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Several reports have described a beneficial effect of Mesenchymal Stromal Cells (MSCs)
and of their secreted extracellular vesicles (EVs) in mice with experimental colitis. However,
the effects of the two treatments have not been thoroughly compared in this model. Here,
we compared the effects of MSCs and of MSC-EV administration in mice with colitis
induced by dextran sulfate sodium (DSS). Since cytokine conditioning was reported to
enhance the immune modulatory activity of MSCs, the cells were kept either under
standard culture conditions (naïve, nMSCs) or primed with a cocktail of pro-inflammatory
cytokines, including IL1b, IL6 and TNFa (induced, iMSCs). In our experimental conditions,
nMSCs and iMSCs administration resulted in both clinical and histological worsening and
was associated with pro-inflammatory polarization of intestinal macrophages. However,
mice treated with iEVs showed clinico-pathological improvement, decreased intestinal
fibrosis and angiogenesis and a striking increase in intestinal expression of Mucin 5ac,
suggesting improved epithelial function. Moreover, treatment with iEVs resulted in the
polarization of intestinal macrophages towards and anti-inflammatory phenotype and in
an increased Treg/Teff ratio at the level of the intestinal lymph node. Collectively, these
data confirm that MSCs can behave either as anti- or as pro-inflammatory agents
depending on the host environment. In contrast, EVs showed a beneficial effect,
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suggesting a more predictable behavior, a safer therapeutic profile and a higher
therapeutic efficacy with respect to their cells of origin.
Keywords: inflammatory bowel disease, mesenchymal stromal cells, extracellular vesicles, macrophage
polarization, sodium dextran sulfate, immunomodulation
INTRODUCTION

Inflammatory Bowel Diseases (IBD) such as Ulcerative Colitis and
Crohn’s Disease are chronic inflammatory diseases of the gastro-
intestinal tract. Although the origin of IBD remains obscure, the
widely believed hypothesis is that environmental factors or
infections can alter the barrier function of the epithelium, leading
to loss of immune tolerance to intestinal antigens (1, 2). The
immune response in the intestine is a tightly controlled balance
between innate and adaptive effector responses and negative
regulatory pathways. Dysregulation of the immune response and
alteration of the equilibrium between protective immunity and
tolerance to self-antigens and commensal bacteria have been
emphasized as pathogenic factors (1, 2). Drugs used to suppress
the immune response and reduce tissue inflammation are not
always effective and are often associated with more or less serious
side effects (3). Mesenchymal stromal cells (MSCs) have shown
beneficial effects in animal models of IBD and have been approved
by the European Medicines Agency for the treatment of fistulas in
Crohn’s disease following a successful phase II/III clinical trial (4).
In their clinical application for the treatment of immune disorders,
however, administrated MSCs might encounter a biased cytokine
milieu in vivo, which could actually render MSCs immune-
enhancing (5). Indeed, in some conditions MSCs could promote
the proliferation of suboptimally activated T cells (6, 7).Therefore,
MSCsappear to respondtoenvironmental signalspossibly resulting
in unpredictable opposite behavior in vivo.

It is now well established that several beneficial effects of MSC
transplantation are mediated by paracrine signaling (8–10), and
that such signals are mostly convoyed via membrane vesicles
released by the cells, named extracellular vesicles (EVs) (11–13).
EVs are a heterogeneous population of nanoparticles up to 1 mm
in size, including exosomes and microvesicles, carrying both
effector molecules and RNAs (14). The discovery that EVs
secreted by MSCs can reproduce some immunomodulatory
and pro-regenerative effects of their cells of origin has
prompted investigations on the use of these cell products as
therapeutic tools, and indeed their beneficial effects have been
confirmed in several animal models of organ and tissue injury
(15). In particular they were effective in improving both clinical
and histological signs of colitis in animal models (15). We also
observed similar therapeutic effects of MSCs and EVs in
hyperoxia-induced lung injury (16).

Following the recognition of the therapeutic potential of
exosomes, several researchers are trying to modify their
composition to enhance specific biological effects on target
cells. Several authors have shown that the immunomodulatory
activity of MSCs is affected by cytokine priming, both in vitro
and in vivo (17–20). However, only few studies have investigated
the effects of MSC priming by pro-inflammatory cytokines on
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the biological activity of released EVs (21, 22). Here, we
investigated the effects of both MSCs and EVs, with and
without priming with pro-inflammatory cytokines, in a well-
established murine model of IBD. Surprisingly, we observed a
divergent effect of MSC-EVs vs. their parent cells, a difference
that was amplified by cytokine conditioning.
MATERIALS AND METHODS

Murine MSC Isolation and Culture
Murine MSCs were isolated by flushing the bone marrow of
C57BL6/J mice. Cells were cultured in 25 cm2 tissue culture
flasks at a concentration of 2.00E+6 cells/cm2. MSCs were fed in
Dulbecco’s modified eagle medium low glucose [1g/L] (DMEM;
Gibco by Life Technologies) enriched with 10% fetal bovine
serum (FBS; Gibco by Life Technologies), [100 U/mL] penicillin
and streptomycin (P/S; Gibco by Life Technologies), [100 mg/
mL] L-glutamine (Gibco by Life Technologies) and incubated at
37°C, 5% CO2. After 48 hours, the non-adherent cells were
removed. After reaching 80% confluence, the adherent cells were
trypsinized (0.05% trypsin at 37°C for 3 minutes), harvested and
expanded in larger flasks. MSC at passage 5 were screened by
flow cytometry (LSRFortessa (BDBiosciences) for the expression
of SCA-1, CD31 and CD34 (BD Pharmingen, Oxford, UK) and
used to perform the experiments. MSCs were grown up till reach
80% of confluency in ventilated cap flask. Growth medium was
substituted with DMEM low glucose [1g/L] supplemented with
10% FBS, 2mM glutamine, 100 U/ml penicillin/streptomycin,
without (for naïve MSCs) or with a pro-inflammatory cytokine
cocktail (for induced MSCs: iMSC) composed by IL-6 [20 ng/mL],
TNF-a [25 ng/mL] and IL-1b [25 ng/mL] (Peptrotech) for 24
hours. This medium was changed with DMEM low glucose
supplemented with 2mM glutamine, 100 U/ml penicillin/
streptomycin for 24 hours before collection for EV isolation (20, 23).

