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Extracellular vesicles derived from ®

mesenchymal stromal cells mitigate
intestinal toxicity in a mouse model of

acute radiation syndrome
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Abstract

Background: Human exposure to high doses of radiation resulting in acute radiation syndrome and death can
rapidly escalate to a mass casualty catastrophe in the event of nuclear accidents or terrorism. The primary reason is
that there is presently no effective treatment option, especially for radiation-induced gastrointestinal syndrome. This
syndrome results from disruption of mucosal barrier integrity leading to severe dehydration, blood loss, and sepsis.
In this study, we tested whether extracellular vesicles derived from mesenchymal stromal cells (MSC) could reduce
radiation-related mucosal barrier damage and reduce radiation-induced animal mortality.

Methods: Human MSC-derived extracellular vesicles were intravenously administered to NUDE mice, 3, 24, and 48 h
after lethal whole-body irradiation (10 Gy). Integrity of the small intestine epithelial barrier was assessed by
morphologic analysis, immunostaining for tight junction protein (claudin-3), and in vivo permeability to 4 kDa FITC-
labeled dextran. Renewal of the small intestinal epithelium was determined by quantifying epithelial cell apoptosis
(TUNEL staining) and proliferation (Ki67 immunostaining). Statistical analyses were performed using one-way
ANOVA followed by a Tukey test. Statistical analyses of mouse survival were performed using Kaplan-Meier and Cox
methods.

Results: We demonstrated that MSC-derived extracellular vesicle treatment reduced by 85% the instantaneous
mortality risk in mice subjected to 10 Gy whole-body irradiation and so increased their survival time. This effect could
be attributed to the efficacy of MSC-derived extracellular vesicles in reducing mucosal barrier disruption. We showed
that the MSC-derived extracellular vesicles improved the renewal of the small intestinal epithelium by stimulating
proliferation and inhibiting apoptosis of the epithelial crypt cells. The MSC-derived extracellular vesicles also reduced
radiation-induced mucosal permeability as evidenced by the preservation of claudin-3 immunostaining at the tight
junctions of the epithelium.
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syndrome.

Mesenchymal stromal cell-derived extracellular vesicles

Conclusions: MSC-derived extracellular vesicles promote epithelial repair and regeneration and preserve structural
integrity of the intestinal epithelium in mice exposed to radiation-induced gastrointestinal toxicity. Our results suggest
that the administration of MSC-derived extracellular vesicles could be an effective therapy for limiting acute radiation

Keywords: Acute radiation syndrome, Gastrointestinal syndrome, Intestinal epithelial barrier, Medical countermeasures,

Introduction

Accidental or intended catastrophic nuclear/radiological
events represent a real threat of mass casualty catastrophe.
In such events, the exposed victims would be considered
“at increased risk” of developing exposure-related morbid-
ity and/or mortality, called acute radiation syndrome
(ARS). Whole-body irradiation (WBI) doses can be di-
vided into potentially sublethal (< 2 Gy), lethal (between 2
and 10 Gy), and supralethal (=10 Gy) [1-3]. For doses of
between 2 and 6 Gy, the hematopoietic (HP) injury is ex-
pected to be the major contribution to victim mortality
that occurs within weeks after exposure [2, 4, 5]. In this
case, acute radiation exposure triggers the death of
hematopoietic stem cells and progenitor cells leading to
myelosuppression and increased susceptibility to infection,
hemorrhage, and anemia [1-3, 6-8]. Following exposure
to higher doses (between 6 and 10 Gy), victims develop ir-
reversible HP and gastrointestinal (GI) injuries [1, 2, 9].
Radiation-induced GI syndrome is characterized by the
death of GI stem/progenitor cells, the drastic functional
dysregulation of the intestinal epithelium, and the loss of
digestive barrier integrity [8, 10]. Victims suffer from ab-
dominal pain, diarrhea, dehydration, intestinal bleeding,
and sepsis, and mortality occurs within 2 weeks of expos-
ure [3, 8]. Because the time window of opportunity for
intervention is very short, between 24 and 48 h after ex-
posure, most drugs under investigation are radioprotec-
tors or radiomitigators. Nevertheless, in 2006, a European
consensus was established for the treatment of accidental
radiation-induced HP syndrome [11, 12]. This treatment
involves the acute administration of a cytokine combin-
ation to stimulate residual hematopoiesis. In the case of ir-
reversible medullar aplasia, bone marrow transplantation
could be used. Although these treatments were efficacious
for HP syndrome management, they were not able to res-
cue GI syndrome in experimental models [13, 14]. Conse-
quently, GI syndrome remains intractable to clinical
intervention and is lethal for patients exposed to high
doses of radiation.

An innovative therapy using the administration of
mesenchymal stromal cells (MSC) has been proposed
for treating GI alterations in ARS syndromes [15, 16].
MSC have been reported to have pleiotropic properties
and have been tested in more than 1000 clinical trials

for the treatment of a wide range of diseases (http://
www.clinicaltrials.gov), including ones affecting the bone
marrow and GI tract. In 2006, it was proposed that MSC
exert their therapeutic effects through secretion of bio-
active factors [17, 18]. The action mechanisms of the
paracrine physiological functions of MSC include one
relating to their potential to release extracellular vehicles
(EVs), namely MSC-derived small EVs and/or microvesi-
cles [19-21]. The terms “MSC-derived small EVs” and
“microvesicles” actually refer to two different EV types
that differ through their biogenesis. MSC-derived small
EVs are derived from endosomes [22, 23], while micro-
vesicles are derived from the plasma membrane [24, 25].
Isolation of different EV types based on their biogenesis
is currently not practical or possible because we lack
specific biomarkers. The size and density of EVs are
commonly used for their isolation, but these factors can-
not distinguish among different EV types, whose bio-
physical parameters overlap [21]. Consequently, all
MSC-derived EV preparations described to date are
probably heterogeneous mixtures of different EV types
whose biogenesis is unknown. In this study, we estab-
lished that at least a fraction of the EVs in our prepar-
ation is derived from the endosome and so these EVs
are MSC-derived small EVs [26]. However, at least two
other EV types have been reported [27]. Since the MSC-
derived EVs in our preparation are between 50 and 200
nm (in supplementary data 1), the term “MSC-derived
EVs” in this paper is synonymous with “MSC-derived
exosomes” as per recent recommendations [21, 28].

Extensive studies have shown the regenerative poten-
tial of MSC-derived exosomes in many injured organs
such as the heart [29], the kidney [30], the liver [31], the
skin [32], and also the intestine [33].

