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Abstract

MicroRNAs, contained in exosomes or freely circulating in the plasma, might play a pivotal role in the infarct-sparing
effect exerted by remote limb ischemic postconditioning (RLIP). The aims of the present study were: (1) To evaluate the
effect of pure exosomes isolated from plasma of animals subjected to RLIP systemically administered to ischemic rats;
(2) To finely dissect exosomes content in terms of miRNAs; (3) To select those regulatory miRNAs specifically
expressed in protective exosomes and to identify molecular pathways involved in their neurobeneficial effects.
Circulating exosomes were isolated from blood of animals exposed to RLIP and administered to animals exposed to
tMCAQO by intracerebroventricular, intraperitoneal or intranasal routes. Exosomal miRNA signature was evaluated by
microarray and FISH analysis. Plasmatic exosomes isolated from plasma of RLIP rats attenuated cerebral ischemia
reperfusion injury and improved neurological functions until 3 days after ischemia induction. Interestingly, miR-702-3p
and miR-423-5p seem to be mainly involved in exosome protective action by modulating NOD1| and NLRP3, two key
triggers of neuroinflammation and neuronal death. Collectively, the results of the present work demonstrated that
plasma-released exosomes after RLIP may transfer a neuroprotective signal to the brain of ischemic animals, thus
representing a potentially translatable therapeutic strategy in stroke.
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Remote ischemic conditioning (RIC) represents an
innovative and attractive neuroprotective approach in

ischemia of brain and other organs.! The purpose of
this strategy is to activate endogenous tolerance mech-
anisms by inducing a subliminal ischemic injury to the
limbs, or to another “remote” region, leading to a pro-
tective systemic response against ischemic brain injury.'
This evidence allows to hypothesize that remote limb
ischemic postconditioning triggers a general genetic
reprogramming at the brain level that can be mediated
by circulating factors. Among the possible mediators,
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short non-coding RNAs have recently emerged as the
most promising candidates. In particular, microRNAs
(miRNAs) are non-protein coding short ribonucleic
acid molecules (usually 18-25 nucleotides) found in
eukaryotic cells that target messenger RNAs and
favour their degradation or prevent their translation.>?
Originally, miRNAs have been thought to work within
the cells in which they are generated; however, recently,
miRNAs have been described in secreted exosomes or
freely circulating in the plasma. Exosomes are complex
“living” structures generated by many cell types con-
taining a multitude of cell surface receptors,* encapsu-
lating, among others, proteins, trophic factors,
miRNAs, and other RNAs.>® These bioactive vesicles,
through their stored molecules, can mediate intercellu-
lar communication.”'? Indeed, exosomes are secreted
by many different cell types through biological fluids,
including synovial fluid, breast milk, blood, urine,
saliva, amniotic liquid, and blood serum,* suggesting
that they play a major role in intercellular communica-
tion and in triggering physiological and pathophysio-
logical responses. External and internal environmental
challenges, such as stress conditions or pathological
disorders, may influence the composition, biogenesis,
and secretion of exosomes.® Importantly, exosomal
short non-coding RNAs are protected from the diges-
tion of RNAase or trypsin® and several evidence show
that exosomes transfer miRNAs to recipient cells,® thus
modifying their features.''"'> Taking into account these
premises and considering that miRNA delivery repre-
sents one of the main limitations of the miRNA-based
therapeutic strategies, exosomes appear as an ideal
miRNA-cargo. The advantages of engineered exo-
somes as delivery systems are evident: they only con-
tain biogenic substances and are readily transferred
into target cells, as well as they have potentially wide
utility for the brain delivery of nucleic acids, and pos-
sibly for selectively targeting different cell types.'>!*
Thus, systemic exosome administration may represent
a promising strategy to deliver protective mediators to
the CNS.

In light of this evidence, the main aim of the present
paper was to evaluate whether exosomes isolated from
the plasma of rats subjected to remote limb ischemic
postconditioning may be used as a therapeutic approach
in cerebral ischemia. Indeed, the specific objectives of
the present paper were:

1. To evaluate “in vivo” the effect of the administra-
tion by different routes (i.e. icv, intranasal and intra-
peritoneal) of plasmatic exosomes released after
remote postconditioning on stroke damage in rats
subjected to transient occlusion of middle cerebral
artery.

2. To characterize the peculiar miRNA signature
of plasmatic exosomes extracted from animals
subjected to remote post-conditioning in order to
identify neurobeneficial miRNAs, as new potential
modulators of druggable targets.