Extracellular Vesicles by Ultrafiltration
Culture medium (CM) was centrifuged at 1200 rpm for 6
minutes to discard dead cells and debris and filtered through
0.22 mm filter (filter unit syringe driven, Millex-GP). Supernatant
was loaded onto an Amicon filter device (Amicon filters Ultra-
15, regenerate cellulose 100,000 NMWL; Merck Millipore). The
filter unit was centrifuged at 3200g at 4°C for 15 minutes and the
concentrate was collected.

Measurement of Extracellular Vesicles
Concentration and Size Distribution
Particle concentration and size distribution were analyzed by
Tunable Resistive Pulse Sensing (TRPS) technology with the
qNano instrument (Izon Science, Christchurch, New Zealand).
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In this system, a membrane including a tunable submicron-sized
pore separates two fluid chambers, one containing the sample to
be analyzed, the other an electrolyte solution. A voltage is applied
across a membrane, resulting in an ionic current. While passing
through the pore, the particles generate a “blockade” event,
which in turn generates a pulse that is directly proportional to
the particles’ volume, while the blockade rate is related to particle
concentration. In the present setup, a NP150 membrane was
used. The concentration of particles was standardized using a
CPC100 calibration solution diluted 1:10000 (110 nm mean
carboxylate polystyrene beads; raw concentration 1.00E+12).

Functional Assays
Macrophage Functional Assay
RAW 264.7 murine macrophages (passages 12-15) were cultured
in DMEMHigh Glucose 5% FBS. For the assay, cells were seeded
in sextuplicate in a 96-well plate (40.000cel/well) for 24h and
were stimulated with or without LPS from E. coli O111:B4
(L4391, Sigma) at a dose of 10ng/mL, plus dexamethasone
(D4902, Sigma) at a dose of 1µg/mL or plus nEV or iEV
(5,00E+7, 5,00E+8, 5,00E+9 EV) for 16h. After that, cell
culture supernatant was taken and analyzed for IL-10
concentration following manufacturer’s instructions (mouse
IL-10 ELISA kit DY417, R&D).

Endothelial Functional Assay
80 µl of Matrigel Matrix (Corning) were seeded in the 96-well
plate and left to polymerize at 37°C, 5% CO2 for at least 30
minutes. SVEC4-10 cells with 5,00E+9 EVs were resuspended in
96µl DMEM, supplemented with 10% FBS seeded on the
solidified matrix and incubated for 4 hours at 37°C 10% CO2.
DMEM low glucose with 10% heat-inactivated FBS was used as
control. After the incubation, pictures were taken with a phase
contrast inverted microscope (Olympus) and analysis were
performed with ImageJ Angiogenesis Analyzer.

Western Blot Analysis
For the western blot analysis, both naïve and induced mMSC and
EV were lysed in RIPA buffer and then incubated with Laemmli
buffer with b-mercaptoethanol for 5 min at 95°C, for complete
protein denaturation. Then, samples were loaded and resolved in
an SDS-polyacrylamide 4-12% gel at 140V and blotted using
semi-dry transfer for 7 min at 25V to polyvinylidene difluoride
membranes (PVDF) (GE Healthcare Life science). Membranes
were blocked with 5% BSA in TBS-Tween for 1h at room
temperature and then incubated with primary antibodies
overnight: mouse monoclonal ALIX antibody 1:500
(MA183977, Thermofisher), rabbit polyclonal TSG-101
antibody 1:1000 (ab-125011, Abcam), diluted in 1% BSA in
TBS-Tween. After washing, membranes were incubated with
secondary antibodies: goat- anti rabbit-HRP 1:5000 (65-6120,
Thermofisher) and goat anti-mouse-HRP 1:5000 (62-6520,
Thermofisher) for 1h at room temperature. After washing,
bands were evidenced by means of ECL Plus Western blotting
analysis system (32134, Thermofisher).
Frontiers in Immunology | www.frontiersin.org 3
Transmission Electron Microscopy (TEM)
One drop of EVs solution (about 25µl) was placed on 400 mesh
holey film grid; after staining with 1% uranyl acetate (for 2
minutes) the sample was observed with a Tecnai G2 (FEI)
transmission electron microscope operating at 100 kV. Images
were captured with a Veleta (Olympus Soft Imaging System)
digital camera.
Mouse Model of Colitis
C57BL/6J mice were purchased from Charles River Laboratories
(Calco, Italy). All mice used as primary cell donors or recipients
were between 8 and 12 weeks of age. Procedures involving
animals and their care conformed to institutional guidelines in
compliance with national (4D.L. N.116, G.U., suppl. 40, 18-2-
1992) and international (EEC Council Directive 2010/63/UE;
National Institutes of Health Guide for the Care and Use of
Laboratory Animals) law and policies. The protocol was
approved by the Italian Ministry of Health, Division of
Veterinary Medicine (protocol n°861/2016-pr, risp. a prot
c35de.2 #195042387#). All efforts were made to minimize the
number of animals used and their suffering. Colitis was induced
in C57BL/6N mice by administration of 3% dextran sulfate
sodium (DSS) (molecular mass, 40 kDa; Sigma Aldrich) in
drinking water for 6 days followed by 3 days on plain water.
Mice with colitis were divided into five treatment groups as
described in Table 1 and received an intraperitoneal injection
(IP) of MSCs on days 4 and 8 or of EVs on days 4, 6 and 8. Both
MSCs and EVs were suspended in 200 mL of PBS. Control mice
received PBS only. To administer an amount of EVs
approximately proportional to the number of injected MSCs,
we calculated the EV dose based on the following assumptions:
i) the transplanted MSCs remain active in the host tissue
for about 24-48 hours (24, 25); ii) the transplanted MSCs
produce an amount of EVs comparable to that produced in
vitro in standard 2D culture conditions in this time period (about
1.00E+3 EVs per cell according to our experience). The
severity of colitis was assessed daily by measurement of
weight loss and of disease activity index (DAI). DAI was
calculated on the degree of diarrhea and of visible fecal blood
as described by Cooper et al. (26). Mice were euthanized on
day 10. The entire colon was removed, and colon length was
measured. The colon was opened longitudinally and rinsed with
physiological saline to remove fecal residues. Tissue samples
were stored in liquid nitrogen for subsequent analysis or
embedded in paraffin.
TABLE 1 | Experimental groups.

