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Abstract

Lithium is neuroprotective in preclinical stroke models. In addition to that, post-
stroke neuroregeneration is stimulated upon transplantation of mesenchymal
stem cells (MSCs). Preconditioning of MSCs with lithium further enhances the
neuroregenerative potential of MSCs, which act by secreting extracellular vesicles
(EVs). The present work analyzed whether MSC preconditioning with lithium
modifies EV secretion patterns, enhancing the therapeutic potential of such
derived EVs (Li-EVs) in comparison with EVs enriched from native MSCs. Indeed,
Li-EVs significantly enhanced the resistance of cultured astrocytes, microglia, and
neurons against hypoxic injury when compared with controls and to native EV-
treated cells. Using a stroke mouse model, intravenous delivery of Li-EVs
increased neurological recovery and neuroregeneration for as long as 3 months in
comparison with controls and EV-treated mice, albeit the latter also showed sig-
nificantly better behavioral test performance compared with controls.
Preconditioning of MSCs with lithium also changed the secretion patterns for
such EVs, modifying the contents of various miRNAs within these vesicles. As
such, Li-EVs displayed significantly increased levels of miR-1906, which has been
shown to be a new regulator of toll-like receptor 4 (TLR4) signaling. Li-EVs
reduced posthypoxic and postischemic TLR4 abundance, resulting in an inhibition

of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB)
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1 | INTRODUCTION

The mood stabilizer lithium has been used for decades for the treat-
ment of bipolar disorders.® Lithium, however, has also been recog-
nized to be neuroprotective under experimental disease conditions
such as cerebral ischemia, traumatic brain injury, and neu-
rodegeneration.2”® Likewise, these experimental findings gave rise to
clinical trials, albeit with heterogeneous outcome. Although lithium
yielded no beneficial effects in patients suffering from amyotrophic
lateral sclerosis,” a double-blind, placebo-controlled, randomized clini-
cal trial showed a better neurological outcome in favor of a small sub-
population of stroke patients treated with lithium.2 However, the
overall study population only involved 32 patients treated with lithium
and 34 patients treated with placebo, with lithium yielding no benefi-
cial effect in the total study population.

Despite the aforementioned clinical trial from 2014, the data
on poststroke brain protection due to lithium are scarce and need
further validation. In this context, the majority of experimental
stroke studies were performed using prophylactic administration
of lithium only, thus not reflecting the clinical situation.®*° To the
best of our knowledge, only three experimental studies have ana-
lyzed the effects of poststroke lithium delivery.** 12 |dentifying a
novel GSK3p-independent mechanism, previous work from our group
has shown that lithium promotes postischemic neuroprotection and
neuroregeneration when applied within a therapeutic time frame of
6 hours.*®

With lithium
3

enhancing poststroke endogenous

neurogenesis,*® such a mechanism may be of great therapeutic
potential. As a matter of fact, the neurogenerative capacity of the
adult ischemic brain is utterly diminished, since endogenous neural
progenitor cells (NPCs) display both reduced survival rates and low
differentiation rates.!* The application of lithium reverses such
effects at least in part. Endogenous neurogenesis, however, is also
stimulated upon poststroke transplantation of adult stem cells like

15-20 which offers an

mesenchymal stem cells (MSCs) or NPCs,
even greater therapeutic time window than the aforementioned
6 hours of lithium. Yet, stem cell transplantation faces the same

limitations such as endogenous neurogenesis, including low

signaling pathway, decreased proteasomal activity, and declined both inducible
NO synthase and cyclooxygenase-2 expression, all of which culminated in
reduced levels of poststroke cerebral inflammation. Conclusively, the present
study demonstrates, for the first time, an enhanced therapeutic potential of Li-
EVs compared with native EVs, interfering with a novel signaling pathway that
yields both acute neuroprotection and enhanced neurological recovery.

cerebral ischemia, extracellular vesicles, lithium, mesenchymal stem cells, miR-1906, TLR4

Significance statement

The present work, for the first time, indicates an enhanced
therapeutic potential of extracellular vesicles (EVs) derived
from mesenchymal stem cells preconditioned with lithium
against cerebral ischemia. Elucidating a new way of action
of such enriched EVs, the present work demonstrates
increased intravesicular concentrations of selected miRNAs
such as miR-1906. The latter regulates the toll-like receptor
4 and familiar proinflammatory signaling cascades, contrib-
uting to enhanced neurological recovery poststroke. Hence,
this work provides further and novel evidence for the thera-
peutic potential of EVs against stroke, paving the way for
additional translational studies and clinical trials under

stroke settings.

survival rates and reduced differentiation rates of grafted cells.
Interestingly, previous work by Linares and Tsai were able to show
that in vitro preconditioning of MSCs with lithium results in
enhanced efficacy of transplanted MSCs in experimental models of
Huntington's disease and stroke, respectively.?122

Although stem cell transplantation has yielded significantly
increased neurological recovery in various experimental stroke models
with already some clinical trials under way, the underlying mecha-
nisms are obviously indirect. Indeed, recent data have shown that
infusion of stem cell-derived conditioned media is not inferior to stem
cell transplantation itself.>32° Recently, these effects have been
attributed to the secretion of extracellular vesicles (EVs) derived from
transplanted stem cells. EVs are derivates of late endosomes with a
diameter of about 100 to 1000 nm containing a heterogeneous
agglomeration of proteins and noncoding RNAs.?” The application of
EVs results in better neurological outcome in experimental stroke

232830 glbeit fundamental questions still have to be

models,
addressed. Hence, the present work analyzes both mechanisms and

effects of MSC-derived EVs obtained from MSC in Vvitro
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preconditioning with lithium in a mouse model of focal cerebral

ischemia.

2 | MATERIALS AND METHODS

21 | C57BL6 bone marrow-derived MSCs
Cryopreserved bone marrow-derived MSCs (mentioned as “MSCs” only)
were obtained from Cyagen (https://www.cyagen.com/us/en/product/
c57bl6-mesenchymal-stem-cells.html). According to the manufacturer,
the cells have been characterized for expression patterns of defined
surface markers found on MSCs. Flow cytometry analysis performed by
the manufacturer revealed MSCs to be positive for CD34, CD44, and
Sca-1 as well as being negative for CD117. The cells were plastic adher-
ent and showed multipotential differentiation abilities along osteogenic,
chondrogenic, and adipogenic lineages. These bone marrow-derived
MSCs were grown in standard growth media consisting of DMEM/F-12
GlutaMAX supplemented with 10% fetal bovine serum (FBS) and 5 g/
mL gentamicin (Invitrogen Life Technologies, Carlsbad, California). The
cell cultures were incubated under standard cell culture conditions, that
is, cells were kept at 37°C in a humidified atmosphere containing 5%
CO,. For experiments, only cells from passages 3 to 5 were used. Dif-
ferences in morphology, proliferation, and MSC surface marker expres-
sion were not observed in these cells.

