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ABSTRACT

Mesenchymal stem cells (MSC) are multipotent cells able to differentiate into several cell types,
hence providing cell reservoirs for therapeutic applications. The absence of detectable MSC
homing at injury sites suggests that paracrine functions could, at least in part, be mediated by
extracellular vesicles (EVs); EVs are newly identified players that are studied mainly as predictive
or diagnostic biomarkers. Together with their clinical interests, EVs have recently come to the
fore for their role in cell-to-cell communication. In this context, we investigated gene-based
communication mechanisms in EVs generated by bone marrow and umbilical cord blood MSC
(BMMSC and CBMSC, respectively). Both MSC types released vesicles with similar physical prop-
erties, although CBMSC were able to secrete EVs with faster kinetics. A pattern of preferentially
incorporated EV transcripts was detected with respect to random internalization from the cyto-
sol, after a validated normalization procedure was established. In the paradigm where EVs act
as bioeffectors educating target cells, we demonstrated that kidney tubular cells lacking IL-10

expression and exposed to BMMSC-EVs and CBMSC-EVs acquired the IL-10 mRNA, which was
efficiently translated into the corresponding protein. These findings suggest that horizontal
mRNA transfer through EVs is a new mechanism in the MSC restoring ability observed in vivo
that is here further demonstrated in an in vitro rescue model after acute cisplatin injury of
tubular cells. STEM CELLS 2017;35:1093–1105

SIGNIFICANCE STATEMENT

Mesenchymal stem cells (MSC) since many years are on the edge of innovation aimed at future
therapeutic applications. Many pathways explaining MSC potential have been discovered and
dissected. Despite such promising results, a clear picture of biological action is missing render-
ing the choice of the most favorable cell type unattendable. This work demonstrates that
secreted vesicles may shuttle therapeutic messenger RNA to recipient cells to educate them in
order to reduce inflammation and cell death. Such new evidence adds a new player to the
existing knowledge aimed at the definition of MSC potential.

INTRODUCTION

Mesenchymal stem cells (MSC) are multipo-
tent, non-hematopoietic adult stem cells,
which can be isolated from almost all tissues
and possess in vitro multilineage differentia-
tion into mesodermic, endodermic, and ecto-
dermic lineages [1, 2]. During the last 10
years, these multipotent cells have generated
considerable interest owing to their immuno-
modulatory activity and ability to escape the
allogeneic immune response [3]. Such unique
properties make MSC an invaluable cell type
for the repair of tissue/organ damage, attract-
ing attention as a potential solution for tissue
repair and wound healing [4]. Multiple mecha-
nisms identifying how MSC mediate their
regenerative and immunomodulatory effects

have been proposed, although, to date, several
ambiguities and inconsistencies persist [5].

The initially proposed differentiation-based
rationale for MSC use has become increasingly
untenable. MSC engraftment and subsequent
differentiation into appropriate cell types were
rare, with <1% of the administered cells sur-
viving for more than 1 week [6–8]. Therefore,
the predominantly short-lived paracrine effects
of MSC became evident [9–11]. The paracrine
effects of MSC were shown to include the
release of both soluble factors, and extracellu-
lar vesicles (EVs) as parallel mechanisms for
cell-to-cell communication [12].

EVs are composed of at least two distinct
subtypes: exosomes (40-100 nm in diameter)
formed within the endosomal network and
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microvesicles (100-1,000 nm) produced by outward budding
of the plasma membrane. Cargo components and loading
mechanisms are still a matter of debate, although it has
become clear that specific subsets of lipid, protein, and
nucleic factors may distinguish both EVs sub-populations and
EVs secreted from different cell types [12]. The emerging role
for EVs as a shuttle of bioactive molecules, either as media-
tors to educate the surrounding environment or as screening
markers in early-stage diagnosis, is being investigated, particu-
larly by cancer researchers.

In the stem cell field, recent reports have demonstrated
beneficial EVs effects in in vitro and animal models of kidney, liv-
er, and lung injury and wound healing (reviewed in Rani et al.
[13]), together with a low propensity to trigger innate and adap-
tive immune responses [14]. Because EVs appear to recapitulate
the therapeutic effects of stem cell transplantation, the prevail-
ing hypothesis is that MSC-EVs may exert their effects by trans-
ferring biologically active molecules such as proteins, lipids, and
various classes of nucleic acids including transcripts encoding
therapeutic mediators. Therefore, the goal of our work was to
characterize MSC-EV mRNAs and demonstrate a clear proof-
of-concept for the efficient transfer of EV mRNAs to target cells
and their subsequent translation in those cells as a novel mech-
anism of cellular communication.

MATERIALS AND METHODS

Cell Isolation and Growth

MSC from bone marrow aspirate and umbilical cord blood were
obtained from healthy donors after informed consent. MSC iso-
lation was performed as described in Ragni et al. [15]. MSC
were propagated in alpha MEM supplemented with 20% Fetal
Bovine Serum (FBS) (Life Technologies, Carlsbad, CA, https://
www.thermofisher.com/). Stem cell identity of isolated bone
marrow MSC (BMMSC) and cord blood MSC (CBMSC) was con-
firmed by immunophenotype profile: cells were negative for the
pan-hematopoietic marker CD45 and positive for the MSC cell-
surface antigens CD73, CD90, and CD105, officially recom-
mended for their concurrent use to define unambiguously a
MSC type [16]. MSC were able to differentiate in vitro into adi-
pocytes, osteocytes and chondrocytes following what reported
in Ragni et al. [17] (data not shown). All subsequent studies
were carried out in technical triplicate on two independent cell
lines named #1 and #2. Experiments were performed at passage
5. Human proximal tubular cells HKC8 were cultured in DMEM/
F12 media supplemented with 10% FBS.

EVs Preparation

MSC were grown to 80% confluence and then fresh medium
without FBS was added. After 4-8-24 hours, conditioned cul-
ture medium was collected and serially centrifuged to remove
floating cells and cellular debris (400g for 10 minutes and
5,000g for 15 minutes for three times) before being ultracen-
trifuged at 100,000g for 1 hour at 48C with a fixed angle rotor
(Fiberlite F37L-8x100) (Thermo Fisher Scientific, San Francisco,
CA, https://www.thermofisher.com/). The pellet was sus-
pended in PBS, dissolved in lysis buffer for RNA extraction or
RIPA buffer for protein analysis.

