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A B S T R A C T

Background aims: Adipose mesenchymal stem cells (ASCs) represent a promising therapeutic approach in
inflammatory neurological disorders, including multiple sclerosis (MS). Recent lines of evidence indicate that
most biological activities of ASCs are mediated by the delivery of soluble factors enclosed in extracellular
vesicles (EVs). Indeed, we have previously demonstrated that small EVs derived from ASCs (ASC-EVs) amelio-
rate experimental autoimmune encephalomyelitis (EAE), a murine model of MS. The precise mechanisms and
molecular/cellular target of EVs during EAE are still unknown.
Methods: To investigate the homing of ASC-EVs, we intravenously injected small EVs loaded with ultra-small
superparamagnetic iron oxide nanoparticles (USPIO) at disease onset in EAE-induced C57Bl/6J mice. Histo-
chemical analysis and transmission electron microscopy were carried out 48 h after EV treatment. Moreover,
to assess the cellular target of EVs, flow cytometry on cells extracted ex vivo from EAE mouse lymph nodes
was performed.
Results: Histochemical and ultrastructural analysis showed the presence of labeled EVs in lymph nodes but
not in lungs and spinal cord of EAE injected mice. Moreover, we identified the cellular target of EVs in EAE
lymph nodes by flow cytometry: ASC-EVs were preferentially located in macrophages, with a consistent
amount also noted in dendritic cells and CD4+ T lymphocytes.
Conclusions: This represents the first direct evidence of the privileged localization of ASC-EVs in draining
lymph nodes of EAE after systemic injection. These data provide prominent information on the distribution,
uptake and retention of ASC-EVs, which may help in the development of EV-based therapy in MS.
© 2024 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Experimental autoimmune encephalomyelitis (EAE) represents
the most used animal model in multiple sclerosis (MS), not only for
investigating the pathogenic features but also for identifying new
potential therapeutic strategies. MS is a chronic inflammatory degen-
erative disease with evidence of autoimmune activity toward the
central nervous system (CNS), characterized by demyelination and
axonal damage [1,2].

Several studies on the use of mesenchymal stem cells (MSCs) in
the treatment of EAE have achieved encouraging results,
suggesting both peripheral and central mechanisms [3�8]. Experi-
mental evidence has indeed demonstrated that the therapeutic
effects of MSCs do not require their engraftment in the CNS but
depend on their ability to reach peripheral lymphoid organs as
well as to infiltrate sites of injury and inflammation favoring
immune regulation and tissue repair, respectively, by the release
of extracellular vesicles (EVs) containing modulating factors
[6,9�11]. It is clearly confirmed that EVs derived from MSCs (MSC-
EVs) maintain some characteristics of their parent-derived cells
[12], including an immunomodulatory and neuroprotective role, as
demonstrated using in vitro and in vivo experimental approaches
[13�18] and also in EAE [19,20]. In this regard, our group showed
that the preventive administration of small EVs derived from adi-
pose mesenchymal stem cells (ASC-EVs) ameliorates chronic EAE
by interfering with the integrin-dependent adhesion of activated T
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cells to spinal cord pial vessels and inhibiting the activation of CD4
+ T cells in lymph nodes of EAE-induced animals, with consequent
reduced production of pro- and anti-inflammatory cytokines [19].
Although the trafficking of stem cells from the systemic circulation
has long been characterized, this is not yet known for their
derived vesicles.

Contrary to their parent cells, the traceability of MSC-EVs in vivo
proved to be technically challenging because of their nanosize. Nev-
ertheless, recent advanced techniques are being employed to identify
accumulation sites and cell targets of EVs [21�24], resulting in signif-
icant improvement in the evaluation of their in vivo cell tissue distri-
bution.

In this study, we describe for the first time the delivery of small
ASC-EVs labeled with ultra-small superparamagnetic iron oxide
nanoparticles (USPIOs) after intravenous injection in EAE-induced
mice using histochemical and ultrastructural studies. Starting from
the experimental evidence obtained in our previous study, we
focused our attention on lymph nodes, identified as the target site
of ASC-EV action [19]. The identification of MSC-EV target sites in
the early onset of disease represents one of the relevant issues to
be addressed to fill the gap between experimental pre-clinical stud-
ies and therapy, which currently does not report significant suc-
cesses [25]. Here we aim to confirm with direct evidence the site of
action of ASC-EVs in EAE mice and to identify their cellular targets,
which are currently unknown. The ability of ASC-EVs to accumulate
preferentially in the secondary lymphoid organs rather than in the
sites of injury and inflammation could allow the development of
minimally invasive systemic delivery strategies, avoiding the risks
related to uncontrolled proliferation and tumor development
[26,27]. These results pave the way for the successfully targeted
application of ASC-EVs for the treatment of MS and other neurolog-
ical diseases.