The benefit seems to be directly correlated to their
ability to improve some processes taking place in each of
the main stages of tissue repair. Indeed, MSC-derived
exosomes have been described as attenuating inflamma-
tory and oxidative stress responses, promoting angiogen-
esis and the re-epithelization process [30, 32, 34-37].
Similarly, the therapeutic benefits of MSC for radiation-
induced intestinal toxicity might also be attributed to
the release of EVs, particularly the MSC-derived exo-
somes, which were already implicated as the mediator of
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MSC protection in necrotizing enterocolitis of the intes-
tine [33].

In this context, the aim of this study was to test the ef-
fect of MSC-derived EVs including exosomes on
radiation-induced GI toxicity. We used a model consist-
ing of mice subjected to lethal WBI in order to mimic
the overlapping of multi-organ failure observed in ARS.
To assess the therapeutic benefit of MSC-derived EVs,
we chose a WBI dose of 10 Gy, inducing, as we reported,
myelosuppression and high transient rupture of the in-
testinal barrier. We demonstrated that short-term MSC-
derived EV therapy significantly delayed time to death in
the WBI animals and this delay could be attributed to
the maintenance of intestinal barrier integrity.

Material and methods

All experiments were performed in compliance with the
Guide for the Care and Use of Laboratory Animals,
French regulations for animal experiments (Ministry of
Agriculture Order No. B92-032-01, 2006), and European
Directives (86/609/CEE) and approved by the Institute’s
local ethics committee (permit number: D92-032-01,
APAFIS#6503-2016082311257373v2).

Experimental design
In a first batch of the experiment, 4 groups of mice were
submitted to different doses (15, 13, 12, and 10 Gy) of
whole-body irradiation (WBI) and one group was not ir-
radiated (control group). Experiments were performed
to assess the survival rate of mice after WBI (between 15
and 31 animals per group). Three days after WBI, intes-
tinal barrier integrity was also studied by measuring
in vivo intestinal permeability (between 10 and 20 ani-
mals per group) and assessing the histological data (be-
tween 12 and 18 animals per group). In a second batch
of the experiment, 3 groups of mice were submitted to
10 Gy WBI and one group was not irradiated (control
group). The irradiated mice were then treated with PBS,
MSC, or MSC-derived EVs, and the non-irradiated mice
received only PBS. All mice received the treatment intra-
venously, through the retro-orbital sinus, 6 h, 24 h, and
48 h after irradiation for MSC-derived EVs (200 ug for
each injection) and 6 h after irradiation for MSC (5 mil-
lion in one injection). Like the first batch of the experi-
ment, 3 days after WBI, intestinal barrier integrity was
also studied by measuring in vivo intestinal permeability
(between 6 and 36 animals per group) and assessing the
histological data (between 18 and 24 animals per group).
Experiments to assess the survival rate of mice after 10
Gy WBI with or without therapy (MSC or MSC-derived
EVs) were also performed (between 11 and 19 animals
per group).

In a third batch of the experiment, 3 groups of mice
were submitted to 10 Gy WBI and one group was not

Page 3 of 15

irradiated (control group). The mice received treatment
as described above in the second batch of the experi-
ment. Mice were then sacrificed 24 h after irradiation (at
this time, the mice received a single injection of MSC or
a single injection of MSC-derived EVs), 48 h after irradi-
ation (at this time, the mice received a single injection of
MSC or 2 injections of MSC-derived EVs), or 72 h after
irradiation (at this time, the mice received a single injec-
tion of MSC or 3 injections of MSC-derived EVs) as
shown in Fig. 3. In this experiment, the apoptosis and
proliferation of epithelial crypt cells were assessed on
small intestinal sections by TUNEL assay or immuno-
staining by KI67 antibody, respectively. Between 4 and
24 animals per group was used; the two first batch of ex-
periments were realized three times, the third one only
one time.

Irradiation protocol

Male NUDE mice (Janvier SA, Le Genest St Isle, France)
6/8 weeks old were received and housed in a temperature-
controlled room (21 + 1 °C). They were allowed free access
to water and fed standard pellets. The mice were anesthe-
tized by a 2:1 (v/v) ketamine and xylazine mixture diluted
in 0.9% NaCl and injected at 0.1 ml/g, and a single WBI
dose was delivered by a medical accelerator (Alphée).
Alphée is an accelerator-type radiation source (maximum
energy 4 MeV with an average energy of about 1.5 MeV;
30 kA). The doses used were 15, 13, 12, and 10 Gy.

Preparation and administration of human MSC

BM cells were obtained after receiving the informed
consent of patients undergoing total hip replacement
surgery, and these were used in accordance with the
procedures approved by the human experimentation and
ethics committees of Hospital St-Antoine (France).
Between 10 and 20 ml of BM cells were harvested in a-
MEM (Invitrogen, Cergy, France) supplemented with
heparin. Total cells were then isolated from any bone
fragments. Nucleated cells were plated at 50,000 cells/
cm” in a-MEM supplemented with 10% fetal calf serum
(research grade FCS, Hyclone, Perbio, France), 1% L-glu-
tamine, 1% penicillin streptomycin, and 1 ng/ml B-FGF
(Sigma-Aldrich Chimie SARL, Lyon, France) as used in
clinics [38]. Culture flasks were incubated at 37 °C with
5% CO, in a humidified atmosphere. After 72 h, non-
compliant cells were removed, and the medium was re-
placed twice a week until 90% confluence was reached.
Samples of MSC from different donors were collected at
passage 2 for transplantation.

At the time of infusion, the MSC were characterized
by their expression of CD73 (SH3) and CD105 (SH2)
and the lack of their expression of CD45 using FACS
analysis and by their potential for osteogenic and adipo-
genic differentiation [39].



Accarie et al. Stem Cell Research & Therapy (2020) 11:371

Five million of human MSC were intravenously ad-
ministered in one injection 6h after 10 Gy WBI. The
controls received only the vehicle.

Preparation and administration of MSC-derived EVs

MSC were obtained from immortalized E1-MYC 16.3 hu-
man embryonic stem cells. The deviation of the cell line
was approved by the NUS Institution Review Board (IRB,
title of research protocol: Derivation of Lineage-restricted
cells from existing Human ES Cell Lines, the NUS-IRB ap-
proval number is NUS 188 and the NUS-IRB reference
code is 05-090). All isolations and characterizations of
MSC-derived EVs were performed as previously described
[40, 41], but with some modifications. Briefly, immortal-
ized E1-MYC 16.3 human embryonic stem cell-derived
MSC were cultured in DMEM (GE Healthcare, USA) with
10% fetal bovine serum (FBS) (Thermofisher Scientific,
Waltham, MA, USA). To obtain the EVs, 80% confluent
cells were grown in a chemically defined medium for 3
days and the conditioned medium was harvested as previ-
ously described (see PMID 17565974). The conditioned
medium was cleared of cell debris, fractionated, and con-
centrated 50x by tangential flow filtration using a mem-
brane with a molecular weight cutoff (MWCO) of 100
kDa (Sartorius, Gottingen, Germany). Its EV vyield was
assayed by protein concentration using a NanoOrange
Protein Quantification Kit (Thermofisher Scientific). Each
batch of EV preparation was qualified for its particle size
distribution (see below: nanoparticle tracking analysis in
supplementary data 1) and presence of exosome-
associated markers (see transmission electron microscopy
in Supplementary data 1).