Scanning Electron Microscopy

MSC grown on a glass coverslip were first fixed in 2% glutaralde-
hyde (Electron Microscopy Sciences, Hatfield, PA, https://www.
emsdiasum.com/microscopy/) in PBS and then dehydrated
through a graded series of ethanol solutions. Samples were
critical-point dried and sputter coated with a SCD040 Balzer
Sputterer (Balzers Union, Balzers, Liechtenstein, https://www.
oerlikon.com/balzers/com/en/). A SEM Philips 505 scanning
electron microscope (Philips, Eindhoven, The Netherlands,
https://www.fei.com/) was used to examine the samples, using
an accelerating voltage of 20 kV.

Transmission Electron Microscopy

According to proper dilutions, the EVs suspended in Phosphate
Buffer Saline (PBS) were adsorbed to 300 mesh carbon-coated
copper grids (Electron Microscopy Sciences, Hatfield, PA) for 5
minutes in a humidified chamber at room temperature. Vesicles
on grids were then fixed in 2% glutaraldehyde in PBS for 10
minutes and then briefly rinsed in milli-Q water. Grids with
adhered vesicles were examined with a Philips CM 100 transmis-
sion electron microscope TEM at 80kV, after negative staining
with 2% phosphotungstic acid, brought to pH 7.0 with NaOH.
Images were captured by a Kodak digital camera.

Measurement of Particle Number and Size
Distribution by Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was carried out using the
Nanosight system (NanoSight, Wiltshire, UK, www.malvern.
com/) on EVs suspended in PBS that were further diluted 50-
fold for analysis. NTA related the rate of Brownian motion to
particle size. Vesicles were visualized by light scattering using a
conventional optical microscope aligned perpendicularly to the
beam axis. After a video was taken, NTA software tracked
between frames the Brownian motion of individual vesicles and
calculated total concentration and their size through application
of Stokes-Einstein equation.

PKH26-Labeled EVs Transfer

EVs suspended in Diluent C were mixed with PKH26 (Sigma-
Aldrich, St. Louis, MO, https://www.sigmaaldrich.com/) and
incubated for 20 minutes at RT in the dark. Labeling reaction
was stopped by adding an equal volume of 1% BSA. EVs were
ultracentrifuged at 100,000g for 1 hour, washed with PBS, ultra-
centrifuged again at 100,000g for 1 hour and finally suspended
in PBS. Labeled vesicles were incubated with HKC8 cultured in a
20,000/1 (EVs/cell) ratio. PBS that received the same treatment
as above was used as a control. Cells were observed after 24
hours under a Leica SP5 confocal microscope (Leica Microsys-
tems, Wetzlar, Germany, www.leicamicrosystems.com/) or by
flow cytometry with a FACSCanto II instrument (Becton Dickin-
son, San Diego, CA, www.bd.com/) by measuring the fluores-
cence of PKH26 detected at 567 nm.

Determination of the Number of EVs
Incorporated by Kidney Tubular Cells

PKH26-labeled EVs were administrated to HKC8 cells with a
20,000/1 EVs/cell ratio. After 24 hours, cells were washed,
detached, and suspended in PBS to a concentration of
1,000,000 cell/ml. 0.1 ml was analyzed by ELISA in a 96-well
plate with a 530 nm filter for PKH26 excitation and a 570 nm
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filter for PKH26 emission. Cells treated with unlabeled EVs
were used as negative CTRL and to subtract fluorescence
background. In a separate well, 2.5exp9 PKH26-labeled
vesicles suspended in 0.1 ml PBS were also scored for fluores-
cence. Signal intensity of EVs-treated cells after background
subtraction was compared to labeled EVs fluorescence to
determine the number of incorporated EVs.

qRT-PCR Analysis

RNA was isolated using RNeasy Micro kit (Qiagen, Hilden, Ger-
many, www.qiagen.com/). Quantitative PCR was carried out
using “SsoFast EvaGreen Supermix” (Bio-Rad Laboratories, Her-
cules, CA, www.bio-rad.com/). Gene specific primers (Neuropro-
tection: NGF, BDNF, GDNF, NTF3, CDNF, CNTF, MANF;

Proliferation: FGF2, FGF7, ANGPT1, ANGPT2, CTGF, HGF, VEGF;

Immunomodulation: IL-4, IL-6, IL-10, IL1RN, TGF-b1, TNFa; Stem-
ness: ALCAM, BMP2, BMP7, KDR, PDGFRB, THY1, BGLAP,

COL1A1, ICAM1; Housekeeping: GAPDH) were used. Triplicates
of all reactions were analyzed. All replicates should be within
0.5 Ct of each other for further processing. To confirm product
specificity, a melting curve analysis and an agarose gel electro-
phoresis for the less abundant transcripts were performed after
each amplification. Relative gene expression was normalized in
EVs using a combined method relying on GAPDH, mean Ct value
and cDNA input (see Results). For MSC and to compare MSC
and EVs, GAPDH was used. For statistical analysis and expression
data generation, the Bio-Rad CFX Manager software was used.
Primer sequences will be provided upon request.

RT-PCR Analysis of 30UTR and Full Length IL-10

RNA was isolated as previously described. cDNA was prepared
using SuperScript IV VILO (Thermo Fisher Scientific) following
manufacturer’s instructions. RT-PCR was carried out using
GoTaq Green Master Mix (Promega, Madison, WI). To design
3’UTR specific primers, online tool http://utrdb.ba.itb.cnr.it/
search was first used to identify 3’UTR sequences of IL-6,
MANF, BGLAP, and IL-4 transcripts. Then, Forward and Reverse
primers were designed in the first or last 50 bp of the 3’UTR
sequences, respectively. Expected RT-PCR amplificates were:
IL-6 392 bp out of 429 bp, MANF 296 bp out of 308 bp,
BGLAP 157 bp out of 158 bp, IL-4 79 bp out of 89 bp. For full
length IL-10 transcript, Forward and Reverse primers were
designed in the first 50 bp of the 50UTR or last 50 bp of
30UTR of IL-10 mRNA sequence deposited in NCBI Nucleotide
database (NM_000572.2, http://www.ncbi.nlm.nih.gov/
nucleotide). Expected amplicon was 1,589 bp out of 1,629 bp.
Primer sequences will be provided upon request.

