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Mesenchymal stem cells and cell-derived extracellular
vesicles protect hippocampal neurons from oxidative stress
and synapse damage induced by amyloid-f3 oligomers
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Alzheimer’s disease (AD) is a disabling and highly prevalent
neurodegenerative condition, for which there are no effective
therapies. Soluble oligomers of the amyloid-f peptide (ABOs)
are thought to be proximal neurotoxins involved in early neuro-
nal oxidative stress and synapse damage, ultimately leading to
neurodegeneration and memory impairment in AD. The aim of
the current study was to evaluate the neuroprotective potential
of mesenchymal stem cells (MSCs) against the deleterious im-
pact of ABOs on hippocampal neurons. To this end, we established
transwell cocultures of rat hippocampal neurons and MSCs. We
show that MSCs and MSC-derived extracellular vesicles protect
neurons against ABO-induced oxidative stress and synapse dam-
age, revealed by loss of pre- and postsynaptic markers. Protection
by MSCs entails three complementary mechanisms: 1) internaliza-
tion and degradation of ABOs; 2) release of extracellular vesicles
containing active catalase; and 3) selective secretion of interleu-
kin-6, interleukin-10, and vascular endothelial growth factor to the
medium. Results support the notion that MSCs may represent a
promising alternative for cell-based therapies in AD.

Alzheimer’s disease (AD)® is responsible for 50-70% of
dementia cases in the elderly, and nearly half of individuals over
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the age of 85 are at risk of developing the disease (1, 2). AD
begins with loss of recent memories and progresses to include
loss of consolidated memories and deficits in several cognitive
domains, finally depriving patients of their sense of self. The
disease poses a great threat to older individuals and their fam-
ilies, becoming a serious socioeconomic problem with increas-
ing longevity. Although considerable insight has been gained
into mechanisms of pathogenesis of AD, no treatments are cur-
rently available to effectively halt or reverse its progression.
Mounting evidence indicates that soluble oligomers of the amy-
loid- B peptide (ABOs) are the proximal neurotoxins involved in
synapse damage and dysfunction leading to memory loss in AD
(3-6). Blocking the neuronal impact of ABOs may thus provide
effective novel therapies for AD.

Cell therapies have emerged as potential treatments for neuro-
logical disorders, including AD (7, 8). Studies employing mesen-
chymal stem cells (MSCs) from different sources have demon-
strated promising results in in vivo AD models (9-12). For
example, Lee et al. (13, 14) showed that transplantation of bone
marrow MSCs into the hippocampus of the APP/PS1 mouse
model of AD reduced A deposition and Tau hyperphosphoryla-
tion and reversed learning and spatial memory deficits. However,
the mechanisms underlying those neuroprotective actions of
MSCs have not been elucidated. It is generally accepted that MSCs
do not exert their beneficial actions through direct differentiation
into neural tissue, but rather by acting as trophic mediators releas-
ing immune modulatory, proangiogenic, and/or proneurogenic
factors (15). Additional mechanisms involved in paracrine signal-
ing promoted by MSCs include the secretion of specific cytokines
(16) and the transfer of extracellular vesicles (EVs) or even of
healthy mitochondria to cells with impaired mitochondrial func-
tion (17-19).

Here, we aimed to investigate the neuroprotective potential
of MSCs in an in vitro model of AD, to gain insight into possible
mechanisms of cell-to-cell communication (20) that could be
exploited in future therapeutic approaches. We demonstrate
that MSCs and MSC-derived EVs block oxidative stress and

central nervous system; LAMP-1, lysosome-associated membrane protein 1;
PSD-95, postsynaptic density protein 95; ANOVA, analysis of variance.
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Figure 1. ABOs do not affect viability, proliferation, respiration, or resistance to oxidative stress of MSCs. Representative photomicrographs show
viable (green) or dead (red) MSCs exposed for 72 h to vehicle (Veh) (A) or ABOs (500 nm) (B). Scale bar, 50 um. Images were acquired on a Zeiss Axiovert 200M
microscope with a 10X objective. Cell viabilities are shown in C (n = 3 independent cultures, with triplicate wells in each experimental condition). D and E, Ki67
immunofluorescence (red) and nuclei (DAPI) (blue) in MSCs exposed for 24 h to vehicle (D) or ABOs (500 nm) (E). Scale bar, 50 um. Images were acquired as
described above. F, percentage of proliferative cells, expressed as Ki67-positive cells (n = 3 independent cultures, with triplicate coverslips in each experimen-
tal condition). G, representative photomicrograph showing lack of DCF fluorescence in MSCs exposed to ABOs (500 nm) for 24 h; the corresponding bright field
imageis shownin H (n = 6independent cultures, with triplicate coverslips in each experimental condition). Scale bar, 100 wm. Images were acquired on a Nikon
Eclipse TE300 epifluorescence microscope with a X20 objective. /, quantification of O, flow (measured by high-resolution respirometry) under basal culture
conditions or after the addition of oligomycin or carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) in MSCs exposed to vehicle (V) or ABOs (500

nm) (A) for 24 or 48 h (n = 3 independent cultures). In all graphs, data are represented as means = S.E. (error bars).

synapse damage induced by ABOs in hippocampal neurons and
unveil novel neuroprotective mechanisms of action of MSCs,
namely the clearance of extracellular ABOs, selective secretion
of cytokines, and the release of active catalase via EVs.

Results
MSCs are resistant to ABOs

We initially evaluated the effects of exposure of MSCs to
ABOs (500 nMm) by investigating cell viability (Fig. 1, A-C), pro-
liferation (Fig. 1, D—F), oxidative stress (measured by levels of
reactive oxygen species (ROS); Fig. 1, G and H), and cellular
respiration (via high-resolution respirometry) following expo-
sure to oligomers (Fig. 1/). ROS levels in MSCs were barely
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detectable (see below). No changes in viability, proliferation
rate, intracellular ROS levels, or respiratory parameters of
MSCs were detected in ABO-exposed cultures (Fig. 1).

MSCs protect neurons against oxidative stress induced by
ApBOs

To investigate the protective potential of MSCs against neu-
ronal oxidative stress induced by ABOs (21-23), we cocultured
MSCs with neurons for 24 h and then exposed the cultures to
ABOs (500 nm) or vehicle for 6 h or to H,O, (100 um) for 10
min. Representative DCF fluorescence images of vehicle-,
ABO-, or H,0,-exposed neurons are shown in Fig. 2, A-D,
E-H, or I-L, respectively. The large increases in ROS levels
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Figure 2. Oxidative stress in hippocampal neurons exposed to ABOs in the absence or presence of MSCs. Photomicrographs showing DCF
fluorescence (green) in hippocampal neurons exposed to vehicle (A-D), ABOs (500 nm) for 6 h (E-H), or H,O, (100 um) for 10 min (/-L) in the absence or
presence of MSCs, as indicated. Scale bar, 100 um. Images were acquired on a Nikon Eclipse TE300 epifluorescence microscope with a X20 objective.
Corresponding bright field images are shown beside each fluorescence image. M-0, quantification of integrated DCF fluorescence intensity normalized
by the total number of cells. Panels show integrated fluorescence for ABO-exposed neurons (M), H,0,-exposed neurons (N), or MSCs cocultured with
hippocampal neurons and exposed to vehicle or ABOs, compared with hippocampal neurons alone (0). Data are represented as means = S.E. (error bars)
(n = 6 independent cultures, with triplicate coverslips in each experimental condition); *, p < 0.05; two-way ANOVA followed by Tukey’s post hoc test;

RU, relative units.

induced by ABOs (Fig. 2M) or H,O, (Fig. 2N) were fully
prevented when neurons were cocultured with MSCs. No
evidence of increased cellular oxidative stress was detected
in MSCs exposed to ABOs (Fig. 20) or H,O, (not shown). In
line with previous studies (e.g. see Ref. 24), there was no
indication of neuronal death under our experimental condi-
tions (500 nm ABOs, 6 h of exposure) either in the absence or
in the presence of MSCs, as revealed by inspection of bright
field images corresponding to each DCF fluorescence image
(Fig. 2).