2.2 | Invitro preconditioning of MSCs with lithium
MSCs were treated with lithium chloride (Sigma-Aldrich, St. Louis,
Missouri) or saline as control, using a slightly modified protocol publi-
shed before.??3! Briefly, the preconditioning paradigm included incu-
bation of MSCs from passages 3 to 5 with lithium chloride for
24 hours at a final concentration of 2.5 mM. Thereafter, lithium was
washed out, and the cells received fresh cell culture medium without
lithium chloride. Following the preconditioning paradigm, superna-
tants of so treated MSCs were harvested after an additional incuba-

tion for 2 days in order to enrich for EVs as described in Section 2.3.

2.3 | EV preparation from conditioned medium
using polyethylene glycol

Enrichment of EVs essentially followed our protocol as previously
described.*2 Conditioned medium derived from the aforementioned
MSCs was centrifuged at 100003 in a 5810R centrifuge (Eppendorf,
Hamburg, Germany). The supernatants were then supplemented with
stock solutions of polyethylene glycol (PEG) 6000 (Sigma, Neustadt,
Germany) to final concentrations of 12% PEG. Samples were mixed
gently by inverting the tubes three times and then stored at 4°C for up
to 12 hours, that is, overnight. EVs were concentrated by centrifugation
at 1500g for 30 minutes at 4°C. Supernatants were removed and pellets
resuspended in 1 mL of phosphate-buffered saline (PBS). To remove
residues of PEG from the suspension, the EV-enriched fractions were
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washed with 9 mL PBS (total volume of 10 mL) and ultracentrifuged at
110 000g for 2 hours at 4°C. The resulting pellet was resuspended in
250 pL of PBS. Obtained EV samples were stored at —80°C.

24 | Characterization of MSC-derived EVs
Nanosight tracking analysis (NTA) and Western blots were performed
to ensure sufficient quality of enriched MSC-derived EVs. NTA
(Particle Metrix, Meerbusch, Germany) was done for both size deter-
mination and quantification analysis of enriched EVs, as shown previ-
ously.3® As such, 1:1000 water-diluted samples were measured in
duplicate, and 400 pL of the diluted sample was injected into the mea-
surement chamber. Each sample was measured three times, and the
length of the video of each measurement was set to 30 seconds.

Using as additional internal quality control and also with regard to
the impact of lithium incubation on EV secretion patterns, NTAs were
also performed immediately before incubation of MSCs with lithium
or PBS (basal level), at 12 and 24 hours after the beginning of lithium/
PBS treatment. Finally, we also measured EV concentrations in sam-
ples 24 hours after treatment of MSCs with either lithium or PBS (ie,
48 hours after the beginning of the treatment). The basal value
(before treatment) showed peak values of 4.4 x 10° at 130 nm in size,
whereas peak values at 12 hours after the beginning of the treatment
were 5.1 x 10® at 120 nm (lithium group) and 5.4 x 10° at 140 nm
(PBS group), respectively. At 24 hours after the beginning of the treat-
ment peak values were 6.0 x 10° at 130 nm (lithium group) and
5.8 x 10° at 120 nm (PBS group), showing no significant difference
between the two treatment groups. At 48 hours after the beginning
of the treatment (ie, 24 hours after the end of the treatment), peak
values differed significantly between each other with 7.4 x 10° at
130 nm (lithium group) and 5.6 x 10° at 130 nm (PBS group), respec-
tively. Further experiments were, however, always performed with
EVs obtained 48 hours after the end of the lithium or PBS treatment
(72 hours after the beginning of the treatment) where the significant
differences between the two groups were even greater (see
Figure S2).

For Western blots, protein concentrations of EV samples were
measured using the microbicinchoninic acid assay (Thermo Fisher Sci-
entific, Waltham, Massachusetts), and blots were performed using
5 pug of concentrated EV fractions. The latter were treated with sam-
ple buffer (dithiothreitol, 0.1% sodium dodecyl sulfate (SDS), 0.1 M
Tris HCI; pH 7.0) and boiled for 5 minutes at 95°C before separation
on a 12% SDS-polyacrylamide gel electrophoresis. The samples were
transferred to polyvinylidene fluoride membranes (Merck Group,
Darmstadt, Germany), and the membranes were stained with anti-
bodies recognizing “exosomal marker” proteins such as CDé3 (1:500,
Biorbyt, Cambridge, UK), TSG101 (1:500, GeneTex, Irvine, California),
and Hsp70 (1:1000, Abcam, Cambridge, UK) overnight. Thereafter,
membranes were incubated for 1 hour with a matched horseradish
peroxidase-labeled secondary antibody. Immunoreactivity was
detected using chemiluminescence detection kit reagents and a
ChemiDoc Station (Bio-Rad, Hercules, California). Western blotting
procedures were repeated four times per sample.
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2.5 | Oxygen-glucose deprivation and cell culture

of neurons, astrocytes, and microglia

Cortical neurons were obtained from male C57BL6 E17 embryos.
Astrocytes and microglia were isolated from new born mice 24 hours
after birth. Briefly, tissue from the cortex was digested by means of
trypsin 0.125% (Invitrogen Life Technologies). The tissue was homog-
enized and filtered with a 100-pum cell strainer (Biologix, Koln, Ger-
many). Thereafter, cells were centrifuged and resuspended in
Dulbecco's modified Eagle's medium (Invitrogen Life Technologies)
containing both 10% FBS (Invitrogen Life Technologies) and penicillin-
streptomycin (Invitrogen Life Technologies). An amount of 10° neu-
rons per milliliter was seeded on six-well plates for which a total vol-
ume of 2 mL per well was used. Two hours after seeding, the cell
culture medium was exchanged to neurobasal medium (Invitrogen Life
Technologies), which included 1% L-glutamate and 2% B27. Astro-
cytes and microglia were seeded in flasks (Sigma-Aldrich) coated with
poly-L-lysine (Sigma-Aldrich) in order to obtain mixed glial cultures.
After 3 days, the cells reached confluency. The flasks were then
shaken overnight at 200 rpm and adherent cells (astrocytes) were res-
eeded in cell cultures dishes, whereas floating cells (microglia) were
collected and seeded in six-well plates to obtain microglia.