Pathway Analysis

After 30UTR identification, miRNA binding sites within 30UTR
regions of EVs-accumulated mRNA were identified using
miRANDA algorithm (http://www.microrna.org/microrna/home.
do), with a mirSVR scores<21.0 to exclude weak hits. Verified
mRNA targets of selected miRNAs were identified using miR-
Walk database (http://www.umm.uni-heidelberg.de/apps/zmf/
mirwalk/index.html) (Dweep et al., 2011). Final target lists were
then uploaded to GeneCodis tool (http://genecodis.cnb.csic.es/)
to find statistically enriched biological processes with respect to
the entries of the whole human genome.

Flow Cytometry

To detect carboxyfluorescein succinimidyl ester (CFSE) positive
EVs, vesicles were first 1:50 diluted in PBS and then incubated
for 30 minutes at RT with 5 ll of CFSE cell-permeable precursor
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE). Unla-
beled samples were incubated with 5 ll PBS. Finally, stained
and unstained EVs were analyzed on a FACSCanto II (BD).

To detect viable cells after 24 hours FBS depletion, MSC were
detached with trypsin, washed with PBS and, after suspension,
1/20 volume 7-AAD (7-Aminoactinomycin D) was added 10
minutes incubation at RT. Labeled cells were immediately analyzed
on a FACSCanto II (BD). At least 30,000 events were acquired.

Immunostaining

Immunofluorescence experiments were performed on HKC8
cells grown on fibronectin-coated coverslips using standard
procedures. Briefly, 24 hours after cell seeding, EVs were
delivered into two consecutive administrations (EVs/cell ratio
20,000/1), with a gap of 24 hours between them. Forty hours
after first EVs administration, cell secretion was blocked by
administration of Brefeldin A (final concentration 10 mg/ml);
after 8 hours, Brefeldin A was removed and cells fixed in 4%
PFA. Cell permeabilization was performed with 1% saponin for
15 minutes at RT, then a blocking solution of 3% BSA was
added for 30 minutes at RT and finally the primary antibody
was added in blocking solution at a final concentration of 5
mg/ml (mouse anti-human IL-10, Santa Cruz Biotechnology,
Santa Cruz, CA, https://www.scbt.com/) and incubated over-
night at 48C. Goat anti-mouse PE-conjugated antibody was
used as secondary antibody, incubating cells for 1 hour at RT.
Cell nuclei were stained with DAPI. Images were acquired
using a Leica TCS SP5 confocal microscope with HCX PL APO
63x/1.25 objective (Leica). No primary antibody stained and
no EVs incubated cells were used to set up experimental con-
ditions and antibody dilutions.

Western Blot

Purified EVs or HKC8 collected 72 hours after EVs administration
and 8 hours after Brefeldin A block were suspended in RIPA buff-
er supplemented with protease and phosphatase inhibitors and
denatured in Laemmli Sample Buffer (Bio-Rad Laboratories) at
608C for 15 minutes. Ten microgram of EVs proteins or 50 lg of
cell extracts were separated by SDS-PAGE, transferred onto nitro-
cellulose membranes and incubated 1 hour at RT with blocking
solution (5% BSA in TBS, 0.1% Tween-20) (Sigma-Aldrich). Mem-
branes were incubated overnight at 48C with the following pri-
mary antibodies: (a) mouse anti-human IL-10 (Santa Cruz
Biotechnology cat. n8 sc-8438, 1:200 dilution in 5% BSA in PBS,
0.1% Tween-20), (b) mouse anti-human CD81 (BD cat. n8

551112, 1:200 dilution in 5% BSA in PBS, 0.1% Tween-20), (c)
mouse anti-human CD63 (Santa Cruz Biotechnology cat. n8 sc-
5275, 1:100 in 5% BSA in PBS, 0.1% Tween-20), (d) mouse anti-
human CD90 (Abcam, Cambridge, UK, www.abcam.com/, cat. n8

ab133350, 1:100 in 5% BSA in PBS, 0.1% Tween-20), (e) mouse
anti-human CD105 (Dako, Glostrup, Denmark, www.agilent.com/
en/dako-products, cat. n8 M3527, 1:200 in 5% BSA in PBS, 0.1%
Tween-20), (f) mouse anti-GAPDH (Millipore cat. n8 CS204254,
1:10,000 in 5% BSA in PBS, 0.1% Tween-20). Proteins of interest
were detected with HRP-conjugated sheep anti-mouse IgG anti-
body (1:3,000, Bio-Rad Laboratories) and visualized with the
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Amersham ECLWestern Blotting Analysis System (GE Healthcare,
Amersham, UK, www.gelifesciences.com/).

MTT Assay

1.25exp4 HKC8 cells were seeded into 96-well plates and,
after 24 hours, treated for 6 hours with 10 lM cisplatin. After
drug removal, cells were washed twice and 100 ll phenol
red-free medium added and this time point was set as 0. At
time 0, 24, and 48 hours 20,000 EVs/cell were added. One
and 10 ng/ml human recombinant IL-10 (BioLegend, San
Diego, CA, www.biolegend.com/) conditions were also used
after injury as positive control to score a possible IL-10 pro-
tective effect. These concentrations were selected following
what reported in published in vivo and in vitro models for IL-
10 dependent cisplatin-induced acute injury recovery [18, 19].
At time 0, 24, 48, and 72 hours MTT assay was performed.
Briefly, 25 ll of a 3 mg/ml Thiazolyl Blue Tetrazolium Bromide
(Sigma-Aldrich) were added to each well and the colorimetric
reaction was allowed to proceed for 4 hours at 378C. Then,
25 ll of 40% SDS were added and the plate incubated over-
night at 378C in the dark. The next day, viable cells with MTT
dye uptake were determined by measuring the optical density
at 570 nm after background subtraction scored at 650 nm.
Values shown are the mean of at least six measurements.