The MSC-derived EVs were lyophilized by Paracrine
Therapeutics using a proprietary technique, stored at -
20°C, and re-constituted at a concentration of 1 pg/pl
with water for use. A total of 600 pug of MSC-derived
EVs was intravenously administered in three 200-pg in-
jections 6h, 24h, and 48 h after receiving 10 Gy WBIL
The controls received only the vehicle.

Nanopatrticle tracking analysis

The exosome was diluted 3000x with 0.22 pm filtered
PBS. The exosome size distribution was then measured
and analyzed by Zetaview® (Particle Metrix GmbH,
Meerbusch, Germany) according to the manufacturer’s
protocol.

Transmission on electron microscopy

Glow-discharged EM grids coated with Formvar/Carbon
(EMS) were floated on a 20-pl drop of purified exosome
fraction. The excess fluid was blotted away using filter
paper, and the exosomes adhering to the grid surface
were immune-labeled with mouse monoclonal anti-
CD81 antibody (Santa Cruz Sc-7637) followed by goat
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anti-mouse secondary antibody coupled with 6 nm gold
(EMS). Finally, the grids were fixed with 1% glutaralde-
hyde (EMS), washed, and embedded in a thin film of ur-
anyl acetate-methylcellulose (a 4% uranyl acetate and 2%
methylcellulose mixture in a 1:9 ratio) using the wire
loop technique. Samples were analyzed under a JEOL
transmission electron microscope (JEM-1010) operating
at 80 kV and equipped with an SIA model 12C 4K CCD
camera.

Survival curve analysis

NUDE mice were exposed to 15 Gy, 13 Gy, 12 Gy, or 10
Gy lethal doses of WBI. The therapeutic effect of MSC-
derived EVs was only assessed in NUDE mice subjected to
10 Gy WBI. Animal survival was monitored every 12 h.

Histology methods

Formalin-fixed, paraffin-embedded small intestines were
cut at 5pm on a rotary microtome (Leica Microsystems
AG, Wetzlar, Germany) and mounted on polysine slides.
The sections were deparaffinized in xylene and rehydrated
using ethanol baths and PBS. The hydrated sections were
then stained with hematoxylin, eosin, and saffron (HES).
The sections were studied for histological changes in the
mucosa of the small intestine, and morphometric analyses
were performed. We evaluated surviving crypts as a per-
centage of crypt containing 10 or more adjacent chromo-
philic cells and a lumen. We also assessed the villus height
of the small intestine (in micrometer). For each section of
the small intestine, between 30 and 100 measurements
(depending on the severity of the lesion) were performed
using image analysis software (Visiolab, Biocom, France).

Immunohistochemistry

The hydrated sections were dipped into a permeabilization
solution consisting of 0.1% Triton X-100 in PBS and
rinsed in a distilled water bath for 5 min. Endogenous en-
zymes were then blocked using 3% hydrogen peroxide
(H20,) in methanol for 10 min and washed again in a 50-
mM Tris buffer containing 9 g/l NaCl (TBS). To expose
masked epitopes, the tissues were incubated for 30 min in
10 mmol/l buffered citrate (pH 6.0). Non-specific antibody
binding was minimized by incubating the sections with a
protein-block solution (DakoCytomation X0909, DakoCy-
tomation, Courtaboeuf, France) for 30 min. The tissues
were incubated in the presence of the primary antibody,
Ki67 polyclonal rabbit anti-rat antibody (Abcam ab66155)
or claudin-3 polyclonal rabbit anti-rat (Thermofisher, PA-
16867) at a dilution of 1:1000 and 1:100, respectively, in
Dako antibody diluent for 60 min at 37 °C in a humidified
chamber. The sections were then rinsed in PBS buffer and
then incubated with Envision kit anti-mouse HRP (K4002,
DakoCytomation) for 30 min at RT. Staining was devel-
oped with Histogreen substrate (E109, Eurobio, Les Ulis,
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France). The sections were then counterstained with Nu-
clear Fast Red (H3403, VectorLabs, Burlingame, CA,
USA), dehydrated, and mounted. Isotype control anti-
bodies were used as negative controls. Proliferating cells
were determined using image analysis software (Visiolab).
A minimum of 30 crypts per section was measured. For
each crypt, we evaluated the number of KI67-positive epi-
thelial cells and expressed the results as the percentage of
positive cells per crypt.

TUNEL staining

The hydrated sections were incubated in a citrate buffer
(pH 6) for 3 three 5-min cycles in a 600-W microwave
oven, with 3 min between each followed by 5 min in tap
water. The slides were saturated for 30 min with PBS
BSA 1%, rinsed in PBS three times, and stained with the
In-Situ Cell Death Detection Kit (Roche Diagnostics) ac-
cording to the manufacturer’s guidelines. They were
then mounted with DAPI (Vector Laboratories, USA).
Apoptotic cells were determined using image analysis
software (Visiolab). A minimum of 30 crypts per section
was measured. For each crypt, we evaluated the number
of TUNEL-positive epithelial cells and expressed the re-
sult as the percentage of positive cells per crypt.

In vivo intestinal permeability assay

In vivo intestinal permeability was assessed using fluor-
escein dextran (FITC-Dextran 4, Sigma-Aldrich) as pre-
viously described [42]. The mice were orally gavaged
with 0.75 mg/g body weight of 4 kDa FITC-labeled dex-
tran, and blood samples were obtained from the retro-
orbital venous plexus 5 h after this administration. Blood
samples were centrifuged for 10 min at 5000 rpm, and
plasma was taken and frozen at — 20 °C and analyzed the
following day. Intestinal permeability to 4kDa FITC-
labeled dextran was determined by measuring the fluor-
escence intensity in plasma at 485 nm/525nm using an
automatic Infinite M200 microplate reader (Tecan, Lyon,
France).

Statistical analysis

Data are given as the mean + SEM (standard error of the
mean). The results were compared between groups by
one-way ANOVA followed by a Tukey test using Graph-
Pad 7.0 software (GraphPad, San Diego, CA). The results
were also compared between groups using normal or
Poisson regression models according to the nature of
the parameter of interest, continuous response (villus
height and intestinal permeability) or count data (apop-
tosis and proliferation), respectively.