MSCs prevent loss of postsynaptic density protein 95 (PSD-95)
and synapses in neurons exposed to A3Os

Double immunolabeling for pre- and postsynaptic markers,
synaptophysin and PSD-95, respectively, was used to assess the
impact of ABOs on synapses and the possible protective action
of MSCs. Compared with vehicle-treated cultures, hippocam-
pal neurons exposed to ABOs presented a significant reduction
in levels of PSD-95, and this reduction was blocked by coculture
with MSCs (Fig. 3, A—E). Levels of the presynaptic marker, syn-
aptophysin, showed a trend, albeit not statistically significant,
of reduction in neurons exposed to ABOs, and this trend was
also prevented in the presence of MSCs (Fig. 3F). Quantifica-
tion of co-localized PSD-95 and synaptophysin puncta, a mea-
sure of synapse density, revealed that exposure to ABOs

SASBMB

reduced the density of synapses (Fig. 3G) proportionally to the
decrease in PSD-95 abundance. Significantly, coculture with
MSCs prevented ABO-induced synapse loss.

MSCs internalize ABOs

Next, we investigated whether protection against neuronal
oxidative stress and synapse loss could be related to MSC-me-
diated clearance of ABOs from the culture medium.

Dot-immunoblotting (using oligomer-sensitive antibody NU4)
(25) was used to detect ABO immunoreactivity in the culture
medium as described previously (e.g. to detect elevated levels of
ABOs in AD brain extracts) (26, 27). Results showed a time-de-
pendent reduction in ABO immunoreactivity in the culture
medium of MSCs, suggesting that ABOs were internalized
(Fig. 4A, top and middle lanes). Control experiments showed
no decrease in ABO immunoreactivity in the medium
when oligomers were applied onto gelatin-coated coverslips
immersed in Dulbecco’s modified Eagle’s medium (DMEM)/
F-12—filled wells in the absence of cultured MSCs (not
shown) or when ABOs were incubated under identical con-
ditions with HEK293 cells instead of MSCs (Fig. 4A, bottom
lane). All lanes were quantified by densitometry, as shown in
the graph (Fig. 4B).

To directly determine whether MSCs internalized AOs, we
used fluorescence microscopy. Fig. 4C shows that fluorescent
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Figure 3. Levels of pre- and postsynaptic proteins in hippocampal neurons exposed to ABOs. A-D, representative photomicrographs showing double
immunolabeling for presynaptic marker synaptophysin (SYP, red) and postsynaptic marker PSD-95 (green) in hippocampal neurons exposed to vehicle or ABOs
(500 nm) for 24 h; nuclei are stained by DAPI (blue). SYP/PSD-95 co-localized puncta (a measure of synapse density) appear in yellow. Scale bar, 10 um. Images
were acquired in a Nikon Eclipse TE300 epifluorescence microscope with a X63 objective. E-G, quantification of synaptic proteins and synapse density. Data
arerepresented as means = S.E. (error bars) (n = 4independent cultures, with triplicate coverslips in each experimental condition); ¥, p < 0.05; two-way ANOVA

followed by Dunnett’s post hoc test; n.s., not significant.

HyLite ABOs (prepared using HyLite A, as described under
“Methods”) were bound to the surface of MSCs after 20 min of
exposure and remained bound 3 h after exchange of the
medium containing oligomers for fresh medium (Fig. 4D).
Internalization of ABOs by MSCs was evidenced by orthogonal
section analysis of confocal images obtained after 72 h (Fig. 4E).

Next, we evaluated the dynamics of internalization by
continuously exposing MSCs to 500 nm A BOs for different time
intervals and removing the oligomer-containing medium
immediately before image acquisition. Under these conditions,
ABOs were found to be bound to the external surface of the
membrane of MSCs after 1 h of exposure (not shown) and were
internalized by ~75% of the cells 3 h later (Fig. 4F). The pres-
ence of ABOs in roughly globular cytoplasmic structures (indi-
cated by arrows in the representative image shown in Fig. 4F)
suggests that oligomers were contained within an intracellular
compartment in MSCs. After 24 h of exposure to ABOs,
the proportion of cells presenting intense oligomer labeling
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decreased to 50%, and oligomer fluorescence signal was absent
or extremely weak in the remaining cells (Fig. 4G). The percent-
age of cells positive for oligomer signal further decreased to 40%
after 48 h of exposure to ABOs (Fig. 4H).

ABOs co-localize with endosomal and lysosomal markers in
MSCs

To determine how MSCs process internalized ABOs, we
investigated whether oligomers co-localized with endosomal
(early endosome antigen 1; EEA1) and lysosomal (lysosome-
associated membrane protein 1; LAMP-1) markers. Double
immunocytochemistry revealed that ABOs co-localize with
both EEA1 (Fig. 5, A-D) and LAMP-1 (Fig. 5, E-L). Treatment
of MSCs with the lysosomal protease inhibitor, E64d, resulted in
significantly increased ABO immunoreactivity, which almost
completely co-localized with LAMP-1 labeling, within ~100% of
the cells after 24 h (Fig. 5, J and K).

SASBMB
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Figure 4. MSCs internalize A oligomers. A, dot-blotting analysis (using NU4 oligomer-sensitive antibody) (86) shows a time-dependent reduction in ABO
immunoreactivity in the culture medium (top and middle lanes, corresponding to 10* or 10° MSCs/well (lane a or b, respectively). No decrease in ABO
immunoreactivity was detected in the presence of 10° HEK293 cells/well instead of MSCs (lane ¢). B, the bar graph shows quantification by densitometry (using
ImagelJ version 1.38 software); r.u., relative units. C-H, representative images of ABO labeling (ABOs prepared using Hylite AB, as described under “Experimen-
tal procedures”; red) in MSCs (labeled with calcein; green) exposed to ABOs. C, MSCs exposed to ABOs for 20 min and imaging carried out in ABO-containing
medium; D and E, MSCs were exposed to ABOs for 20 min, followed by exchange of ABO-containing medium by fresh medium and imaging after 3h (D) or 72 h
(E). Internalization of ABOs is evidenced by orthogonal projection analysis of confocal images obtained after 72 h (E). F~-H, MSCs were continuously exposed to
500 nm ABOs and imaged after 3 h (F), 24 h (G), or 48 h (H). The kinetics of ABO internalization is accelerated by continuous exposure to ABOs (compare D and
F).Arrows in Findicate ABO-containing roughly globular cytoplasmic structures in MSCs, suggesting that ABOs are located within an intracellular compartment
after 3 h of exposure (F). D-H, lines indicate orthogonal sections of confocal imaged cells. Scale bar, 50 um. Images were acquired on a Zeiss LSM510 META
confocal microscope using a Plan-Neofluar X40/1.3 numerical aperture oil differential interference contrast objective.