Oxygen-glucose deprivation (OGD) was essentially performed as
described before by our group.13 Briefly, the cells were incubated in
Sterofundin medium (Braun, Melsungen, Germany) containing 1 mM
mannitol and incubated at 37°C in a hypoxic chamber with 1% O, and
5% CO, (remainder N,) for 60 minutes (neurons), 8 hours (microglia),
or 12 hours (astrocytes). Thereafter, the cells were reincubated under
standard cell culture conditions for 24 hours. As for neurons, the
treatment with EVs (2 x 10° cell equivalents for each condition or
13.5 pg EV protein) started either at the beginning of hypoxia or at
the beginning of reoxygenation. EV treatment of astrocytes and
microglia was always done at the beginning of reoxygenation. Con-
trols received PBS at the corresponding time points. Cell viability was
assessed using a Live/Dead Viability/Cytotoxicity kit (Cambrex, Wies-
baden, Germany).

2.6 | Induction of MCAO and injection of EVs

Experimental procedures following the ARRIVE and STAIR recommen-
dations were carried out according to the guidelines for the care and
health of animals and were approved by local authorities. All mice
received a periprocedural analgesic treatment by means of
buprenorphine (0.1 mg/kg body weight (BW)) and carprofen (5 mg/kg
BW). The latter was also given on the two consecutive days after sur-
gery. Using a power calculation with the value of 0.8 and an effect
size between 0.25 and 0.4, mice were randomly allocated to the
experimental treatment groups. As such, Irina Graf (IG, see Acknowl-
edgment) ordered animals and formed the experimental groups in
question according to the power calculation before the beginning of
any experiments. IG was not involved in any further part of the study.

All analysts were blinded from the study, since the surgeons were not

involved in the processing of the data. Precise numbers of animals
used for data analysis are given in the appropriate figure legends. Also
refer to Figure S1 for an overview of the experimental paradigm.
Middle cerebral artery occlusion (MCAO) was induced in male
C57BL6 mice weighing 26-29 g with a duration of cerebral ischemia

of 60 minutes as previously described.®*

The surgery was performed
under constant anesthesia with isoflurane (1-1.5%) as well as under
laser Doppler control. For transient occlusion of the MCA, a silicon-
coated nylon monofilament (Doccol, Sharon, Massachusetts) was
used. Sham animals underwent the very same procedure, but without
insertion of the nylon filament.

EVs were systemically delivered to mice via intravenous injection
on days 1, 3, and 5. All mice received the same concentration of EVs,
that is, 2 x 10° cell equivalents corresponding to 13.5 pg of total pro-
tein. A volume of 100 pL was injected under anesthesia on day 1 post-
stroke via catheterization of the right femoral vein, whereas injections
on day 3 and on day 5 (also 100 pL of volume) were done choosing
the retroorbital delivery route. Controls received PBS at the time
points given, using the same delivery routes as described for EVs. For
short-term experiments with a survival period of 2 days only, mice
only received one intravenous injection of either PBS, EVs, or Li-EVs

via cannulation of the right femoral vein on day 1 poststroke.

2.7 | Analysis of poststroke brain injury and
neuroregeneration

Neuroregeneration was assessed by analyzing co-expression of
bromodeoxyuridine, which was given to mice by intraperitoneal injec-
tion (50 mg/kg BW) on days 8 to 28, with markers of both angiogene-
sis and neurogenesis. Three months after induction of stroke, mice
received transcardial perfusion with 4% paraformaldehyde in 0.1 M
PBS and immunohistochemical analysis was performed on coronal
cryostat sections using the following primary antibodies: monoclonal
mouse anti-BrdU (1:400; Roche, Mannheim, Germany), monoclonal
rat anti-BrdU (1:400; Abcam), polyclonal goat antidoublecortin (Dcx;
1:50; Santa Cruz Biotechnology, Heidelberg, Germany), monoclonal
mouse anti-NeuN (1:1000; Merck Millipore, Darmstadt, Germany),
polyclonal chicken anti-glial fibrillary acidic protein (GFAP; 1:1000;
Merck Millipore), polyclonal rabbit anti-CNPase (1:250, Sigma-
Aldrich), and monoclonal rat anti-CD31 (1:200; BD Biosciences, Hei-
delberg, Germany). Following detection with appropriate secondary
antibodies, quantitative analysis was performed using regions of inter-
est within the ischemic lesion site as previously described.'® In detail,
cell count analysis within the basal ganglia was done at 0.14 mm ante-
rior, 2.5 to 3.25 mm ventral and 1.5 to 2.25 mm lateral from bregma
(see Figure S1 for a sketch as well). Neuronal densities were deter-
mined to indicate the extent of chronic brain injury and were also mul-
tiplied with striatal areas of each section, thus correcting for
consequences of brain atrophy as described by group elsewhere.®®
GFAP staining analysis was used in order to assess glial scar forma-
tion, whereas axonal density was analyzed in order to indicate axonal

plasticity as explained afore.'®
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28 |
recovery

Assessment of poststroke neurological

Behavioral tests were performed for assessing long-term neurological
outcome in stroke mice during an observation period of 3 months. The
mice received training 1 to 2 days before induction of MCAOQ in order
to ensure proper test performance. These tests included the rota rod
test, the tight rope test, the corner turn test, and the balance beam test
and were performed as previously described.*® Although a recent dis-
cussion with regard to the suitability of certain behavioral tests for the
assessment of neurological recovery at chronic stroke stages exists,>”
these tests have been proven to be sensitive for our stroke model.
Briefly, the readout parameter for the rota rod test, which was per-
formed in duplicate, was the time the animal spent on the rotating rod.
The maximum testing time was 300 seconds. The tight rope test (like
the balance beam test) was performed twice per time point as well.
Mice were scored from O (minimum) to 20 (maximum), depending on
the time they needed to reach either side of the two platforms and
whether or not they fell from the rope during the test time of
60 seconds. For the balance beam test, the time until the animal
reached the platform was measured. The maximal testing time was
60 seconds as well. In the corner turn test, the laterality index was cal-
culated out of 10 trials per time point, with a score of 0.5 indicating no
neurological impairment and a score of 1 indicating severe neurological
impairment. Single data of the extensive behavioral test analyses are
not provided in the manuscript itself because of its huge data amount,

which is available on request from the corresponding author.

2.9 | Determination of (sub)acute brain injury

Mice were sacrificed on either day 2 or on day 6 after stroke induc-
tion. Infarct volumes were calculated by staining brain tissue with
triphenyltetrazolium chloride on 2-mm-thick brain slices. The latter
were used for calculation of hemispheric infarct volumes using Image
J software. Moreover, (sub)acute brain injury was analyzed using ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining on coronal cryostat sections processed as stated in Sec-
tion 2.7, following the manufacturer's kit instructions (R&D Systems,
Wiesbaden, Germany). The subsequent analysis was done in the same

coordinates as mentioned above.