The mouse survival curves were calculated by using
the Kaplan-Meier method, and the p value was deter-
mined by a log-rank test possibly adjusted for multiple
comparisons. The Cox survival model was used to assess
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the association between the MSC-derived EV therapy
and the risk of death [43]. The coefficients in a Cox re-
gression relate to hazard, which quantifies an increase in
the risk or a protective effect depending on the sign of
the fitted coefficients (positive or negative, respectively).
The significance analyses were set at ***p <0.0001, **p <
0.001, *p<0.05 vs the non-irradiated group; at %p <
0.0001, %p<0.001, Sp<0.05 vs the 10-Gy WBI group;
and at “*p <0.0001, “p < 0.001, *p < 0.05 irradiated mice
treated with MSC vs irradiated mice treated with MSC-
derived EVs. The regression and survival analyses were
conducted using MATLAB version 8.2.0.701 (R2013b),
and the graphical representations were generated using
GraphPad 7.0 software (GraphPad, San Diego, CA).

Results

Characterization of the NUDE mouse model: WBI-induced
severe hematopoietic injury is associated with dose-
dependent small intestine damage

In this part of the study using a severe injury-induced
death model, we determined the limiting doses of WBI
that induce rupture of the gut barrier. Mice were sub-
jected to decreasing lethal WBI doses of between 15 and
10 Gy. Reduction in WBI doses was associated with an
increase in mouse survival time (Fig. 1a). The maximum
mouse survival time was 7 days for 15 Gy, 8 days for 13
or 12 Gy, and 9 days for 10 Gy. Moreover, the risk of in-
stantaneous death after 10 Gy was reduced by a factor of
3.75 compared with 15 Gy (p < 0.001, Cox model) and by
2.75 compared with 13 Gy (p < 0.05, Cox model). No dif-
ference in the risk of instantaneous death was observed
between mice subjected to 12 or 10 Gy. Reducing the
doses also led to less weight loss, 5 days after irradiation
(in supplementary data 2, p <0.001 for all tested doses
vs non-irradiated mice). There was similar weight loss in
mice receiving 15 or 13 Gy (in supplementary data 2, 28
and 30% loss vs non-irradiated mice) and in mice receiv-
ing 12 or 10 Gy (in supplementary data 2, 20% loss vs
non-irradiated mice). However, we observed significant
differences in weight loss between 15 or 13 Gy vs 12 or
10 Gy (in supplementary data 2, p<0.001 for 15 Gy vs
12 and 10 Gy and p <0.05 and p <0.001 for 13 Gy vs 12
and 10 Gy, respectively). For all WBI doses tested, histo-
logical analysis showed similar severe damage in bone
marrow that was indicative of myelosuppression (in sup-
plementary data 3 and 4a). Allogenic transplantation of
total bone marrow (BM) in irradiated mice avoids mye-
losupression and is usually used as a gold standard test
to characterize the WBI dose needed to cause intestinal
injury-dependent death [44]. In previous personal exper-
iments, allogenic transplantation of total BM in NUDE
mice (5 million cells per mouse) was performed intra-
venously by retro-orbital injection, 2h after a range of
WBI doses similar to those used in this study (in
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supplementary data 4). Although the transplantation in-
creased the number of hematopoietic sites in the BM,
this treatment did not prevent mouse death (in supple-
mentary data 4). This test supports the thesis that WBI-
induced death seems to be mainly triggered by intestinal
injury following such WBI doses. Consequently, we mea-
sured crypt cell viability as the first criterion of intestinal
injury. Three days after the WBI, we showed a dose-
dependent effect on the percentage of surviving crypts in

the small intestine. Only 10% of the crypts were viable
after the highest dose (15 Gy), suggesting that the epi-
thelium is unable to repair and regenerate itself (Fig. 1b,
p <0.001 vs non-irradiated mice). In support of this sug-
gestion, we also reported the severe structural epithelial
alterations, shown in Fig. 1c and supplementary data 5a
respectively affecting the villus atrophy area and crypt
depth (villus height reduction, p<0.001 vs non-
irradiated mice and crypt depth tendency vs non-
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irradiated mice), and in supplementary data 5b, regard-
ing the ulceration areas (confirmed by the crypt/villus
density reduction, p < 0.001 vs non-irradiated mice). This
was concomitant with the 2.6-fold increase in intestinal
permeability (Fig. 1d, 5.2 £ 0.7 in non-irradiated mice vs
13.5+2.9 in 15QGy irradiated mice, p <0.001 vs non-
irradiated mice). Fifteen grays of WBI induced severe
and irreversible small intestinal disorders and death at
between 4 and 7 days.

At the lowest, 10 Gy dose, WBI did not affect crypt via-
bility (Fig. 1b). Nevertheless, we observed the transient
(only at 3 days, data not shown at 5 days) disruption of the
intestinal barrier as shown by the significant villus atrophy
seen in Fig. 1c (223.2 £ 6.6 um in non-irradiated mice vs
134.8 £3.9 um in 10 Gy irradiated mice, p < 0.001 vs non-
irradiated) and the 1.9-fold increase in intestinal perme-
ability shown in Fig. 1d (5.2+0.7 mg/ml 4kDa FITC-
labeled dextran in non-irradiated mice vs 9.7 + 1.6 mg/ml
4 kDa FITC-labeled dextran in 10 Gy irradiated mice, p <
0.05 vs non-irradiated mice). A 10-Gy WBI dose induced
short-term small intestinal disorders that although revers-
ible led to death at between 4 and 9 days.

Significant therapeutic benefit of MSC-derived EVs in
irradiated NUDE mice developing overlapping
hematopoietic and intestinal injuries

Based on the dose-effect observations, we opted for a
10-Gy WBI dose for the rest of the experiments. This
dose of irradiation generated ARS with severe small in-
testinal injury, but preserved sufficient surviving crypts
to support therapeutic intervention to repair and regen-
erate the crypts, and it provides a first proof of concept
for the therapeutic efficacy of MSC-derived EVs in ARS
management.

Based on assays evaluating the dose-dependent effects
of MSC-derived EVs (shown in supplementary data 6), we
chose to administer a total of 600 pg of MSC-derived EVs
in three 200-pg injections 6 h, 24 h, and 48 h after WBIL

MSC-derived EVs extend the life of irradiated NUDE mice

In our model, MSC-derived EVs, but not MSC, induced
significant therapeutic efficacy as shown by their ability
to delay 10 Gy WBI-induced death (Fig. 2a, log-rank test
p<0.0001). Five days after WBI when 50% of the mice
had mostly died from intestinal toxicity, 100% of the
mice treated with MSC-derived EVs were still alive.
MSC-derived EVs delayed death at the lethal dose of
50% (LD50) in mice by 3.5 days compared with the un-
treated WBI mice. Consistent with these observations,
the risk of instantaneous death induced by 10 Gy WBI
was reduced by a statistically significant 85% (Cox model
hazard ratio = 0.15, p <0.0001).
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MSC-derived EVs reduce gut barrier dysfunction after WBI in
NUDE mice