MSCs internalize both ABOs and fibrillar amyloid aggregates

In the course of our study, we found that MSCs internalized
polystyrene beads, which were encountered within acidic,
LysoTracker-positive compartments in ~66% of the cells after
3 hofincubation. In line with the results described above, ABOs
added to the culture medium were internalized by MSCs and
accumulated in the same LysoTracker-positive compart-
ments (Fig. 6, A-D), suggesting that the same internalization
pathway was utilized by both beads and ABOs. Because the
internalization of polystyrene beads showed that MSCs
exhibit endocytic capacity for larger particles, we asked
whether MSCs would also be able to internalize and degrade
larger amyloid aggregates. This was indeed confirmed for A3
fibrillar aggregates; after 3 h of exposure of cells to fibrillar
ApB (instead of ABOs), thioflavin S-labeled amyloid aggre-
gates were clearly detected within LAMP-1-positive com-
partments in MSCs (Fig. 6E).

SASBMB

ABOs stimulate selective release of cytokines from MSCs in
coculture with hippocampal neurons

To determine whether MSCs might protect neurons from
the toxic impact of ABOs via the release of neuroprotective
cytokines, we measured a panel of cytokines in the culture
medium of MSCs either alone or in coculture with hip-
pocampal neurons, and exposed or not to ABOs. For all cyto-
kines detected in the multiplex assay we used, exposure to
ABOs did not modify cytokine levels in the culture medium
of MSCs alone, as illustrated for interleukin (IL)-6, IL-10,
and vascular endothelial growth factor (VEGF) (Fig. 7 (A-C),
white bars). Furthermore, fractalkine, granulocyte macro-
phage colony-stimulating factor, IL-1a, IL-13, IL-4, and
tumor necrosis factor-a levels in the culture medium of hip-
pocampal neuronal cultures alone or in coculture with MSCs
were not modified by exposure to ABOs. Interestingly, how-
ever, levels of IL-6, IL-10, and VEGF in the culture medium

J. Biol. Chem. (2018) 293(6) 1957-1975 1961
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Figure 5. Subcellular localization of internalized AB. A-D, double immunofluorescence labeling for early endosome marker EEA1 (green) and AB (6E10
monoclonal antibody) in MSCs after exposure to ABOs (500 nm) for 3 h. Note the co-localization of ABOs with EEA1 evidenced by orthogonal projection analysis
of confocal images (D). Images were acquired in a Zeiss LSM510 META confocal microscope using a Plan-Apochromat X20/0.8 numerical aperture M27
objective. Scale bar, 100 um. E-L, triple immunofluorescence labeling for lysosomal marker LAMP-1 (green), A (6E10 monoclonal antibody; red), and cell mask
(blue) in MSCs after exposure to ABOs (500 nm) for 24 h in the absence or presence of the lysosomal cysteine protease inhibitor, E64d. Images were acquired in
a Zeiss LSM510 META confocal microscope using a Plan-Neofluar X40/1.3 numerical aperture oil differential interference-contrast objective. Note that the
internalization of ABOs and co-localization with LAMP1 are markedly enhanced in the presence of E64d. Scale bar, 20 um.
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Figure 6. MSCs internalize amyloid particles of different sizes. A-D, representative images showing internalization of polystyrene beads and ABOs by MSCs
and their localization in acidic, LysoTracker-positive compartments. Images were acquired on a Zeiss LSM510 META confocal microscope using a Plan-Neofluar
X63/1.25 numerical aperture oil objective; scale bar, 10 um. E, representative image (acquired in the LSM510 META confocal microscope using a Plan
Apochromat X 100/1.46 numerical aperture oil M27 objective) showing that fibrillar (thioflavin S-positive) AB aggregates are observed within lysosomes
(LAMP-1-immunolabeling) after 3 h of exposure of MSCs to A fibrils instead of ABOs. Scale bar, 20 um.

of hippocampal neuronal cultures were up-regulated by further increased the levels secreted to the culture medium
coculture with MSCs, both in the absence and in the pres- compared with vehicle-treated MSC/neuronal cocultures

ence of ABOs (Fig. 7). In the case of VEGF, exposure to ABOs  (Fig. 7C).
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Figure 7. Secretion of IL-6, IL-10, and VEGF to the culture medium is increased in neuronal/MSC cocultures and mediates neuroprotection against
ApBO-induced oxidative stress. A-C, levels of IL-6 (A), IL-10 (B), and VEGF (C) in the culture medium are increased when hippocampal neurons are in coculture
with MSCs, either in the absence or presence of ABOs. No changes in cytokine levels are detected when MSCs alone are exposed to ABOs (white bars,
normalized by control MSCs in the absence of ABOs). D-H, the addition of antibodies against IL-6 (0.5 g/ml), IL-10 (1 wg/ml), and VEGF (1 ng/ml) to the culture
medium blocks the protection by MSCs against ABO-induced neuronal oxidative stress. D and E, representative DCF fluorescence images from hippocampal
neuronal cultures exposed to vehicle or 500 nm ABOs, respectively. F and G, representative DCF fluorescence images from hippocampal neurons cocultured
with MSCs and incubated with 500 nm ABOs in the absence or presence of anti-cytokine antibodies, respectively. Images were acquired on a Nikon Eclipse
TE300 epifluorescence microscope with a X20 objective. Scale bar, 100 wm. H, integrated DCF fluorescence intensities in different experimental conditions,
normalized by the control group (vehicle-exposed hippocampal neurons in the absence of MSCs). Bars, means = S.E. (error bars) (n = 2 independent cultures,

with triplicate wells per experimental condition). ¥, p < 0.05; #, p < 0.05; one-way ANOVA followed by Tukey's post hoc test.

To establish whether the release of IL-6, IL-10, and VEGF to
the culture medium was mechanistically connected to the pro-
tection of neurons against oxidative stress induced by ABOs, we
performed experiments in which the three cytokines were
blocked by neutralizing antibodies added to the cultured
medium. To this end, we cocultured MSCs with neurons for
24 h in the presence of neutralizing antibodies against IL-6 (0.5
pg/ml; R&D Systems), IL-10 (1 wg/ml; BD Pharmingen), and
VEGF (1 pg/ml; Avastin®, Roche Applied Science) and then
exposed the cultures to ABOs (500 nm) or vehicle for 24 h.
Representative DCF fluorescence images of neurons exposed to
vehicle, ABOs, ABOs + MSCs, or ABOs + MSCs + cytokine-
neutralizing antibodies, respectively, are shown in Fig. 7 (D-G).
Consistent with the results described above, the large increase
in ROS levels induced by ABOs was fully prevented when neu-
rons were cocultured with MSCs (Fig. 7, E and F). However,
neurons cocultured with MSCs in the presence of neutralizing

SASBMB

antibodies (Fig. 7G) presented ROS levels similar to those of
cultures exposed to ABOs alone (Fig. 7H).