Methods

Cell cultures

Murine ASCs were obtained from inguinal adipose tissue of 6- to
8-week-old C57Bl/6J mice (Charles River Laboratories, Wilmington,
MA, USA). The isolation of stromal vascular fraction from the lipoaspi-
rate was carried out as previously described [3]. Briefly, extracellular
matrix was digested with collagenase A type I (Roche, Basel, Switzer-
land) and centrifuged at 1200 £ g. The pellet obtained was resus-
pended and the stromal fraction was collected via sequential
centrifugation and filtration steps.

Human ASCs were obtained from lipoaspirates of healthy donors
after informed consent, and their extraction was performed as
described by Peroni et al. [28]. Murine and human ASCs were cultured
in complete Dulbecco’s Modified Eagle’s Medium with 10% fetal
bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin
(Thermo Fisher Scientific, Waltham, MA, USA) and incubated at 37°C
in 5% carbon dioxide. To reduce inter-donor variability ASCs were
obtained from different donors, cultivated separately and pooled
together for the experiments. The characterization of adipose-
derived MSCs agreed with the MSC standards established by the
International Society for Cell & Gene Therapy [29] as previously
reported by us [15,30].

The immunophenotypic analysis of murine ASCs was performed
using monoclonal antibodies (mAbs) specific for CD106, CD9, CD44,
CD80, CD138 and stem cell antigen 1. In addition, the absence of
hematopoietic (CD45, CD11c and CD34) and endothelial (CD31)
markers was assessed as previously described [10]. All mAbs were
purchased from Becton Dickinson (Franklin Lakes, NJ, USA). Isotype-
matched antibodies were used as controls. Briefly, ASCs were
detached using trypsin/ethylenediaminetetraacetic acid for 5 min,
immediately washed with phosphate-buffered saline (PBS) to remove
trypsin and resuspended at 106 cells/mL. Cell suspension was incu-
bated at 4°C for 10 min with 15% adult bovine serum followed by
incubation with the specific mAb at 4°C for 30 min. At least 10000
events were analyzed by flow cytometry (BD FACSCalibur; Becton
Dickinson) using BD CellQuest software (Becton Dickinson). For the
immunophenotypic analysis, human ASCs were evaluated for the
expression of CD105, CD73, CD29 and CD44 and the lack of hemato-
poietic and endothelial cell markers as previously described [28,31].

ASC-EV isolation, labeling and characterization

ASC-EVs were isolated from the culture medium of murine ASCs at
passage 14�18 as previously described [15,19]. The same protocol
was used to extract human ASC-EVs (hEVs) at passage eight to 10 as
previously described [32]. ASC-EVs were extracted from a pool of ASC
cells derived from different donors to reduce inter-donor variability.
Murine ASCs were grown to confluence and incubated with 200 mg
iron/mL of USPIOs for 24 h [14,33]. Following USPIO labeling, ASCs
were maintained for 48 h in Dulbecco’s Modified Eagle’s Medium sup-
plemented with 0.5% ultracentrifuged fetal bovine serum to reduce
serum contamination. ASC supernatants were collected and small EVs
were enriched using a PureExo Exosome Isolation kit (101Bio, Moun-
tain View, CA, USA) following the manufacturer’s protocol. The FBS
was purified with ultracentrifugation at 120,000g (Optima Max-E
Ultracentrifuge, Beckman Coulter) for 18hours [34]. The supernatant
was collected carefully, to not disturb the visible pellet. The collected
supernatant was subjected to 0.2 mm filtration twice and a single 0.1
mm filtration before adding it in the culture medium [35]. The protein
content of EVs, USPIO-EVs and hEVs was determined via bicinchoninic
acid protein assay of five different extractions. The bicinchoninic acid
protein assay (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific)
was performed following the manufacturer’s protocol. Briefly, EV pro-
teins were incubated with the working reagents at 60°C for 30 min
according to the enhanced protocol of the Pierce BCA Protein Assay
Kit. Subsequently, protein samples were loaded into each well of a
96-well plate, and the absorbance was measured at 562 nm by a
microplate reader (ChroMate; RayBiotech, Peachtree Corners, GA,
USA). A standard curve was used to calculate the protein concentra-
tion of EV samples. The efficiency of EV labeling and the quantification
of USPIO-EV iron nanoparticles were previously reported by our
group using several experimental approaches [21].