Measurements of intestinal permeability and immuno-
staining of some transmembrane proteins of tight junc-
tions were used as indexes of gut barrier function [45,
46]. We demonstrated that 10 Gy WBI induced a transi-
ent 1.8-fold enhancement of gut permeability (Fig. 2b,
p <0.0001). MSC-derived EVs produced a more pro-
nounced and significant effect than MSC in reducing
radiation-induced hyper-permeability. In fact, 3 days
after WBI, MSC-derived EVs were able to prevent
radiation-induced increased gut permeability as shown
in Fig. 2b, with significant difference in plasma fluores-
cein dextran concentrations between irradiated and EV-
treated mice and irradiated mice but not in non-
irradiated mice (Fig. 2b, 5.7 + 1.0 mg/ml vs 9.1 + 0.8 mg/
ml; p<0.05 and 4.9+0.8mg/ml, respectively). The
MSC-treated group showed a numerically decreased but
not significant concentration of fluorescein dextran
compared to the irradiated mice (Fig. 2b). Claudin-3
plays an important role in safeguarding gut barrier func-
tion [46, 47]. It is a transmembrane protein of the tight
junctions mainly localized at the intercellular junctions
of the gut epithelium (Fig. 2c (a, €)) [46, 47]. Among the
other proteins of tight junctions such as ZO-1 and
occludin (data not shown), only claudin-3 immunostain-
ing in the small intestine drastically decreased 3 days
after 10 Gy WBI (Fig. 2c (b, f)). The lower junctional
claudin-3 level after WBI could partly explain the in-
crease in intestinal permeability. Treatment with MSC
or MSC-derived EVs maintained a significant level of
claudin-3 immunostaining despite a reduction in expres-
sion compared with the basal level. After MSC was
administered, claudin-3 immunostaining was mostly ob-
served in the cytoplasm (Fig. 2¢ (c, g)). In contrast, after
MSC-derived EVs were administered, the claudin-3
remained localized at the membrane junction, meaning
that the tight junctions had been preserved (Fig. 2c (d,
h)). In conclusion, MSC-derived EVs were better able
than MSC to limit WBI-induced disruption of the small
intestinal barrier.

MSC-derived EVs stimulate the renewal of the small
intestine and improve the regenerative process in irradiated
NUDE mice

We first analyzed the time-dependent effect (1, 2, and 3
days after WBI) of MSC or MSC-derived EVs on the level
of both apoptotic and proliferating cells in the small intes-
tinal crypts as an index of the regenerative capacity of the
epithelium. Villus height (the epithelium’s functional com-
partment) and crypt depth (the epithelium’s stem/pro-
genitor compartment), as indexes of epithelial thickness
and therefore of structural integrity, were assessed to
demonstrate treatment efficacy in epithelium rescue.
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Fig. 2 MSC-derived EVs extend the life and reduced intestinal permeability of NUDE mice subjected to 10 Gy WBI. a—¢ Nude mice received 10 Gy WBI
(a) black arrow. Mice were randomly assigned to three different groups. Control mice received the vehicle (first group). MSC were intravenously
administered in a single injection of 5 million cells, 6 h after WBI (second group (@), only the first gray arrow). A total of 600 pg of MSC-derived EVs was
intravenously administered in three 200-ug injections 6 h, 24 h, and 48 h after WBI (third group (@), the three gray arrows). a The survival rate of mice
was evaluated. Each value results from one representative experiment (N=1, 19 mice in the 10-Gy WBI group treated with PBS, 11 mice in the 10-Gy
W8I group treated with MSC, and 11 mice in the 10-Gy WBI group treated with MSC-derived EVs). The mouse survival curves were calculated using
the Kaplan-Meier method, and the p value was determined by the log-rank test eventually adjusted for multiple comparisons. SSSp <0.0001 compared
with the 10-Gy WBI group. The survival Cox model was used in the assessment of the association between MSC-derived EV treatment and the
instantaneous risk of death. b Three days after WBI, all mice were orally gavaged with 75 mg/ml of 4 kDa FITC-labeled dextran, and 5 h later, blood
samples were collected. The small intestinal permeability was determined by a plasmatic dosage of 4 kDa FITC-labeled dextran (mg/ml). Each value
represents the average values coming from 3 independently repeated experiments (N =3, 2 to 12 animals per group and experiment), ***p < 0.0001
compared with the non-irradiated group, $$p < 0.001 compared with the 10-Gy WBI group. ¢ Representative pictures of claudin-3 immunostaining in
the small intestine of non-irradiated NUDE mice (1 and 5), 3 days after 10 Gy WBI (2 and 6), 3 days after 10 Gy WBI and treatment with 5.10° hMSC (3
and 7), and 3 days after 10 Gy WBI and treatment with MSC-derived EVs. Scale bar 100 um for (1-4) and 50 um for (5-8)

Apoptosis analysis (Fig. 3b, c)

The physiological level of the apoptotic cells per crypt
assessed by TUNEL assay in control mice was very low.
The average value quantified was 1.5+ 0.2% apoptotic
cells per crypt. One day after 10 Gy WBI, we observed a
significant 9-fold increase in apoptotic cells compared
with the basal level (p <0.0001). This increase was lower

on days 2 and 3, but was still significant being 5- and 3-
fold times higher than the basal level, respectively (both
p<0.0001). Administration of MSC or MSC-derived
EVs significantly reduced the radiation-induced apop-
tosis of epithelial crypt cells 1 and 2 days after exposure
(day 1—6.2 £ 0.8% for MSC-treated mice and 3.6 + 0.6%
for EV-treated mice, vs 13.2+1.5% in irradiated mice,
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p <0.0001; day 2—3.8 £ 0.6% for MSC-treated mice and
2.2 +£0.5% for EV-treated mice, vs 8.4+ 1% in irradiated
mice, p <0.0001). At 1day, this effect was more pro-
nounced after MSC-derived EV therapy in irradiated

mice (p <0.001 vs MSC-treated mice). At 2 days, MSC-
derived EVs, but not MSC, provided a prompt return to
the basal level of epithelial apoptotic cells (2.2 + 0.5% in
irradiated and EV-treated mice vs 1.5+0.2% in non-
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(See figure on previous page.)