3. To identify the possible targets of the neuroprotec-
tive exosomal miRNAs.

Materials and methods

In vivo studies

In vivo experimental groups. Ninety Sprague—Dawley
male rats (Charles River Laboratories, Calco, Varese,
Italy) weighing 150 to 175 g were housed under diurnal
lighting conditions (12-hour darkness/light). Twenty
percent of the animals (15 rats) used has been excluded
(Table S1) since they did not reach a cerebral blood
flow reduction of at least 70% or because they died
during the surgical procedures. Experiments were per-
formed according to the international guidelines for
animal research and Italian guidelines for animal use
(DL 26/2014), and in compliance with the ARRIVE
guidelines. The experimental protocol was approved
by the Animal Care Committee of the “Federico II”
University of Naples. Sample size was calculated using
G power software. Animals were randomly assigned to
the following four experimental groups: (1) Control,
(2) Femoral Artery Occlusion (FAQO), (3) transient
Middle Cerebral Artery Occlusion (tMCAO), (4)
tMCAO + FAO, indicated as Remote Limb Ischemic
PostConditioning (RLIP). The blinding procedure for
each experimental group was applied not only to the
operator performing neurological assessments but also
to the scientist performing tMCAO and FAO proce-
dures. In particular, the operator performing tMCAO
was different from the one performing FAO and from
the researcher performing the vehicle or exosome
administration groups.

Animal model of focal cerebral ischemia

Transient focal ischemia was induced as previously
described.!” In brief, transient occlusion of the middle
cerebral artery (tMCAO) was performed in male rats
anesthetized using a mixture of oxygen and sevoflurane
at 3.5% (Medical Oxygen Concentrator LFY-I-5A).
A 5-O surgical monofilament nylon suture (Doccol,
Sharon, MA) was inserted from the right external
carotid artery into the right internal carotid artery
and advanced into the circle of Willis up to the branch-
ing point of the MCA, thereby occluding the MCA.
The filament was left in place for 100’. Achievement
of ischemia was confirmed by monitoring regional cere-
bral blood flow in the area of the right MCA through a
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disposable microtip fiber optic probe (diameter
0.5mm) connected through a Master Probe to a laser
Doppler computerized main unit (PF5001; Perimed,
Jarfalla, Sweden) and analyzed using PSW Perisoft
2.519. Animals not showing a cerebral blood flow
reduction of at least 70% were excluded from the
experimental group, as well as animals that died after
ischemia induction.'® Rectal temperature was main-
tained at 37+ 0.5°C with a thermostatically controlled
heating pad and lamp. All surgical procedures were
performed under an operating stereomicroscope.

Animal model of Remote Limb Ischemic
Postconditioning

Remote Limb Ischemic Postconditioning (RLIP) was
induced by subjecting animals to two subsequent sur-
gical procedures, tMCAO and FAO. In the first phase,
animals were exposed to 100’ of tMCAO, as above
described. In the second phase, femoral artery occlu-
sion (FAO) was performed 20’ after tMCAO reperfu-
sion. In particular, animals were re-anesthetized, the
femoral artery was identified, isolated and occluded
with two microserrafine clips (Fine Science Tools
GmbH, Germany) to stop the blood flow for a
period of 20" followed by reperfusion.! By contrast,
the FAO experimental group was composed of animals
subjected to the only 20’ FAO followed by reperfusion
without tMCAO procedure.

Blood sample collection and exosomes isolation and
characterization

One hour and half after FAO procedure, animals blood
samples were collected from the tail vein and exosomes
were extracted according to the procedure below
described (Figure 1(a)). Total Exosome Isolation Kit
(Invitrogen, Thermo Fisher Scientific, USA, Cat. No.
4484450) was used to isolate exosomes from rat plasma
samples, following the manufacturer instructions.'’
Exosome’s precipitate resulting from 200 ul of plasma
was resuspended in 75 ul of sterile phosphate-buffered
saline (PBS).

Size distribution and concentration of plasma EVs
were determined by the nanoparticle tracking analyzer
NanoSight NS300 (Malvern, UK), as previously
described.'® To confirm the exosomal nature of our
preparations, western blot analysis was performed with
antibodies against exosome proteins, such as Alix (Cell
Signaling Technologies, Cat. No. 2171), CD63 (Abcam,
Cat. No. abl34045), and CD9 (Abcam, Cat. No.
ab92726). Briefly, after the last centrifugation to pull
down the exosomes pellet, it was resuspended in lysis
buffer (RIPA, Sigma-Aldrich) and homogenized and
lysed in ice. Then, 30 ug of protein was mixed with

Laemmli sample buffer (5% 2-mercaptoethanol) and
heated at 95°C for 5 minutes, to be loaded on 10%
SDS-polyacrylamide gels. After electrophoresis, the pro-
teins were transferred to Polyvinylidene difluoride
(PVDF) membrane by Trans-Blot Turbo System (Bio-
Rad). Membranes were incubated with primary anti-
body overnight at 4°C, and with horseradish peroxidase
(HRP)-conjugated secondary antibodies for one hour at
room temperature. Both primary and secondary anti-
bodies were diluted in 0.2% I-block solution (T2015,
ThermoFisher Scientific, USA). Immunoreactive bands
were detected using ECL (Amersham). The optical den-
sity of the bands was determined by Chemi-Doc
Imaging System (Bio-Rad, Segrate, Italy).