210 | Measurement of proteasome activity

The proteasome activity was performed as previously described.3®

Very
briefly, enzyme activity was measured in left ischemic hemispheres from
which homogenates were generated 48 hours poststroke. The homoge-
nates were made using a lysis buffer that contained 100 mM Tris-HCI,
145 mM NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA), and 0.5%
Triton X-100 at pH 7.5. The chymotrypsin-like activity of the proteasome
was measured using Suc-LLVY-AMC (50 uM; Sigma-Aldrich). The latter

was incubated in a volume of 90puL of reaction buffer (50 mM

¥ TRANSLATIONAL MEDICINE

Tris, 20mM KCl, 1 mM magnesium acetate, 2 mM dithiothreitol,
1mM leupeptin, 1 pg/mL aprotinin [Sigma-Aldrich] and 1 mM
phenylmethylsulfonyl fluoride [Merck]). Substrate cleavage was evaluated
at 37°C in a fluorescence microtiter plate reader at Aey. = 355 nm and at
Aem. = 460 nm. During the straight proportional phase of the enzyme
kinetics between 8 and 14 minutes, the delta of such a reaction was cal-
culated. Values are given as arbitrary fluorescence units per min per mg

protein, which was determined by means of the Bradford assay.

211 |
cytokines

Detection of selected growth factor and

As previously described,**  brain-derived neurotrophic factor (BDNF;
Promega, Walldorf, Germany), glial cell line-derived neurotrophic factor
(GDNF; Promega), vascular endothelial growth factor (VEGF; R&D Sys-
tems), basic fibroblast growth factor (R&D Systems), and epidermal growth
factor (EGF; R&D Systems) was measured by enzyme linked immunosor-
bent assay (ELISA) in left (ischemic) hemispheres 84 days after MCAQ. As
for the detection of tumor necrosis factor-a (TNF-a), another ELISA assay

from R&D systems was performed on day 2 in ischemic brain hemispheres.

212 |
responses

Analysis of poststroke inflammatory

Flow cytometry analysis from both blood and brain samples was per-
formed on day 2 and on day 6 poststroke using a previously described
protocol.*233% Using blood samples, leukocytes were purified by
means of a lysis buffer that consists of 155 mM NH4Cl, 10 mM
KHCO3;, and 3 mM EDTA. On the contrary, left ischemic brain hemi-
spheres were mechanically homogenized in a buffer of collagenase
type XI (125 U/mL), hyaluronidase (60 U/mL), and collagenase
(450 U/mL) in Ca%*/Mg?*-supplemented PBS (Sigma-Aldrich). There-
after, the samples were incubated with the antibody in question as
described afore.Z® Absolute cell numbers were measured using Coun-
tBright counting beads (Invitrogen Life Technologies).

2.13 | Analysis of oxidative stress

Thiobarbituric acid reactive substances (TBARS) were measured on day
2 in brain lysates, indicating lipid peroxidation of membranes and thus
oxidative stress.'* TBARS such as malondialdehyde (MDA) react with
thiobarbituric acid resulting in a chromogenic compound. Photometric
measurement was done at A = 532 nm. TBARS formation is expressed

as MDA equivalents using 1,1,3,3-tetramethoxypropan as standard.

214 | Western blotting experiments

A plethora of Western blot analyses was performed from cell lysates after

OGD (see above) and from ischemic left hemispheres at 2 days after stroke
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induction, using formerly described protocols from our group with slight
modifications.*® Lysates obtained using a buffer containing 50 mmoL/L
Tris, pH 8.0, 150 mmoL/L NaCl, 1% Triton X-100, and protease inhibitors
were centrifuged and used for polyacrylamide gel electrophoresis. Follow-
ing transfer to polyvinylidene fluoride membranes, proteins were incubated
overnight at 4°C with a monoclonal mouse anti-nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB) p65 (1:200; Santa Cruz Biotech-
nology), a monoclonal mouse anti-lxB-a (1:1000; Santa Cruz Biotechnol-
ogy), a polyclonal rabbit anti-inducible NO synthase (anti-iINOS; 1:500;
Santa Cruz Biotechnology), a polyclonal rabbit cyclooxygenase-2 (COX-2;
1:1000; Santa Cruz Biotechnology), and a polyclonal rabbit anti-toll-like
receptor 4 (anti-TLR4) (1:1000; Santa Cruz Biotechnology) antibody. Mem-
branes were rinsed, incubated with secondary peroxidase-coupled goat
anti-rabbit or goat anti-mouse antibody (1:2000; Santa Cruz Biotechnol-
ogy), rinsed, immersed in ECL solution and exposed to ECL-Hyperfilm
(Amersham Biosciences, Freiburg, Germany). Protein loading was
controlled using a monoclonal mouse anti-B-actin antibody (1:5000; Sigma-
Aldrich). Membranes were scanned and used for densitometric analysis. In
the same tissue samples, NF-xB pé5 translocation from the cytosol toward
the nucleus, which reflects NF-xB activation, was evaluated using a com-
mercially available kit (FIVEphoton Biochemicals, San Diego, California) fol-
lowing the manufacturer's protocol. Whole uncropped representative blots

are also shown in Figure S5.

2.15 | Real-time polymerase chain reaction
For detection of selected miRNAs, generation of cDNA from these
aforementioned miRNAs was achieved using a TagMan miRNA real-
time reverse transcriptase (RT) kit obtained by Thermo Fisher Scientific.
The assays were performed according to the manufacturer's protocols
as essentially explained before.***?> The miRNAs measured were not
only chosen by mere increased probability of being enriched in MSC-
derived EVs as reviewed elsewhere.*® Rather, these miRNAs were cho-
sen according to previous reports published or due to own unpublished
reports in the context of cellular protection against cardiovascular dis-
eases and/or neurodegeneration. Without attempting to be exhaustive,
our analysis therefore focused on miR-132,4% miR-1906,*” miR-
126,*%3° miR-222,* miR-21,°2% and miR-23.>*

Individual miRNA detection was done using a forward primer and a
3’ universal reverse primer provided by the RT kit. gPCR using an SYBR
Green Master Mix (Applied Biosystems, Foster City, California) was per-
formed employing the Applied Biosystems instrument. The amplification
conditions included 1 cycle of 50°C for 2 minutes and 1 cycle of 95°C for
10 minutes, followed by 40 cycles of 95°C for 30 seconds and 55°C for
an additional minute. Specificity was verified by melt curve analysis. The

relative quantitation of miRNAs was normalized by the AACt method.

