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Caco-2 cells infected with rotavirus release extracellular vesicles
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Abstract Previously, we showed that infecting human intes-
tinal epithelial cells (Caco-2) with rotavirus (RV) increases the
release of extracellular vesicles (EVs) with an immunomodu-
latory function that, upon concentration at 100,000xg, present
buoyant densities on a sucrose gradient of between 1.10 to
1.18 g/ml (characteristic of exosomes) and higher than
1.24 g/ml (proposed for apoptotic bodies). The effect of cel-
lular death induced by RV on the composition of these EV is
unknown. Here, we evaluated exosome (CD63, Hsc70, and
AChE) and apoptotic body (histone H3) markers in EVs iso-
lated by differential centrifugation (4000xg, 10,000xg, and
100,000xg) or filtration/ultracentrifugation (100,000xg) pro-
tocols. When we infected cells in the presence of caspase
inhibitors, Hsc70 and AChE diminished in EVs obtained at
100,000xg, but not in EVs obtained at 4000xg or 10,000xg.
In addition, caspase inhibitors decreased CD63 and AChE in
vesicles with low and high buoyant densities. Without caspase
inhibitors, RV infection increased exosome markers in all of
the EVs obtained by differential centrifugation. However,
CD63 preferentially localized in the 100,000xg fraction and
H3 only increased in EVs concentrated at 100,000xg and with
high buoyant densities on a sucrose gradient. Thus, RV infec-
tion increases the release of EVs that, upon concentration at
100,000xg, are composed by exosomes and apoptotic bodies,
which can partially be separated using sucrose gradients.
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Introduction

Although extracellular vesicles (EVs) were initially consid-
ered cellular debris with no importance and with by-product
artifacts of the manipulation of cells (Bobrie et al. 2011), their
study has become a topic of active research in recent years
(Thery 2011). Among the EVs, exosomes are endocytic ves-
icles composed of a lipid bilayer that contains transmembrane
proteins and enclose hydrophilic components from the cytosol
of the cell from which they are derived (Thery et al. 2009).
These features make EVs effective intercellular transport ve-
hicles (Simpson et al. 2009). However, there are other vesicles
that originate from the shedding of the plasma membrane,
such as microvesicles and apoptotic bodies formed from an
apoptosis process (Mathivanan et al. 2010; Meckes and Raab-
Traub 2011; Thery et al. 2009). Several in vitro studies have
suggested that these EVs participate in many biological pro-
cesses, such as angiogenesis, metastasis, cell proliferation,
gene regulation, coagulation, pathogen propagation, and im-
mune response (Bobrie et al. 2011; Meckes and Raab-Traub
2011). However, there are limited studies of the in vivo func-
tions associated with EV, which is partially due to the lack of
knowledge of their biogenesis process (Ostrowski et al. 2010).
In addition, in vitro studies are technically limited because of
the low possibility of obtaining pure EV preparations (Bobrie
et al. 2012a, 2011; 2012b). Therefore, strategies must be de-
veloped to improve the characterization and optimize the iso-
lation procedures of EV subpopulations (Bobrie et al. 2012a,
2011, 2012b).

The identification of proteins related to different biological
processes associated with EVs can be useful in the

@ Springer



698

D. Bautista et al.

implementation of strategies to characterize the in vivo func-
tion of the EV. Exosomes have been extensively typified
through proteomic studies coupled to one-dimensional (1D)
and two-dimensional (2D) gels (Kalra et al. 2012) and char-
acteristic markers such as CD63, Hsc70, MFG-ES8, and AChE
(Bastos-Amador et al. 2012b; Bobrie et al. 2012a; Cantin et al.
2008; Johnstone et al. 1987; Mathivanan et al. 2010) have
been identified. Apoptotic bodies have received limited char-
acterization with histones being the best markers recognized
so far (Mathivanan et al. 2010; Thery et al. 2001; Xie et al.
2009). Separating the different types of EVs is difficult be-
cause they sediment at similar centrifugation velocities, for
example, exosomes sediment between 100,000xg and 200,
000xg and float in a sucrose gradient between 1.10 and
1.19 g/ml (Barreto et al. 2010; Gyorgy et al. 2011; Thery
et al. 2006); microvesicles sediment between 10,000xg and
20,000xg and float at 1.16 g/ml (Cocucci et al. 2009; Choi
et al. 2007); and apoptotic bodies sediment between 1200xg
and 100,000xg and float at densities >1.24 g/ml (Thery et al.
2001).

Previously, we showed that rotavirus (RV) infection of hu-
man intestinal epithelial cells (Caco-2) increased the release of
EVs, obtained by filtration/ultracentrifugation, with
immunomodulating properties on polyclonally activated T
cells (Barreto et al. 2010). At these gravities, exosomes are
typically concentrated, and it is likely that apoptotic bodies
occur in these preparations because the RV induces an apo-
ptosis process in vitro (Bhowmick et al. 2012; Chaibi et al.
2005; Halasz et al. 2010; Martin-Latil et al. 2007) and in vivo
(Boshuizen et al. 2003). Indeed, we showed that EVs from
RV-infected and non-infected cells were heterogeneous, with
morphologies (visualized by electron microscopy) and flota-
tion densities on sucrose gradients described for exosomes
(between 1.10 and 1.18 g/ml) and apoptotic bodies (denser
vesicles higher than 1.24 g/ml) (Barreto et al. 2010; Thery
et al. 2001). Both types of EVs released by RV-infected cells
were more efficient at inhibiting T cell proliferation and via-
bility than were those from non-infected cells, and this effect
was partially due to TGF-f3 induced by viral infection (Barreto
et al. 2010; Rodriguez et al. 2012). Also, high-density
(>1.24 g/ml) EVs released by infected cells had a more pro-
nounced effect on T cell proliferation than EV with exosome
densities (between 1.10 to 1.18 g/ml) liberated by the same
cells. Thus, the immunomodulating properties of EVs proba-
bly depend on viral infection that induces TGF-3 and cell
apoptosis.