MSC-derived extracellular vesicles protect neurons from
oxidative stress via delivery of catalase

We further asked whether the release of EVs by MSCs could
constitute an additional protective mechanism against neuro-
nal damage induced by ABOs. To investigate this possibility, we
first characterized the EV population secreted by MSCs.

Analysis by transmission electron microscopy (TEM) showed
different types of extracellular vesicles exhibiting different
morphologies and size distributions. Most of the observed ves-
icles were small rounded vesicles ranging from ~30 to 200 nm
(Fig. 8, A-C), suggesting that these particles represent exo-
somes. A second/minor vesicular population with size ranging
from ~200 to 900 nm, consistent with microvesicles, was also
detected (Fig. 8, D and E). Analysis of the frequency distribution

J. Biol. Chem. (2018) 293(6) 1957-1975 1963
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H, NanoSight NTA. Size distribution of MSC-derived EVs showed predominance of particles with diameters ranging between 50 and 200 nm. Lines in different
colors correspond to quintuplicate analyses from the same EV preparation. Scale bars, 200 nm (A, C, and D); 100 nm (A (inset) and B); and 500 nm (E). /, analysis
of EV particle size distribution from forward scatter (FSC) and side scatter (SSC) by flow cytometry. J, microvesicles identified as CD90.1-positive particles. K,
overlay of fluorescence histograms (normalized by the respective mode values) in a non-labeled sample (background control, gray curve) and a CD90.1-labeled

sample (red curve), showing the presence of 10.1% CD90.1-positive microvesicles in the EV population.

of vesicle diameter in TEM images (n = 104 vesicles) indicated
that most of the vesicles ranged between 30 and 200 nm
(Fig. 8F).

Nanoparticle-tracking analysis (NTA; Fig. 8H) revealed that
MSCs in culture secrete EVs (4.8'° = 1.3% particles/ml) with
two populations of different sizes, with a mean particle diame-
ter of 168.1 £ 5.3 nm and modal particle diameter of 97.8 * 3.9
nm. The population exhibiting smaller mean diameter (85.7 =
3.5 nm) corresponds to exosomes (ranging in dimeter from 30
to 200 nm), and the population exhibiting larger mean diameter
(288.6 = 15.6 nm) constitutes microvesicles (ranging in diam-
eter from 100 to 1,000 nm). The distributions of particle diam-
eters obtained from TEM and NTA analyses were in excellent
agreement and indicated that EVs secreted by MSCs and iso-
lated under our conditions comprised predominantly exo-
somes (consistent with dot blot analysis showing that EVs are
immunoreactive for exosome-associated tetraspanins, CD81
and CD63, two typical exosome markers; Fig. 8G), with
microvesicles corresponding to about 35% of the total popula-
tion of secreted vesicles.
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The EVs released from MSCs were further characterized by
flow cytometry using CD90.1 as a marker of MSC-derived
microvesicles (28). Based on a total count of 10° particles
detected, 10.1% were CD90.1-positive (Fig. 8, [-K), consistent
with EVs comprising predominantly exosomes.

An interesting property of EVs is their stability to cryopreser-
vation. Because EVs have little water, they can be freeze/thawed
without significant changes in their physical characteristics
(29). Accordingly, NTA results did not indicate any change in
particle number when comparing fresh and frozen EVs (not
shown). This indicates that EVs can be isolated from MSCs and
cryopreserved for future use in neuroprotection.

To determine whether EVs protected neurons against ABO-
induced oxidative stress, two different doses of MSC-derived
EVs (8 X 10”7 EV particles or 2.4 X 10® EV particles) were incu-
bated with neurons (50,000 per coverslip) previously exposed
to ABOs (500 nm) for 2 h at 37 °C. The lower dose of EVs used
corresponds to the amount secreted by the MSCs used in cocul-
ture with neurons in the experiments described above. Four
hours later, determination of neuronal ROS levels demon-
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Figure 9. EV-mediated blockade of ABO-induced oxidative stress in hippocampal cell cultures. A and B, representative DCF fluorescence images from
hippocampal neuronal cultures exposed to vehicle or 500 nm ABOs, respectively. C and D, representative DCF fluorescence images of hippocampal neurons
exposed to 500 nm ABOs in the presence of 8 X 107 or 2.4 X 108 total EV particles, respectively. Images were acquired on a Zeiss Axiovert 200M microscope with
a X 10 objective. Scale bar, 50 um. E, integrated DCF fluorescence intensities (normalized by cell numbers) in different experimental conditions, normalized by
the control group (vehicle-exposed hippocampal neurons in the absence of EVs). EV1, 8 X 107 EV particles; EV2, 2.4 X 10° EV particles. Bars, means *+ S.E. (error
bars) (n = 3independent cultures, with triplicate wells per experimental condition). *, p < 0.05; one-way ANOVA followed by Tukey’s post hoc test; RU, relative

units.

strated that EVs completely restored basal levels of ROS,
reversing the deleterious increase induced by ABOs (Fig. 9).

We hypothesized that EVs could exert their protective action
against neuronal oxidative stress via secretion of antioxidant
enzymes (e.g. catalase). Indeed, we found that MSC-derived
EVs harbor significant catalase activity (Fig. 10A). Nonetheless,
it is well known that EVs may contain a large number of pro-
teins, miRNAs, and metabolites. To determine whether cata-
lase contained in MSC-derived EVs was directly involved in
neuroprotection, we treated EVs with the membrane-permeant
specific catalase inhibitor, 3-amino-1,2,4-triazole, prior to the
addition of EVs to neuronal cultures. Control measurements
confirmed that treatment with 3-amino-1,2,4-triazole fully
inhibited catalase activity in EVs (Fig. 10, B and C). Signifi-
cantly, inhibition of catalase activity abrogated the capacity of
MSC-derived EVs to protect neurons against ABO-induced
oxidative stress (Fig. 10, D—H).

MSC-derived EVs prevent loss of synapses in neurons exposed
to AB3Os

Finally, we investigated whether MSC-released EVs could
protect neurons against synapse damage induced by ABOs.
MSC-derived EVs (2.4 X 10® particles) were incubated for 22 h
with neurons (50,000 per coverslip) previously exposed to
ABOs (500 nm) for 2 h at 37 °C, and cells were fixed for evalua-
tion of synapse integrity (revealed by co-localization of synap-
tophysin and PSD-95—-immunoreactive punctae). As shown in
Fig. 11, EVs protected synapses from damage induced by AOs.

Discussion

Several therapeutic strategies are under investigation to pre-
vent or delay the neurodegenerative process that occurs in AD.
Considerable evidence supports a central role of ABOs in trig-
gering harmful events that initiate neuronal oxidative stress
and synapse damage leading to cognitive decline in AD (5, 30).
The therapeutic potential of MSCs from diverse sources has
been investigated with promising results in AD models (31-39).
However, the mechanisms by which neuroprotection by MSCs
occurs have not been fully elucidated.

SASBMB

We have investigated the neuroprotective potential of
MSCs against damage induced by ABOs in hippocampal
neurons and possible mechanisms underlying neuroprotec-
tion. Results showed that MSCs are resistant to the impact of
ABOs in all tested parameters (viability, proliferation, ROS
generation, and mitochondrial function), a favorable aspect
for possible future use of MSCs as a therapeutic adjuvant or
alternative in AD.