To confirm EV isolation and purity, 20�30 mg of EVs was eluted
with loading buffer, boiled for 5 min and separated in 10% and 12%
polyacrylamide gels at 100�150 V. Proteins were transferred onto
polyvinylidene difluoride membranes (Immobilon-P; MilliporeSigma,
Burlington, MA, USA) for 2 h at 60 V in transfer buffer. Membranes
were then blocked with 10% non-fat dry milk for 1 h and incubated
with anti-CD9 mAb (1:500; MilliporeSigma), polyclonal anti-HSP70
(1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), anti-TSG101
mAb (1:1000; Abcam, Cambridge, UK) and polyclonal anti-GM130
antibody (1:500; Thermo Fisher Scientific). For hEVs, the presence of
human leukocyte antigen (HLA) was evaluated by anti-human HLA
mAb (1:500; Thermo Fisher Scientific). After incubation with the
appropriate secondary IgG horseradish peroxidase-conjugated anti-
bodies, the membranes were developed with Immobilon Western
substrate (MilliporeSigma) and proteins were visualized on autoradi-
ography film (Amersham Hyperfilm; Cytiva, Marlborough, MA, USA).

Size distribution and concentration of isolated EVs were measured
by nanoparticle tracking analysis (NTA) using a NanoSight NS300
(Malvern Panalytical, Malvern, UK) equipped with a 488-nm laser
and a syringe pump system with a pump speed of 20 mL/s. For the
measurements, five video recordings with a duration of 1 min were
carried out for each sample diluted 1:100 in PBS. Camera level and
detection threshold were set in acquisition and analysis, respectively,
in order to achieve a concentration between 20 and 120 particles per
frame. NTA 3.4 software (Malvern Panalytical) was used to acquire
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and analyze the sample videos. The results are reported as mean §
standard error of the mean of five measurements. For size determina-
tion, the data are reported as statistical mode § standard error of the
mean of five measurements. The NTA measurements represents 5
biological replicates of ASC-EVs batches derived from the mean of 3
technical replicates.
EAE induction and ASC-EV treatment protocol

All mouse experiments were carried out on C57BL/6J mice
obtained from Charles River Laboratories, (Wilmington, MA, USA). All
animals had the C57BL/6J genetic background (stock no. 000664).
Chronic EAE was induced in female C57Bl/6J mice using an active
immunization protocol. Briefly, animals were injected subcutane-
ously with 150 mg MOG35-55 peptide in 200 mL emulsion consisting
of equal volumes of PBS and Complete Freund’s Adjuvant (Becton
Dickinson) supplemented with 1 mg Mycobacterium tuberculosis
strain H37Ra (Becton Dickinson). Mice received 80 ng of pertussis
toxin (Enzo Life Sciences, Farmingdale, NY, USA) intravenously at the
time of immunization and 48 h later [36]. A previous titration to
establish an optimal pertussis toxin dose for the induction of chronic
EAE in C57BL/6J mice was performed [37]. All mice were weighed
and examined daily for the neurological symptoms of EAE and scored
according to the previously reported clinical scale [19]. The onset of
the disease was considered when mice showed initial symptoms
(limp tail) around 13 § 3 days after immunization.

We decided to verify ASC-EV homing at disease onset because
according to our previous data [19], ASC-EVs did not impact EAE
development when injected after disease onset, but their preventive
administration ameliorated the EAE course. ASC-EVs conjugated with
USPIOs (40 mg of protein content corresponding to 6.07 £ 108 § 1.42
particles) were injected intravenously at disease onset, and mice
(n = 4) were killed after 48 h. EAE mice injected with USPIOs alone
(n = 3) and healthy C57Bl/6J mice that did not receive subcutaneous
immunization (n = 3) were considered controls.

Animals were housed in pathogen-free, climate-controlled facili-
ties and provided with food and water ad lib according to current
European Community laws. At the endpoints of all experiments, mice
were deeply anesthetized and killed. All efforts were made to mini-
mize suffering. All mouse experiments were carried out in accor-
dance with experimental guidelines approved by the University of
Verona committee on animal research (Centro Interdipartimentale di
Servizio alla Ricerca Sperimentale) and the Italian Ministry of Health.
All methods were completed and reported in accordance with the
Animal Research: Reporting of In Vivo Experiments guidelines.
Magnetic resonance imaging