Group N Intraperitoneal (IP) Treatment

Healthy, untreated (UT) 5 none
Colitis + vehicle only (PBS) 5 200mL/administration
Colitis + MSCs 5 4.00E+6/administration
Colitis + iMSCs 5 4.00E+6/administration
Colitis + nEVs 5 1.00E+9/administration
Colitis + iEVs 5 1.00E+9/administration
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Histopathological Analysis
The colon, from the rectum to the ileo-cecal junction, was entirely
sampled for histopathological evaluation. It was cut longitudinally
and fixed in 10% buffered formalin for 2 days. The colon was then
paraffin-embedded; 5-µm-thick sections were sliced and stained with
Hematoxylin and eosin. The colonic mucosa had a quite patchy
aspect, showing the alternation of lesions and almost normal mucosa.
The intestinal lesions were evaluated through the following score: 0,
no inflammation or crypt damage; 1, mild inflammation and damage
of the basal 1/3 of crypts; 2, moderate inflammation and damage of
the basal 2/3 of crypts; 3, severe inflammation with total crypt loss,
although in the presence of surface epithelium; 4, severe
inflammation with total crypt loss, in the absence of surface
epithelium. The total colitis score was then calculated by
multiplying the above score for the percentage of damaged colonic
mucosa. In particular, this percentage was calculated by dividing the
total length of the injured colonic areas for the total length of the
colon (from the rectum to the ileo-cecal junction and without
considering the cecum).

Lymph Node Cell Isolation and Flow
Cytometry
Single cells suspensions were prepared from mesenteric lymph
nodes (MLN) by forcing the organs through an 80µm mesh
(Sigma-Aldrich). Cells were washed twice with PBS and then
suspended in Flow Cytometry Staining Buffer (eBioscience). To
block unspecific binding of antibodies, cell suspensions were
incubated with an anti‐CD16/32 mAb (2.4G2, eBioscience) for
15 min on ice and then stained with combinations of the
following fluorochrome-labeled antibodies against surface
markers for 30 min on ice: CD3 (17A2, eBioscience), CD4
(GK1.5, eBioscience), CD69 (H1.2F3, Abcam), and CD25
(PC61.5, eBioscience). Intracellular staining for FoxP3 (FJK-
16s, eBioscience) was performed using the FoxP3/
Transcription factor staining buffer set (eBioscience) according
to the manufacturer’s instructions. Flow cytometric analysis was
performed using a FACSCalibur based on CellQuest software
(BD-Becton Dickinson, Franklin Lakes, USA). T cell effectors
(Teff) were defined by: CD3, CD4, CD69+. T cell regulators
(Treg) were defined by: CD3, CD4, CD25, FoxP3+.

Immunohistochemistry
Slides Deparaffinization
Slides were incubated twice for 5’ in xylene, and then hydrated in
a series of ethanol solution at decreasing concentration (100%/
T

A

C
R
R
M
R
G
G
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100%/95%/80%) for 3 minutes each and then placed in distilled
water. To completely deparaffinize samples without disrupting
their morphology and without damaging surface epitopes, slices
were placed in a pre-heated bath at 90°C with a Trisodium
Citrate pH 6,03 buffer solution for 30 minutes. Slides were rinsed
with PBS-Tween20 0.05% for two minutes.

Immunofluorescence
A solution of glycine 0,1 M to block unspecific binding with
antibodies, and then permeabilized with a solution of 1% BSA
and 0.02% NP40 in PBS for 1h at room temperature. Primary
antibodies were diluted in 1% BSA solution in PBS and used
accordingly to Table 2. Slides were washed in PBS and incubated
with secondary antibodies at 37° C for 1 hour. Hoechst (H3570
Life technologies) 1:10000 in PBS was used for 15 minutes to
mark nuclei and mounting medium (Dako S3023) was used to
seal the slides. Pictures were taken using confocal LSM 800 Zeiss
at 20X of magnitude. Cells positive for each antibodies and
Hoechst were counted and expressed as percentage of positive
cells/field.

Immunohistochemistry Was Performed With CD31
0.3% hydrogen peroxide for 10 min at room temperature was
used to remove endogenous peroxidase activity and blocking
serum for 30 min at room temperature. After primary antibody
incubation with anti-mouse/rabbit serum (DAKO EnVision -
TM Peroxidase, Rabbit, Dako Corporation, Carpinteria, CA) for
30 min at room temperature, 3,3=-diaminobenzidine (Sigma-
Aldrich, Milan, Italy) was used. Counterstained with
hematoxylin was performed. Negative controls were also done.
Pictures were taken with a Leica DM4500B microscope coupled
with a DFC320R2 camera for image acquisition and analyzed
using Fiji software Color deconvolution/H DAB to analyze the
signal of CD31. Threshold software was used to quantify area
with positive CD31 signal, data were expressed as percentage of
tissue covered per field.