Statistical Analysis

Comparison of variances for the expression of distinct genes
was used to analyze the significance of differences using one-
way analysis of variance (ANOVA) (GraphPad Prism Software
version 6, San Diego, CA, https://www.graphpad.com/). A p

value< .05 was considered statistically significant.

RESULTS

Characterization of MSC-Derived EVs

Electron microscopy on MSC showed structures resembling
EVs protruding from the cell surface (Fig. 1A). Interestingly, EV
secretion was located in the peripheral protrusions and con-
centrated at the edges of the plasma membrane for both
MSC types. Then, we followed the capacity of the different
MSC to secrete EVs by NTA at 4, 8, and 24 hours after FBS
removal (to remove vesicles present in serum). In all MSC,
the number of secreted vesicles increased as a function of
time with a significant gain at 24 hours (p< .05, N 5 5; Fig.
1B). Because no cell toxicity was observed in FBS starved
BMMSC and CBMSC (� 10% 7AAD1 cells observed at 0, 4, 8,
and 24 hour time points), we chose the 24 hours FBS starva-
tion time point for EVs harvesting.

Using NTA we determined that the EVs of CBMSC and
BMMSC ranged in size from 40-50 nm to 600-700 nm, indicat-
ing the presence of both exosomes and microvesicles. The
mean values for the size of CBMSC-EVs and BMMSC-EVs laid
between 230 and 275 nm and did not differ significantly
(p> .05, N 5 10; Fig. 1C). Interestingly, the observed particle
size suggests the absence of apoptotic bodies, which usually
fall into the size range of 1-5 lm. We then used NTA quantifi-
cation to determine the number of EVs secreted per MSC line
as function of the number of seeded cells (Fig. 1C). Notably,
the CBMSC samples secreted 1.5-2 times more vesicles than
BMMSC (p< .05, N 5 10). The CBMSC #2 sample produced

the most EVs/cell within a 24 hours period (5,000 secreted
EVs/cell; Fig. 1C). Similar results were obtained after monitor-
ing vesicles released by other independent BMMSC (N 5 4)
and CBMSC (N 5 4) cell lines (CB/BM EVs ratio of 1.6, p< .01,
N 5 12), suggesting no major variability between donors.

To confirm the integrity of analyzed EVs, CFDA-SE staining
was performed directly on EV-containing supernatants. Flow
cytometry analysis showed that >90% of the particles were
positive for staining, indicating that vesicles are intact and
contain cytoplasmic esterase reacting with CFDA-SE (Fig. 1D).
Purification by ultracentrifugation at 100,000g yielded a simi-
lar percentage of positive EVs, confirming that the centrifuga-
tion step of the isolation protocol does not damage EVs (data
not shown). Western blot analysis of BMMSC- and CBMSC-EVs
confirmed the expression of both exosome (CD63 and CD81)
and MSC (CD90 and CD105) specific markers (Fig. 1E). Finally,
transmission electron microscopy images showed an expected
morphology consistent with pure EV preparations (Fig. 1F).

Molecular Analysis of MSC-EVs

It has been reported previously that MSC-EVs contain mRNAs
[15, 20–23]. While these studies identified some of the encap-
sulated transcripts, they did not assess their relative expres-
sion levels or the ratios between different EV isolates. As
detailed in the Materials and Methods, 30 mRNAs characteris-
tic of mesenchymal cells (functions involved in neuroprotec-
tion, control of proliferation, and immunomodulation; see
Materials and Methods for more details) were quantified in
parallel by qRT-PCR. We were able to amplify (Ct< 40) 18
transcripts from the EVs of BMMSC #1 and CBMSC #1, and 19
transcripts from the EVs of BMMSC #2 and CBMSC #2. To con-
firm the specificity of the assay, melting curve tests and aga-
rose gel electrophoresis of amplified DNA were performed
comparing EVs and cell extracts (ALCAM, NGF, TGFB1, and
VEGFA) (Fig. 2A). Interestingly, 11 candidates were always
undetectable (GDNF, NTF3, CDNF, ANGPT1, ANGPT2, IL-1RN,
TNF, BMP2, PDGFRB, BMP7, and ICAM1). HGF gave positive
amplification from EVs from samples BMMSC #2 and CBMSC
#2 (both with Ct values> 35). FGF7, COL1A1, CNTF, CTGF, and
IL-6 transcripts had the highest expression levels in the MSC-
EVs (Supporting Information Table 1).

To obtain reliable EV molecular signatures, we had to
decide on a method for normalization. To date, no universal
reference mRNA has been identified to compare transcript
levels in EVs isolated from independent cell lines. Recently,
GAPDH mRNA has been proposed as a housekeeping tran-
script for MSC-EVs [24]. To increase reliability of our analysis,
we decided to combine three different and independent nor-
malization approaches. First, we measured GAPDH mRNA lev-
els in parallel with the target transcripts. Second, we
employed a global mean normalization procedure based on
the positively amplified mRNAs. This method has a higher
accuracy than the multiple reference gene normalization
method when no reliable data about housekeepers are avail-
able; however, this method is restricted by the number of
detected transcripts [25, 26]. Finally, we also normalized
expression to EV volumes, calculated as EV number 3 EV mean
size, assuming that identical EV volumes contain comparable
nucleic acid levels. Each normalization procedure generated
expression ratios used to calculate a DCt value with respect to
BMMSC #1-EVs. Notably, the values obtained from the
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Figure 1. Kinetics and physical properties of MSC-EVs. (A): Scanning Electron Microscopy of BMMSC and CBMSC showing EVs shedding
from cell protrusions. Arrows point out representative examples of vesicles dismissed from the cell surface. (B): EVs secretion kinetics
normalized on values at 4 hours set as 1 (n 5 5 per cell population, errors as SD). Significant differences between groups are noted as
*** (p value< .001). (C): EVs mean size obtained from Nanosight analysis (n 5 10 per cell population, errors as SD) together with quan-
tification of EVs secreted per seeded cell at 24 hours after medium change (n 5 10 per cell population, errors as SD). (D): CFSE staining
of a representative EVs sample showing high integrity of isolated vesicles. P15 total EV; P25 carboxyfluorescein succinimidyl ester
(CFSE) positive EVs. (E): Western Blot analysis of exosome (CD63 and CD81) and MSC (CD90 and CD105) surface markers in purified EVs
from BM- and CB-MSC supernatants. (F): Transmission electron microscopy performed on isolated vesicles to visualize their ultrastructur-
al morphology. EVs are indicated with black arrows. Abberivations: BMMSC, bone marrow mesenchymal stem cell; CBMSC, cord blood
mesenchymal stem cell; EVs, extracellular vesicles.
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Figure 2. Validation of EV-embedded mRNA transcriptional analysis. (A): Validation of qRT-PCR specificity for low abundant transcripts
ALCAM (expected 148 bp), NGF (85 bp), TGFB1 (81 bp), and VEGFA (105 bp). Agarose gel electrophoresis and representative melting
curve tests for BMMSC cell and EVs amplicons are shown. (B): Comparison of IL-6, FGF7, and TGFB1 abundance in BMMSC and CBMSC
EVs between multiple transcripts analysis (A) and individual qRT-PCR (B) (n 5 3 per cell population, errors as SEM). Expression in A was
set as 1. (C): CTGF and FGF7 mRNA detection in MSC-EVs analysis after Proteinase K and RNAse A treatment (treated) (n 5 3 per cell
population, errors as SEM). Cell RNA was used as control for positive enzymes digestion, as showed by significant (***, p value< .001)
reduction in Real-Time PCR amplification. Expression of untreated cell RNA was set as 1. Abberivations: BMMSC, bone marrow mesen-
chymal stem cell; CBMSC, cord blood mesenchymal stem cell; EVs, extracellular vesicles.
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independent methods were similar and therefore averaged for a
final normalization value to analyze the qRT-PCR data of the
four MSC-EVs under analysis (BMMSC #1-EVs: 1.00; BMMSC #2-