Magnetic resonance imaging (MRI) images were acquired using a
tomograph (Bruker, Karlsruhe, Germany) equipped with a 4.7-T,
33-cm bore horizontal magnet (Oxford Ltd, Oxford, UK). Animals
were anesthetized with 1% isoflurane inhalation in a mixture of oxy-
gen and nitrogen and placed in prone position over a heated bed.
Images were acquired with a cross-coil configuration. MRI acquisition
was performed in EAE mice (n = 3) before intravenous administration
of USPIO-EVs (pre-clinical stage around 12�13 days post-induction as
previously reported by Farinazzo et al. [19]), the day of USPIO-EV
injection (onset of disease) and 48 h post-USPIO-EV injection. EAE
control mice (n = 3) received PBS. In order to detect USPIO-EVs, T2*
map images were acquired using a multi-gradient echo sequence
with repetition time of 2000 ms, echo time of 4.4 ms, field of view of
4.5 £ 2 cm2, matrix size of 288/128, slice thickness of 0.75 mm, n° of
slice of 36, number of averages of 4 and total acquisition time of
12 min 48 s.
Histology

The presence of ASC-EVs labeled with USPIOs was verified by his-
tological analysis of frozen sections of lymph nodes, lung, spleen and
spinal cord of EAE-induced (n = 4 EAE mice injected with USPIO-EVs
and n = 4 EAE mice injected with USPIOs alone) and healthy (n = 3)
mice. To evaluate EV localization, Prussian Blue staining was per-
formed. Sections were incubated with Prussian Blue solution (5%
hydrochloric acid and 5% potassium ferrocyanide) for 40 min and
counterstained with Nuclear Fast Red for 10 min. Sections were
examined with an AxioPhot microscope equipped with an AxioCam
HRc camera and AxioVision software (Zeiss, Oberkochen, Germany).
Images were acquired from representative sections of 20 mm of
lymph nodes per mouse collected every 100 mm for a total of 20�30
sections for each animal.

Electron microscopy

The morphology and size of USPIO-EVs and EVs were confirmed
by the electron microscopy technique. For detection of the ultrastruc-
tural morphology of USPIO-EVs, EVs were embedded in agarose gel
fixed in a solution of 2.5% glutaraldehyde plus 2% paraformaldehyde
in 0.1 M phosphate buffer. All samples were post-fixed in 1% osmium
tetroxide for 2 h. The sections were then dehydrated in graded con-
centrations of acetone and embedded in an Epon�Araldite mixture
(Electron Microscopy Sciences, Hatfield, PA, USA). The ultrathin sec-
tions were cut with an Ultracut E microtome (Reichert, Vienna, Aus-
tria) at 70-nm thickness and placed on copper/rhodium grids.
Transmission electron microscopy (TEM) images were acquired with
a Morgagni transmission electron microscope (Philips, Amsterdam,
the Netherlands) operating at 80 kV and equipped with a Megaview
II camera (Philips) for digital image acquisition [33].

Vesicle samples (without USPIOs) were resuspended in 4% para-
formaldehyde. A drop of solution was spotted onto a nickel mesh and
air-dried. The grids were washed in PBS and fixed with 1% glutaralde-
hyde. Grids were then washed twice with PBS and stained with 1%
uranyl acetate (Sigma-Aldrich, St Louis, MO, USA) for 10 min. Finally,
the grids were air-dried and observed with a Zeiss EM 109 electron
microscope; images were acquired via scanner (Perfection 4990
Photo; Epson, Suwa, Japan).

Lymph nodes and spinal cord from both EAE (n = 2) and healthy
(n = 2) mice treated with USPIO-EVs and PBS, respectively, were dis-
sected out and fixed with 2.5% glutaraldehyde in phosphate buffer
for 1 h at 4°C and post-fixed in osmium tetroxide for 2 h at 4°C. The
samples were subsequently dehydrated in acetone and embedded in
Spurr resin. The ultrathin sections were cut at a thickness of 80 nm at
three different levels of 100 mm and placed on copper/rhodium grids
with an Ultracut E microtome (Reichert-Jung, Heidelberg, Germany).
Samples were observed using an energy-filtered transmission elec-
tron microscope (Leo 912ab; Zeiss) operating at 80 kV, and digital
images were acquired using an Esivision CCD-BM/1K system (Olym-
pus, Germany).