Sirius Red
To quantify Collagen I on our samples, staining for Sirius red was
performed. Hematoxylin staining for nuclei using Gills
Hematoxylin solution nr.3 (Bio Optica 05-M06015) followed
by staining with Sirius red solution (Sigma Cat #P6744-16A)
following manufacturer’s instruction. Mounting medium (Fluka
03989) was used. Ten random pictures were taken at 10X
magnitude with Leica B5000 inverted microscope and
ABLE 2 | Antibody list.

ntibodies Dilution Incubation condition Clone Ref

D31 1:50 O.N. 4°C JC70A M0823 (Dako)
abbit anti-iNOS 1:80 O.N. 4°C EPR16635 Ab178945 (abcam)
abbit anti-CD163 1:50 O.N. 4°C EPR19518 Ab182422 (abcam)
ouse anti-Muc5ac 1:80 O.N. 4°C 45M1 MA512178 (Invitrogen)
at anti-CD45 1:100 O.N. 4°C IBL-3/16 MCA1388 (Biorad)
oat anti-Mouse IgG Secondary Antibody, Alexa Fluor 594 1:200 1 h 37°C Polyclonal A11005 (Life Technologies)
oat anti-Rat IgG Secondary Antibody, Alexa Fluor 488 1:200 1 h 37°C Polyclonal A11006 (Life Technologies)

Goat anti-Rabbit IgG Secondary Antibody, Alexa Fluor 594 1:200 1 h 37°C Polyclonal A21442 (Life Technologies)
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quantification of collagen was performed with Fiji software
(plugin color deconvolution for Fast Red Fast Blu DAB), that
was quantified using Fiji’s Threshold software. Threshold
provide us the percentage of area stained in comparison with
the dimension of the picture and results were expressed as
Collagen I deposition/field (%).

Quantitative Real Time pCR
RNA was extracted using Rneasy Kit (Qiagen) from samples
previously snap frozen in liquid nitrogen. Quantification and
assessment of RNA quality were obtained with Nanodrop 2000
(Thermoscientific). High Capacity cDNA Reverse Transcription
kit (Applied Biosystems) was used and qRT-PCR was performed
with Platinum® Syber Green Mix (Lifetechnologies) using Roche
thermocycler. A relative quantification (RQ) was calculated by
DDCt methods. Beta2microglobulin was used as reference gene
for normalization. Primer sequences used are listed in Table 3.
All graphs displayed were produced with GraphPad software 6.
Data are displayed as means ± standard deviation

Statistical Analysis
Normally distributed variables are presented as mean ± SD.
Comparisons of categorical variables were carried out using one-
way ANOVA followed by Bonferroni’s Multiple Comparison
Test. P<0.05 was assumed statistically significant. Statistical
analysis was performed by the use of IBM SPSS Statistics
version 20(SPSS Inc., Chicago, IL, USA).
RESULTS

Characterization of MSCs and EVs
The naïve murine MSCs (nMSCs) and the induced MSCs
(iMSCs) fulfilled the minimal criteria that define MSCs (27);
they appeared spindle shaped and distributed as swirling
(Supplementary Figures 1A–C). Moreover, both nMSCs and
iMSCs were positive for the classical mesenchymal markers Sca1-
A, CD105, CD44, CD29 and negative for the hematopoietic
markers CD45, CD117 as demonstrated by the flow cytometric
analysis (Supplementary Figures 1B, D). EVs expressed CD9,
CD63 (23) as well as ALIX and TSG101 (Figure 1F). Tunable
Resistive Pulse Sensing (TRPS) analysis of EVs isolated from
nMSCs and iMSCs, demonstrated two homogeneous populations
with particle size mostly below 100 nm, with no significant
differences between naïve EVs (nEVs) and induced EVs (iEVs)
(Figures 1A, B). Transmission electron microscopy (TEM)
Frontiers in Immunology | www.frontiersin.org 5
identified EVs as a group of heterogeneous spheroids with the
size ranging from 30 to 100 nm (Figures 1D, E). No apoptotic
bodies were detected (28). Notably, EV particles/cell was
increased by approximately three-fold in the medium of
cytokine-conditioned MSCs (Figure 1C).

The immunomodulatory activity of EVs was evaluated in
vitro by analyzing their dose-response effects on the production
of the anti-inflammatory cytokine IL-10 by LPS-stimulated
macrophages. Three different doses were tested (5,00E+7,
5,00E+8, 5,00E+9 nanoparticles respectively). Both nEVs and
iEVs significantly increased IL-10 secretion after LPS treatment
at the highest dose (Figure 1G). The effect of iEVs on
angiogenesis in vitro was analyzed with a tube formation assay
using the highest EV dose of the previous immunological test.
The anti-angiogenic effect of iEVs is shown in Figure 1H:
segment length and meshes area were drastically decreased in
iEV treated cells. Representative pictures of the tube morphology
derived from nEV and iEV treatment are shown in panel 1I.

EVs but Not MSCs Administration
Ameliorates Clinicopathological Signs
of Colitis
Treatment with DSS was administered in drinking water for 6
days. MSCs were injected at days 4 and 8 (Figure 2A) and EVs at
days 4, 6 and 8 (Figure 3A). MSC dose was in the order of 106,
similar to the one shown to be effective in previous publications
on the treatment of DSS-induced colitis (29–31). We observed
that the administration of both nMSCs and iMSCs worsened the
typical signs of colitis evidenced by weight loss and colon length
reduction with a trend to increased DAI (Figures 2B–E).
Macroscopic examination of colons showed strong hyperemia
and inflammation associated with the decrease in colon length
(Figures 2F, G). Histological analysis of colon mucosa showed
patchy areas of inflammatory infiltrate with tissue necrosis and
ulcer formation. In line with these results, the severity of
histological injury was increased in MSC-treated groups
(Figures 2H, I).