216 | Statistics

The results are presented as mean + SD. All data were normally dis-

tributed as indicated by the Kolmogorov-Smirnov test. Accordingly,

parametric tests were applied. For comparisons between two groups,
statistical comparisons were done using the Student t tests. For com-
parison between multiple groups, a one-way ANOVA followed by the
Tukey's post hoc test was used. P values of <.05 were considered to

be statistically significant.

3 | RESULTS

3.1 | Lithium preconditioning of MSCs enhances
the therapeutic potential of MSC-derived EVs against
OGD injury of cultured neurons

We first analyzed whether or not lithium preconditioning of MSCs
affects the therapeutic potential of MSC-derived EVs, using an OGD
assay on primary cortical neurons (Figure 1). The latter were exposed
to OGD for 1 hour followed by reoxygenation under standard cell cul-
ture conditions for 24 hours. Cells that were treated with PBS only
(controls) displayed a profound cell death rate. On the contrary, incu-
bation of neurons with native MSC-derived EVs at the beginning of
the OGD, that is, EVs derived from MSCs that were not treated with
lithium (“EVs"), significantly reduced neuronal cell injury (Figure 1A).
The treatment of such hypoxic neurons with EVs derived from MSCs
that had been treated with lithium before (“Li-EVs”), however, yielded
an even more pronounced neuroprotection. Likewise, EV-treatment
starting at the beginning of reoxygenation also resulted in significant
neuroprotection, with an even more favorable outcome in the Li-EVs

group (Figure 1B).

3.2 | Neurological recovery is further enhanced
after treatment with Li-EVs

The aforementioned experiments have shown that lithium alters the
secretion patterns of MSCs with regard to EVs, resulting in a more
pronounced neuroprotection against OGD in comparison with native
EVs in vitro. In light of previous work from our group demonstrating
that native EVs enhance neurological recovery after stroke, we next
wondered whether or not Li-EVs can enhance these effects even fur-
ther. Indeed, treatment with EVs yielded better neurological recovery
after stroke induction in comparison with control animals that had
been treated with saline, as analyzed by four well-established behav-
joral tests (Figure 2). Treating stroke animals with Li-EVs, however,
significantly improved the poststroke functional outcome when com-
pared with both nontreated mice and mice that had received native
EVs. Of note, early test scores taken during the EV treatment period
itself, that is, on days 2 and 4 poststroke, only partially showed better
test performance of mice treated with either EVs or Li-EVs
(Figure S4).

Analysis of brain injury 3 months after stroke induction revealed
significantly reduced brain injury in mice treated with Li-EVs in com-
parison with controls and to mice treated with native EVs, albeit the

latter also showed significantly reduced brain injury when compared
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Lithium preconditioning of MSCs enhances therapeutic potential of MSC-derived EVs against OGD injury of cultured neurons.

Cortical neurons were exposed to OGD for 1 hour followed by reoxygenation under standard cell culture conditions for 24 hours. Treatment with
PBS (control), EVs or Li-EVs started either at the beginning of the OGD, A, or after the OGD, B, that is, at the beginning of the reoxygenation.
Cells referred to as “standard” were not exposed to OGD but kept under standard cell culture conditions. *Significantly different from controls

(P < .05). #Signiﬁcantly different from neurons treated with EVs (P < .05). n = 4 per condition. EVs, extracellular vesicles; Li-EVs, lithium-treated
EVs; MSCs, mesenchymal stem cells; OGD, oxygen-glucose deprivation; PBS, phosphate-buffered saline

with controls. En detail, neuronal densities were 435.6 + 31.5 NeuN*
cells per mm? (controls), 665 + 40.8 NeuN" cells per mm? (EVs), and
876 + 56.2 NeuN" cells per mm? (Li-EVs). In line with this, both glial
scar formation (expressed as number of GFAP* cells per mm?) and
poststroke brain atrophy (expressed as percentage of ipsilateral
striatal volume compared with contralateral volumes) were signifi-
cantly decreased due to EV treatment and even more so due to Li-EV
treatment in comparison with controls 3 months poststroke. As for
glial scar formation, we found values of 67.8 +8.3 (controls),
51.6 £ 7.8 (EVs), and 34.7 + 6.1 (Li-EVs). Analysis of ipsilateral brain
atrophy revealed values of 52.4 + 2.7 (controls), 64.2 + 5.3 (EVs), and
70.5 £ 9.7 (Li-EVs).

3.3 | Li-EVs help boost poststroke
neuroregeneration

Enhanced neurological recovery after stroke can be a consequence of
either acute neuroprotection or neuroregeneration. The latter has
already been shown by our group for native MSC-derived EVs.2®
Herein, we demonstrate that Li-EVs further increase poststroke neu-
rogenesis, angiogenesis, and axonal plasticity, confirming the afore-
mentioned results on poststroke neurological recovery (Figure 2). To
be precise, an analysis of BrdU positive cells 3 months after stroke
induction revealed a significantly increased co-localization with Dcx,
CNPase, NeuN, and CD31 (Figures 3A and S3A-E). Likewise, an
enhanced level of axonal plasticity was observed in animals treated
with Li-EVs when compared with both controls and mice treated with
EVs (Figure 3B). Although new born cells are known to be not inte-
grated in the residing poststroke neural network,* these cells are able
to indirectly modify their extracellular milieu as indicated by different
concentration patterns of cytokines and growth factors. Indeed, treat-

ment with Li-EVs increased the concentration of selected growth

factors within the ischemic milieu 3 months after stroke induction
(Figure 3C and S3F-)J).

3.4 | Lithium preconditioning affects MSC
secretion patterns

In light of the aforementioned therapeutic effects of Li-EVs against
both in vitro OGD and cerebral ischemia of mice, we next character-
ized basic properties of Li-EVs with regard to EV concentration, size,

|n

and expression profiles of “exosomal” markers. NTA analysis
(Figure S2A) revealed particle sizes of 130 nm (Li-EVs) and 120 nm
(EVs) at which EV concentrations reached their maximum. These data
are in line with medium-sized EVs among which are exosomes.?” In
this context, Western blot analysis of “typical” EV-associated pro-
teins?’ revealed abundance of Hsp70, TSG101, and CDé63, with no
difference between the two EV fractions (Figure S2B).