In this study, we characterized EVs released during RV
infection of Caco-2 cells in the presence or absence of caspase
inhibitors, evaluating the presence of markers described for
exosomes and apoptotic bodies, according to differences in
their sedimentation rates and their buoyant densities on a lin-
ear sucrose gradient. We found that at 100,000xg, there is a
co-sedimentation of a complex EV population composed of
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exosomes and apoptotic bodies. According to the decrease of
EV markers in the presence of caspase inhibitors and the ap-
pearance of histone H3, we propose that apoptotic bodies
produced during RV infection sediment at 100,000xg and
have densities flotation higher than 1.24 g/ml on sucrose gra-
dients. These high-density EVs, which express the histone H3,
can have potentially unique immunomodulatory functions.

Materials and methods
Cells and cell culture

The Caco-2 cells (a gift from C. Sapin, INSERM U 538,
Universidad Pierre et Marie Curie, Paris, France)
(Rodriguez et al. 2009) were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Invitrogen-Gibco, Grand
Island, NY, USA) supplemented with 20 % fetal bovine
serum (FBS; Invitrogen-Gibco, Grand Island, NY, USA),
100 pg/ml penicillin-streptomycin, 2 mM L-glutamine,
100 U/ml Hepes, and 0.1 mM non-essential amino acids
(Invitrogen-Gibco, Grand Island, NY, USA) and used be-
tween passages 70 and 79. The cells used were free of
mycoplasma (Mycoplasma detection kit for conventional
PCR, VenorGeM; Sigma-Aldrich, St. Louis, MO, USA),
and the experiments were performed in the presence of
0.5 png/ml ciprofloxacin to maintain the cells in that state.
The cells were cultured at a 10,000-cells/cm? density in
cell culture flasks and cultured for 15 days before inocu-
lation (Barreto et al. 2010). For virus titration assays,
MA104 cells were cultivated in 8 % FBS-supplemented
DMEM.

RYV infection

At day 15 post-culture, FBS was removed from the Caco-2
cells, and the cells were washed with serum-free DMEM three
times before inoculation with a multiplicity of infection (moi)
of five focus forming units (ffu)/cell of the rhesus monkey
rotavirus strain (RRV). RRV was obtained from the lysate of
infected MA104 cells and was previously tittered on these
cells (Narvaez et al. 2005). As a negative control, a non-
infected cell lysate (mock) was used. The viral inoculum
was prepared by previously activating RRV with 2 pg/ml
trypsin for 30 min. Cells were incubated for 45 min with the
viral inoculum, and the monolayers were immediately washed
twice with serum-free DMEM and maintained with serum-
free DMEM for 24 h to determine EV production.
Subsequently, the conditioned medium was collected and
used for the isolation of EV, lactate dehydrogenase (LDH)
determination, and viral titration.
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EV isolation

EVs were obtained by filtration/ultracentrifugation or differ-
ential centrifugation protocols. In the first protocol, Caco-2
cells supernatant was collected after 24 h of infection with
RRV or mock treatment, centrifuged at 300xg to eliminate
cellular debris, and filtered using 0.22-um filters (Millipore,
Carrigtwohill, Country Cork, Ireland). The filtered superna-
tant was centrifuged twice at 100,000xg (rotor 70-Ti;
Beckman Coulter, Inc., Fullerton, CA, USA) for 90 min, and
the obtained pellet was re-suspended in an appropriate volume
of phosphate buffered saline (PBS pH 7.4) to achieve a final
concentration between 300 and 400 times that of the vesicles
from the initial supernatant (filtration/ultracentrifugation pro-
tocol) (Barreto et al. 2010; Thery et al. 2002). In the second
protocol, 24 h supernatants were processed through succes-
sive centrifugations. The Caco-2 cells supernatant was centri-
fuged at 300xg and later at 4000xg (to eliminate cellular de-
bris and to obtain large vesicles from dead cells), 10,000xg (to
obtain microvesicles), and 100,000xg (to isolate exosomes)
(Bobrie et al. 2012a; Thery et al. 2006). In some experiments,
the vesicles isolated at 100,000xg by the filtration/
ultracentrifugation protocol were separated in a linear sucrose
gradient (2-0.5 M sucrose, 20 mM HEPES/NaOH, pH 7.2).
The EV preparations were placed in the inferior part of the
gradient, and the samples were centrifuged at 100,000xg for
15 h (rotor SW41; Beckman Coulter, Inc., Fullerton, CA,
USA) (Barreto et al. 2010; Thery et al. 2006). Then, 1 ml
fractions were recovered and different fractions were pooled
and concentrated by ultracentrifugation at 100,000xg.