With regards to the treatment with EVs, we set the doses in
our previous work (32). We found that nEVs did not ameliorate
body weight loss and colon length reduction, although it resulted
in a modest but significant improvement in DAI (Figures 3B–E).
Histomorphometric analysis did not show any appreciable effect
of nEVs on colon mucosa (Figure 3I). However, treatment with
iEVs was associated with normalization of body weight and with
a significant improvement in DAI, although with a non-
significant change in colon length (Figures 3F, G). Moreover,
TABLE 3 | Primer list.

Primers Forward Reverse NM Product length (bp)

NOS2 GCAGGTCTTTGACGCTCGGA ATGGCCGACCTGATGTTGCC NM_010927.3 105
Arg1 AGACCACAGTCTGGCAGTTGG AGGTTGCCCATGCAGATTCCC NM_007482.3 136
CD31 AGCCTCACCAAGAGAACGG GTGGGGACAGGCTCATAAATAC NM_001032378.2 150
Ang1 CAGTGGCTGCAAAAACTTG AGACTGGTTCCTATCTCAAGC NM_001286062.1 119
Vegf CTCCACCATGCCAAGTGGTC GTCCACCAGGGTCTCAATCG NM_001025250.3 126
B2micro GCTTCAGTCGTCAGCATGG CAGTTCAGTATGTTCGGCTTCC NM_009735.3 149
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FIGURE 1 | Characterization of extracellular vesicles derived from mesenchymal stromal cells. (A) Representative size distribution of nEV and of (B) iEV analyzed by
Resistive Pulse Sensing. (C) Number of nEVs and of iEVs secreted per cell. Result are mean ± standard error (n = 5 independent experiments, *P < 0.05).
(D) Transmission electron microscopy analysis of freshly nEVs (E) and of freshly iEVs; scale bar refers to 200 nm. (F) Western Blot of nEVs and iEVs for TSG101 and
Alix. (G) Macrophage functional assay. IL-10 quantification after LPS cell treatment. (n = 3 independent experiments, *P < 0.05). (H, I) Endothelial functional assay.
Segment length and meshes area were measured after nEVs and iEVs treatment. (I) Representative phase contrast images. Scale bar: 100mm.
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the histomorphometric and colitis score analysis confirmed the
beneficial effect of iEVs evidenced by a strong reduction of
necrotic mucosal surface (Figures 3H, I).

Different Effects of Unprimed or Cytokine-
Primed MSCs and of Their Secreted EVs
on Intestinal Macrophage Polarization
Induction of colitis was associated with an increased infiltration
of CD45+ cells in colon tissue. This parameter did not show
significant differences between the different treatments (nMSC vs
iMSC and nEVs vs iEVs) (Figures 4A and 5A). Specifically,
nMSCs administration tended to induce an anti-inflammatory
polarization in macrophages. This effect was statistically
significant when analyzing the Nos2/Arg1 ratio by qRT-PCR
(Figure 4D) and there was a trend when analyzing iNOS+/
CD163+ cell ratio by immunofluorescence (Figure 4E).
Conversely, the administration of iMSCs polarized
macrophages to a pro-inflammatory phenotype. Indeed, both
Frontiers in Immunology | www.frontiersin.org 7
the ratio of the genes Nos2/Arg1 and of the proteins iNOS+/
CD163+ cell ratio was significantly higher (Figures 4B–E). No
effect of MSC administration (either naïve or induced) was
observed on the Treg/Teff ratio at the level of the intestinal
lymph node as the ratio were similar to that of the PBS group
(Figure 4F). With regards to the administration of nEVs, they
did not show a clear effect on macrophage polarization nor on
Treg/Teff ratio, although a reduction of iNOS expression (M1
marker) was observed by immunofluorescence of colon tissue
(Figures 5B–F). However, administration of iEVs promoted
macrophage polarization to an anti-inflammatory phenotype,
as shown by a decrease in both the Nos2/Arg1 ratio and iNOS+/
CD163+ cell ratio. In particular, immunofluorescence analysis
showed a significant reduction of the M1 marker iNOS and a
significant increase of the M2 marker CD163 in colon tissue of
iEV-treated animals (Figures 5B–E). This finding was associated
with a significant increase in the Treg/Teff ratio at the level of the
intestinal lymph node (Figure 5F).
C D E
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G H

A B

FIGURE 2 | MSC administration worsens colitis in mice. (A) Experimental design. DSS was given in drinking water for 6 days followed by three days on plain water.
MSCs were injected intraperitoneally on days 4 and 8. Weight loss (B), Percent weight loss (C) and disease activity scores (D) were determined daily. (E) Disease
activity index at 10 days. Colon length (F, G), histomorphometric score (H) and colitis score (I) were determined on day 10. Scale bars, 50 mm. Results are mean ±
standard error (n = 5). *P < 0.05, **P < 0.01, n.s. = not significant.
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Different Effects of MSCs and of Their
Secreted EVs on Collagen Deposition and
Angiogenesis
Both nMSCs and iMSCs increased collagen deposition in colon
mucosa, however statistical significance was achieved only with
the administration of the latter (Figure 6A). The presence of the
endothelial marker CD31 was used to assess angiogenesis by
qRT-PCR and immunocytochemistry. CD31 expression was
increased at protein level, although to a significant extent only
in the group treated with unprimed MSCs (Figure 6B). Gene
expression of CD31, Ang1 and Vegf was down regulated in both
naïve and primed MSCs groups (Figure 6C). Conversely, both
collagen deposition and angiogenesis were significantly reduced
in the iEV-treated group. In the same group of mice, CD31, Ang1
and Vegf gene expression decreased as well as CD31 detected as
Frontiers in Immunology | www.frontiersin.org 8
protein in the colon tissue. nEVs administration had no effect on
both parameters (Figures 6D–F). This finding suggests that iEVs
are best suited as an anti-angiogenic agent.