Fig. 3 MSC-derived EVs reduce 10 Gy WBI-induced epithelial apoptosis and surge their proliferation. Nude mice received 10 Gy WBI. a Schema of the
experimental protocol. Irradiated mice were then randomly assigned to three different groups. The first group received one intravenous injection of
200 pg MSC-derived EVs 6 h after WBI and were then sacrificed 24 h post-irradiation. The second group received two injections of 200 ug each of MSC-
derived EVs 6 h and 24 h after WBI and were then sacrificed 48 h post-irradiation. The third group received three injections of 200 ug each of MSC-
derived EVs 6 h, 24 h, and 48 h after WBI and were then sacrificed 72 h post-irradiation. The fourth, fifth, and seventh groups received 5.10° MSC 6 h
after WBI and were then sacrificed 6 h, 24 h, or 72 h post-irradiation, respectively. b-e Crypt cell apoptosis (b) and proliferation (d) were respectively
assessed by TUNEL assay and KI67 immunostaining performed on small intestinal sections. Representative pictures from non-irradiated mice (b (a), d
(a)), mice subjected to 10 Gy WBI and treated with PBS (b (b), d (b)), mice subjected to 10 Gy WBI and treated with MSC (b (c), d (c)), and mice
subjected to 10 Gy WBI and treated by MSC-derived EVs (b (d), d (d)). Arrows show cells with the highest positive staining. Quantification of ¢ crypt cell
apoptosis and d crypt cell proliferation in non-irradiated NUDE mice (12 and 24 animals, respectively), 24 h, 48 h, or 72 h after 10 Gy WBI with PBS
treatment (5 and 4 mice at 24 h, 6 and 5 mice at 48 h, and 6 and 17 mice at 72 h, respectively); 24 h, 48 h, or 72 h after 10 Gy WBI with 5.10° MSC
treatment (6 and 4 mice at 24 h, 6 and 4 mice at 48 h, and 3 and 3 mice at 72 h, respectively); or 24 h, 48 h, or 72 h after 10 Gy WBI with MSC-derived
EVs (7 and 6 mice at 24 h, 6 and 5 mice at 48 h, and 6 and 7 mice at 72 h, respectively). Each value represents the average of 30 independent
measurements per crypt and is expressed as a percentage of the non-irradiated value, N= 1. **p < 00001 compared with the non-irradiated group;
$p <005, $$$p <0.0001 in comparison between the 10-Gy WBI group treated with MSC-derived EVs and the 10-Gy WBI group treated with PBS; “p <
005, *p < 00001 in comparison between the 10-Gy WBI group treated with MSC-derived EVs and the 10-Gy WBI group treated with MSC

J

irradiated mice, p=0.23). After MSC therapy, crypt
apoptosis returned to the basal level in 3 days, 1 day later
than the effect produced by MSC-derived EVs.

Crypt cell proliferation analysis (Fig. 3d, e)

The estimated basal proliferation (proportion of Ki67-
positive cells among the analyzed ones) was 27.9 +
2.4% in non-irradiated mice. One day and 2 days after
WBI, this basal proliferation fell by approximately a
third to 19.8+3.7% (p<0.0001 vs non-irradiated
mice) and 18.4+3.6% (p<0.0001 vs non-irradiated
mice), respectively. Three days after WBI, the prolif-
erating crypt cells returned to the basal level (28.6 £
2.71% in irradiated mice vs 27.9+24% in non-
irradiated mice, p = 0.49). These results suggested that
3days after WBI, the small intestine began to heal
through crypt cell proliferation.

MSC were able to prevent the radiation-induced re-
duction of proliferating crypt cells at 1 day (29.24 + 3.8%
in irradiated and MSC-treated mice vs 19.8 + 3.7% in ir-
radiated mice, p < 0.0001) and contributed to an increase
in proliferating cells compared with the irradiated group
until 2days after WBI (33.0+4.2% in irradiated and
MSC-treated mice vs 18.42 +3.57% in irradiated mice,
p <0.0001) but also trend to increase compared with the
non-irradiated mice (33.0 +4.2% in irradiated and MSC-
treated mice vs 27.5+2.4% in controls, p =0.08). At 3
days, the MSC-treated group was comparable to the
non-irradiated group (31.8 +4.15% vs 27.9 £ 2.36%, p =
0.22). Following treatment with MSC-derived EVs, this
process had already begun at 1day with a 1.4-fold in-
crease in proliferating cells compared with the basal level
(38.7 +4.1% in irradiated and EV-treated mice vs 27.9%
in non-irradiated mice, p = 0.0004) and was numerically
maintained at 2 days (33.8 £4.5% in irradiated and EV-
treated mice vs 27.9% in non-irradiated mice, p = 0.07).
The MSC-derived EV-induced proliferation process
returned to the basal level 3 days after WBI (24.8 £ 2.7%

in irradiated and EV-treated mice vs 27.9% in control
mice, p =0.13). Consequently, MSC-derived EVs induce
a rapid (starting earlier than after MSC treatment) yet
transient acceleration in crypt cell proliferation, and pos-
sibly promote epithelial renewal.

Structural analysis

As shown in Fig. 4, the villus height measured in control
mice was 213.9 + 8.3 um (Fig. 4b) and the crypt depth
was 86.5+2.6 um (Fig. 4c). A 10-Gy WBI dose led to
partial atrophy of the functional epithelium at 3 days,
corresponding to a significant reduction of the villus
height to 132.8+4.1um (p<0.0001 vs non-irradiated
mice). In contrast, the crypt depth rose significantly to
101.9+3pum (p<0.0001 vs non-irradiated mice), con-
tributing to mucosal healing beginning 3 days after WBI.
MSC administration in irradiated mice induced a non-
significant 7.5% increase in the villus height at 3 days
compared with the average value of irradiated mice
(1429 £59 pm in irradiated mice treated by MSC vs
1329+ 4.1 um in irradiated mice). At the same time,
villus height in irradiated mice after MSC-derived EVs
were administered was 159.8 + 4.6 pm, corresponding to
a significant 20.0% rise compared with the average value
obtained in irradiated mice (p = 0.016). Crypt depth was
decreased following both treatments (11% for MSC-
treated mice and 7% for MSC-derived EVs) but only be-
come significant for MSC-treated mice (p < 0.05; 90.0 +
34 pum in irradiated mice treated by MSC vs 101.9 +
3.0 um in irradiated mice). No significant crypt density
change in the small intestine was seen after WBI with or
without MSC or MSC-derived EV treatments (data not
shown). This part of the seems to show that MSC-
derived EVs acted more rapidly and were more effective
than MSC in preventing the loss of structural mass in
the small intestine, possibly by increasing cellular prolif-
eration and reducing apoptosis.
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Fig. 4 EVs minimize 10 Gy WBI-induced alteration of the small intestinal structure at 3 days. Nude mice received 10 Gy WBI and were sacrificed at
3 days. A total of 600 ug of MSC-derived EVs was intravenously administered in three 200-ug injections 6 h, 24 h, and 48 h after WBI. MSC were
intravenously administered with one injection of 5 million cells, 6 h after WBI. Control mice received the vehicle. a Small intestinal sections were
stained with hematoxylin-eosin-safran (HES). Representative pictures of small intestinal slices from non-irradiated mice (a (a)), mice subjected to
10 Gy WBI and treated with PBS (a (b)), mice subjected to 10 Gy WBI and treated with MSC (a (c)), and mice subjected to 10 Gy WBI and treated
by MSC-derived EVs (a (d)). Scale bar 100 um. Quantitative analysis of b the villus height of the small intestine (um) and ¢ the crypt depth of the
small intestine (um). Each value represents the average of 20-30 independent measurements per animal coming from 3 independently repeated
experiments (N'=3, 6 to 8 animals per group and experiment). ***p < 0.0001 compared with the non-irradiated group, °p < 0.05 compared with

the 10-Gy group

Discussion

The manifestation of ARS is multifactorial and involves
several overlapping complex mechanisms. Consequently,
the development of therapeutics for this syndrome is
challenging. We hypothesized that MSC-derived EVs
with their pleiotropic potency would also be highly ef-
fective in the management of ARS. In accordance with
this hypothesis, we provided the first proof of concept
that MSC-derived EVs are a promising therapeutic for
mitigation of radiation-induced toxicity.