We found that MSCs and MSC-derived EVs protect hip-
pocampal neurons against oxidative stress and synapse damage
induced by ABOs. In addition, we report mechanisms that may
explain, at least in part, neuroprotection by MSCs: 1) their abil-
ity to internalize and degrade ABOs; 2) the release of EVs con-
taining the antioxidant enzyme, catalase; and 3) selective
secretion of anti-inflammatory and/or trophic cytokines to
the medium.

Our findings support a previous report (40) showing that the
resistance of human MSCs to death induced by hydrogen
peroxide is related to constitutive expression of antioxidant
enzymes. In line with this notion, MSCs not only prevented
ROS increase induced by ABOs but also reduced basal ROS
levels in neurons (Fig. 2). It is possible that exposure to soluble
factors secreted by MSCs in the culture medium up-regulates
the expression of antioxidant enzymes (e.g. catalase or glutathi-
one peroxidase) in neurons. Alternatively, it is also conceivable
that MSC-derived EVs directly supply active catalase to neu-
rons, as suggested by the current findings.

Synapse dysfunction is a central aspect in the pathophysiol-
ogy of AD, and loss of synapses is directly related to cognitive
decline (41). We found that MSCs blocked the reduction in
PSD-95 levels and loss of synapses induced by ABOs. Impor-
tantly, MSC-derived EVs showed a similar neuroprotective
effect on synapse loss. Normal ROS levels are crucial for long-
term potentiation and for synaptic strengthening (42). How-
ever, at high levels, ROS become detrimental to synapses. Pre-
vious studies have shown that ABOs readily promote neuronal
oxidative stress (21-23) and inhibit long-term potentiation (43,
44). It is thus possible that protection against neuronal oxida-
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Figure 10. Active catalase in EVs mediates protection against ABO-induced neuronal oxidative stress. A, substrate concentration dependence of
catalase activity in MSC-derived EVs. O, production upon the addition of H,0, to the medium was determined in a high-resolution respirometer (see
“Experimental Procedures”). The solid line represents a non-linear regression hyperbolic fit to the data using the equation, Vg, = Vg5 max X [H,0,1/([H,0,] +
Ky sh202)- Band C, control EVs or aminotriazole-treated EVs, respectively, were added to the respirometer cell, and successive 80 um pulses of H,O, were added
(arrows). The increase in O, concentration in the cell was measured following the catalase-catalyzed chemical reaction, 2 H,0, < 2 H,0 + O, (B). Note that no
O, production was detected when aminotriazole-treated EVs were employed, consistent with inactivation of catalase; instead, successive additions of H,0,
generated a reduction in O, concentration, suggesting O, consumption due to adduct formation upon lipidic peroxidation (C). D and E, representative DCF
fluorescence images from hippocampal neuronal cultures exposed to vehicle or 500 nm ABOs, respectively. F and G, representative DCF fluorescence images
of hippocampal neurons exposed to 500 nm ABOs in the presence of control EVs or aminotriazole-treated (inactivated catalase) EVs, respectively. Images were
acquired on a Nikon Eclipse TE300 epifluorescence microscope with a X20 objective. Scale bar, 100 um. H, integrated DCF fluorescence intensities in different
experimental conditions, normalized by vehicle (Veh)-exposed cultures. iEVs, aminotriazole-treated EVs (i.e. containing inactivated catalase). Bars correspond to
means = S.E. (error bars) (n = 3 independent cultures, with triplicate wells per experimental condition). *, p < 0.05; one-way ANOVA followed by Dunnett’s post hoc
test.

tive stress promoted by MSCs and by MSC-derived EVs con-
tributes to the preservation of synapse integrity in ABO-ex-
posed neurons.

We found a progressive and significant reduction in ABO
immunoreactivity in the culture medium when MSCs were
present (Fig. 4). This suggests that reduced extracellular avail-
ability of ABOs can be related to neuroprotection promoted by
MSC:s. Future identification of binding sites of ABOs in MSCs
may enhance application of the endocytic capacity of these cells
as a therapeutic tool. For example, cells with higher endocytic
capacity could be selected and expanded before transplanta-
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tion. Previous studies suggest that the binding of ABOs to neu-
rons occurs via a multiprotein receptor complex that probably
involves the N-methyl-p-aspartate receptor (21-23), the cellu-
lar prion protein (45, 46), the Wnt co-receptor Frizzled (47), the
B2 ephrin receptor (48), and the metabotropic glutamate recep-
tor mGIluR5 (49, 50). On the other hand, recent evidence indi-
cates that phagocytosis of AB by astrocytes is mediated by
CD36, CD47, and RAGE receptors (51). Finally, the binding of
AP to microglia appears to involve Toll-like receptors 2 and 4,
CD36, and RAGE (52, 53), and recently it was found that Scaral
is a specific receptor for ABOs in these cells (54). It is, thus,
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Figure 11. MSC-derived EVs protect hippocampal neurons from synapse
damage induced by ABOs. Representative double immunolabeling images
for synaptophysin (red) and PSD-95 (green) in cultured hippocampal neurons
exposed to vehicle (A), 500 nm ABOs for 24 h (B), or 500 nm ABOs plus EVs
(2.4 X 108 particles) (C). EVs were incubated with neuronal cultures for 22 h at
37 °Cfollowing initial exposure to ABOs (500 nm) for 2 h. Nuclei are shown in
blue (DAPI) and co-localization of pre- and postsynaptic markers is shown in
yellow. Images were acquired on a Zeiss Axiovert 200M microscope with a
X63/1.25 numerical aperture oil objective. Scale bar, 10 um. D, synapse den-
sity determined as the number of co-localized synaptophysin/PSD-95 punc-
tae, normalized to vehicle (Veh)-exposed cultures. Bars, means = S.E. (error
bars) (n = 2 independent cultures, with triplicate coverslips per experimental
condition). ¥, p < 0.05; one-way ANOVA followed by Dunnett’s post hoc test.

possible that one or more of the above proteins mediates the
interaction of ABOs with MSCs.

Our results demonstrate that the endocytic capacity of MSCs
is not selective for the size of the aggregates, as MSCs internal-
ize both A oligomers (which typically are a few nanometers in
diameter) and much larger A fibrils, as shown by colocaliza-
tion with EEA1, LysoTracker, and LAMP-1 markers. Analysis
of the internalization dynamics of fluorescently labeled ABOs
in live cells indicated that ~75% of MSCs showed internalized
A after 3 h, but only 50% of the cells presented oligomer signal
after 24 h, decreasing to ~40% after 48 h of exposure to ABOs
(Fig. 4, F, G, and H, respectively). These data suggest that the
dynamics or ability to incorporate/clear ABOs differs substan-
tially between cells in the MSC population, with some cells
rapidly clearing internalized A, whereas other cells are much
slower in doing so. Importantly, in E64d-treated cultures (in
which lysosomal degradation was inhibited), almost 100% of
cells presented ABOs signals that extensively co-localized with
lysosomes (Fig. 5K). Our findings thus indicate that the process
of internalization of ABOs is highly dynamic and varies among
MSC:s cells and that blocking lysosomal degradation using E64d
blocks clearance of internalized A. Rapid internalization and
degradation by MSCs of both oligomers of a few nanometers in
diameter and large A fibrils, leading to a decrease in extracel-
lular levels of ABOs, constitutes a potentially relevant mecha-
nism of protection for therapeutic interventions, because brain
accumulation of Af in the form of insoluble fibrils and oligo-
mers probably occurs years or even decades before the appear-
ance of clinical symptoms (55, 56). Consequently, the endocytic
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capacity of MSCs could be therapeutically useful even in the
preclinical stage of AD.