EVs: 1.066 0.25; CBMSC #1-EVs: 0.876 0.17; CBMSC #2-EVs:
2.106 0.26).

To exclude potential erroneous mRNA expression detection
due to low cDNA input or technical issues, we performed ran-
dom individual qRT-PCRs on a few selected genes (IL-6, FGF7,
and TGFB1) to increase the amount of available template. Nota-
bly, results were consistent with those obtained in the initial
screening (within twofold modulation) (Fig. 2B). Finally, to con-
firm that the target mRNAs are present within the vesicles and
not just bound to the external membrane surface, isolated EVs
were treated with proteinase K and RNAse A. No decrease in
the amount of CTGF and FGF7 transcripts was observed, con-
firming that isolated EVs are intact with mRNA engulfed in the
lumen (Fig. 2C).

MSC-EV mRNA Cargo Comparison

The four EV molecular signatures were then compared in
order to identify mRNAs that vary significantly in expression
between EVs from BMMSC and CBMSC (fold change >2 with
p< .05). After normalization, no major differences were
observed, with few exceptions. CBMSC-EV IL-4 expression
was> 2-fold higher, and THY1 expression was reduced com-
pared to expression levels in BMMSC-EVs (Fig. 3A). Interest-
ingly, VEGFA and HGF resulted to have opposite trend, with
vascular endothelial growth factor significantly more abundant
(two- to fourfold higher) in EVs from BMMSC #1 and CBMSC
#1 compared to EVs from BMMSC #2 and CBMSC #2, and
hepatic growth factor absent in EVs from BMMSC #1 and
CBMSC #1 while it was readily detectable in EVs from BMMSC
#2 and CBMSC #2 (Fig. 3A).

The molecular signatures observed for EV types was also
found in the corresponding cell extracts, with a few excep-
tions (Fig. 3B): FGF7 expression levels were higher in BMMSC
(50–100-fold), whereas KDR expression levels were more
abundant in CBMSC. Therefore, we observed a strong correla-
tion in specific mRNA levels between donor cells and the EVs
derived from them, indicating a consistent transcript distribu-
tion within these distinct cellular compartments.

The next step was to assess whether some mRNAs were
preferentially loaded into EVs with respect to random incor-
poration from the cytoplasm. Because of its reliability in the
previous EV qRT-PCR experiments, GAPDH expression was
used as a normalization factor. A> 4-fold enrichment or exclu-
sion was chosen as the threshold for analyses. Seven mRNAs
were clearly and consistently accumulated in EVs (Table 1). IL-

4 and IL-10 showed the highest incorporation ratios followed
by BGLAP, CNTF, and FZD9. Notably FGF7 always resulted
between the two most detected transcript despite its low
expression in CBMSC cell extracts. In contrast, despite their
elevated expression in the cytoplasm, TGFB1 and ALCAM

resulted under expressed in all four EVs. Finally, of the mRNAs
that were not detected in the qRT-PCR assays in EVs, we
could not find candidates with high cellular expression, sug-
gesting that their absence of detection was due mainly to low
cytoplasm abundance rather than selective exclusion. Alto-
gether, these results suggest preferential loading of some
mRNAs into EVs.

30UTR Analysis of Preferentially Accumulated mRNAs

A recent report suggested that the presence of a core 30UTR
“CTGCC” region (or variations CTGC, CTCCC, CGCCC, TGCC)

Figure 3. Molecular differences in mesenchymal stem cell (MSC)
and secreted extracellular vesicles (EVs). (A): EV-embedded tran-
scripts (IL-4 and THY1) differentially incorporated in CBMSC versus
BMMSC (BMMSC set as 1; n 5 6, errors as SD; ***, p value< .001).
VEGFA and HGF showed alternative expression in a cell line depen-
dent fashion (BMMSC #1 set as 1 for VEGFA and BMMSC #2 set as 1
for HGF, n 5 3, errors as SD; ***, p value< .001). (B): FGF7 and KDR
resulted to have significant differential expression in MSC cell extracts
(CBMSC set as 1 for FGF7 and BMMSC set as 1 for KDR; n 5 6, errors
as SD; ***, p value< .001). (C): Agarose gel electrophoresis analysis
of RT-PCR amplification for detection of complete 30UTR in IL-6
(expected 392 bp), MANF (296 bp), BGLAP (157 bp), and IL-4 (79 bp)
EV-embedded transcripts. Abberivations: BMMSC, bone marrow
mesenchymal stem cell; CBMSC, cord blood mesenchymal stem cell.
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within the wider consensus sequence (CCCCTGCCTGGACC)
and/or a miR-1289 binding site may enhance targeting of
mRNAs into EVs [27]. After confirmation of full length 30UTRs
(Fig. 3C) in EVs-embedded transcripts as assessed for random-
ly selected candidates (IL-6, MANF, BGLAP, and IL-4), multiple
alignment (http://www.ebi.ac.uk/Tools/msa/muscle/) showed
the presence of a conserved “core” region in the KDR, CNTF,
BGLAP, and FZD9, with FGF7 transcripts harboring the varia-
tion CTGC. Notably, the CTGCC region was found four times in
the 30UTR of COL1A1, the most abundant mRNA in all of the
MSC-EVs. On the contrary, the miR-1289 sequence was not
found in any of the 30UTRs tested.