Flow cytometry

Flow cytometry analysis was performed on the lymph nodes of
both EAE and healthy mice treated with hEVs. Lymph nodes were
mechanically dissected out and disrupted with a syringe and filtered
through 80-mm nylon mesh. Cells were counted using a hemocytom-
eter and assessed for viability using Trypan Blue. A total of 1 £ 106

cells from lymph nodes of EAE and healthy mice were collected and
resuspended in 1% bovine serum albumin in PBS. The cells were cen-
trifuged at 300 £ g for 5 min, the supernatant was removed and the
pellet was resuspended in 100 mL of 1% bovine serum albumin in
PBS. The following antibodies were added to the solution and incu-
bated for 1 h in the dark at room temperature: CD16/CD32
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unconjugated blocking agent, mouse anti-F480-FITC, CD45 APC-Cy7,
B220 V450, CD8 V500, CD4 PerCP-Cy5.5 and CD11c-APC. All antibod-
ies were purchased from Thermo Fisher Scientific and used at appro-
priate dilution. After centrifugation at 300 £ g for 5 min, a FIX &
PERM Cell Permeabilization Kit (Thermo Fisher Scientific) was used
with or without (fluorescence minus one) anti-human HLA PE-Cy7
(clone w6/32; Thermo Fisher Scientific), which recognizes an anti-
genic determinant shared among products of the HLA-A, HLA-B and
HLA-C loci. A flow cytometry gating strategy was used to define cell
populations of interest as follows: (i) selection of viable cells was per-
formed using light scatter properties to discard debris and doublets
and (ii) selection of either CD45+ or CD45� cells to analyze different
subsets of cells with markers of immunophenotype (lymphocyte B
CD45+ and B220+, lymphocyte T D45+CD4 +/� CD8 �/+, macrophages
F480+ B220�, dendritic cells CD11c+ CD45 subset +). A BD FACSCanto II
(Becton Dickinson) was used at a low rate for the reading.

Statistical analysis

Statistical analysis was performed using a two-tailed Student’s t-
test. P < 0.05 was considered statistically significant.

Results

Characterization of EVs

In the present study, EVs were labeled with USPIOs (USPIO-EVs)
starting from the loading of their parent cells. After EV extraction, the
vesicles were able to retain small iron particles, as previously
observed [33]. TEM images showed the presence of small iron par-
ticles inside EVs after their extraction from USPIO-loaded ASCs
(Figure 1A). The presence of USPIOs in EVs did not impact on the typi-
cal characteristics of EVs in terms of morphology, as revealed by
round vesicles with lipid bilayers with a diameter less than 130 nm
(Figure 1B) [38,39] as well as protein content, size and concentration
(Figure 1C�E). EVs and USPIO-EVs were analyzed and quantified by
NTA (Table 1; also see supplementary Figure 1). Measurements were
in line with the literature [38]. By western blot, we validated the
presence of typical markers of EVs [40] identified on USPIO-EVs
through CD9, TSG 101 and HSP-70 antibodies, which displayed spe-
cific signals at 25 kDa, 44 kDa and 70 kDa, respectively. GM130 was
used to exclude the presence of components derived from Golgi
apparatus (Figure 1F).

Homing and migration of USPIO-EVs in EAE mice

To verify the ability of USPIO-EVs to migrate to inflammatory sites
following intravenous injection at EAE onset, a preliminary MRI anal-
ysis was performed at 48 h post-injection. EAE mice injected with
USPIO-EVs showed lower T2* relaxation time values in lymph nodes
compared with EAE mice injected with PBS (see supplementary
Figure 2). These data are in line with a previous study in which
USPIOs were used to detect EVs in vivo [33], confirming lymph nodes
as the target site of ASC-EVs in EAE pathology [19]. To better charac-
terize ASC-EVs with direct evidence, histological analysis of draining
lymph nodes (both axillary and inguinal) was performed. Prussian
Blue staining showed the presence of USPIO-EVs in the lymph nodes
of EAE mice injected with USPIO-EVs (Figure 2A,B) but not in those of
EAE mice injected with USPIOs alone (Figure 2C,D) or healthy animals
injected with USPIO-EVs (Figure 2E,F). No signal was detected in the
lung or spinal cord of EAE mice injected with USPIO-EVs (Figure 2G,
H). No clear positivity was observed with Prussian Blue staining with
regard to the spleen because of the presence of high endogenous iron
deposits (data not shown) [41].

Formal and direct confirmation of the capacity of USPIO-labeled
EVs to migrate to lymph nodes after systemic injection was obtained
by TEM, which represents the gold standard for identifying small
nanoparticles in tissues [42]. However, the technique is very time-
consuming, so we focused our attention mainly on lymph nodes (our
first and foremost identified target) and spinal cord (the major site
involved in EAE pathology). The presence of iron particles was evi-
denced in the lymph nodes of EAE mice but not in the spinal cord
(Figure 3F). Iron particles of round shape and expected size were
observed in EAE mice injected with USPIO-EVs (Figure 3A�C) but not
in those injected with USPIOs alone (Figure 3D,E).

