
adds a concentration step before serial ultracentrifugation, to
obtain a more purified and soluble factor-enriched prepa-
ration (MVs-2). These two different procedures of MV
preparation results into a greater mean protein content of
MVs-2 in comparison to MVs-1.

Two main vesicle release processes have been described
in the literature: MVs may derive from the endosomal
membrane compartment and then be extruded from the cell
surface of activated cells, after fusion with the plasma
membrane; alternatively they may originate by direct bud-
ding from the cell plasma membrane [21,22,24]. To possibly
identify an optimal method for the isolation of MSC-derived
MVs, we characterized MVs by flow cytometry and found
that the two preparations (MVs-1 and -2) were morpho-
logically and phenotypically similar and both contained a
heterogeneous population of 0.1-1 pm particles, expressing
a characteristic MSC surface marker (CD13), thus indicat-
ing that they may be secreted by MSCs. Moreover, 25.8%
(mean percentage calculated among 7 different HDs; range
19.3-30.4) of CD13" MVs were found to be positive for
CD107a, also known as lysosome-associated membrane
protein 1 (LAMP-1), an intracellular protein normally ex-
pressed on the membrane of intracellular vesicles like en-
dosomes or lysosomes, that can be found on the cell
membrane after vesicle extrusion. The positivity for CD13
and CD107a suggests that MVs, independently from the
mechanism of secretion, may represent intracellular vesicles
that can be constitutively released from MSCs through
membrane budding, thus maintaining MSC characteristic
surface markers. Consistent with previous studies, a fraction
of MVs may derive from the endosomal membrane and be
extruded after fusion with the plasma membrane [22,24,32].

MSC immunoregulatory capacity is exerted through an
array of different mechanisms, among which the release of
soluble factors plays an important role [4,29-31]. A lot of
attention has been recently paid to the release of membrane
vesicles of any cell origin, which have been reported to
affect the modulation of various compartments of the im-
mune response [27]. Secreted MVs have been shown to
induce activation of T cells [33], but also to inhibit natural
killer [34] and B cells [35], and to impair monocyte dif-
ferentiation into dendritic cells [36]. Moreover, it has been
demonstrated that exosomes display the ability to promote
regulatory T-cell generation [37].

MSC-derived MVs have been reported to display the
capacity to reverse acute and chronic kidney injury in ex-
perimental models of ischemic renal damage and lethal
toxic kidney injury [24,38—41]. Other authors have reported
that MSC-derived MV infusion ameliorates reperfusion in-
jury and reduces infarct size in a mouse model of myocar-
dial ischemia/reperfusion injury [23,42]. MSC-derived MVs
have been also shown to inhibit in vitro cell growth and
survival of different tumor cell lines and to block in vivo the
progression of established tumors [43]. The mechanisms by
which MVs may influence the behavior of target cells are
diverse: they may directly stimulate cells through surface-
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expressed receptors; they may transfer receptors or proteins
from the cell of origin to the target cell; they may convey
genetic information by horizontal transfer of mRNA and
microRNA inducing functional changes in the target cell
[21,22,24].

Our in vitro findings in the setting of mitogen-induced T-
cell proliferation indicate that, although MVs display a
sizeable antiproliferative effect on T cells, they are inferior
in terms of inhibition ability compared with their corre-
sponding MSCs. When considering CpG-induced B-cell
proliferation, MSCs and MVs display in vitro a comparable
ability of inhibition; by contrast, plasmacell differentiation
and antibody production are significantly more impaired in
the presence of MSCs, as compared with MVs. The secre-
tion profile of pro- and anti-inflammatory cytokines mea-
sured in culture supernatants is in line with these results,
indicating higher concentrations of inhibitory factors in
MSC cultures as compared with MV cultures (Fig. 4A-C).
This is, to the best of our knowledge, the first systematic
comparison of the in vitro immunomodulatory effect of
MSCs and their corresponding MVs on adaptive immunity.
In the interpretation of these results, a note of caution de-
rives from the difficulty in defining a precise comparison
between widely accepted MSC/target cell ratios and MV/
target cell ratios. Moreover, this study relates to a specific
population of vesicles that sediments at 100,000 g, whereas
the effect of other fractions of vesicles should be investi-
gated in dedicated experiments.

According to some authors, MVs could represent a
potential therapeutic tool in strategies of tissue repair,
where they could be employed as a replacement for MSCs
[23,24,41,44]. For example, Bruno et al. [39] demonstrated
that recovery from acute kidney injury (AKI) after MSC
administration may be mediated by the MVs released from
MSCs that can mimic the original cells. MVs derived from
human MSCs were shown to enhance animal survival in a
cisplatin-induced lethal model of AKI in SCID mice, where
multiple infusions of MVs are allowed to obtain better re-
sults in terms of mortality and tissue histology, as compared
with a single MV infusion [38]. If MVs would display the
same biological properties of the cell of origin, the devel-
opment of therapeutic strategies that avoid the administra-
tion of MSCs could be foreseen, circumventing part of the
safety issues related to the use of living cells, such as the
risk of transformation of the cells [25,45,46]. Moreover,
repeated administration of allogeneic MVs may not elicit
immune responses, as they do not seem to express histo-
compatibility antigens [24]. It is also to be emphasized that
the use of MVs could raise less regulatory issue since they
are not considered ATMPs.

Despite these potential advantages, according to our
findings obtained in a defined in vitro system, the use of
MVs in the context of immune-mediated disorders where T
cells play a major role in inducing tissue damage (ie,
aGVvHD occurring after allogeneic hematopoietic stem cell
transplantation) could be less efficacious. MSC-derived
MVs might not be able to elicit a sufficient antiproliferative
effect on activated T cells and, therefore, may not induce
meaningful clinical response in the majority of GvHD pa-
tients, as demonstrated with ex vivo expanded MSCs in
phase I-II clinical studies [12,13]. Also, in the setting of
disorders involving humoral immunity, infusion of MVs
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may not be the ideal substitute for MSC administration
when the therapeutic aim is that of reducing the production
of antibodies mediating tissue damage. Thus, in conclusion,
whether the advantages of safety and ease of production
compensate the less potent immunomodulatory effect of
MVs in terms of clinical benefit for the patients remain to be
demonstrated in proper clinical studies.
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