Since miRNA contained within secreted EVs are regarded to be
key players mediating biological properties of EVs,>> we next ana-
lyzed selected miRNAs that are known to be enriched in MSC-
derived EVs and/or play significant roles in models of cardiovascular
diseases or neurodegeneration as stated in Section 2. As such, we
detected miR-21, miR-222, miR-23, and miR-126 within both con-
trol EVs and Li-EVs, albeit no significant difference was observed
between these two EV groups (Figure 4). On the contrary, concen-
trations of both miR-132 and miR-1906 were significantly increased
in Li-EVs (Figure 4). In light of previous work from our group, how-
ever, application of an ectopic miR-132 containing viral vector did
not yield neuroprotection against focal cerebral ischemia (own
unpublished observation) in contrast to viral vectors containing
other miRNAs such as miR-124.¢ We therefore focused on the
lithium-associated increase of miR-1906 for the remainder of the

present study.
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FIGURE 2 Treatment with Li-EVs results in enhanced poststroke neurological recovery. Mice were exposed to middle cerebral artery
occlusion followed by intravenous delivery of PBS (control), native EVs (EVs), or Li-EVs on days 1, 3, and 5. During the observation period of

3 months, mice were submitted to the balance beam test, A, the rota rod test, B, the tight rope test, C, and the corner turn test, D. Note that for
the rota rod test, the maximum test time was 300 seconds, and only healthy mice that stayed on the rod for this period of time were used for the
test. *Significantly different from controls (P < .05). #Significantly different from mice treated with native EVs (P < .05). n = 18 for controls, n = 21
for EVs, and n = 20 for Li-EVs. EVs, extracellular vesicles; Li-EVs, lithium-treated EVs; PBS, phosphate-buffered saline

3.5 | miR-1906 containing Li-EVs regulate
poststroke injury via regulation of TLR4

The miR-1906 has recently been identified as a novel regulator of the
TLR4, resulting in reduced brain injury in a rodent stroke model.*’
Although Xu and colleagues found increased intracellular levels of
miR-1906 in cultured astrocytes exposed to OGD, astrocyte-derived
EVs revealed significantly reduced levels of miR-1906 after OGD
induction. Nevertheless, the role of miR-1906 in MSC-derived EVs
which were not directly exposed to hypoxia/ischemia, but which were
preconditioned by lithium, has not yet been analyzed. We therefore
first analyzed TLR4 protein expression patterns in astrocytes, neurons,
and microglia cultured under standard cell culture conditions or

exposed to OGD in the presence of PBS (control), EVs, or Li-EVs.
Whereas TLR4 protein expression levels were low in all three cell
types under standard cell culture conditions, induction of OGD
yielded significantly increased protein levels in astrocytes, microglia,
and neurons (Figure 5A-D). Treatment with EVs resulted in a nonsig-
nificant trend toward a lower TLR4 expression in astrocytes, with vir-
tually no trend in both neurons and microglia. Incubation of cells with
Li-EVs, however, significantly reduced TLR4 protein expression in all
three cell types, with an even more pronounced reduction of TLR4 in
astrocytes (Figure 5A-D). Likewise, treatment of stroke mice with Li-
EVs significantly decreased TLR4 expression patterns in the ischemic
hemisphere, whereas native EVs had no impact on the protein expres-
sion (Figure 5E-F).
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FIGURE 3 Treatment with Li-EVs enhances poststroke neuroregeneration and modifies poststroke extracellular milieu. Mice were exposed
to middle cerebral artery occlusion followed by intravenous delivery of PBS (control), native EVs (EVs), or Li-EVs on days 1, 3, and 5. A,
Differentiation patterns of BrdU" cells were analyzed on day 84 within the ischemic hemisphere, using the neuronal markers Dcx and NeuN, the
astroglial marker GFAP, the oligodendroglial marker CNPase, and the endothelial marker CD31. Representative photos taken from mice treated
with Li-EVs depict the marker in question (green) plus BrdU* cells (red) as well as the 4',6-diamidino-2-phenylindole (DAPI) signal (blue). B,
Poststroke axonal density was measured via stereotactic injection of the anterograde tract tracer BDA into the contralateral cortex 70 days after
stroke. Axon labeling was performed within the ipsilateral hemisphere using DAB staining on day 84 poststroke. Axonal densities within the
cortex of the ischemic hemisphere were measured from six fields per section out of eight sections of each mouse divided by total mean densities
of all mice. A representative photo was taken from a mouse treated with Li-EVs. C, Concentrations of BDNF, EGF, FGF, GDNF, and VEGF were
measured 3 months after the stroke within the ischemic hemisphere. Results are given as percentage of proportional areas. Scale bars for all
photos are 50 pm. *Significantly different from controls (P < .05). *Significantly different from mice treated with native EVs (P < 0.05). n = 11-18
for controls, n = 8-21 for EVs, and n = 7-20 for Li-EVs. BDA, biotinylated dextran amine; BDNF, brain-derived neurotrophic factor; DAB, 3,3'-
diaminobenzidine; Dcx, doublecortin; EGF, epidermal growth factor; EVs, extracellular vesicles; FGF fibroblast growth factor; GDNF, glial cell-
derived neurotrophic factor; Li-EVs, lithium-treated EVs; PBS, phosphate-buffered saline; VEGF, vascular endothelial growth factor
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FIGURE 4 Measurement of selected miRNAs in MSC-derived EVs. Quantitative reverse transcription polymerase chain reaction (RT-gPCR) was used
to measure miR-132, miR-1906, miR-21, miR-222, miR-23, and miR-126 levels in EV preparations derived from native MSCs (EVs) or lithium-
preconditioned MSCs (Li-EVs) according to the manufacturer's protocols. Expression levels are normalized to MSCs = 1. *Significantly different from native
MSC-derived EVs (P < 0.05). n = 5 for EVs and n = 4 for Li-EVs. EVs, extracellular vesicles; Li-EVs, lithium-treated EVs; MSC, mesenchymal stem cell

3.6 | Li-EVs reverse poststroke peripheral
immunosuppression and reduce central inflammation

Previous work from our group has shown that delivery of native
MSC-derived EVs induces sustained neurological recovery by reversal
of peripheral poststroke immunosuppression at subacute stages of
the disease, without inducing (sub)acute neuroprotection in these ani-
mals.2® Likewise, similar effects are observed when stroke mice are
treated with Li-EVs (Figure 6A,B). The latter reversed secondary
immunosuppression on day 6, as indicated by flow cytometry from
blood samples in these animals. However, no significant difference
between treatment with native EVs and Li-EVs was observed. Analyz-
ing poststroke immune responses within the ischemic brain, flow
cytometry data revealed a decreased cerebral level of inflammation in
animals treated with Li-EVs (Figure 6C,D), whereas native EVs had no
impact on the ischemic cerebral immune response as previously
described.®

3.7 | Li-EVsinduce (sub)acute neuroprotection by
interfering with the TLR4-dependent NF-xB signaling
pathway

Since treatment with Li-EVs yielded a downregulation of the pro-
inflammatory TLR4 under both in vitro and in vivo conditions
(Figure 5), we next wondered whether or not changed TLR4 expres-
sion patterns result in activation of a plethora of different signaling
pathways, among which is the NF-kB signaling pathway. However, we
first analyzed whether or not the extent of poststroke brain injury is
affected by treatment with Li-EVs. As shown in our previous work,?®
native EVs do not vyield acute or subacute neuroprotection
(Figure 7A-C), as observed by infarct volume analysis and TUNEL
staining. In contrast to this, Li-EVs significantly reduced infarct vol-
umes at both time points and reduced the number of TUNEL" cells on
day 6, further underlining the therapeutic impact of Li-EVs under
experimental stroke conditions.