Identification of cell targets of EVs in lymph nodes of EAE mice

The demonstration of the presence of ASC-EVs in the lymph nodes
of EAE mice prompted us to investigate their cellular target. For this
purpose, we injected hEVs (characterized by the expression of typical
EV markers and HLA expression) (see supplementary Figure 3A,B)
intravenously in EAE and healthy mice and analyzed by flow cytome-
try the cell populations present in the lymph nodes to verify which
cell type contained hEVs. The presence of HLA signals in murine cells
identified the incorporation of hEVs (Figure 4A�C).

As expected, given their phagocytic nature, F480+ macrophages
and CD11c+ dendritic cells displayed the highest absolute HLA signal
in the steady state as well as in the course of EAE induction compared
with the other cells analyzed (Figure 4C). In particular, flow cytome-
try analysis showed a significant presence of HLA+ signal in F480+
macrophages, with a 1.45-fold increase in mean fluorescence inten-
sity in EAE mice compared with healthy mice (P = 0.0269)
(Figure 4D). Interestingly, albeit not statistically significant, probably
due to the small number of animals processed, CD4+ T cells displayed
a remarkably higher capacity to directly incorporate and accumulate
hEVs in reactive lymph nodes (2.07-fold increase in mean fluores-
cence intensity in EAE mice compared with healthy mice), whereas
no significant difference in HLA+ signal was observed in CD8+ T-cell
and B lymphocyte populations of EAE lymph nodes compared with
naive lymph nodes.

Discussion

In our current study, as in our previous studies [3,19], we
exploited active immunization with MOG35-55 peptide as a myelin
antigen using C57Bl/6J mice that develop a chronic model of EAE.
Specifically, we evaluated (i) lymph nodes draining the immunization
site, as a point of peripheral activation of myelin-specific T cells [43];
(ii) lungs, as sites where activated T cells become licensed to enter
the CNS [44]; and (iii) spinal cord, as the main site of inflammation in
this animal model of EAE [43]. The labeling strategy of EVs with
USPIOs not only represents a feasible approach for in vivo spatiotem-
poral tracking but could also be used to investigate EV biology and
composition, facilitating and promoting the identification of new
pro-inflammatory targets.

First, to address the tissue accumulation of ASC-EVs, we evalu-
ated their distribution, comparing healthy and EAE-induced mice
48 h after intravenous injection of USPIO-labeled vesicles. For this
purpose, the presence of USPIO-EVs was investigated by Prussian
Blue histochemical staining and the obtained data were confirmed
by TEM. Retention of iron deposits was found in the lymph nodes of
EAE mice but not in the lungs. Moreover, although EVs have a lipidic
nature and can potentially cross the blood�brain barrier, no evi-
dence of iron retention was detected in the spinal cord. These
results highlight the EV accumulation in secondary lymphoid organs
and could suggest a disease-associated phenomenon aimed at mod-
ulating peripheral T lymphocyte activation, a process characterizing
the establishment of T-cell-based CNS inflammation [45]. This evi-
dence is in line with our previous study, in which ASC-EVs preferen-
tially exerted an anti-inflammatory effect in lymphoid organs rather
than within the CNS [19]. Surprisingly, we did not detect EVs in the



Table 1
Summary data of NTA.

Sample Mean diameter, nm Mode diameter, nm d90/d10 Raw concentration, particles/mL Particle count Particle rate, particles/min

EVs (n = 5) 132.8 § 5.35 92.1 § 5.4 4.15 § 1.11 2.25 £ 107 § 1.009 4.04 § 1.84 1580.0 § 816.73
USPIO-EVs (n = 5) 123.6 § 7.2 109.4 § 8.7 3.02 § 0.62 3.6 £ 107 § 1.103 6.7 § 2.1 2083.2 § 759.44

Data represent the analysis of USPIO-EVs and EVs alone after extraction from murine ASCs. Data are reported as mean § standard error of the mean (n = 5). There are no
statistically significant differences for reported parameters. For diameter of particles, both average and mode are reported. All reported "n" represent 5 different batches
of ASC-EVs.