To further identify other potential elements involved in
mRNA enrichment, we searched miRNA binding sites within the
30UTR regions of accumulated mRNAs using the miRANDA algo-
rithm (http://www.microrna.org/microrna/home.do), using a
threshold mirSVR score<21.0 to exclude weak hits. A total of
73 unique sites were identified: 34 miRNA sequences were iden-
tified for FGF7, 19 for IL-10, 19 for KDR, 5 for CNTF, 3 for IL-4,
and 2 for BGLAP for a total of 73 unique sites. A deeper analysis
showed the absence of conserved miRNA binding patterns, with
only nine miRNA sites shared by two 30UTR. Finally, Batagov and
colleagues proposed specific sequence motifs (ACCAGCCU,
CAGUGAGC, and UAAUCCCA) that may potentially function as
cis-acting elements targeting RNAs to EVs in glioblastoma cells
[28]. None of the five most enriched EV mRNAs contained these
elements. Therefore, preferential mRNA loading into EVs may
rely on cell type, still unidentified specific motifs, or selectively
engulfed mRNA binding proteins able to discriminate between
different transcripts, as suggested by Waris et al. [29].

Moreover, it was shown recently that multiple sites for
regulatory miRNA binding in 30UTRs may compete with recipi-
ent cell RNAs for binding of miRNA or RNA-binding proteins
so as to regulate their stability and translation in recipient
cells [30]. Accordingly, we performed a literature-validated
gene target identification for the pool of 73 previously

identified miRNA using miRWalk, a database of experimentally
validated miRNA-gene interactions [31]. The 73 submitted
micro-RNAs generated a list of 2,294 potentially regulated tar-
gets. Then, we ran these results through the GeneCodis pro-
gram (http://genecodis.cnb.csic.es/) to find statistically
enriched biological processes. We focused our attention on
the top five ranked biological processes which were primarily
RNA generation and stability GO:0006355 (DNA-dependent
regulation of transcription, p value 8.57801e-48), GO:0010467
(gene expression, 3.79091e-44), GO:0016070 (RNA metabolic
process, 2.57193e-39), GO:0016071 (mRNA metabolic process,
9.8859e-35) and GO:0006915 (apoptotic process, 4.91476e-34)
with the majority of apoptosis-related genes being anti-
apoptotic (GO:0006916, anti-apoptosis 1.42074e-17). Notably,
out of the first 15 categories, 8 were related to various aspects
of RNA processing. These results suggest that the inclusion of
mRNAs with specific 30UTR motifs into EVs may have significant
effects on the regulation of gene expression in target cells.

mRNA Translation in Recipient Cells

Beside the “miRNA sponge” activity of the 30UTR, another para-
digm of vesicle intercellular communication is that EVs may
shuttle functional mRNAs that can be internalized and translat-
ed. Therefore, immunomodulatory transcripts embedded in
MSC-EVs, together with secreted factors, could be important
players for the paracrine properties of MSC. To test this hypoth-
esis, we used a human-derived renal proximal tubular cell line
(HKC-8) as the target cell; in a previous publication we assessed
the in vivo anti-inflammatory action of BMMSC and CBMSC
supernatants in mice with Acute Kidney Injury (AKI) induced by
cisplatin treatment [32].

EVs were labeled with the membrane-dye PKH26 without
altering membrane integrity (data not shown). After a 24 hours
co-culture, the labeled EVs were engulfed by 100% of HKC8 cells,
as shown by FACS analysis and confocal microscopy (Fig. 4A,
4B). In our experimental settings, both EVs were incorporated

Table 1. Differentially enriched mRNA in MSC-EV

BMMSC #1 BMMSC #2 CBMSC #1 CBMSC #2

GENE

EV/

CELL GENE

EV/

CELL GENE

EV/

CELL GENE

EV/

CELL

IL-10 6,472.02 IL-10 3,769.09 IL-4 9,026.81 IL-10 11,425.74
IL-4 2,610.30 KDR 3,104.19 IL-10 6,517.03 IL-4 10,226.32
KDR 1,964.57 IL-4 792.35 BGLAP 955.43 FGF7 744.43
BGLAP 352.14 BGLAP 162.02 FGF7 245.57 BGLAP 680.29
CNTF 125.37 CNTF 78.25 CNTF 123.64 KDR 188.71
FZD9 31.12 FZD9 64.89 FZD9 119.43 CNTF 139.10
FGF7 14.93 FGF7 5.43 KDR 36.25 FZD9 64.89
IL-6 8.82 NGF 4.17 BDNF 4.28 BDNF 5.82
NGF 2.99 BDNF 1.77 FGF2 1.68 NGF 4.17
BDNF 2.62 IL-6 1.59 NGF 1.38 FGF2 2.45
FGF2 1.57 FGF2 1.19 MANF 0.56 IL-6 1.16
MANF 0.81 THY1 0.44 VEGFA 0.41 THY1 0.38
THY1 0.42 MANF 0.40 IL-6 0.24 MANF 0.31
VEGFA 0.37 CTGF 0.24 CTGF 0.12 COL1A1 0.13
COL1A1 0.31 COL1A1 0.12 COL1A1 0.12 CTGF 0.08
CTGF 0.26 ALCAM 0.07 TGFB1 0.08 VEGFA 0.07
TGFB1 0.15 VEGFA 0.03 THY1 0.08 TGFB1 0.03