Exosome administration in vivo

Rats subjected to tMCAO were treated with fresh pre-
pared exosomes or vehicle by intracerebroventricular
(icv), intraperitoneal (ip) or intranasal (in) route. For
icv route, each animal received 10pL exosomes
(1 x 10" particles, comparable to 400 ug/Kg total exo-
some proteins, per rats) or vehicle twice, 24 hours
before ischemia induction and 10 min after reperfusion.
For intraperitoneal route, each animal received 0.5 ml
PBS (vehicle) or exosomes (1 x 10'" particles, compa-
rable to 400 ng/Kg total exosome proteins, per rats)
dissolved into 0.5ml phosphate-buffered solution
(PBS, Thermo Fisher Scientific Inc., Grand Island,
NY) administered twice, 100 min and 280 min after
tMCAO. For the intranasal route, each animal received
10 pL exosomes (comparable to 400 ng/Kg total exo-
some proteins, per rats) or PBS as vehicle, twice, 100
min and 280 min after tMCAO."?

Evaluation of the infarct volume and of neurological
deficit scores

Animals subjected to ischemia and treated with exo-
somes or vehicle were undergo to 24 h after ischemia
with isoflurane overdose. A subgroup of animals, intra-
nasally administered with exosomes at the above indi-
cated doses, were euthanized 3 days after ischemia
induction. Brains were quickly removed, sectioned
coronally at 1 mm intervals, and stained by immersion
in the vital dye (2%) 2,3,5-triphenyltetrazolium hydro-
chloride (TTC). The infarct volume was calculated by
summing the infarction areas of all sections and by
multiplying the total by slice thickness. To avoid that
edema could affect the infarct volume value, we
expressed the infarct volume as percentage of the
infarct, calculated by dividing the infarct volume
by the total ipsilateral hemispheric volume.'®
Neurological scores were evaluated before euthaniza-
tion according to the following two scales: a general
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Figure |. Exosome characterization and Evaluation of ischemic damage and neurological scores 24 hours after tMCAO in rats icv
administered with plasmatic exosomes obtained by RLIP rats. (a) Left: Schematic representation of the protocols for blood withdrawal
and exosome isolation; tMCAQO: transient middle artery occlusion, FAO: femoral artery occlusion; middle panel: Determination of
Exosome concentration by Nanoparticle tracking analysis, Right panel: Representative blots of exosome preparation obtained from
RLIP animals showing the expression of specific exosomal membrane markers. (b) Evaluation of ischemic damage 24 hours after
tMCAQO in ischemic rats icv treated (24 h before ischemia and 10 min after reperfusion) with exosomes (400 pg/Kg) isolated from
plasma of rats exposed to RLIP + |.5 h reperfusion and (c) evaluation of general (up) and focal (bottom) neurological scores in the
same groups. Neurological scores were analyzed using the non-parametric Kruskal-Wallis test, followed by Dunn’s multiple com-
parison test. p < 0.05 versus ischemic rats treated with vehicle. n =5-6 animals per group. Each column represents the mean =+ SD.

neurological scale and a focal neurological scale. In the
general score, the following six general neurological
functions were evaluated: (i) hair conditions (0-2),
(i1) position of ears (0-2), (iii) eyes conditions (0-4),
(iv) posture (0—4), (v) spontancous activity (0—4), and
(vi) epileptic behavior (0—12). For each of the six gen-
eral functions measured, animals received a score
depending on the severity of the symptoms, higher is
the score worse is the rat condition. The scores of inves-
tigated items were then summed to provide a total gen-
eral score ranging from 0 to 28. In the focal score, the
following seven areas were assessed: (i) body symmetry,
(i1) gait, (iii) climbing, (iv) circling behavior, (v) front
limb symmetry, (vi) compulsory circling, and (vii) whis-
ker response. For each of these items, animals were
rated between 0 and 4 depending on the severity. The
seven items were then summed to give a total focal
score ranging between 0 and 28. Infarct volumes and
neurological scores were evaluated in a blinded manner
by individuals who did not perform the surgical
procedures.

miRNA profiling evaluation

For the evaluation of miRNAs content of plasma
derived exosomes, miRNA profiling was performed
using TagMan® Array MicroRNA Cards (Thermo
Fisher Scientific, USA) on total RNA extracted from
exosomes isolated from rat serum of animals subjected
to RLIP, FAO or tMCAO.