Figure 1. Characterization of murine EVs. (A) High TEMmagnification of USPIO-EVs in phantom gel showed the labeling of a single vesicle loaded with iron particles after extraction
from ASCs (scale bar = 100 nm). (B) Representative TEM images of EVs showed particles with characteristic morphology and size (scale bar = 100 nm). (C) Protein concentration of
EVs and USPIO-EVs was detected by BCA protein assay (n = 5). Analysis was performed using Student’s t-test, and data are shown as mean § SEM. (D) Mode particle diameter of EVs
and USPIO-EVs measured and analyzed by NTA (n = 5). Analysis was performed using Student’s t-test, and data are shown as mode § SEM. (E) Concentration of EVs and USPIO-EVs
was measured and analyzed by NTA (n = 5). (F) Western blot analysis of specific EV protein markers. In USPIO-EV fraction, bands were present at 25 kDa, 44 kDa and 70 kDa after
incubation with CD9, TSG101 and HSP70 antibodies, respectively. GM130 was used to exclude the presence of components derived from Golgi apparatus. ASC lysates were used as
a positive control. BCA, bicinchoninic acid; ns, not significant; P>0.05; SEM, standard error of the mean. All reported "n" represent biological replicates.
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Figure 2. Identification of USPIO-EV homing in EAE. Histological analysis of axillary lymph nodes of EAEmice. (A) Prussian Blue staining revealed the presence of signal in the lymph
nodes of EAE mice injected with USPIO-EVs (magnification 20X; scale bar = 50 mm). (B) Higher magnification 40X(scale bar = 50 mm). (C) No positivity was observed in EAE mice
injected with USPIOs alone (magnification 20X; scale bar = 50 mm). (D) Higher magnification 40X(scale bar = 50 mm). (E) No signals were observed in healthy mice injected with
USPIO-EVs (magnification 20X; scale bar = 50 mm). (F) Higher magnification 40X(scale bar = 50 mm). (G) No particles were observed in the lungs of EAE mice injected with USPIO-
EVs (scale bar = 100 mm). (H) No particles were observed in the spinal cord of EAE mice injected with USPIO-EVs (scale bar = 200mm).
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lymph nodes of healthy mice 48 h after intravenous injection. With
respect to this, using human ovarian cancer-derived vesicles, it was
clearly demonstrated how these EVs could be actively transported
by lymphatic endothelial cells from the interstitial flow into the
lymphatic vessel [46]. We can therefore suppose that systemic and
local inflammatory conditions that arise in the early phases of EAE
could accelerate the widespread dissemination of EVs from vascu-
lar-activated endothelium and, at the same time, facilitate their
lymphatic drainage, uptake and retention in inflamed lymph nodes
in the full course of T-cell priming. This is the first direct evidence of
the preferential uptake and retention of EVs in draining lymph
nodes during EAE.
We then moved our efforts to assessing the potential cellular tar-
get of ASC-EVs in this experimental paradigm. To this end, we treated
mice with hEVs, using HLA [47] as a marker to discriminate human-
derived vesicles within mouse tissues. In particular, we compared
the draining lymph nodes of EAE mice with those obtained from
healthy mice, here used to quantify basal HLA signal. First, we ana-
lyzed T and B lymphocytes, which are the most prominent cell types
in lymph nodes during EAE [43]. B lymphocytes were found to be
those that incorporated the least amount of EVs compared with the
other cell populations analyzed. However, a recent study highlighted
how the modulatory effect of MSCs on B cells is independent of EV
secretion [48].



Figure 3. Ultrastructural study of USPIO-EVs in EAE mice. (A,C) TEM analysis of lymph nodes of EAE mice injected with USPIO-EVs revealed the presence of nanoparticles of the
expected size (scale bar = 1 mm). (B) Higher magnification (scale bar= 1mm). (D) No signal was observed in lymph nodes of EAE mice when USPIOs alone were injected. (E) Higher
magnification (scale bar = 200 nm). (F) No signal was observed in spinal cord of EAE mice injected with USPIO-EVs.
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In contrast to B cells, CD4+ T lymphocytes showed a higher ability
to internalize EVs in lymph nodes during EAE induction compared
with a steady state. These data are in line with our previous study,
demonstrating how direct in vitro treatment with ASC-EVs was suffi-
cient to modulate MOG35-55-activated T cells, suppressing their
adhesion to CNS pial vessels by inhibiting integrin-dependent che-
mokine signaling [19].