Although previous studies have shown the ability of MSCs to
reduce amyloid plaques or extracellular levels of AB in vivo, the
mechanisms revealed in the current study are different from
those described in previous reports, which include activation of
resident microglia (12—14, 57), increased autophagy in neurons
(36), and release of EVs containing active neprilysin (39). Fur-
thermore, given the increasingly recognized role of soluble
ABOs in early synapse damage and memory loss in AD, we feel
the current results showing protection against the deleterious
impact of ABOs represent a contribution to our understanding
of the mechanisms by which MSCs may protect neurons from
damage in AD.

Several studies have focused on the use of MSC-derived EVs
as therapeutic tools, because they have been shown to promote
beneficial effects similar to those promoted by their parental
cells. Recent reports have shown protection by bone marrow
MSC-derived exosomes in different pathological conditions
(i.e. by enhancing angiogenesis and neurogenesis after trau-
matic brain injury or stroke) (59, 60), promoting neurite out-
growth and neural plasticity (61, 62), modulating the immune
system (63—-65), suppressing fibrosis (66, 67), and preventing
apoptosis (68 —=70). EVs further act as carriers of bioactive mol-
ecules, including proteins, lipids, and different types of RNA
(e.¢. mRNA and miRNAs).

Considering that the molecular signature of EVs differs
among different originating cell types (71), and their biological
activities depend on the content of molecules they carry, inves-
tigation of the complex molecular repertoire of EVs will be cru-
cial for determination of their therapeutic efficacy. For exam-
ple, it has been reported that MSC-derived EVs from adipose
tissue contain enzymatically active neprilysin, an A-degrading
enzyme, and are capable of reducing extracellular and intracel-
lular AB levels in Neuro-2a cells overexpressing amyloid pre-
cursor protein (39). Of note, Kim et al. (72) showed that expres-
sion and secretion of galectin-3 (GAL-3) by umbilical cord
blood-derived mesenchymal stem cells were up-regulated by
AP, and coculture with those cells reduced cell death in a
GAL3-dependent manner in AB42-exposed neurons and
SH-SY5Y cells. Another interesting report showed that
intracerebrally injected exosomes trapped AP on surface
glycosphingolipids and transported it into microglia in AD
mouse brains, resulting in reduced AB pathology (73).

Our results showed that MSC-derived EVs exhibit a neuro-
protective effect against ABO-induced oxidative stress similar
to that of the originating MSCs and consist of a mixed popula-
tion of exosomes/microvesicles. Exosome-based CNS delivery
of catalase was reported in a recent study in which catalase
loaded ex vivo into macrophage-derived exosomes efficiently
decreased oxidative stress and increased neuronal survival in in
vitro and in vivo models of Parkinson’s disease (74). Here, we
demonstrate that EVs secreted by MSCs naturally contain and
carry endogenous catalase. Another interesting report (75)
showed that a single administration of microvesicles derived
from human Wharton Jelly mesenchymal stromal cells protects
against oxidative stress induced by renal ischemia/reperfusion
injury. To our knowledge, the present work is the first to
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describe the presence of active catalase in MSC-derived EVs
and its important role as an antioxidant agent in the AD model.
We propose that MSC-derived EVs mediate paracrine mecha-
nisms of neuroprotection against oxidative stress and may rep-
resent a novel therapeutic alternative to combat oxidative dam-
age and synapse damage in AD and other neurodegenerative
diseases.

Several lines of evidence have shown that inflammation plays
acrucial role in AD (e.g. see Refs. 76 and 77). On the other hand,
it is known that the release of cytokines and soluble factors is a
key component in the paracrine actions of MSCs. Of interest, it
was recently described (31) that brain-derived neurotrophic
factor— expressing MSCs attenuate the decrease in synaptophy-
sin levels and the presence of aggregation or clustered cell bod-
ies, a sign of degeneration, in neuronal cultures from the 5xFAD
mouse model of AD. We found a selective increase in extra-
cellular levels of anti-inflammatory and/or trophic cytokines
(IL-6, IL-10, and VEGF) in MSC/neuronal cocultures, even
after exposure to ABOs. Interestingly, this effect appears to be
mainly related to the cross-talk between MSCs and neurons,
because we did not find significant effects of ABOs on IL-6 and
IL-101evels in isolated neuronal or MSC cell cultures. Nonethe-
less, ABOs potentiated the secretion of VEGF in cocultures
compared with levels measured in vehicle-treated cultures.
Importantly, we found that blockade of IL-6, IL-10, and
VEGEF in the culture medium by specific antibodies abro-
gated the protective action of MSCs against ABO-induced
oxidative stress. This indicates that these cytokines play an
important role in neuroprotection by MSCs against ABO-
induced neuronal damage.

It remains to be determined whether the cytokines indicated
above are released only by MSCs or by both neurons and MSCs.
Interleukin-6 is a major cytokine in the CNS and can exert
opposite actions on neurons in a wide array of pathological
conditions, either triggering neuronal survival or causing
neuronal degeneration and cell death (78). Although mostly
regarded as a pro-inflammatory cytokine, IL-6 also has many
regenerative or anti-inflammatory activities, exhibiting a neu-
rotrophin-like behavior (76). IL-6 expression up-regulates glial
phagocytic markers in vivo and enhances microglia-mediated
phagocytosis of AB aggregates in vitro (77). Thus, it is possible
that the increase in IL-6 levels in our MSC/neuronal cocultures
exerts positive effects in neuroprotection and A3 clearance.

The association of interleukin-10 polymorphisms with risk
of Alzheimer’s disease was recently reported (79). It was also
reported that IL-10 production in response to amyloid- 3 differs
between AD patients with slow and fast progression of cogni-
tive decline, based on the observation that ApB-stimulated
peripheral blood mononuclear cells from slow decliners pres-
ent higher IL-10 levels compared with controls, whereas in fast
decliners, IL-10 production was abolished (80). These findings
suggest that the increase in IL-10 levels found in MSC/neuronal
cocultures may represent an important component of the neu-
roprotective action of MSCs, by neutralizing the cytotoxic
inflammatory process induced by ABOs and down-regulating
the synthesis of pro-inflammatory cytokines, as proposed pre-
viously (81).
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There is evidence that the blood—brain barrier may be com-
promised in AD (82, 83), which might permit peripherally
infused MSCs to enter the CNS and establish direct contact
with neurons. Further, our group and others have shown that
MSC:s are able to cross the blood— brain barrier and migrate to
lesion areas in the brain (84, 85). Nonetheless, even if MSCs
circulating in the brain bloodstream did not come into direct
contact with neurons, we feel our in vitro results support the
notion that the molecular cross-talk between cells could still
occur (as observed through the Millicell membrane in our
experiments).