Tissue processing, immunostaining, and confocal
immunofluorescence

Animals were anesthetized and transcardially perfused
with saline solution containing 0.01 ml heparin, followed
by 4% paraformaldehyde in 0.1 mol/l PBS saline solu-
tion. Brains were processed as previously described.?® >*
Briefly, brains were sectioned frozen on a sliding cryo-
stat at 40 um thickness, in rostrum-caudal direction.
Afterwards, free floating serial sections were incubated
with PB Triton X 0.3% and blocking solution (0.5%
milk, 10% FBS, 1% BSA) for 1 h and 30 min. The sec-
tions were incubated overnight at +4°C with the
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following primary antibodies: anti-NODI1 (#PAS5-79747,
Invitrogen, Thermo Fisher Scientific, USA), anti-NeuN
(#ABN7.,8 Merk Millipore, USA.) anti-NLRP3 (#PA5-
79740, Invitrogen, Thermo Fisher Scientific, USA). The
sections were then incubated with the corresponding
fluorescent-labeled secondary antibodies, Alexa 488/
Alexa 594 conjugated antimouse/antirabbit IgG. Nuclei
were counterstained with Hoechst. Images were observed
using a Zeiss LSM700 META/laser scanning confocal
microscope (Zeiss, Oberkochen, Germany).

Fluorescent In situ hybridization (FISH) miRNA assay

For in situ hybridization all the procedures were per-
formed in autoclaved and RNAse free solutions. Rats
were perfused with 1x phosphate-buffered saline (PBS)
and 4% paraformaldehyde solution PBS. The brain
tissues were fixed in 4% paraformaldehyde solution
PBS overnight at 4°C and subsequently cryoprotected
in 30% sucrose PBS overnight at 4°C and cryosectioned
at 10pum thickness.”” Frozen tissue sections were
prepared following the description of MicroRNA
Protocol for In situ Hybridization on Frozen Sections
(Exigon, Denmark). Briefly, brain sections were sub-
merged in Neutral buffered Formalin 10% for 15min
e then washed in PBS for 3 x Smin. The sections were
incubated in proteinase K buffer containing 1 M tris-
HCI pH 7.4, 0.5M EDTA, 5M NaCl, proteinase K
15pg/mL in RNase-free water, for 10min at 37°C
then the sections were washed 3 times x 3min in PBS.
Brain slices were then incubated in 3% H202 for 5Smin
to inhibit endogenous peroxidase activity, and then
washed in PBS for 3x 3min. Sections were sequentially
hybridized for 1h at 55° and 54°C for mir-423-5p
(5DIG and 3'DIG) and mir-702-3p (5DIG and
3’DIG) respectively. The final concentration of probes
was 20nM. The sections were hybridized in hybridiza-
tion buffer containing: 50% deionized formamide 0.3 M
NaCl, 20mM Tris HCL, pH 8.0, SmM EDTA, 10 mM
NaPO4, pH 8.0, 10% Dextran Sulfate, 1x Denhardt’s
solution, 0.5mg/mL yeast RNA and probes. Post-
hybridization washes were performed sequentially 2x
Smin at hybridization temperature in 5x SSC buffer,
3x Smin at hybridization temperature in 1x SSC
buffer, 2x 5min at hybridization temperature in 0,2x
SSC and 1x 5min at room temperature in 0,2x SSC
buffer. Following the stringent washing, sections were
incubated in blocking solution containing: 2% sheep
serum, 1% BSA in PBS-0,1% Tween for 15min at
room temperature. Then, the sections were incubated for
60min with Anti-Digoxigenin-POD, Fab fragments
(Roche Diagnostics GmbH, Germany) diluted 1:400 in
1% sheep serum 1% BSA and PBS 0.05% tween. Then,
the sections were washed in PBS for 3 x S5min and incu-
bated for Smin in Cy2 conjugated Tyramide (TSATM

Plus Fluorescein kit, PerkinElmer, USA) by diluting
TSA stock solution 1:50 in 1x Amplification Diluent.
After washing 3x 10 min with TBS, sections were incubat-
ed for 30min in 3% H202 in TBS to quench peroxidase
activity from the initial TSA reaction. After washing, sec-
tions were incubated HOECHST for 20 min and mounted
onto slides using Fluoromount™ Aqueous Mounting
Medium, (SIGMA, Germany) air-dried and stored in the
dark room. As controls, the sections were incubated with-
out the Anti-Digoxigenin-POD or without the TSATM
Plus Fluorescein or primary antibodies and the immuno-
reactivity was completely abolished (data not shown).