Interestingly, we observed a significant load of EVs in F480+ mac-
rophages combined with moderate accumulation in CD11c+ dendritic
cells. Notably, recent experimental evidence indicates that lymphoid
tissue-resident macrophages are pivotal contributors to the creation
of the inflammatory response in the context of autoimmune diseases
[49]. In particular, these macrophages are the main cell type able to
capture antigens—and even EVs—from lymph and blood. This process
prevents further antigen dissemination and, upon antigen transfer to
dendritic cells, enables the local shaping of an adaptive immune
response [50]. The ability of macrophages to internalize ASC-derived
small vesicles was recently demonstrated both in vitro and in vivo in
different pathological conditions [51,52]. In these cells, EVs promote
anti-inflammatory M2 polarization, enhancing homeostasis restora-
tion and functional outcomes [51,53]. Dendritic cell cross-talk with T
cells within antigen-draining lymph nodes represents the initiating
step for generating a productive adaptive immune response [54].
Shahir et al. [55] have recently demonstrated how murine ASC-EVs
can suppress the maturation of in vitro differentiated dendritic cells
and stimulate the release of anti-inflammatory cytokines, thus pro-
moting an immunological tolerance status. An in vitro modulatory
effect on dendritic cells was also observed using human bone mar-
row-derived MSC-EVs [56]. These data, together with the presence of
EVs we found internalized by dendritic cells in the lymph nodes of
EAE-induced mice, are perfectly in accordance with our previous
study [19]. We have indeed reported a partial but significant reduc-
tion in T-cell proliferation and cytokine release in the lymph nodes of
EAE mice that received a preventive ASC-EV treatment. These data
suggest a potential translational application of intravenous adminis-
tration of ASC-EVs to human therapy in order to prevent or attenuate
MS relapses by their immunomodulatory effect, as clinically applied
for several oral and infusible disease-modifying therapies [57,58].
Moreover, the systemic immunosuppressive properties of MSCs were
demonstrated using different animal models of autoimmune disor-
ders, such as autoimmune type 1 diabetes [59], lupus [60], graft-ver-
sus-host disease [61] and rheumatoid arthritis [62�64], suggesting a
potential translational therapeutic application of ASC-EVs in manag-
ing autoimmunity.



Figure 4. Cellular target of ASC-EVs in EAE mice. Flow cytometry analysis of lymph nodes for the identification of cellular target of hEVs in EAE and healthy mice. (A) Representative
dot plots showing the gating strategy to identify different cellular populations. (B) Histograms of the intensity of HLA signal relative to hEVs in different subpopulations of lymph
nodes. (C) MFI of HLA+ cells in different subpopulations of lymph nodes. (D) MFI fold change in macrophages and dendritic cells in EAE mice compared with healthy mice. Analysis
was performed using Student’s t-test, and data are shown as mean § SEM (n = 4). *P < 0.05. MFI, mean fluorescence intensity; NC, negative control; SEM, standard error of the
mean.
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One of the limitations of this study is the low number of animals
enrolled; however, the purpose was to verify the distribution of ASC-
EVs from blood to peripheral tissues during the acute phase of EAE.
The data that have been obtained will allow to better focalize suc-
ceeding studies on the molecular mechanisms exerted by ASC-EVs on
peripheral immunity during the early onset of inflammatory autoim-
mune disorders of the CNS. Moreover, future experiments will be
needed to clarify whether interfering with ASC-EV uptake by the
immune cells within inflamed lymph nodes could affect the clinical
manifestation of EAE. Several studies have demonstrated the role of
ASC-EVs in nerve regeneration, neuronal protection, synaptic plastic-
ity and remyelination, indicating a possible therapeutic potential of
these vesicles in the treatment of chronic neurodegenerative diseases
[15,59]. In this regard, because of the undetectable number of vesicles
spread from the circulation to the CNS, intravenous administration of
ASC-EVs represents another limitation. This restriction could partially
explain the lack of benefit in terms of clinical symptoms we observed
in the therapeutic administration protocol [19] and hence the need
to develop different therapeutic treatments with more effective
administration protocols with regard to directing EVs into the CNS. In
this respect, it has been demonstrated that nanovesicles, including
ASC-EVs, can cross the blood�brain barrier if administered intrana-
sally [14,65,66] and that intranasal delivery of different stem cells is
effective in animal models of subarachnoid hemorrhage [67], stroke
[68], spinal cord injury [66] and MS [65,69], suggesting that this route
of administration is an efficient delivery system for treating CNS dis-
orders, including MS.

Conclusions

Taken together, our results indicate that ASC-EVs injected intrave-
nously specifically reach draining lymph nodes in EAE mice at early
stages of the disease—remarkably, when the immune response is
mounting. In this context, ASC-EVs are mainly incorporated by mac-
rophages and dendritic cells. The identification of draining lymph
nodes could represent a possible target of ASC-EVs to be taken into
consideration for the development of future ASC-EV therapeutic
strategies. Further studies are necessary to address the possibility
that ASC-EVs reach the CNS at different time points or through differ-
ent delivery routes. These results represent a corollary to our previ-
ous, more clinical and mechanistic study [19] and provide new
insights into the migratory capacity of ASC-EVs in EAE, which could
be exploited for the future therapeutic use of ASC-EVs.
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