Effects of MSCs and of Their Secreted EVs
on Mucin 5ac in Colon Mucosa
In order to investigate the intestinal mucosa at functional level,
the expression of mucin 5ac was analyzed. The treatment with
DSS significantly reduced mucin 5ac expression, suggesting loss
of functionality. However, this protein increased in colon mucosa
of mice receiving unprimed MSCs in respect to PBS treated
animals (Figure 7A), while iMSCs had no effect (Figure 7A). Of
note, a strong 8-fold induction of MUC5ac was observed in mice
receiving iEVs, suggesting a regenerative action of iEVs, yet the
administration of nEVs had no significant effect (Figure 7B).
A
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FIGURE 3 | EVs improve the clinicopathological signs of colitis. (A) Experimental design. DSS was given in drinking water for 6 days followed by three days on
plain water. EVs were injected intraperitoneally on days 4, 6 and 8. Weight loss (B), Percent weight loss (C) and disease activity scores (D) were determined daily.
(E) Disease activity index at 10 days. Colon length (F, G), histomorphometric score (H) and colitis score (I) were determined on day 10. Scale bars, 50 mm. Results
are mean ± standard error (n = 5). *P < 0.05, **P < 0.01, n.s. = not significant.
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DISCUSSION

Chronic intestinal inflammation results from the interaction of
genetic, immunological and environmental factors. Recently,
Mesenchymal Stromal Cells (MSCs) have been approved by
the European Medicines Agency for the treatment for Crohn’s
fistulas resistant to conventional therapy and biologics. The
effectiveness of MSC therapy probably relies on its complex
immune regulatory rather than suppressive properties, being
able of redirecting both the innate and the adaptive and innate
immune system towards an anti-inflammatory, pro-regenerative
response. However, cell dosages and timing are still based on
insufficient experience and may be limited by high production
costs (33). Even more critical, administered MSCs may behave
differently in different patients. MSCs secrete soluble factors such
as indoleamine 2,3-dioxygenase (IDO), involved in the
catabolism of the essential amino acid tryptophan (34). This
results in the degradation of tryptophan and accumulation of
toxic kynurenines with inhibition of T cell proliferation.
Upregulation of stress response pathways such as inducible
nitric-oxide synthetase (iNOS) variably contributes to MSCs-
Frontiers in Immunology | www.frontiersin.org 9
induced immune suppression, with notable species differences (5).
During MSCs-mediated immunomodulation, proinflammatory
cytokines have been shown to play a key role, provoking MSCs to
express iNOS (in rodents) or IDO (in humans) associated with T
cell suppression. Waterman et al. (7) described a different
immunomodulatory mechanism of MSCs that can polarize to a
proinflammatory or to an immunosuppressive phenotype
depending respectively on Toll-like receptor (TLR) 4 or TLR3
priming, thus again depending on the characteristics of the
inflammatory environment. These findings suggest that it is
important to be aware of the potential differential effects of
cytokines or drugs on the expression and activity of IDO when
applying MSCs in the treatment of disease, as they are a critical
switch that determine the immunomodulatory fate of MSCs.

Several reports confirmed the immunomodulatory and pro-
regenerative effects of MSCs and their secreted EVs. However, we
obtained strikingly different results in our well-established
murine model of DSS-induced colitis. In this experimental
setup, administration of MSCs (both unprimed and cytokine-
conditioned) worsened the clinical signs of colitis, as shown by a
decreased body wt and by a trend to an increased DAI.
A

B

C

D E F

FIGURE 4 | Administration of cytokine-conditioned MSCs is associated with pro-inflammatory polarization of intestinal macrophages. (A) CD45 pan lymphocyte IF.
CD45 positive cells are equally present in nMSCs and iMSCs treated mice. (B, C) Immunofluorescence labeling of macrophage polarization markers in colon
mucosa: IF (left), quantification (right). iMSCs induce iNOS protein, M1 marker. (D) qRT-PCR M1/M2 ratio: iEVs administration results in a significant presence of anti-
inflammatory Arg1 gene. (E) protein M1/M2 ratio. (F) Treg/Teff ratio in the intestinal lymph node. Scale bar: 50mm. Results are mean ± standard error (n = 5).
*P < 0.05, **P < 0.01.
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Moreover, the histomorphometric scores of colitis were
significantly worsened in both MSC-treated groups. It was
reported that the therapeutic efficacy of MSCs in experimental
colitis could be improved by priming with pro-inflammatory
cytokines (35, 36). We have thus treated a group of mice with
MSCs conditioned with a cytokine cocktail (iMSCs) known to
enhance the cell immunomodulatory and anti-angiogenic
activity (20, 21). However, iMSC administration also worsened
colitis compared with the PBS-treated (control) group. Even if
several reports describe the therapeutic efficacy of MSCs in DSS-
induced colitis (29–31, 37–39) a worsening effect of these cells in
the present model was reported by other investigators (40). It was
also reported that MSCs can revert to a pro-inflammatory
phenotype in collagen-induced arthritis (41, 42). It should be
noticed that we used murine (syngeneic) MSCs in order to avoid
possible bias due to species differences, as in the work of Nam
et al. (40). However, improvement of DSS-induced colitis was
described following administration of syngeneic (31, 43),
allogeneic (37, 38) and xenogeneic (human) MSCs (29). The
opposite effects observed by us and by Nam et al. are probably
resulting from the poor reproducibility of the experimental
model that can be influenced by strain differences and by
environmental factors, the latter possibly affecting the
composition of intestinal microbiota and thus the local
Frontiers in Immunology | www.frontiersin.org 10
immune response (44, 45). However, our results confirm that
the effect of exogenous MSCs can be unpredictable, likely
depending on poorly understood host environmental factors.

Administration of EVs secreted by unprimed nMSCs was not
effective in ameliorating clinical and histomorphometric indexes
of colitis, although a trend to improvement was present both in
the DAI and in the histomorphometric score. However,
administration of iEVs, obtained from cytokine-conditioned
MSCs, was associated with a significant improvement in all
clinicopathological parameters of disease.