To obtain a measure of fluorescence, the images were
performed by NIH image software by measuring the
intensity of fluorescent of mir-423-5p and mir-702-3p
immunolabeling in n=3 animals for each group and
three slides for each group. The intensity of miRNAs
immunoreactivity were expressed in arbitrary units.
Digital images were taken with a x 40 objective, and iden-
tical laser power settings and exposure times were applied
to all images from each experimental set. Images from the
same areas of each brain region were compared.'®

Statistical analysis

Values are expressed as means+SD. To assess data
distribution, Shapiro-Wilk test was used as normality
test. Statistical analysis was performed with GraphPad
Prism 5.0 (GraphPad Software, Inc., San Diego, CA),
using ANOVA followed by Newman—Keuls or
Bonferroni post-hoc test for more than two groups. To
compare two groups, unpaired t-test was used. Data
related to focal and general neurological deficits were
analyzed using the non-parametric test of Kruskal-
Wallis, followed by Dunn’s multiple comparison test.
Statistical significance was accepted at the 95% confi-
dence level (p < 0.05).

Results

Determination of exosome diameter and
concentration and characterization of specific
exosomal membrane markers

Nanoparticle tracking analysis showed that isolated EVs
had a mean diameter of 126 £+ 0.9 nm (Figure 1(a)), and
that in our conditions of isolation the number of par-
ticles obtained was estimated around 1.09 x 10'?/mL.
According to these values, the concentration of admin-
istered EVs (100 ug) corresponded to approximately
2 x 10" vesicles. Exosome markers, Alix, CD9 and
CD63, were revealed by Western blot analysis on the
final pellet resulting from the last centrifuge obtained
from a sample of plasmatic exosomes of RLIP animals
(Figure 1(a)).
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Isolated exosomes obtained from plasma of remote
post-conditioned rats icv administered to ischemic
rats reduced brain damage and improved general
and focal neurological deficits

To evaluate the effects of exosome administration on
ischemic brain damage, exosomes obtained from
plasma of RLIP rats, were intracerebroventricularly
administered 24 hours before ischemia induction and
10 min after reperfusion. The analysis of the ischemic
volume by TTC staining showed a significant reduction
(65%) in the ischemic volume of animals treated with
exosomes obtained from plasma of remote post-
conditioned rats compared with the vehicle treated
group (Figure 1(b)). Accordingly, the reduction in
ischemic volume was also accompanied by a parallel
improvement of both general and focal neurological
deficits (Figure 1(c)). By contrast, exosomes obtained
from plasma of rats exposed to FAO or tMCAO failed
to confer protection when intracerebroventricularly
injected to ischemic rats (Supplementary Figure S1).
To evaluate whether the protective effects of exosomes
on ischemic brain damage was maintained also when
systemically administered in a more realistic therapeu-
tic time window, exosomes obtained from plasma of
animals exposed to remote post-conditioning, were
ip or in administered 100 minutes and 280 minutes
after tMCAOQO. The analysis of the ischemic volume
by TTC staining showed a significant reduction
(65%) in the ischemic volume of animals treated with
exosomes obtained from plasma of remote post-
conditioned rats compared with the vehicle treated
group (Figure 2(a)). Accordingly, the decrease in ische-
mic volume was also accompanied by a parallel
improvement of both general and focal neurological
deficits (Figure 2(c)). More interestingly, exosomes
continued to confer protection also 3 days after ische-
mia induction. Indeed, a significant decrease in ische-
mic volume and a parallel improvement of both general
and focal neurological deficits was observed in animals
intranasally administered with exosomes, 100 minutes
and 280 minutes after tMCAO, and evaluated 72 hours
after ischemia induction (Figure 3).

miR702-3p and miR423-5p were the two miRNAs
upregulated in protective exosomes obtained from

RLIP as compared to exosomes obtained from FAO
or tMCAO rats

In order to identify some of the microRNAs responsi-
ble for the protection exerted by RLIP-induced exo-
somes, a miRNA expression profiling of circulating
exosomes obtained after RLIP, FAO or tMCAO ische-
mic conditions was performed. The whole miRNome

of rats was analyzed in order to discriminate, among
miRNAs, those having an opposite trend of expression
in the three RLIP, FAO or tMCAO experimental ische-
mic groups. In particular, 1218 miRNAs were assessed
by microarray analysis in plasmatic exosomes isolated
from rats subjected to the neuroprotection elicited by
RLIP and were compared to all 1218 miRNAs of exo-
somes isolated from rats exposed to FAO or to
tMCAO (Figure 4). Results showed that, when the
RLIP-derived exosomes were compared to exosomes
derived from FAO, 15 miRNAs were upregulated
and 9 miRNAs were downregulated (Figure 4(a)). On
the other hand, when the RLIP-derived exosomes
were compared to exosomes derived from tMCAO,
8 miRNAs were upregulated and 22 miRNAs were
downregulated (Figure 4(b)). Interestingly, miR-702-
3p and miR-423-5p were the only two miRNAs signif-
icantly upregulated in RLIP-derived exosomes when
compared both to FAO-derived exosomes and to
tMCAO-derived exosomes. In particular, the fold
change of the first miRNA, miR-702-3p, was 1.95 vs
FAO and 1.92 vs tMCAO, and the fold change of the
other upregulated miRNA, miR-423-5p, was 2.47 vs
FAO and 1.92 vs tMCAQO. These results suggest
a possible involvement of these two miRNAs in the
neuroprotective effect of RLIP-derived exosomes.