EV marker analysis

Equal volumes of EV preparations were used for comparative
analysis. The AChE activity, which has been used as an
exosome marker, was measured using an Amplex® Red
Acetylcholine/Acetylcholinesterase Assay Kit (Life
Technologies-Molecular Probes, Eugene, OR, USA) follow-
ing the manufacturer’s instructions. The samples were read in
a Tecan fluorometer (Tecan GENios; Phoenix Research
Products, Hayward, CA, USA). In addition, the presence of
Hsc70 and CD63 (typical exosome markers), histone H3, (an
apoptotic body marker), and the viral protein VP6 were eval-
uated using Western blot (WB) immunoassays. For this pro-
cedure, a previously established protocol was followed
(Barreto et al. 2003, 2010).

Apoptosis inhibition assays

To analyze the effect of caspase inhibitors on the Caco-2 cells
apoptosis induced by RV, the Caco-2 cells cultured on micro-
scope slides were treated with the caspase inhibitors z-VAD-
fmk, z-DEVD-fmk, and z-LEHD-fmk (R&D® Systems)

(Martin-Latil et al. 2007) individually at a 10-uM concentra-
tion orina 5, 10, and 20-uM differential concentration cock-
tail for 1 h. Subsequently, the cells were infected for 45 min
with RRV (moi of five) or treated with the mock control prep-
aration. As a positive control, camptothecin (CPT) was used at
concentrations of 5, 10, or 20 uM for 12, 18, or 24 h. The
inhibitors were maintained throughout the entire procedure,
even during virus inoculation. After 12, 18, and 24 h of infec-
tion, the cells were stained with phalloidin Alexa-fluor 594 (to
stain actin) and DAPI (to stain the cell nucleus) (Life
Technologies-Molecular Probes, Eugene, OR, USA); the in-
fection was verified using monoclonal antibody (Mab) anti-
RV VP6 followed by an anti-mouse Alexa-fluor 647 antibody
(Life Technologies-Molecular Probes, Eugene, OR, USA).
Apoptosis was evaluated by counting apoptotic nuclei using
an Olympus FluoView FV1000 confocal microscope (Tokyo,
Japan).

To analyze the effect of caspase inhibitors on EV produc-
tion, cultured cells in culture flasks were treated similarly with
the 10 uM caspase inhibitor cocktail and inoculated; 24 h
post-infection, the supernatants of these cells were collected
to obtain EVs by filtration/ultracentrifugation and differential
centrifugation protocols. In certain experiments, the EVs were
separated by a linear sucrose gradient as previously described
(Barreto et al. 2010). The EV preparations were evaluated for
the presence of CD63, Hsc70, AChE, and histone H3.

Western blot

Western blots were performed as previously described
(Barreto et al. 2010). Samples were prepared in Laemmli buff-
er with DTT except for CD63 identification. Proteins were
separated using 4—12 and 10 % SDS pre-casting gels
(BioRad, Hercules, CA) and transferred to PVDF membranes
(BioRad, Hercules, CA). Membranes were blocked during 1 h
with a Tris-HCI (pH 7.5) solution containing 5 % skim milk
and 0.05 % Tween 20. Then, membranes were incubated with
appropriated primary antibodies (mouse MoAb anti-Hc70,
clon B-6 from Santa Cruz Biotechnology, Santa Cruz, CA;
mouse MoAb anti-CD63, clon H5C6 from BD Pharmingen,
San Diego, CA; mouse MoAb anti-histone 3, clon 9C10, Cell
Signaling Technology; and mouse MoAb anti-RV VP6, clon
1026, a gift from E. Kohli, Université de Dijon, Dijon,
France). After washing, membranes were incubated for
50 min with goat anti-mouse IgG conjugated with per-
oxidase (Peroxidase ImmunoPure, Pierce Biotechnology,
Inc., Rockford, IL). Membranes were developed using
the chemiluminescence kit Supersignal West Dura
Extended Duration (Peroxidase ImmunoPure; Pierce
Biotechnology, Inc., Rockford, IL) and CL-XPosure
films (Peroxidase ImmunoPure; Pierce Biotechnology,
Inc., Rockford, IL).
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Viral titration

MA104 cells cultured on flat 96-well plates were infect-
ed with the supernatants (activated with 2 pg/ml trypsin
(30 min)) of RRV-infected Caco-2 cells that were pre-
viously treated or untreated with the inhibitors at differ-
ent dilutions. After 16 h of infection, the cells were
fixed with absolute methanol and treated with mouse
anti-VP6 Mab for 45 min at 37 °C; subsequently, a goat
anti-mouse biotin antibody was added for 45 min at
37 °C, and streptavidin-peroxidase was added under
the same conditions. To reveal the focus forming units
(ffu), an AEC kit (3-amino-9-ethylcarbazole) (Vector
Laboratories, Inc., Burlingame, CA, USA) was used ac-
cording to the manufacturer’s instructions (Narvaez
et al. 2005).