The amount ratios for indicated gene transcripts in EVs versus cell extracts (EVs/CELL) are shown. The dashed line separates the seven transcripts
that are consistently and preferentially accumulated in EVs for all four cell lines used in the study. Values higher than 2 indicate transcripts present
in EVs with at least a double amount of what expected from a random internalization from the cytoplasm, whereas values lower than 0.5 indicate
messengers excluded in secreted vesicles.
Abberivations: BMMSC, bone marrow mesenchymal stem cell; CBMSC, cord blood mesenchymal stem cell; EVs, extracellular vesicles.
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Figure 4. PKH26 EVs labeling and HKC8 incorporation. (A): FACS analysis of HKC8 cells after 24 hours co-culture with PKH26-EVs or
vehicle (negative control). (B): Confocal microscopy images of HKC8 after 24 hours co-culture with labeled EVs. Scale bar, 20 lm. Abberi-
vations: BMMSC, bone marrow mesenchymal stem cell; CBMSC, cord blood mesenchymal stem cell; EVs, extracellular vesicles.
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into HKC8 cells with a similar efficiency (4,1006 1,400 BMMSC-
EVs/cell and 4,0006 1,500 CBMSC-EVs/cell). The PKH26 signal
was preferentially accumulated in the perinuclear area. Intrigu-
ingly, incubation of PKH26-stained EVs with parental MSC
resulted in dramatically lower incorporation rates than for HKC8
cells (e.g., for BMMSC #1 EVs: Mean Fluorescence Intensity-
Ratio, stained versus unstained: HKC8 18.16 4.3, BMMSC #1
2.96 0.7, BMMSC #2 2.16 0.8, CBMSC #1 1.96 0.4, and
CBMSC #2 2.36 0.3, n 5 3). Similar results were obtained with
the other combinations of EV and MSC, suggesting a conserved
and preferential targeting to non-mesenchymal cells, indepen-
dently of the MSC type.

As a proof-of-concept of the anti-inflammatory paracrine
activity of MSC-EVs, we chose to track the expression of IL-

10, which is absent in target HKC8 cells and is present in EVs
only as mRNA (Fig. 5A) and not as protein (Fig. 5B). Full-
length IL-10 mRNA was demonstrated to be engulfed in EVs
through RT-PCR, being this a prerequisite for efficient transla-
tion into a functional protein (Fig. 5C). Then, after EV/HKC8
co-culture, IL-10 mRNA was identified in HKC8 target cells as
confirmation of positive transcript transfer (Fig. 5A). Finally,
de novo IL-10 protein expression was detected in tubular
HKC8 cells that were co-cultured with either of the MSC-EV
type by western blot (Fig. 5D) and immunofluorescence analy-
ses (Fig. 5E). The observed perinuclear localization of IL-10
resembling the ER compartment was due to Brefeldin A treat-
ment to block transport from the ER to the Golgi apparatus
to increase the amount of detectable protein (Fig. 5E).

Intriguingly, Soranno and colleagues showed in vivo that
delivery of IL-10 following AKI mitigates the local and systemic
pro-inflammatory cascade, reducing fibrosis and eventually cell
death [33]. Similarly, in vitro IL-10 production after EV adminis-
tration may resemble such a mechanism and promote viability.
Therefore, HKC8 cells where treated with 10 lM cisplatin for 6
hours to mimic acute injury. After drug removal, EVs or recom-
binant IL-10 were added and cell viability was scored by the
MTT assay. Already at 48 hours a protective effect mediated by
EVs was observed, which was even further pronounced at 72
hours (Fig. 5F). The recombinant IL-10 control was able to res-
cue cell viability at lower level. Altogether, these results demon-
strate that mRNAs incorporated into MSC-EVs are efficiently
transferred to target cells and eventually translated, contribut-
ing to the well-known paracrine activities of MSC (Fig. 6).

DISCUSSION

A significant body of literature has shown that the molecular
constituents of EVs, especially proteins and microRNAs
(miRNA), hold great promise as novel biomarkers for clinical

Figure 5. Incorporation and translation of IL-10 mRNA into
HKC8 cells. (A): Agarose gel electrophoresis analysis of IL-10
mRNA RT-PCR amplification. GAPDH mRNA detection is shown as
internal control for positive cDNA synthesis. Lane 1, DNA molecu-
lar weights. (B): Molecular confirmation of absence of IL-10 pro-
tein loading into EVs by Western Blotting analysis. EVs
preparations were confirmed for their positivity for the exosomal
markers CD81. Purified IL-10 was used as positive control for pri-
mary antibody. (C): Agarose gel electrophoresis analysis of IL-10
intact full-length mRNA (expected 1,589 bp) embedded in MSC-
EVs. Lane 3, DNA molecular weights. (D): Western Blot analysis
showing absence of IL-10 protein in HKC8 and its appearance
after EVs administration. GAPDH was used as positive control for
loading. (E): Confocal microscopy images of translated IL-10 pro-
tein after MSC-EVs administration to tubular cells. All IL-10 panels
show HKC8 cells (with or without EVs supplementation) treated
with both primary and secondary antibodies. HKC8 CTRL (not
treated with MSC-EVs) confirms endogenous IL-10 absence. Scale
bar, 20 lm. (F): MTT test assaying viable cells after cisplatin treat-
ment (Cisplatin) or after drug injury and vesicles or human
recombinant IL-10 administration every 24 hours (BM-EVs and
CB-EVs). Both vesicles and IL-10 are able to increase recovery and
reduce acute injury-driven cell death. Values are related to con-
trol cells (HKC8 CTRL) that were not damaged and set as 100%
viability for each time point. Abberivations: BMMSC, bone mar-
row mesenchymal stem cell; CBMSC, cord blood mesenchymal
stem cell; EVs, extracellular vesicles.
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diagnosis [34, 35]. On the contrary, less attention has been
devoted to the role of EVs in cell-to-cell communication and
fate determination, especially in the stem cell and regenera-
tive medicine fields [36, 37]. A major inadequacy for studying
MSC-EVs is that there is no data comparing their clinical effi-
cacy and production feasibility. The majority of studies used
only one MSC type, generating controversy on most favorable
MSC [13, 14]. A few studies have described efficacy of EVs
isolated from different tissues on the same model. For exam-
ple, bone marrow and Wharton’s Jelly MSC were studied for
their effects on acute lung injury (ALI) showing similar out-
comes [24, 38]. Similarly, BMMSC and umbilical cord-MSC
were tested in Liver Injury models [39, 40]. Furthermore,
BMMSC- and CBMSC-EVs were shown to protect against
ischemic AKI [23, 41]. Despite that the different protocols and
experimental settings do not allow for direct comparisons, the
similar efficacies observed between these studies suggested
conserved properties of MSC-EVs. Our data show, for the first
time, that CBMSC and BMMSC are able to secrete vesicles
that are almost identical in their physical properties and cargo
content, especially for transcripts involved in immunomodula-
tion and proliferation. The only striking difference was the
higher EV/cell ratio displayed by CBMSC. This may be relevant
for MSC type selection in future clinical applications where it
is often desirable to have the highest production rate to mini-
mize cost, space, and time. Furthermore, the kinetics of
CBMSC proliferation are substantially higher than those of
either adipose derived- or BM-MSC [42, 43]. Therefore, due to
their higher proliferation and vesicle secretion rates, CBMSC
may be the preferred choice for MSC-EV production.