Li-EVs did not only reduce TLR4 expression patterns, but also
modified the TLR4-dependent NF-kB pathway. As such, Li-EVs

inhibited the stroke-induced enhanced NF-kB signaling pathway, as
indicated by decreased protein abundance of NF-kB pé65 and
increased protein abundance of IkB expression (Figure 7D,E). The
application of native EVs had no impact in this context. Likewise, Li-
EVs significantly reduced downstream proteasomal activity at 2 days
poststroke, whereas no such effect was observed due to administra-
tion of native EVs (Figure 7F). Expression patterns of pro-
inflammatory mediators such as iINOS and COX-2 were also signifi-
cantly diminished by Li-EVs when compared with both controls and
native EVs, resulting in reduced levels of TBARS in such animals
(Figure 7G-I). Intracerebral concentrations of TNF-a were, however,

not affected by the application of either Li-EVs or EVs (Figure 7)J).

4 | DISCUSSION

The present study provides novel data on lithium-induced MSC
preconditioning, changing the biological properties of such MSC-
derived Li-EVs that results in increased intravesicular concentration of
miR-1906. The latter modulates a recently established signaling path-
way by reducing intracellular expression patterns of the pro-
inflammatory TLR4 in cultured cells exposed to hypoxia and in the
ischemic brain. TLR4 downregulation by Li-EVs, in turn, inhibits the
NF-xB signaling pathway, decreases proteasomal activation and
reduces both iINOS and COX-2 expression. Although native EVs do
not affect poststroke cerebral inflammation directly but rather reverse
peripheral immunosuppression, the increased therapeutic potential of
Li-EVs over native EVs is a consequence of the combined impact on
both peripheral and cerebral immune responses. A schematic sum-
mary of the suggested way of action is provided in Figure S2.

Lithium induces neuroprotection in preclinical stroke models. The
majority of published work on such lithium-induced effects is ham-
pered due to clinically irrelevant prestroke treatment, short-term
observation periods, or insufficient insight into underlying mecha-
nisms. As a matter of fact, studies using a prophylactic lithium delivery
paradigm are restricted to rodent survival periods of 2 days only, thus
focusing on a merely descriptive study design->1° Although both Ren

et al and Li et al chose a poststroke delivery protocol, lithium
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FIGURE 5 Li-EVs reduce expression of TLR4. Astrocytes, A, microglia, B, and neurons, C, were exposed to OGD injury followed by
reoxygenation for 24 hours under standard cell culture conditions as described in materials and methods. Thereafter, the cells were lysed and
used for Western blot analysis against TLR4 expression including densitometric analysis, D. Cells were treated with either PBS (control), native
EVs (EVs), or Li-EVs at the beginning of the reoxygenation. Shams refer to cells kept under standard cell culture conditions without OGD and
without any additional treatment. E,F TLR4 expression in left ischemic hemispheres 2 days after induction of cerebral ischemia in mice. The latter
received single injections of PBS (control), EVs, or Li-EVs on day 1 after stroke. Sham mice underwent the same surgical procedure, but without
inducing a stroke. Besides, sham mice did not receive any kind of additional treatment. *Significantly different from controls (P < .05).
#Significantly different from shams (P < .05). n = 4 for each in vitro condition. n = 6 for sham mice, n = 5 for controls, n = 7 for EVs, and n = 6 for
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FIGURE 6 Application of Li-EVs reverses poststroke immunosuppression and reduces cerebral immune responses. Flow cytometry analysis
was performed from both blood samples, A,B, and from left ischemic brain hemispheres, C,D, on day 2, A,C, and on day 6, B,D, after induction of
stroke. Sham animals underwent surgical procedure for transient focal cerebral ischemia without inserting the filament into the left middle
cerebral artery and without any treatment. On the contrary, control animals received one intravenous injection of PBS for the 2-day survival
period, A,C, or three injections on days 1, 3, and 5, B,D, for the 6-day survival period. Likewise, both EVs or Li-EVs were given intravenously only
once for the 2-day survival period, A,C, or three times for the 6-day survival period, B,D. Quantitative analyses were performed for the detection
of total numbers of leukocytes, neutrophils, B-lymphocytes, and T-lymphocytes. For flow cytometry analysis in blood samples, absolute amounts
of cells in question are given, whereas cell numbers from left ischemic hemispheres refer to left hemispheres from sham animals set as

1. *Significantly different from controls (P < .05). *Significantly different from sham mice or from mice treated with native EVs (P < .05). n = 6 for
sham mice, n = 10 for controls, n = 9 for EVs, and n = 10 for Li-EVs. EVs, extracellular vesicles; Li-EVs, lithium-treated EVs

administration was still limited in terms of time frame with lithium
being given no later than 3 hours poststroke.**2 It was not until
recently when the aforementioned therapeutic time window was sig-
nificantly extended toward 6 hours, albeit such a time window is still
inferior to neuroregenerative approaches when compared with MSC
transplantation.*®

The transplantation of MSCs yields increased neurological recov-
ery in preclinical stroke models with therapeutic time windows rang-

ing to days or even longer.2%°7-5? Although clinical trials have recently

been performed, the benefit for stroke patients due to MSC trans-
plantation still needs further evaluation.®®%% As a matter of fact, cell
transplantation suffers from the same setbacks as is the case for
endogenous stem cells. Furthermore, transplantation of ectopic stem
cells may include additional hazards such as neoplastic transformation,
immunological reactions, or thromboembolic events during cell infu-
sion.®*%> Previous work therefore focused on enhancing MSC resis-
tance against the postischemic pro-inflammatory milieu. In this

context, preconditioning of MSCs with the mood stabilizers lithium or
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followed by intravenous delivery of either PBS (control), native EVs (EVs), or Li-EVs. Except for infarct volume analysis and TUNEL staining on
day 6, B,C, where mice received intravenous injections on days 1, 3, and 5, animals received one single treatment on day 1 only, followed by
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sacrifice of these animals 2 days after stroke induction. As such, infarct volumes were determined on day 2, A, and on day 6, B, whereas TUNEL
staining was performed on day 6 only, C. NF-xB p65, D, and IkB-a, E, expression, proteasome activity, F, inducible NO synthase, G, and