Results

Treatment of Caco-2 cells with caspase inhibitors
during RV infection decreases apoptotic nuclei

We previously showed that Caco-2 cells infected with
RV increase the release of EVs, which when concentrat-
ed at 100,000xg are heterogeneous, some of them hav-
ing typical features of exosomes (Barreto et al. 2010).
For example, electron microscope observations showed
that the EVs have heterogeneous size and shape com-
patible (between 30 and 90 nm cup shaped) and incom-
patible (more irregular EV in shape and size) with
exosomes (Barreto et al. 2010). Because the virus in-
duces apoptosis (Chaibi et al. 2005), this heterogeneity
could be caused by the conjoint liberation of exosomes
and apoptotic bodies. To determine if this was the case,
initially, we analyzed the effect of caspase inhibitors on
RV infection and the heterogeneity of these EV. First,
we evaluated the effect of caspase inhibitors on apopto-
sis induced by RV by treating Caco-2 cells with the
inhibitors z-VAD-fmk, z-DEVD-fmk, and z-LEHD-fmk,
individually or in a cocktail at a concentration of
10 uM for 1 h. Subsequently, the cells were infected
with RRV (moi of five) or treated with the control
preparation (mock) both previously activated with tryp-
sin for 45 min. The presence of apoptotic nuclei in-
duced during infection was evaluated after 18 h, the
peak of apoptotic nuclei detection (data not shown).
Although the caspase inhibitors added individually at
10 uM were capable of inhibiting the percentage of
apoptotic nuclei induced by the virus, the inhibitory
effect was higher when the cells were treated with the
inhibitors in a cocktail (data not shown). We next tested
concentrations of 5, 10, and 20 uM of the cocktail
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(Fig. la, b). In all the experiments, the inhibitors were
present during the infection. The caspase inhibitor cock-
tail at 10 and 20 uM induced a significant decrease (p=
0.007 and 0.015 Wilcoxon tests, respectively) in the
number of apoptotic nuclei compared with those ob-
served for the other treatments (Fig. 1b).

Treatment of Caco-2 cells with caspase inhibitors
during RV infection does not affect viral replication
or intracellular location and expression of markers
associated with EVs

To determine if the caspase inhibitor cocktail affected viral
replication, we evaluated by fluorescence microscopy if in in-
fected cells the cocktail interfered with the intracellular detec-
tion of VP6 (Fig. 2a), and if it affected the production of infec-
tious viral particles (Fig. 2b). The use of the cocktail of inhib-
itors at different concentrations did not affect either the expres-
sion of VP6 or the production of viral particles (Fig. 2).

The cocktail could also be altering the ability of the cells to
produce exosomes. To evaluate if the treatment with inhibitors
produces a change in the intracellular compartments respon-
sible for the production of exosomes, such as multivesicular
bodies of endolysosomal origin, the intracellular distribution
of the CD63 present in the multivesicular bodies as well as in
the exosomes (Bobrie et al. 2012a; Ostrowski et al. 2010) was
evaluated by immunofluorescence in RV-infected cells treated
or not with the caspase inhibitor cocktail at 10 uM. CD63 was
distributed in a granular pattern around the nucleus (Fig. 2¢) in
cells with or without the treatment. In addition, the cocktail’s
effect on the global expression of CD63 and Hsc70 (a stress
protein that is associated with exosomes) in the cells was
determined by WB (Fig. 2d). Similarly, the presence of
CD63 and Hsc70 does not vary in the presence of the caspase
inhibitor cocktail at 10 uM; therefore, these inhibitors do not
have an appreciable effect on the expression of these proteins
in the cells (Fig. 2d).

Finally, levels of intracellular AChE measured in three in-
dependent experiments (Fig. 2e) were not different between
infected cells treated or not with the inhibitor cocktail.
However, non-infected cells had higher levels of intracellular
AChE (Fig. 2e). This intracellular decrease of AChE during
infection could be explained by our previous observation that
infected cells release higher numbers of EVs to the medium
than do non-infected cells (Barreto et al. 2010). Together,
these results suggest that the apoptosis inhibitors do not inter-
fere with viral replication or the formation of exosomes.
However, we cannot disregard the fact that caspase inhibitors
affect the release of exosomes. Due to the low efficacy in the
recovery of EVs from non-infected cells, it is not possible to
evaluate if caspase inhibitors per se affect the exosomes re-
lease in the cells.



Extracellular vesicles from rotavirus infected cells

701

a CPT

RRV+Cocktail SpM

RRV+Cocktaill0pM

Mock

X
20,00 pm

RRV+Cocktail 20pM

X
20,00 pm

*k

801
= .
§ 604
z Loe
<
= 40-
Z .
2 304
) [ )
<
S 204
= .
2 °
£ 104 o
> [ ]
4 °
0 L) L]
CPT Mock

Fig. 1 Treatment of Caco-2 cells with caspase inhibitors during RV
infection decreases apoptotic nuclei. Caco-2 cells cultured on
microscope slides pretreated with collagen in DMEM supplemented
with 20 % FBS for 10 days were treated with caspase inhibitors (z-
VAD-fmk, z-DEVD-fimk, and z-LEHD-fmk) in a cocktail at different
concentrations for 1 h and then infected for 45 min with the RRV strain
(moi of five). The inhibitors were maintained during the virus inoculation
and 18 h after infection. As a control of apoptosis induction, we use
camptothecin (CPT). a Visualization of apoptotic nuclei (white arrows)

EV concentrated at 100,000xg produced by RV-infected
Caco-2 cells decrease in the presence of caspase inhibitors

Using a filtration/ultracentrifugation protocol that concen-
trates EVs at 100.000xg, we previously showed that Caco-2
vesicles presented markers described for exosomes, such as
CD63, Hsc70, MFG-ES, and AChE (Barreto et al. 2010;
Bastos-Amador et al. 2012a; Bobrie et al. 2012a; Cantin
et al. 2008; Johnstone et al. 1987; Mathivanan et al. 2010).
To evaluate how apoptosis affects the production of EVs pro-
duced during RV infection, first, Caco-2 cells were cultivated
for 15 days, and after 1 h of treatment with the caspase inhib-
itors cocktail, they were infected with RRV. At 24 h post-