The effects of cytokine priming onMSCs and the composition
of iEVs vs. nEVs were characterized previously (23, 46). MSC
stimulation with the cytokine cocktail described here resulted in
the enhanced secretion of several specific proteins involved in
inflammation and angiogenesis (46), including matrix
metalloproteases (MMPs), which are considered both effectors
and regulators of several biological processes since they can
activate, inactivate or antagonize growth factors, cytokines and
chemokines by proteolytic processing. In a more recent study, it
was demonstrated that cytokine-stimulated MSCs produce EVs
that are enriched in the anti-angiogenic metalloprotease TIMP-1
(23). Moreover, these iEVs carry CD39 and are particularly
enriched in CD73 (23). Since the combination of CD39 and
CD73 degrade ATP, ADP, and AMP to adenosine, these iEVs
A

B

C

D E F

FIGURE 5 | EV administration reverts macrophage polarization to an anti-inflammatory phenotype and improves M1/M2 and Treg/Teff ratio. (A) CD45 pan
lymphocyte IF. CD45 positive cells are equally present in PBS, nEVs and iEVs treated mice. (B, C) Immunofluorescence labeling of macrophage polarization markers
in colon mucosa: IF (left), quantification (right). iEVs induce CD163 protein, M2 marker. (D) qRT-PCR M1/M2 ratio: iEV administration results in a significant presence
of anti-inflammatory Arg1 gene. (E) protein M1/M2 ratio. (F) Cytofluorimetric analyses of freshly isolated cells form intestinal lymph node: Treg/Teff ratio. Scale bar:
50mm. Results are mean ± standard error (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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might be viewed as “immunological switches” that shift ATP-
driven pro-inflammatory immune cell activity toward an anti-
inflammatory state mediated by adenosine (47). Extracellular
adenosine reduces the expression of adhesion molecules in
endothelial cell, thus preventing the recruitment of leukocytes
into the injured tissue (48, 49). Angioni et al. (23) also identified
a novel anti-angiogenic mechanism of iEVs based on adenosine
production, triggering of A2B adenosine receptors, and
induction of NOX2-dependent oxidative stress (leading to
apoptosis) within endothelial cells. In the present work we
confirmed the anti-angiogenic effect of iEVs in an in vitro tube
formation assay and demonstrated that these nanoparticles can
also polarize macrophages to an anti-inflammatory phenotype in
vitro (Figure 1). Thus, MSC stimulation with the present
Frontiers in Immunology | www.frontiersin.org 11
cytokine cocktail results in the production of EVs targeting
both inflammation and angiogenesis at several levels.

Previous reports in animal models of experimental colitis (50,
51) described beneficial effects of allogeneic (rat) or xenogeneic
(human to mice) bone marrow-derived MSC-EVs. We cannot
exclude that the trend to improvement observed in our nEV
treated group could become significant with higher EV dosages.
MSC dose in mice was in the order of 106, similar to the one
shown to be effective in previous publications on the treatment of
DSS-induced colitis (29–31). As described in the manuscript, in
choosing the EV dose we empirically applied the cell/EV ratio of
1:1000. This EV dose per Kg body wt was shown to be effective in
animal models of lung injury in previous publications by others
and by us (32, 52, 53) and in a patient with GVHD (54).
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FIGURE 6 | MSCs and iEVs exert opposite effect on fibrogenesis and angiogenesis in mice with colitis. (A) Collagen deposition in colon mucosa: Sirius red (left),
quantification (right). (B) Quantitative CD31 staining as a measure of angiogenesis in colon mucosa: immunocytochemistry (left), quantification (right). (C) qRT-PCR of
CD31, Angiopoietin, Vegf genes. All the genes were down regulated in nMSCs and iMSCs injected mice. (D) Collagen deposition in colon mucosa: Sirius red (left),
quantification (right). (E) Quantitative CD31 staining as a measure of angiogenesis in colon mucosa: immunocytochemistry (left), quantification (right). (F) qRT-PCR of
CD31, Angiopoietin, Vegf genes. With the exception of CD31 in nEVs, Angiopoietin and Vegf were down regulated in nEVs and iEVs injected mice. Scale bar: 50mm.
Results are mean ± standard error (n = 5). *P < 0.05, **P < 0.01.
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However, we clearly demonstrated that, at similar dosages, the
therapeutic efficacy of EVs is greatly enhanced by cytokine
preconditioning of the parent cells. More importantly, we
showed that MSC-EVs exert a beneficial effect in the same
pathologic environment that is on the contrary adversely
affected by administration of their parent cells. To our
knowledge, this is the first in vivo demonstration that EVs can
produce opposite effects with respect to their cells of origin.
Moreover, these findings suggest that the effects of EVs can be
more reproducible than their parent cells. Indeed, unlike cells,
EVs carry a definite set of signals, which should not be modified
by exposure to host environmental factors.

Colitis induced by short-term DSS administration is an acute
model of mucosal inflammation involving innate immune
mechanisms, resulting in macrophage and neutrophil
infiltration (45). Therefore, this model does not mirror the
complexity of chronic IBD. However, the central role of
macrophages in the pathogenesis of IBD is well recognized (39,
55). The expression of iNOS2, a molecular marker of M1
activation, was increased following induction of colitis and
remained high in the two MSC- treated groups, consistently
with the clinicopathological data. The expression of CD 163 as a
marker of M2 activation was more variable, showing an increase
in the nMSC-treated group and a decrease in the iMSC-treated
mice. An opposite behavior was again observed in the EV-treated
groups: the M1 activation marker was significantly decreased in
both nEV-treated and iEV-treated mice, and the M2 activation
marker was significantly increased in the iEV-treated mice.
Clearly, the complexity of the macrophage activation states
cannot be fully described by changes in the above molecular
markers. However, such changes are consistent with the
clinicopathological improvements observed in EV-treated mice
and with lymphocyte profile in the intestinal lymph node. As
discussed above, nMSCs tended to polarize the macrophages to
an anti-inflammatory phenotype. However, only EVs suppressed
the expression of iNOS, a major effector of inflammation. This
observation might help explaining the differential effects of MSCs
and of their secreted EVs on the Treg/Teff ratio and on clinical
Frontiers in Immunology | www.frontiersin.org 12
and histological findings. Clearly, the mechanisms underlying
the effect of EVs on iNOS are currently unknown and require
further investigation. The development of colitis was associated
with a reduced Treg/Teff ratio, a finding that was not modified in
the groups treated with MSCs. The reduction of the Treg/Teff
ratio was also unaffected by nEV administration, but was
reversed in iEV-treated mice, consistently with the increased
M2 macrophage polarization observed in this group.