Despite several reports that MSC-EVs have functions similar
to those of MSC, very few of these work have tried to link EV
efficacy with the identification of the shuttled active compo-
nents, mainly proteins [44]. In the context of nucleic acid trans-
fer, main attention has been focused on miRNAs [45]. Very
recently, the Camussi group nicely demonstrated the crucial
role in miRNA enrichment during EV biogenesis of Alix, an
accessory protein of ESCRT, through the interaction with the
miRNA binding protein Ago2 [46]. Similarly, EV enrichment of
other extracellular RNAs, including mRNAs, may depend on
their association with specific subsets of RNA-binding proteins.
Intriguingly, EVs released from the human liver stem-like cells
were shown to contain members of several families of RNA-

binding proteins, each specific for a different transcript motif
[29]. Consistent with this hypothesis, Bruno and coworkers sug-
gested that BMMSC-EVs may also engulf a specific subset of
mRNAs rather than a random sample of cellular mRNA [23].

In this study, we identified a subgroup of mRNAs that are
preferentially loaded into MSC-EVs, thus potentiating their role
in intercellular communication. FGF7, which is expressed at
very low levels in donor CBMSC, was among most enriched
transcripts in both types of MSC-EVs, suggesting a pivotal func-
tion. Supporting this notion, Zhu and coworkers demonstrated
that BMMSC-EVs were therapeutically effective following E. coli

endotoxin-induced ALI in mice through the expression of EV-
transferred FGF7 mRNA in the injured alveolus [24]. Therefore,
FGF7 protein expression from MSC-EV mRNA restored lung pro-
tein permeability and reduced alveolar inflammation, although
through a still unknown mechanism. Similar functions may be
postulated for IL-10 mRNA, which we demonstrated to be high-
ly enriched in EVs and efficiently translated in kidney tubular
cells. We have demonstrated previously that MSC supernatant
administration in mice with cisplatin-induced AKI ameliorated
both renal function and tubular cell injury, and prolonged sur-
vival [32]. Moreover, MSC-EVs treatment after kidney injury
prevents renal fibrosis [23]. These effects were intriguingly simi-
lar to those observed upon IL-10 administration [33], that in
the adult kidney is secreted by mesangial cells [47]. Thus, due
to absence of IL-10 protein in MSC-EVs, IL-10 mRNA transfer
and translation may be a novel mechanism of the complex
recovery and anti-inflammatory processes recently proposed
for in vivo kidney repair by MSC [48]. In fact, existence of such
new paradigm in tubular cells has been confirmed by the in
vitro MSC-EV mediated transfer of IGF-1R mRNA that, after
translation, potentiates tubular cell sensitivity to locally pro-
duced IGF-1 [49]. Similarly, translated IL-10 may enhance IL-10/
IL-10R1R2 anti-inflammatory pathway at tubular cell level, sug-
gesting a potential therapeutic role for IL-10 mRNA transfer
from EVs. Altogether, these data provide a new mechanism to
explain how the restricted homing of MSC at the site of injury
may still result in enhanced protective effects via gene-based
communication amplified through the enrichment of therapeu-
tic mRNAs in EVs.

In addition to the transfer of therapeutic mRNAs, the
enrichment of mRNAs with specific 30UTR sequences into EVs
may also have a role in modulating target cells, as was

Figure 6. Model of horizontal transfer of EV-embedded mRNA as part of paracrine and autocrine communication network. Abberivations:
EVs, extracellular vesicles; MSC, mesenchymal stem cell.
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reported in glioblastoma-EVs [30]. One intriguing possibility is
that miRNA binding sites in 30UTRs, may compete with target
cell RNAs for binding in order to alter mRNA stability and
translation. Our in silico analysis showed that the 30UTR of
preferentially enriched mRNAs may interact with at least 73
different miRNAs, potentially affecting the stability and thus
translation of more than 2,000 transcripts. Intriguingly, the
top biological processes altered by their products were relat-
ed to RNA transcription and metabolism, gene expression and
anti-apoptotic processes. These categories are strictly related,
because increase in RNA synthesis and translation have
potent inhibitory effects on apoptotic processes [50]. Consis-
tently, MSC-EV administration resulted in strong anti-apoptotic
and pro-proliferative outcomes in both in vitro [23, 51, 52]
and in vivo experimental models [40, 53]. Thus, transcripts
incorporated into MSC-EVs may regulate target cells to differ-
ent levels, increasing the array of targets addressed by
vesicles and shuttled factors.

CONCLUSION

In summary, we demonstrated that MSC load specific tran-
scripts into secreted EVs independently of their cytosolic
abundance, suggesting purposeful transfer to target cells.
These transferred molecules may act directly through their
protein products or interact with other nucleic acids or
nucleic acid-binding proteins. These results shed new light on
the knowledge of a complex and still uncharacterized

mechanism involving EVs as factors of MSC autocrine and
paracrine action.
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