RRV 5iM 10pM 20pM

RRV+Cocktail

in a representative image of seven independent experiments (nuclei dyed
with DAPI (blue) and filamentous actin with phalloidin Alexa-fluor 594
(red)). The images were acquired with an Olympus FV-1000 confocal
microscope. b Number of cells with apoptotic nuclei by field. The median
of seven independent experiments is shown. Each single point represents
the median of counting six different optical fields. The statistical
significances are shown using non-parametric test for paired or non-
paired data (Wilcoxon or Mann Whitney tests p<0.05%, p<0.01**,
p<0.001**%*)

infection, the supernatants of the cells were collected to obtain
the vesicles through a differential centrifugation protocol in
which successive centrifugations at 4000xg, 10,000xg, and
100,000 x g were performed to precipitate large vesicles from
dead cells, microvesicles and exosomes, respectively (Thery
etal. 2006). We used this protocol to expand the subsets of EV
for analysis and evaluated Hsc70, CD63, and AChE in the EV
obtained from infected cells cultured in the presence or ab-
sence of caspase inhibitors (Fig. 3 and data not shown).
Caspase inhibitors consistently decreased the vesicles that
were concentrated at 100,000xg and expressed the markers
Hsc70 and AChE, and they had variable effects on the EVs
that were obtained at 4000xg and 10,000xg and expressed
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Fig. 2 The presence of caspase
inhibitors during RV infection does
not affect viral replication or the
intracellular expression of CD63
and Hsc70 or AChE activity. Caco-
2 cells cultivated as described were
treated with the caspase inhibitor
cocktail (10 uM de z-VAD-fimk, z-
DEVD-fink, and z-LEHD-fmk) for
1 h and then infected for 45 min
with RRV (moi of five) or the
control mock infection. The
inhibitors were maintained during
the virus inoculation and 18 h after
the infection. a Cell nuclei were
stained with DAPI (blue),
filamentous actin were detected
using phalloidin Alexa-fluor 594
(red), and VP6 was identified by
using a Mab anti-VP6 followed by
a mouse anti-IgG polyclonal
antibody conjugated with Alexa-
fluor 647 (gray). White thick lines
correspond to 40 pm. Arrows show
infected cells b The viral particles
present in the supernatants of the
treated cells were subjected to a
viral titration assay by
immunocytochemistry on MA104
cells. Each point represents the
viral titter obtained for each
condition. Results from 4
independent experiments are
shown; points corresponding to the
same experiment are connected by
lines. ¢ Cell nuclei were stained
with DAPI (blue), and viral protein
VP6 was identified using a Mab
anti-VP6 followed by a mouse
anti-IgG polyclonal antibody con-
jugated with Alexa-fluor 647 (red),
and Mab anti-CD63 conjugated
with FITC (in green). As an isotype
control, an IgG1k Mab was
conjugated with FITC. A
representative image of three
independent experiments is shown.
White thick lines correspond to

20 um. d WB evaluation of CD63
and Hsc70 from cell lysates (20 pg
of protein per row). A
representative image of three
independent experiments e AChE
quantification showing the quantity
of mU of AChE activity present in
each mg of protein from samples of
three independent experiments
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Fig. 3 In Caco-2 cells infected with RV and pretreated with caspase
inhibitors apoptotic bodies sediment at 100,000xg and float along the
sucrose gradient. Caco-2 cells cultured for 15 days were treated with a
caspase inhibitor cocktail (10 uM of z-VAD-fink, z-DEVD-fmk, and z-
LEHD-fink) for 1 h and then infected with RRV (moi of five) or treated
with the infection control (mock) for 45 min. The inhibitors were
maintained during the virus inoculation and for 24 h after the infection.
Subsequently, the supernatants of the treated cells were subjected to a
differential centrifugation protocol: 300xg, 4000xg, 10,000xg, and
100,000xg to eliminate cellular debris and large vesicles of dead cells,
microvesicles and exosomes, respectively. The EVs were evaluated by

these two markers (Fig. 3a, b). These results are consistent
with those that we previously obtained with a filtration/
ultracentrifugation protocol that concentrates the EV at
100.000xg (Barreto et al. 2010), and they suggest that apopto-
tic bodies are preferentially associated with the fraction ob-
tained at 100,000xg (Fig. 3).

We next determined the buoyancy flotation of these EVs,
because a density gradient exosomes have been shown to
localize in fractions of densities between 1.10 and 1.18 g/ml,
and apoptotic bodies in densities >1.24 g/ml (Thery et al.
2006, 2009). Taking into account that filtration/
ultracentrifugation is more efficient than a differential centri-
fugation protocol (data not shown), we obtained EVs using
this strategy, followed by a sucrose density gradient. After
separating EVs in a linear sucrose gradient at 100,000xg,
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WB to identify the presence of the marker Hsc70 (a) and were quantified
through the measurement of AChE activity per ml of supernatant (b). A
representative image of three independent WB experiments is shown.
EVs obtained by the filtration protocol were separated in a linear sucrose
gradient at 100,000xg. The obtained fractions were grouped in the
following manner according to their buoyancy density (g/ml): FG1
1.04-1.06, FG2 1.10-1.18, FG3 1.20-1.22, FG4 1.24-1.32. Left, WB
evaluation of CD63, Hsc70, and VP6 (c). A representative image of
three independent experiments is shown. Right, AChE quantification
(d). The quantity (mU) of AChE present per ml of supernatant is shown