In summary, our findings suggest that MSCs may represent a
promising alternative for future therapeutic interventions,
especially during the initial phase of AD, by releasing EVs,
trophic factors, and cytokines and, importantly, by promoting
AP clearance, thus preventing harmful events triggered by
ABOs. Results further provide insight into possible neuropro-
tective mechanisms of action that could be activated and/or
enhanced in MSCs, enabling the implementation of new ther-
apeutic approaches for neurodegenerative diseases.

Experimental procedures
Ethical considerations

All procedures were approved by and followed the guidelines
of the institutional animal care and utilization committee of the
Federal University of Rio de Janeiro (Protocol IBCCF 076).

Materials

The sources of antibodies, culture media and supplements,
amyloid peptide, antibiotics, probes, transwell system, enzymes,
inhibitors, instruments, and software are mentioned below. Salts,
buffers, Me,SO, paraformaldehyde, and H,O, were of the highest
purity available.

MSC cultures

Bone marrow cells were obtained from tibias and femurs
from male Wistar rats (250 -300 g). After removal of the epiph-
yses, the diaphyses were inserted into 1-ml polypropylene tips
and immediately placed in 15-ml tubes. After centrifugation at
300 X g for 1 min, the bone marrow— containing pellets were
suspended and dissociated in DMEM/F-12 (Invitrogen) supple-
mented with 10% fetal bovine serum (Invitrogen), 100 units/ml
penicillin (Sigma-Aldrich), and 100 pg/ml streptomycin (Sig-
ma-Aldrich). The suspensions were plated in 75-cm® flasks,
supplemented with the same medium, and maintained in a 5%
CO, atmosphere at 37 °C. After 24 h, non-adherent cells were
removed by washing with PBS, and the medium was changed
every 2-3 days. Cells were grown until ~90% confluence,
trypsinized (0.25% trypsin plus 1 mm EDTA; Invitrogen), and
plated again at a density of 7 X 10° cells/cm?. After 3—4 pas-
sages, the cultures were highly enriched with MSCs, as revealed
by flow cytometry and tissue differentiation (86).

Neuronal cultures

Hippocampi from 18-day-old rat embryos were dissected
and cultured as described previously (25, 87) with minor mod-
ifications. Briefly, cells were plated on glass coverslips previously
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coated with 0.1 mg/ml poly-1-lysine and cultured in Neurobasal
medium supplemented with B27 at 37 °C in a humidified 5% CO,
atmosphere for 18 —21 days before use.

Cocultures of hippocampal neurons and MSCs

Cocultures were established in two different ways, depend-
ing on the type of experiment. In both conditions, intercellular
communication between neurons and MSCs occurred via fac-
tors released into the culture medium shared by both cell types,
without direct physical contact between cells. For oxidative
stress assays, neurons and MSCs were plated on different glass
coverslips, which were placed side by side inside a Petri dish
during coculture. For analysis of synaptic integrity, the MSCs
were plated onto the porous membranes (12-mm diameter,
1-wm pore size) of a transwell system (Millicell®, product code
PIRP 12R 48, Millipore). The membranes were then transferred
to the chamber in which neurons had previously been layered.
In both coculture systems, MSCs were plated at a ratio of ~1:10
with respect to neurons. After 24 h of coculture, a freshly pre-
pared solution of ABOs (500 nM final concentration) or vehicle
was added to the culture medium for 6 h (for oxidative stress
measurements) or 24 h (for analysis of synaptic integrity).

MSC viability assay

The viability of MSCs was assessed using the Live/Dead kit (Life
Technologies, Inc.). Live cells were identified by green calcein fluo-
rescence, and dead cells were identified by red propidium iodide
fluorescence. The percentage of live MSCs was expressed relative
to the total number of cells in each well. Twelve images were ana-
lyzed per experimental condition (carried out in triplicate wells in
each of three independent experiments using different MSCs cul-
tures) on a Zeiss Axiovert 200M microscope.

MSC proliferation analysis

MSCs were plated onto glass coverslips (13-mm diameter) in
24-well plates (3 X 10* cells/well) containing 500 ul of supple-
mented DMEM/F-12. After 24 h, the medium was replaced by
fresh medium, and cells were incubated with ABOs (500 nm) or
vehicle for 24 h. After fixation with 4% paraformaldehyde (w/v)
for 15 min, cultures were permeabilized with 0.1% (v/v) Triton
X-100 for 5 min at room temperature, and nonspecific sites
were blocked with 10% goat serum albumin (v/v) for 1 h. Immu-
noreaction was carried out overnight with rabbit anti-Ki67 pri-
mary antibody (1:100; Abcam) followed by washing with PBS
and incubation with Cy3-conjugated secondary antibody (goat
anti-rabbit IgG; 1:400; Jackson ImmunoResearch) for 2 h at
room temperature. Nuclei were counterstained with DAPL. Fif-
teen different fields were imaged per coverslip (3—4 coverslips/
experimental condition) in three independent experiments
using different MSC cultures. Ki67 is a nuclear protein ex-
pressed in all phases of the cell cycle, with the exception of G,
and the initial period of G; (88). Thus, quantification of the
number of Ki67 positive (Ki67 ") cells allowed determination of
the percentage of proliferative cells.

Respiration measurements

MSCs were plated on adherent plastic dishes (Petri dishes,
96 X 21 mm) containing 10 ml of supplemented DMEM/F-12
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(10° cells/dish). After 24 h, the medium was completely
replaced by fresh medium, and the cells were incubated with
ABOs (500 nm) or vehicle for 24 h. Cells were then trypsinized
(0.25% trypsin plus 1 mm EDTA; Invitrogen), quantified, and
centrifuged at 300 X g for 5 min. MSC-containing pellets (corre-
sponding to 2 X 10° cells/experimental group) were dissociated in
200 wl of supplemented DMEM/F-12 and added to 1.8 ml of the
same solution (at 37 °C) contained in the chamber of a high-reso-
lution respirometer (Oroboros Oxygraph-O,k, Oroboros Instru-
ments). Measurement of O, consumption (expressed in pmol of
0,/s/10° cells) was carried out in basal conditions, after the addi-
tion of oligomycin (2 pg/ml; Sigma-Aldrich) to inhibit the FF;-
ATP synthase or after successive additions of 1 um carbonyl cya-
nide 4-(trifluoromethoxy)phenylhydrazone (Sigma-Aldrich) to
uncouple mitochondrial respiration.

Formation of ROS

ROS formation was evaluated in live hippocampal neurons
and MSCs using, respectively, 2 or 4 um CM-H,DCFDA (Life
Technologies) as described previously (21). Probe fluorescence
was analyzed using Image] software (National Institutes of
Health) (89) as described (21). Twelve images were analyzed per
experimental condition in each of triplicate wells in six inde-
pendent experiments using different cocultures and ABO prep-
arations and were combined to allow quantitative estimates of
changes in ROS levels. Assays using EVs secreted by MSCs and
hippocampal neurons were performed in three independent
cultures under identical experimental conditions.