miR-702-3p and miR-423-5p are upregulated in
temporoparietal cortex of rats exposed to tMCAO
and administered with RLIP-derived protective
exosomes

In order to assess that the administration of RLIP-
derived exosomes effectively increased the brain levels
of the two selected miRNAs, miR-702-3p and miR-
423-5p, both in control and in tMCAO rats intracere-
broventricularly infused with vehicle or RLIP-derived
exosomes, double fluorescence in situ hybridization
was performed. In particular, in tissue slices from ipsi-
lateral temporoparietal cortex, FISH staining revealed
that, after RLIP-derived exosome treatment, both
sham-operated and ischemic rats showed an increased
in miR-423-5p (Figure 5(a)) and miR-702-3p (Figure 5
(b)) fluorescent signal.

NOD I and NLRP3, two biomarkers of
neuroinflammation and targets of miR-702-3p and
miR-423-5p, were downregulated in temporoparietal
cortex of rats exposed to tMCAO and administered
with RLIP-derived protective exosomes
In order to evaluate whether NOD1 and NLRP3, two

key triggers of neuroinflammation and neuronal death
and already known as targets of the two selected
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Figure 2. Evaluation of ischemic damage and neurological scores 24 hours after tMCAOQ in rats intraperitoneally and intranasally
administered with plasmatic exosomes obtained by RLIP rats. (a) Evaluation of ischemic damage 24 hours after tMCAQO in ischemic
rats intraperitoneally and intranasally treated (twice, at reperfusion and 3 h later) with exosomes (400 1g/Kg) isolated from plasma of
rats exposed to RLIP + I.5h reperfusion (b—c). Evaluation of general and focal neurological scores in the same groups. Neurological
scores were analyzed using the non-parametric Kruskal-Wallis test, followed by Dunn’s multiple comparison test. *p < 0.05 versus
ischemic rats treated with vehicle. n =5-6 animals per group. Each column represents the mean £ SD. *p < 0.05 versus ischemic rats

treated with vehicle.

miRNAs, miR-702-3p and miR-423-5p, were downre-
gulated in the brain after icv treatment with RLIP-
derived exosomes, immunohistochemical analysis was
performed on ipsilesional temporoparietal cortex of
ischemic rats treated with vehicle or exosomes and
compared to sham-operated animals. Confocal micros-
copy analysis showed that the upregulation of NODI
and NLRP3 signal observed in ischemic rats treated
with vehicle was prevented in animals administered
with RLIP-derived exosomes (Figures 6 and 7).
Interestingly, the downregulation of NODI and
NLRP3 paralleled with the upregulation of the two
corresponding miRNAs, miR-702-3p and miR-423-
5p, recorded in the same cortical region after exosome
administration.

Discussion

The results of the present study demonstrated for the
first time that exosomes spontaneously released in
plasma of rats protected by remote postconditioning

may transfer a neuroprotective humoral signal to the
brain of ischemic animals, thus representing a poten-
tially translatable and successful therapeutic strategy in
a preclinical model reproducing cerebral ischemia.
Interestingly, only exosomes derived from remote
postconditioned rats were protective. This may be
explained by the fact that the cooperation of such
neural and humoral pathways activated by the condi-
tioning stimulus and the biochemical response activat-
ed in the ischemic brain, may induce a general cellular
reprogramming which in turn may influence the total
exosome content. The analysis of miRNA signature
revealed a different content in RLIP-derived protective
exosomes compared to FAO-derived and tMCAO-
derived non-protective exosomes thus suggesting the
possible involvement of miRNAs in transferring the
neuroprotective signal. In particular, to finely dissect
the protective role mediated by miRNAs, we focused
our attention to those miRNAs resulting upregulated
in RLIP-derived exosomes. Our findings suggest that
some miRNAs might be loaded in exosomes after the
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Figure 3. Evaluation of ischemic damage and neurological scores 3 days after tMCAQO in rats intranasally treated with plasmatic
exosomes obtained by RLIP rats. Evaluation of ischemic damage 3 days after tMCAO in ischemic rats intranasally treated (twice, at
reperfusion and 3 h later) with exosomes (400 ug/Kg) isolated from plasma of rats exposed to RLIP + |.5h reperfusion (b—c).
Evaluation of general and focal neurological scores in the same groups. Neurological scores were analyzed using the non-parametric
Kruskal-Wallis test, followed by Dunn’s multiple comparison test. Each column represents the mean. *p < 0.05 versus ischemic rats

treated with vehicle. n =4-5 animals per group.