pools of 1-ml fractions were formed as follows: FG1
contained fractions with a low buoyant density between 1.04
and 1.08 g/ml; FG2 contained fractions with a density be-
tween 1.10 and 1.18 g/ml (where studies have typically locat-
ed exosomes); FG3 contained fractions with an intermediate
density between 1.20 and 1.22 g/ml; and FG4 contained frac-
tions with a density >1.24 g/ml. In each pool of fractions, the
presence of CD63, Hsc70, and VP6 was determined by WB,
and the activity of AChE was evaluated (Fig. 3¢, d). Contrary
to our expectations, in 3/3 independent experiments, the cas-
pase inhibitor cocktail at 10 uM caused all of the vesicle
markers to decrease; this result was observed in the FG4 frac-
tions, in which the apoptotic bodies had been previously re-
ported, and also in the other fractions. These results suggest
that apoptotic bodies have markers that also have been
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described for exosomes and float in a sucrose density gradient
between 1.10 and 1.32 g/ml; however, it is not possible to
formally rule out that these caspase inhibitors also inhibit the
formation of exosomes.

EV concentrated at 100,000xg produced by RV-infected
Caco-2 cells contain histone H3 positive apoptotic bodies
that have a high buoyant density on a sucrose gradient

In the few studies that have compared markers expressed by
exosomes and apoptotic bodies, histones have been shown to
be present only in the latter (Gutwein et al. 2005; Thery et al.
2001; Xie et al. 2009). Here, we compared the presence of
Hsc70, CD63 (Fig. 4 a, b), and AChE (Fig. 4c) and the apo-
ptotic body marker the histone H3 (Fig. 4d) on EV produced
by infected and non infected cells obtained by the two purifi-
cation methods previously described. Globally, and in agree-
ment with previous results (Barreto et al. 2010), vesicles from
RV-infected cells prepared by both filtration/
ultracentrifugation and differential centrifugation presented
higher amounts of CD63 protein (in 3/3 experiments,
Fig. 4b) and AChE activity (Fig. 4c) compared with EV ob-
tained from cells treated with the Mock control. CD63 (3/3
independent experiments) was preferentially found in the 100,
000xg (Fig. 4b) vesicles, whereas Hsc70 and AChE (3/3 in-
dependent experiments) were found in all EV populations.
Hsc70 (3/3 independent experiments) and AChE (5/8 in-
dependent experiments) proteins were found to signifi-
cantly increase after infection in the EVs obtained at
4000xg (Fig. 4a, c, and data not shown). In the EVs obtained
at 10,000xg, the increase of these proteins after infection was
detected in 3/3 experiments for Hsc70 and only 4/8 indepen-
dent experiments for AChE (Fig. 4a, ¢, and data not shown).

The H3 histone was detected by WB in both 100,000xg
vesicles, prepared by filtration/ultracentrifugation and differ-
ential centrifugation, and at higher levels in EVs from infected
cells compared with those from mock treated cells (Fig. 4d).
Surprisingly, H3 was only slightly observed in EVs precipi-
tated at 4000xg and not detected at 10,000xg (3/3 experi-
ments) (Fig. 4d). Altogether, these experiments suggest that
the EVs concentrated at 100,000xg are the most affected by
RV infection and contain both exosomes and apoptotic bodies.
Of note, in EVs from cells treated with caspase inhibitors
described above, it was not possible to detect H3 (data not
shown), most probably due to the sensitivity of the WB.

To determine the buoyant density of the apoptotic bodies
identified by the presence of the H3 histone obtained from
infected and non-infected cells, EVs were subjected to a
filtration/ultracentrifugation protocol and separated in a linear
sucrose gradient. From the gradient, pools of 1-ml fractions
were obtained, as described above, and the presence of H3
was determined by WB (Fig. 4e). To increase sensitivity for
the detection of the histone, these EVs were concentrated three
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times. H3 was preferentially observed in the high buoyant
density fractions of EVs of infected cells in three independent
experiments, and was not detected in the EV of the non-
infected cells (Fig. 4¢). Although there was a degree of vari-
ability between the experiments, Hsc70 had a tendency to
present along all of the gradients in the EVs of the infected
cells (Fig. 4e). In non-infected cells, Hsc70 tends to peak in
the EV fractions between 1.10 and 1.18 g/ml respect to other
fractions. These results suggest that the apoptotic bodies that
were detected according to the presence of histone H3 are
preferentially located in the 1.20-1.32 fractions, and thus,
could be partially separated from the EVs with exosome fea-
tures according to differences in buoyant density.

Discussion

In this study, we performed an analysis of the EVs released
during RV infection of Caco-2 cells. These EVs are most
probably composed of multiple kinds of vesicles that are dif-
ficult to characterize with precision. Here, we studied the het-
erogeneity of EVs produced by RV-infected cells focusing on
exosomes and apoptotic bodies. First, EVs were obtained
from cells cultured in the presence or absence of caspase in-
hibitors. We observed that in cells infected in the presence of
caspase inhibitors, Hsc70 and AChE diminished in EVs ob-
tained at 100,000xg and in both vesicles obtained by sucrose
gradient with low and high buoyant densities, indicating that
apoptotic bodies were present in those fractions. In the ab-
sence of caspase inhibitors, RV infection increased expression
of CD63, Hsc70, and AChE in all of the EVs analyzed; how-
ever, CD63 preferentially localized in the 100,000xg fraction.
Second, we evaluated the presence of the apoptotic body
marker H3 in EVs, and we observed that this protein only
increased in EVs concentrated at 100,000xg and with high
buoyant densities on a sucrose gradient. Therefore, we refer
to apoptotic bodies as EV that are concentrated at 100,000xg
and present denser buoyant densities higher than 1.24 g/ml in
linear sucrose gradients. Thus, RV infection increases the re-
lease of EVs that, upon concentration at 100,000xg, are com-
posed by exosomes mixed with apoptotic bodies, which can
be partially separated using sucrose gradients. These EVs can
have potentially different immunomodulatory functions that
should be studied further.