Here, we report that the administration of MSC-
derived EVs including exosomes acts through several
processes to increase the survival time of mice that had
developed multi-organ injuries and being expose to 10
Gy WBI. As GI syndrome is the critical limitation in
combatting ARS effectively, we chose to focus on asses-
sing the efficacy of MSC-derived EVs helping to restore
GI mucosal barrier integrity following irradiation. Barrier

impairment could lead to life-threatening sepsis. As sep-
sis is a major cause of death in GI syndrome [2] and the
GI mucosal barrier is highly sensitive to radiation, pres-
ervation of this barrier is a major therapeutic target [46].
Here, we show that the effectiveness of MSC-derived
EVs against radiation-induced intestinal toxicity could
be related to their ability to maintain intestinal barrier
integrity.

One of the manifestations of radiation-induced small
intestinal toxicity is loss of the self-renewal ability of the
epithelium and the subsequent mucosal atrophy associ-
ated with dysregulation of the apoptosis/proliferation
balance. This can alter the mucosal barrier. In this study,
we observed that mucosal atrophy in mice after expos-
ure to 10 Gy WBI was minimized by MSC-derived EVs.
An increase in mucosal thickness is probably mediated
by the ability of MSC-derived EVs to protect epithelial
cells from radiation-induced toxicity. These results are
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consistent with a previous in vitro finding that irradi-
ation enhances the internalization of MSC-derived
exosomes in epithelial cells, leading to greater recipi-
ent cell viability [48]. The protection of other epithe-
lial cell types by the administration of MSC-derived
exosomes has already been described for cutaneous
wound healing [49], kidney toxicity rescue [30], and
liver regeneration [31].

Another manifestation of radiation-induced GI toxicity
is the enhancement of permeability in the GI mucosa
after barrier disruption. A 10-Gy WBI dose led to a
rapid and drastic gut permeability increase that, in our
experiments, may result from barrier impairment in both
small intestinal and colonic mucosa. The colon is a part
of the gut that is a primary source of pathogens and
toxins, meaning that it is sensitive to stress-induced
endotoxemia and bacteremia. Shukla et al. showed that
the colonic mucosal barrier is highly sensitive to radi-
ation, more so than the barrier formed by the small in-
testinal epithelium [46]. After 10 Gy WBI, although a
critical epithelial cell mass is preserved in the small in-
testine, we observed a partial reduction and disruption
of claudin-3, a transmembrane protein of tight junctions,
potentially reflecting a barrier dysfunction in this part of
the gut in our model. MSC-derived EVs prevent the
transient increase of radiation-induced gut mucosal per-
meability probably by maintaining tight junction func-
tionality, as our results show for claudin-3. MSC-derived
exosomes also preserved gut barrier integrity in necro-
tizing enterocolitis model, an effect associated with their
ability to reduce the incidence and severity of enterocoli-
tis [33]. Partly, by reducing/preventing the first steps of
radiation-induced intestinal barrier damage, MSC-
derived EVs might provide therapeutic benefits charac-
terized by their ability to delay radiation-induced death.
Our results on crypt cell apoptosis/proliferation and epi-
thelial permeability of the irradiated/EV-treated small in-
testine show that the preservation of gut barrier integrity
is one of the decisive parameters that must be controlled
to reduce radiation toxicity.

Nevertheless, the therapeutic benefit of MSC-derived
EVs could also be expected to involve partial protection
of the HP system. Recent studies have demonstrated that
MSC-derived EVs given after lethal WBI enhance long-
term survival. This effect is associated with the recovery
of HP cells, particularly the white blood cells, which
probably occurs through the MSC-derived EVs targeting
hematopoietic stem cells [50]. Consistent with these
studies, we also observed reduced short-term WHBI-
induced myelosuppression, evidenced by a reduction in
hemorrhaging and the presence of hematopoietic cells in
bone marrow slices from MSC-derived EV-treated mice
(in supplementary data 3). The potential effects of MSC-
derived EVs on radiation-induced toxicity in the HP
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system should be thoroughly investigated and character-
ized to optimize treatment for the management of ARS.
Further experiments are needed, to establish whether
MSC-derived EVs have an effect on other organs or tis-
sues altered by irradiation.

The quality of ARS management also depends on the
expediency of the medical support provided to exposed
victims. Schoefinius et al. showed that MSC-derived EVs
accelerated the kinetics of thrombocyte recovery after le-
thal WBI compared with MSC themselves [50]. In our
study, we also observed that small intestinal mucosa self-
renewed more rapidly and with more efficient in mice
treated with MSC-derived EVs than in mice treated with
MSC. We noted rapid benefits of MSC-derived EVs, as
early as 24 h after WBI, which positions MSC-derived EVs
as a very good candidate for ARS management as they can
act quickly on both the HP and GI systems.

Consequently, we provide proof of concept that MSC-
derived EVs are therapeutically beneficial after WBIL
Despite the high doses of MSC-derived EVs we used in
this study, the treatments could only delay but not pre-
vent death in the WBI animals. So far, most of the treat-
ments that provide promising benefits in management of
GI syndrome are administered at very frequent in a
long-term iterative process. For instance, BDP/Obre-
Shielf” (beclomethasone 17,21-dipropionate) provided
benefit in radiation-induced GI toxicity when the ani-
mals received 2 mg orally every 6 h for 14 days, then 2
mg orally twice daily until 100 days. Consequently, the
size and frequency of MSC exosome dose may be im-
portant in improving the survival of WBI animals. New
investigations to test longer MSC-derived EV therapy
are currently ongoing.