Inflammation, angiogenesis and collagen deposition that, with
time, strengthen fibrogenesis, are intimately intertwined processes.
Dysregulated angiogenesis is a hallmark of pathological processes
such as chronic inflammation and cancer (56, 57). Our results with
high expression of CD31 in nEVs treated mice and low expression
of the angiogenic protein in iEVs animals, suggest that the
increased therapeutic efficacy of iEVs compared to nEVs in
the present experimental model is probably multifactorial. The
apparent inconsistency between CD31% area and RQ expression
(Figure 6) could be explainedwith a diminished gene expression in
this time window, i.e. 3 days after interrupting DSS administration,
while the translated protein is still present in the tissue, We have
recently observed that EVs secreted by MSCs primed with IL1b,
IL6 and TNFa exhibit increased expression of CD73 (23). CD73
acts in concert with CD39 to degrade ATP, ADP, and AMP to
adenosine, shifting the ATP-driven pro-inflammatory immune
response toward an anti-inflammatory condition mediated by
adenosine (47). Therefore, amelioration of colitis could be at
least partially mediated by such enhanced anti-inflammatory
activity of iEVs. However, we also observed that iEVs exert a
strong anti-angiogenic activity mediated by the expression of
TIMP-1 peptide (23), consistently with the concept that
inflammation and angiogenesis are intimately interlinked (57,
58). In particular, angiogenesis is an important component in
the pathogenesis of IBD (59) and anti-angiogenic therapies have
been used in this disorder (60). Moreover, it was shown that
treatment with anti-angiogenic peptides ameliorates DSS-induced
colitis (61, 62). The anti-angiogenic activity of iEVs could thus
represent an additional mechanism responsible for the therapeutic
effects observed in the present work.
A

B

FIGURE 7 | iEVs strongly enhance Mucin 5ac in mice with colitis. (A) Quantification of MUC5ac in colon mucosa in nMSCs and iMSCs mice: IF (left), quantification
(right). (B) Quantification of mucin 5ac in colon mucosa in nEVs and iEVs mice: IF (left), quantification (right). Results are mean ± standard error (n = 5). *P < 0.05,
**P < 0.01, ***P < 0.001.
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Tissue fibrosis, with connective tissue replacing normal
parenchymal tissue, can result from excessive or dysregulated
inflammation (63). Scar formation resulting in intestinal
obstruction is a major complication In Crohn’s disease (64).
Collagen deposition was increased following induction of colitis
and was further increased in MSC-treated mice. On the contrary,
iEV-treated animals showed diminished collagen, likely resulting
from the reduced inflammatory injury observed in this group.

The mucus layer lining the epithelial surface of the intestine
has several functions, including the control of the passage of
nutrients and the regulation of host interactions with the
intestinal microbiota (65, 66). Secreted mucins are the major
proteins found in the mucus layer, with MUC2 being largely
predominant in the healthy intestinal mucosa, while MUC5AC
(human)/Muc5ac (murine) is alternatively secreted in IBD and
in experimental colitis (67). Previous studies both in mice and in
patients with IBD suggest that Muc5ac/MUC5AC expression in
the gastrointestinal tract is a tissue-protective response during
active inflammation (67, 68). Here, we show that MUC5ac was
reduced following the induction of chemical colitis, probably
because of mucosal cell destruction and of the detergent effect of
DSS on the mucus layer. Interestingly, administration of iEVs
resulted in a striking 8-fold increase of Muc5ac, likely because of
reduced epithelial injury and increased mucus secretion.
Increased mucus secretion could help restoring the intestinal
barrier, thus contributing to the observed reduction in mucosal
inflammation. Regulation of MUC5ac secretion is poorly
understood (67). Therefore, the mechanisms underlying these
novel findings are presently unknown and require further
investigation. Of note, nMSC administration was also
associated with a much lower but significant increase in
MUC5ac production. It thus seems that nMSCs do exert some
anti-inflammatory and pro-regenerative effects, but such effects
seem insufficient to overcome the strong inflammatory condition
associated with this animal model, as reported by others (40).

We should however emphasize that the present work
compares very different products. Since the composition of
secreted EVs is dependent on the response of the cells to the
environment (69), the EVs produced by MSCs in vitro are likely
quite different from those produced by the same cells in vivo.
Moreover, it is known that most exogenous cells will die within
hours from transplantation (70–72), further affecting both the
quality and the quantity of secreted EVs.

A major limitation of this study is the lack of a dose-response
assessment. In particular, administration of higher EV doses is
required to define the therapeutic range and to explore possible
side effects.

In summary, we show for the first time that EVs derived from
cytokine-primed MSCs can exert beneficial effects in vivo in the
same inflammatory condition that is on the contrary adversely
affected by their cells of origin. Our findings also suggest that the
effects of nEVs could be more reproducible with respect to their
cells of origin, supporting the concept of a better safety profile in
favor of these nanoparticles (73). In the present model, EVs
confirmed their pleiotropic effects, affecting several different
immunological pathways. However, additional mechanistic
Frontiers in Immunology | www.frontiersin.org 13
studies are needed to dissect the complex mode of action of
these nanoparticles in inflammatory conditions.
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