Using the RV-infected Caco-2 cell model, we previously
obtained an EV population enriched in exosomes by a proto-
col that uses filtration followed by an ultracentrifugation step
(Barreto et al. 2010). These EVs were shown to inhibit the
viability and proliferation of CD4 T lymphocytes (Barreto
et al. 2010). As has been reported for exosomes
(Mathivanan et al. 2010; Thery et al. 2009), these EVs
expressed CD63, Hsc70, MFG-ES8, and AChE. However, the
morphological characterization by electron microscopy
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Fig. 4 Caco-2 cells infected with
RV increase the release of histone
H3-positive apoptotic bodies that
concentrate at 100,000xg and
have a high buoyant density on a
sucrose gradient. Caco-2 cells
cultured for 15 days in DMEM
supplemented with 20 % FBS
were infected with RRV (moi of
5) or treated with the control
infection (mock) for 45 min. The
supernatants were collected 24 h
post-infection and were subjected
to a differential centrifugation
protocol (300xg, 4000xg,
10,000%g, and 100,000xg) to
eliminate cellular debris and to
obtain large vesicles derived from
dead cells, microvesicles and
exosomes, respectively, or
filtration/ultracentrifugation to
obtain exosomes. The EVs were
evaluated by WB for the presence
of a Hsc70 and b CD63; ¢ AChE
activity by fluorometry; d histone
H3 by WB. Representative
images of three independent
experiments in the WB analysis
are shown. For AChE activity, the
median of five or six independent
experiments analyzed by non-
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showed a heterogeneous population of EV: some of them
having the typical cup-shape reported for exosomes (Van
Niel et al. 2001) mixed with other irregular-shaped vesicles.
In addition, in the sucrose gradients, we observed EV with
densities typical of exosomes (between 1.10 and 1.18 g/ml)
or described for apoptotic bodies (higher than 1.24 g/ml)
(Barreto et al. 2010; Thery et al. 2001, 2009). However, con-
sidering that the virus induces an apoptosis process in vitro as
well as in vivo (Bhowmick et al. 2012; Chaibi et al. 2005;
Halasz et al. 2010; Martin-Latil et al. 2007), and the fact that
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the production of EV is performed in the absence of FBS
(which could also increase the apoptosis in the system
(Ricchi et al. 2003)), it is probable that apoptotic bodies occur
in this model. Similarly, the sedimentation rates used to pre-
cipitate the exosomes may also precipitate apoptotic bodies;
thus, it is probable that in the obtained EVs, these two types of
vesicles occur.

Separating exosomes and apoptotic bodies in the superna-
tants of Caco-2 cells infected with RV is a difficult task, in part
because an extensive characterization of apoptotic body
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markers has not been performed. However, in some studies,
apoptotic bodies have been found to have the same proteins as
exosomes, with histones or the 14-3-3 protein as differential
features (Gutwein et al. 2005; Thery et al. 2001; Xie et al.
2009). Because apoptotic bodies have been found to sediment
in a wide range of g (between 1200 and 100,000xg) and have
diverse sizes (Mathivanan et al. 2010; Thery et al. 2009), we
initially decided to analyze the EVs produced during the RV
infection using a differential centrifugation procedure to eval-
uate the presence of apoptotic bodies in the vesicles
sedimenting at 4000xg (large vesicles of dead cells), 10,
000xg (microvesicles), and 100,000xg (exosomes and most
likely small apoptotic bodies) (Bobrie et al. 2012a; Crescitelli
et al. 2013; Thery et al. 2006). Globally, we found Hsc70 and
ACHhE in the three classes of EVs concentrated at 4000xg, 10,
000xg, and 100,000 x g, whereas CD63 protein preferentially
occurred in the EVs concentrated at 100,000xg (Fig. 4b).
Bobrie et al. (Bobrie et al. 2012a) found that while MFG-E8
protein was present in microvesicles and exosomes, CD63
was only found in exosomes. This fact highlights that CD63
is one of the best exosome markers. In our model, the presence
of caspase inhibitors decreased the amount of CD63, associ-
ating this marker with apoptotic bodies (Fig. 3c). Recently,
CD63 has been described in association with large apoptotic
bodies as well as microvesicles and exosomes by flow cytom-
etry (Crescitelli et al. 2013). However, we cannot formally
rule out that the caspase inhibitors decrease exosome
secretion.