COX-2, H, expression, TBARS formation, I, and tumor necrosis factor-a, J, were analyzed on day 2 after stroke induction. Scale bars: 50 pm.
*Significantly different from controls (P < .05). *Significantly different from mice treated with native EVs (P < .05). n = 8 for controls, n = 9 for
EVs, and n = 9 for Li-EVs. COX-2, cyclooxygenase-2; EVs, extracellular vesicles; Li-EVs, lithium-treated EVs; iNOS, inducible NO synthase; PBS,

phosphate-buffered saline; TBARS, thiobarbituric acid reactive substances; TNF-«, tumor necrosis factor-a
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valproic acid (VPA) has been shown to enhance the therapeutic
potential of such preconditioned MSCs in preclinical models of
Huntington's disease and stroke.22?23! Tsai and colleagues observed
increased migratory properties when MSCs were preconditioned with
either VPA or lithium, and the combination of the two enhanced the
migratory characteristics of such preconditioned MSCs even further.??
Increased homing after poststroke transplantation of preconditioned
MSCs yielded better neurological recovery, reduced brain injury, and
stimulated endogenous angiogenesis, all of which being a conse-
quence of affecting the chemokine receptor 4 and matrix meta-
lloprotease 9 activity, as discussed by the authors.??> Nevertheless,
MSCs are known to act in an indirect way, using paracrine mecha-
nisms like the secretion of EVs in order to exert their neuroprotective
or neuroregenerative effects. Hence, enhanced MSC homing proper-
ties due to preconditioning with lithium or VPA are of minor relevance
when EVs instead of MSCs can be used, thus circumventing any
potential side effects of stem cell transplantation itself.

EVs from various cell sources have been successfully applied in
preclinical stroke models.2328-3066¢8 Although the precise mecha-
nisms by which EVs induce neuroprotection or neuroregeneration
along with better neurological recovery remain elusive, evidence sug-
gests that EVs might predominantly interfere with secondary immune
responses rather than induce enhanced neuronal cell survival
directly.%?”72 In this context, previous work from our own group has
shown that native MSC-derived EVs improve neurological recovery
and neuroregeneration by reversing peripheral poststroke immuno-
suppression, without reducing (sub)acute brain injury or cerebral
inflammation.?® The lack of acute neuroprotection in vivo along with
increased neurological recovery, stimulated neuroregeneration, and
the reversal of peripheral poststroke immunosuppression by native
EVs as observed in the present work is therefore in line with our pre-
vious observation. Preconditioning with lithium yields similar results
with regard to these aspects, but the impact of Li-EVs appears to be
superior to the delivery of native EVs. On the contrary, the application
of Li-EVs is associated with both acute neuroprotection and reduced
levels of cerebral inflammation in stroke mice. The reduction of post-
stroke cerebral inflammation as observed in mice treated with Li-EVs
thus likely contributes to acute neuroprotection, which in turn results
in overall better neurological recovery together with the reversal of
peripheral immunosuppression. Noteworthy, not only Li-EVs but also
native EVs protect cultured neurons from hypoxic injury. The latter
appears to be surprising, since native EVs are supposed to not affect
acute cell survival but only act via peripheral immune reactions, which
are of course not present in a cell culture model. However, recent
data indicate that native EVs might also induce acute neuroprotection
to some extent via antiapoptotic actions and via modulation of related
signaling cascades.®®7374 Elucidating such additional apoptotic path-
ways, however, was beyond the scope of the present work.

Preconditioning of cultured MSCs with lithium enhances the ther-
apeutic potential of such enriched EVs under both in vitro and in vivo
conditions, as has been observed for other preconditioning paradigms
such as hypoxic MSC conditioning.”® Since miRNAs are one key medi-

ator of EV-induced biological effects, we hypothesized that lithium

preconditioning might affect EV secretion profiles with regard to
miRNA contents. Indeed, both miR-132 and miR-1906 were signifi-
cantly increased in Li-EVs. Although the former has been described to
stimulate tissue regeneration in a model of myocardial infarction,**
previous unpublished observation of our own yielded no such impact
in the stroke model. On the contrary, miR-1906 has just recently been
realized to be a critical mediator of neuroprotection in a mouse model
of cerebral ischemia.*” Xu and colleagues described stroke-enriched
intracellular levels of miR-1906 in both neurons and even more so in
glial cells. Intravesicular concentrations of miR-1906 from glial cell-
derived EVs, however, were significantly decreased, suggesting an
insufficient concentration of miR-1906 in order to yield enhanced
resistance of neurons against ischemic stress. As such, ectopic deliv-
ery of miR-1906 resulted in significant neuroprotection by a hitherto
unknown mechanism of miR-1906, inhibiting the pro-inflammatory
TLR4 signaling pathway.*” In line with this, our work found increased
levels of intravesicular miR-1906 after lithium preconditioning
inhibiting the aforementioned TLR4 pathway as well.

The importance of the TLR4 for generating ischemic injury under
experimental conditions has already been established for more than
10 years.”® Nevertheless, the modulation of that pathway due to lith-
ium in MSC-derived EVs by miR-1906 has not been shown, yet. Fol-
lowing the inhibition of TLR4 by Li-EVs after both hypoxia and
cerebral ischemia, such reduced TLR4 levels yield an inhibition of the
NF-kB signaling pathway which give rise to reduced poststroke
proteasomal activities. The latter has been found to be critically
involved in ischemic injury of the brain and other organs as well.””°
Along with this, Li-EVs significantly reduce levels of both iINOS and
COX-2 expression, all of which contributing to reduction of cerebral
inflammation as well as neuronal injury, which has been described
afore.”®

In conclusion, preconditioning of MSCs with lithium yields biolog-
ically highly active Li-EVs, providing profound neuroprotection and
neurological recovery in a mouse model of cerebral ischemia. Hence,
these beneficial effects of Li-EVs are a consequence of a plethora of
mechanisms, among which the reversal of peripheral immunosuppres-
sion and the inhibition of TLR4-dependent signaling pathways are
prominent. Additional experimental studies are in order to further vali-
date these underlying mechanisms by which Li-EVs grant neurological

recovery upon induction of cerebral ischemia.
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