Conclusions

In summary, our results highlight new therapeutic op-
tions for patients suffering from ARS. The mechanism
of action we propose for the efficacy of MSC-derived
EVs in delaying radiation-induced death is consistent
with the current consensus that the preservation of
gut barrier integrity is key to the management of ra-
diation toxicity. The administration of MSC-derived
EVs in relation to the use of MSC themselves may
have many advantages. Treatment with MSC-derived
EVs is a cell-free therapy and so might overcome the
potential side effects associated with native MSC
treatment, such as immune reactions, pulmonary oc-
clusion after systemic administration, ectopic tissue
genesis, or long-term mal-differentiation of trans-
planted cells. Moreover, the establishment of EV
banks and the possibility of lyophilizing MSC-derived
EVs may be valuable in ARS management, especially
in the case of large-scale nuclear/radiological events.
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Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513287-020-01887-1.

Additional file 1: Supplementary data 1. Characterization of EVs. (a)
The size distribution of EVs as measured by Nanoparticle Tracking
Analysis on a Zetaview over a size range of 5 to 1000 nm at 25°C. (b)
TEM micrograph of EVs immune-labeled with mouse monoclonal anti-
CD81 antibody followed by goat anti-mouse secondary antibody coupled
with 6 nm gold. The scale bar is 100 nm.

Additional file 2: Supplementary data 2. Weight loss following WBI.
NUDE mice were subjected to 15 Gy, 13 Gy, 12 Gy, and 10 Gy lethal
doses of WBI. Weights of mice in the non-irradiated and WBI groups were
measured at 5 days. The results represent a value average of 3 independ-
ently repeated experiments (N=3, a minimum of 22 animals per group).
The results are expressed as percentages of weight loss compared with
the control value. **p<0.001, compared with the non-irradiated group
and **p<0.001 compared with the 10Gy WBI group, *p<0.05, #p<0.001,
compared to the 12 Gy WBI group.

Additional file 3: Supplementary data 3. EVs slightly reduce 10Gy
WBI-induced histological bone marrow alterations at 3 days. Nude mice
received 10Gy WBI. A total of 600 pg EVs was intravenously administered
in three 200 g injections 6, 24 and 48h after WBI. Controls received ve-
hicle. Femur samples were incubated for 4 hours in decalcification buffer
(#320715-1000, Ral Diagnostic) before inclusion in paraffin. Formalin-fixed,
paraffin-embedded femur was cut into 5 pum sectionson a rotary micro-
tome (Leica Microsystems AG, Wetzlar, Germany) and mounted on polyly-
sine slides. The sections were deparaffinized in xylene and rehydrated
through ethanol baths and PBS. The Hydrated sections were stained with
haematoxylin, eosin, and Safran (HES). Representative pictures of femoral
bone marrow slice observed 3 days after WBI in (a) non-irradiated NUDE
mice, (b) NUDE mice subjected to 10Gy WBI and (c) NUDE mice sub-
jected to 10Gy WBI and treated with MSC-derived EVs. Scale bar 100pm
for (a), (b), (c) and 50um for (d).

Additional file 4: Supplementary data 4. Allogenic total bone
marrow transplantation does not prevent WBI-induced NUDE mice death.
Nude mice received 15, 13 or 11 Gy WBI. For each dose of WBI, mice
were randomly assigned to two different groups. Control mice received
the vehicle (first group). Two hours after WBI, a single allogenic trans-
plantation of 5 millions total BM cells was performed intravenously by
retro-orbital injection (second group). () In a first batch of the experi-
ment, femur samples were taken 7 days after 15 Gy WBI and then incu-
bated for 4 hours in decalcification buffer (#320715-1000, Ral Diagnostic)
before inclusion in paraffin. Formalin-fixed, paraffin-embedded femur was
cut into 5 pm sections on a rotary microtome (Leica Microsystems AG,
Wetzlar, Germany) and mounted on polylysine slides. The sections were
deparaffinized in xylene and rehydrated through ethanol baths and PBS.
The Hydrated sections were stained with haematoxylin, eosin, and Safran
(HES). Representative pictures of femoral bone marrow slice observed 7
days after WBI in (aa) non-irradiated NUDE mice (4 animals), (ab) NUDE
mice subjected to 15Gy WBI and treated with PBS (3 animals) and (ac)
NUDE mice subjected to 15Gy WBI and treated with total BM cells (3 ani-
mals). Scale bar 50um. (b,c,d) In a second batch of the experiment, the
survival rate of mice was evaluated after 15 Gy (b), 13 Gy (c) or 11 Gy (d)
with or without total BM transplantation. Each value results from one rep-
resentative experiment (N=1, 9 mice in the 11 Gy WBI group treated with
PBS, 9 mice in the 11 Gy WBI group treated with BM, 10 mice in the 13
Gy WBI group treated with PBS, 10 mice in the 13 Gy WBI group treated
with BM, 10 mice in the 15 Gy WBI group treated with PBS, and 10 mice
in the 15 Gy WBI group treated with BM). The mouse survival curves were
calculated using Kaplan-Meier method and the P-value was determined
by the log-rank test eventually adjusted for Multiple Comparisons. No sig-
nificant differences were reported.

Additional file 5: Supplementary data 5. Severity of histological
alterations of the small intestine is WBI dose-dependent. NUDE mice were
subjected to 15 Gy, 13 Gy, 12 Gy, and 10 Gy lethal doses of WBI. Three
days after WBI, small intestinal sections were stained with Haematoxylin-
Eosin-Safran (HES). Morphometric analysis was performed: quantitative as-
sessment of (a) crypt depth (um) and (b) small intestinal crypt/villus
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density (number of crypt/mm of the small intestine). Each value repre-
sents the average of 30-100 independent measurements per animal
(where the decreasing doses we observed on each section increased the
number of measurable crypts and villi) coming from 2 independently re-
peated experiments (N=2, 3 to 6 animals per group). *p<0.05, **p<0.001
compared with the non-irradiated group and °p<0.05 compared with the
10Gy WBI group.

Additional file 6 : Supplementary data 6: EV ability to slightly protect
the small intestine from radiation-induced villus height reduction is dose-
dependent. Nude mice received 10 Gy WBI. A total of 600, 300 or 150 ug
of MSC-derived EVs was intravenously administered in three injections of
300, 200, 100 and 50 pg respectively, 6h, 24h and 48h after WBI. Regard-
ing ethical considerations concerning intravenously volume administra-
tion in mice, we were not able to treat animals with higher
concentration of MSC-derived EVs. Controls received the vehicle. Three
days after WBI, small intestinal sections were stained with Haematoxylin-
Eosin-Safran (HES). Quantitative analysis of villus height of the small intes-
tine (Um) in non-irradiated NUDE mice, NUDE mice subjected to WBI and
NUDE mice subjected to WBI and treated with MSC-derived EVs. Each
value represents the average of 20-30 independent measurements per
animal (N=1, 4 to 8 animals per group). **p<0.001 compared with the the
control group.
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ARS: Acute radiation syndrome; EVs: Extracellular vehicles; Gl: Gastrointestinal;
Gy: Grays; HP: Hematopoietic; MSC: Mesenchymal stromal cells; WBI: Whole-
body irradiation
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