RLIP induction and may take part to the transfer
of a protective message. Among these differentially
expressed miRNAs, miR-702-3p and miR-423-5p
resulted the only two microRNAs upregulated in
RLIP-derived neurobeneficial exosomes compared to
both FAO-derived and tMCAO-derived non-protective
exosomes. Notably, the levels of these two specific
miRNA were upregulated in the brain of animals
exposed to exosomes derived from remote postconidi-
tioned animals, thus supporting our working hypothe-
sis. Intriguingly, these two miRNAs are well known to
mediate protection by modulating neuroinflammation-
linked pathways. In particular, recent evidence demon-
strated that miR-423-5p suppressed the activation of
the inflammasome complex of NLR family pyrin
domain containing 3 (NLRP3) by binding to the
NLRP3 3’UTR and that upregulation of miR-423-5p
could prevent microglia activation from
lipopolysaccharide-induced cell damage by targeting
NLRP3.* In this way, miR-423-5p may prevent the
activation of cytoplasmic inflammasome complexes
which represents an essential step in neuroinflammation
and a key trigger for neuronal death. Interestingly,
NLRP3 inflammasome in neurons has been found

involved also in driving neuroinflammation in a model
of acute ischemic stroke. Notably, early blockade of
NLRP3 by miR-423-5p upregulation protects from
ischemic injury and mitigates inflammation and stabil-
izes the blood—brain barrier.”

Similarly, up-regulation of miR-702-3p ameliorated
inflammatory injury by targeting the nucleotide-
binding oligomerization domain 1 (NOD1), a member
of the NOD-like receptor (NLR) family,>* an intracyto-
plasmic immune receptor driving the innate immune
response and triggering a cascade of inflammatory sig-
nalling events upon sensing pathogens or tissue injury. It
has recently been shown that NODI inhibition is pro-
tective in a model of hemorrhagic brain injury and that
this protective effect may result from suppression of the
microglia-induced inflammatory response. NODI is
involved in the pathogenesis of hypoxic-ischemic
(HI)-induced brain injury through modulation of
autophagy-related proteins and inflammatory responses.
In particular, HI injury significantly increases mRNA
levels of NOD1 and autophagy-related genes. NODI
inhibition following HI induction suppressed autophagy
signaling as well as HI-induced proinflammatory cyto-
kine production. Importantly, pharmacological NOD1
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Figure 4. Microarray analysis of RLIP-derived protective exosomes vs FAO-derived or tMCAO-derived non-protective exosomes.
Left panels: Volcano plot analysis showing the comparison of miRNA levels of RLIP-derived exosomes versus FAO-derived or

tMCAO-derived exosomes. The y-axis corresponds to the mean expression value of logl0 (p-value), and the x-axis displays the log2
fold change value. The blue dots represent the miRNA levels decreased in RLIP exosomes vs FAO-derived (a) or vs tMCAO-derived
(b) exosomes and the red dots represent the miRNA upregulated in RLIP exosomes vs FAO or tMCAQO. Right panels: List of

differentially expressed microRNAs in plasma exosomes isolated from rats subjected to remote limb ischemic postconditioning versus
plasma exosomes isolated from rats subjected to FAO (a) or tMCAO (b), with respective fold change, p-values and adjusted p-values

(FDR p-values); n =3 for each experimental group.

inhibition after HI improved long-term cognitive func-
tion, without impacting exploratory and locomotor
activities.”* Accordingly with the evidence supporting
the involvement of these proteins in the evolution of
brain ischemic damage, it should be underlined that, in
our model, wherever we found an increase in miR-423-5p
and of miR-702-3p levels in the ipsilesional temporopar-
ietal cortex 24 hours after RLIP-derived exosomes
administration, we also found a downregulation of
NODI and NLRP3 protein levels in the same cortical
region. Therefore, since after exosome administration
miR-423-5p and of miR-702-3p levels significantly
increase in brain it is possible to speculate that exosomes
are effectively able to release protective miRNAs, and
take part to neuroprotective effect induced by remote
postconditioning by preventing the upregulation of neu-
rotoxic pathways, such as NOD1 and NLRP3, occurring
after ischemia. On the other hand, in support of our
hypothesis that the different content in exosomal

miRNA may contribute to the different effect of these
vesicles on ischemic brain damage, it is important
to underline that the results of the present study demon-
strated that miR-let-7a-5p, that has been previously
reported to be related to stroke progression,” was signif-
icantly downregulated in plasmatic RLIP-derived exo-
somes compared to tMCAO-derived exosomes. This
finding is in accordance with our previous study
showing that RLIP prevented the upregulation of miR-
let-7a-5p levels in brain tissue induced by tMCAOQO, and
that, more interestingly, exogenous miR-let-7a-5p admin-
istration prevented remote-induced neuroprotection.*
Although our findings support the hypothesis that
exosomes may exert their protective effect by transfer-
ring miRNAs, we cannot exclude that, beyond
miRNAs, other regulatory non-coding RNAs or exo-
somal proteins might participate to the neuroprotective
action mediated by remote conditioning-derived exo-
somes. At the same time, we cannot rule out the
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Figure 5. Effect of RLIP-derived protective exosomes administration on miR-423-5p and miR-702-3p expression in ipsilesional