Histone H3 expression was found to be increased in the
vesicles from the cells infected with RV that were concentrat-
ed at 100,000xg (Fig. 4d); however, H3 was not clearly pres-
ent in the larger EVs concentrated at 4000xg. Similar results
were found for the EVs concentrated at 100,000xg by the
filtration/ultracentrifugation protocol as well as by the differ-
ential centrifugation protocol, demonstrating that the presence
of apoptotic bodies in the fraction containing the exosomes is
not dependent on the protocol used for their purification.
Unlike the H3 present in the nuclei, H3 that is found in EVs
concentrated at 100,000xg presents an additional band of
greater electrophoretic motility (Fig. 4d) that can reflect the
presence of posttranslational modifications induced during
apoptosis, because the isoforms of histones, such as H3 and
H4, that have a higher degree of acetylation present a slightly
faster motility on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Georgieva and Sendra 1999).
These hyperacetylated forms of histones may be induced dur-
ing cell death by apoptosis (Dieker et al. 2007). Additionally,
the methylation/demethylation processes of histone H3 can
have a triggering role in the apoptosis process, according to
the cell type and the methylated region (Cheng et al. 2009;
Walter et al. 2014).

To reveal the effect of apoptosis in the EVs produced dur-
ing RV infection, we obtained vesicles from the supernatants
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of'infected cells in the presence of caspase inhibitors that have
been shown to inhibit the generation of apoptotic bodies
(Lemaire et al. 1998). Moreover, the cocktail of caspase in-
hibitors we used (z-VAD-fimk, z-DEVD-fmk, and z-LEHD-
fmk) has been shown to inhibit apoptosis induced by RV
(Martin-Latil et al. 2007). In the presence of this cocktail,
Hsc70, CD63, and AChE were decreased in the fraction con-
centrated at 100,000xg (Fig. 3). These results, in addition to
the location of histone H3, show that the apoptotic bodies that
are generated in a caspase-dependent form are concomitantly
concentrated with the exosomes at 100,000xg. Because apo-
ptotic bodies have higher buoyant densities than exosomes
(Thery et al. 2001), we decided to separate the EVs using a
linear sucrose gradient. The observed decrease of CD63 and
ACHhE in the presence of caspase inhibitors (Fig. 3¢, d) may
indicate that the apoptotic bodies have a similar buoyancy to
that of exosomes or that inhibitors can decrease the production
of exosomes. However, further studies are necessary to eluci-
date this. Interestingly, in the EVs of non-infected cells, a
higher presence of Hsc70 was observed in the fractions of
densities between 1.10 and 1.18 g/ml, characteristic of
exosomes. In contrast, in the EVs of the infected cells, where
a higher number of apoptotic bodies was expected, a robust
Hsc70 expression was observed along the entire gradient
(Fig. 4e). The histone H3 was consistently found only in the
EVs of the infected cells and in the high-density fractions. In
EVs concentrated at 100,000xg, other markers of apoptotic
bodies, like 14-3-3 protein and histones H1, H2A, H2B, and
H4, have also been found (Bautista 2015; Thery et al. 2001;
Xie et al. 2009). Although caspase inhibitors decrease all the
markers along the different fractions of the sucrose gradient
(Fig. 3c, d), H3 localizes preferentially in the high-density
fractions (Fig. 4e), indicating that this fraction is highly
enriched in apoptotic bodies.

The high-density fraction (higher than 1.24 g/ml) of EV
released by RV-infected cells (that we have shown here to
contain H3 positive apoptotic bodies) inhibit proliferation
and viability of T cells to a greater extent than the same EV
from non-infected cells and inhibit the proliferation of T cells
to a greater extent than EV with densities typical of exosomes
from infected cells (Barreto et al. 2010). Thus, we speculate
that RV infection may increase the release of early H3 positive
apoptotic bodies with potentially unique immunomodulatory
properties. It is possible that the EVs concentrated at 100,
000xg and expressing histone H3 corresponded to early apo-
ptotic bodies (Lane et al. 2005). At the beginning of apoptosis,
plasma membrane blebbing generates small vesicles (small
apoptotic bodies or microparticles) (Poon et al. 2014;
Wickman et al. 2013) that contain histones (H3 included),
which could have immunomodulatory properties. For exam-
ple, extracellular histones H3 and H4 have an impact on the
inflammatory response by directly inhibiting phagocytosis of
the apoptotic cells and promoting the release of inflammatory
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stimuli associated with secondary necrosis (Friggeri et al.
2012). In addition, acetylated histones have been reported to
mediate macrophage activation (Pieterse et al. 2014).

Late apoptosis is accompanied by the exposition on the
cell’s surface of the material derived from the internal mem-
brane systems, such as the endoplasmic reticulum (Franz et al.
2007). In EVs released by Caco-2 cells infected with RV con-
centrated at 100,000xg, the endoplasmic reticulum marker
calnexin has not been detected (Barreto et al. 2010), also fa-
voring the hypothesis that apoptotic bodies released 24 h after
RV infection are from early stages. Histone H3 was not clearly
detected in the vesicles concentrated at 4000xg where we
expected to precipitate large apoptotic bodies; in addition,
these vesicles did not present a decrease in the evaluated pro-
teins when the cells were cultured in the presence of caspase
inhibitors (Fig. 3a, b). In that sense, in our model, EVs con-
centrated at 4000xg can correspond to large apoptotic bodies
derived from secondary necrosis.

Previously, we demonstrated that during RV infection of
Caco-2 cells, there is an increased release of a heterogeneous
population of EVs with the ability to inhibit the viability and
proliferation of polyclonally stimulated CD4 T cells, depend-
ing, in part, on the TGF-f3 present in the EVs (Barreto et al.
2010; Rodriguez et al. 2012). Here, we have shown that in
these EVs, there are, in addition to exosomes, apoptotic bodies
expressing the histone H3 that have the potential to modulate
the immune response. Further studies are necessary to better
characterize these EV subsets and improve our understanding
of their immunodulatory functions.
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