temporoparietal cortex. (a) Confocal microscopic images displaying miR-423-5p in green, Hoechst in blue and Merge in yellow in the
ipsilateral temporoparietal cortex of rats subjected to sham-operation or tMCAO induction and treated with vehicle or exosomes
examined after 24 hours reperfusion. A representative brain slice cartoon indicating the area of interest is on the right of the figure.
Scale bars 25 um. Fluorescent intensity of miR-423-5p labeling was performed by NIH image software. The intensity of miR-423-5p
signal was expressed in arbitrary units. n =3 animals per group. Each column represents the mean =+ SD. *p < 0.05 versus sham

operated rats treated with vehicle and (b) confocal microscopic images displaying miR-702-3p in green, Hoechst in blue and Merge in
yellow in the ipsilateral temporoparietal cortex of rats subjected to sham-operation or tMCAQO induction and treated with vehicle or
exosomes examined after 24 hours reperfusion. A representative brain slice cartoon indicating the area of interest is on the right of
the figure. Scale bars 25 um. Fluorescent intensity of miR-702-3p labeling was performed by NIH image software. The intensity of miR-
702-3p signal was expressed in arbitrary units. n = 3 animals per group. Each column represents the mean =+ SD. *p < 0.05 versus sham

operated rats treated with vehicle.

hypothesis that other targets of the two selected
miRNAs and different from NODI and NLRP3 are
also involved in exosome-mediated neuroprotection.
However, the evidence that exosomes spontaneously
released after a conditioning stimulus are able to trans-
fer neuroprotection confers relevance to the present
paper, more than the identification of a specific path-
way involved in the protection, also because exosomes
may act on multiple pathways, and this aspect renders
difficult to explain their effect through just one of
their single components. Our hypothesis is in line
with recent studies carried out in in vitro and in vivo
models of cardiac ischemic injury, where it has been
demonstrated that circulating exosomes may transfer a

protective message through the release of miRNAs.?%%’

Furthermore, a growing body of experimental evidence
demonstrated that exosomes derived from either stem
cells or other cells exert protective and restorative
effects in in vivo models of brain ischemia.?®
Interestingly, it should be underlined that also in path-
ological conditions different from ischemia, such as dia-
betic peripheral neuropathy or chemotherapy-induced
peripheral neuropathy, systemic exosome administration
has been successfully used as therapeutic strategy.””>°
On the other hand, recent evidence support the idea
that protective treatments for stroke, such as physical
exercise, could also induce a change in exosome
content.”!
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Figure 6. Effect of RLIP-derived protective exosomes administration on NOD| and NLRP3 immunosignal in ipsilesional tempor-
oparietal cortex. Confocal double labeling experiments displaying the co-expression of NOD| (red) with the neuronal marker NeuN
(green) and hoechst (blue) in the ipsilateral temporoparietal cortex of sham-operated animals and ischemic animals treated with

vehicle or RLIP-derived protective exosomes. Scale bars 75 um. High magnification of NOD| expression was on the left.

Noticeably, the exosome neuroprotective action in
our animal models of brain ischemia displayed some
other relevant pharmacological aspects that ought to
be emphasized for their potential clinical perspectives.
First of all, its effectiveness through a systemic route of
administration, which reinforces the possibility of
its clinical applicability. Intriguingly, the idea to start
from spontaneously plasma-released exosomes in
response to a conditioning stimulus as a therapeutic
strategy, represents a useful innovation in the context
of miRNA-based therapy and gives relevance to the
present paper. Increasing evidence has showed that
exosomes may include advantages on both synthetic
lipid nanoparticles and cell-mediated drug delivery,
avoiding the rapid clearance and toxicity associated
with synthetic vesicles, as well as the complexity in uti-
lizing cell-mediated therapeutics delivery systems in
clinic. Interestingly, it should be underlined that
RLIP-derived exosomes continued to confer protection
also 3 days after ischemia induction, as revealed by the
amelioration of neurological scores and by the reduc-
tion of the ischemic damage observed after 72 hours,
thus supporting the idea that the protective effect was
persistent. The rationale for the long term evaluation of
exosome effect through intranasal route resides in the

fact that this route may be considered, among the
examined routes, the less invasive and the most trans-
latable for clinical application.

Collectively, the results of the present study revealed
exosomes as a possible promising tool for a successful
therapeutic intervention during cerebral ischemia and
as an attractive option to use them as a delivery vehicle
of neuroprotection for stroke treatment.
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