Isolation of EVs secreted by MSCs

MSCs were cultured for 24 h in DMEM/F-12 supplemented
with 100 units/ml penicillin and 100 ug/ml streptomycin,
without fetal bovine serum. EV isolation was performed as
described previously (90) with minor modifications. The super-
natants were collected and centrifuged at 2,000 X g for 20 min
to remove cellular debris and, subsequently, at 100,000 X g for
2 h at 4 °C (Optima L-90K ultracentrifuge; Beckman Coulter).
The pellet containing EVs was resuspended in PBS and stored
at —80 °C. Nanoparticle tracking analysis using NanoSight
LM10 (Malvern) was performed to determine the size and
number of EVs. Each MSC secreted an average of 16,000 EVs,
and the number of EVs used in cocultures with neurons was
~8 X 107, corresponding to the total number of EVs released by
~5,000 MSCs. This proportion of EVs to neurons corre-
sponded to the original number of MSCs plated for coculture
with ~50,000 neural cells/well. In some experiments, a 3-fold
higher EV dose (2.4 X 10® EVs) was employed.

TEM and morphometric analysis of MSC-derived EVs

Isolated EVs were deposited on glow-discharged, Formvar-
coated copper grids, fixed with 4% paraformaldehyde (w/v), and
stained with a mixture of 9 parts 2% methyl cellulose and 1 part
4% uranyl acetate mixed just before use. Samples were imaged
on a Tecnai Spirit electron microscope (FEI Co., Eindhoven,
The Netherlands) operating at 120 kV and coupled to a
“2,000X2,000”-pixel CCD camera. Vesicle diameter measure-
ments were made using Image] software, and data were plotted
on a distribution graph using GraphPad Prism software.
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Dot-immunoblotting for exosomal markers

The presence of exosomes in the EV population secreted by
MSCs was confirmed by dot-immunoblotting for exosomal
markers (91). EVs (20 ug of protein) were homogenized in 200
wl of radioimmune precipitation assay buffer with protease
inhibitors. Samples were immobilized on nitrocellulose mem-
branes, and the membranes were blocked in 3% BSA in TBS-T.
After three successive 10-min washes with TBS-T, the mem-
branes were incubated overnight with anti-CD81 (sc-7637,
Santa Cruz Biotechnology) or anti-CD63 (sc-5275; Santa Cruz
Biotechnology) monoclonal antibodies (1:100 dilution in block-
ing solution). After three successive 10-min washes with
TBS-T, the membranes were incubated with fluorescent anti-
mouse secondary antibody (LI-COR) diluted in blocking solu-
tion (1:10,000). Membranes were washed three times for 10 min
with TBS-T, and immunoreactivity (fluorescence intensity)
was detected in an Odyssey imaging system.

Flow cytometry analysis of EVs

To characterize the microvesicles present in the EV popula-
tion secreted by MSCs, 25 ug of EVs were incubated with block-
ing solution (PBS containing 0.5% bovine serum albumin) for
30 min at 4 °C and labeled with phycoerythrin-conjugated anti-
CD90.1 (BD Pharmingen, catalog no. 551401; 1:50 dilution) for 30
min in the dark at 4 °C. The EVs were centrifuged at 100,000 X g
for 60 min and resuspended in 200 ul of PBS for data acquisition.
Unlabeled EVs were used as a background (negative) control. Flow
cytometry analysis was performed on an Accuri C6 flow cytometer
(BD Biosciences). Appropriate FSC-H and fluorescence thresh-
olds were selected to improve the identification of small particles
and decrease noise events. For detection, we used a 585/40 band
pass filter to capture the CD90.1-phycoerythrin fluorescence sig-
nal. Samples were loaded and run at a stable rate, and 10° events
were recorded at alow flow rate (100 events/s). Data were acquired
using BD Accuri software C6 (BD Biosciences) and analyzed with
FlowJo version 10.1 (TreeStar).

Catalase detection

In this experiment, the protein content of EVs was quantified
using the Pierce BCA™ protein assay kit (Thermo Fisher Sci-
entific). One mg of EV protein was suspended in PBS in
the chamber of the high-resolution respirometer described above.
After temperature equilibration (37 °C), the suspension received
successive H,O,, pulses (corresponding to 80, 200 (2 pulses), and
400 uM peroxide), and O, production resulting from catalase-me-
diated breakdown of H,O,, was quantified using DataLab version 4
software coupled to the respirometer. The rate of catalase activity
(dO,/dt, in pmol of O, X (mg of EV protein) ' X min~') was
calculated from the linear phase of O, formation after each pulse of
H,O,. To confirm the role of catalase in O, production, 1 mm KCN
(an inhibitor of the enzyme) was added.

To confirm that protection by EVs against ABO-induced
neuronal oxidative stress was related to the presence of active
catalase within the vesicles, we incubated EVs with 1 mm 3-
amino-1,2,4-triazole, a specific and irreversible catalase inhib-
itor (92), at 37 °C for 30 min. After treatment, EVs were washed
two times with PBS and centrifuged (100,000 X gfor 2 hat4 °C)
before the addition to neuronal cultures (see “Results”).

1970 J Biol. Chem. (2018) 293(6) 1957-1975

Preparation of ABOs

ABOs were prepared as described previously (21). Briefly, the
peptide was dissolved to 1 mm in hexafluoro-2-propanol and
stored in aliquots as a dried film at —80 °C after solvent evapo-
ration. The film was resuspended in Me,SO to a final concen-
tration of 5 mMm. The solution was diluted to 100 uMm in ice-cold
PBS and left at 4 °C overnight. The preparation was centrifuged
at 14,000 X g for 10 min at 4 °C to remove any insoluble aggre-
gates, and the supernatant containing soluble ABOs was trans-
ferred to clean tubes and stored at 4 °C. Protein concentration
was determined using the BCA assay (Pierce). Oligomer solu-
tions were used within 48 h of preparation. Routine character-
ization of oligomer preparations was performed by size-exclu-
sion chromatography and, occasionally, by Western blotting using
anti-oligomer NU4 antibody (93). Preparations consistently com-
prised a mixture of soluble oligomeric species, including dimers,
trimers, tetramers, and higher molecular mass oligomers of
50-180 kDa, ranging in diameter from 1.5 to 3.5 nm.

Fluorescently labeled ABOs

Fluorescently labeled ABOs were prepared by combining
HiLyte Fluor 647-labeled AB(1-42) (Anaspec) and AB(1-42) ata
1:4 molar ratio. Preparations were characterized by HPLC size
exclusion chromatography using a GPC-100 column (Eprogen)
and by Western immunoblotting using oligomer-sensitive NU4
antibody (93). Protein concentration was determined with the
BCA kit (Pierce). The fluorescently labeled ABOs were used at 300
or 500 nM (expressed as A3 monomer concentration).

AB amyloid fibril formation

Synthetic AB(1-42) was freshly dissolved from the lyophi-
lized powder in a 50% (v/v) solution of trifluoroethanol in PBS.
AR fibrils were prepared by dilution of small aliquots from the
stock solution into PBS (resulting in =0.5% residual trifluoro-
ethanol) to a final concentration of 100 um AR, exactly as
described previously (94). Amyloid fibrils formed using this
protocol have been previously characterized by staining sam-
ples with 1% uranyl acetate and examination on a Jeol 1200-EX
transmission electron microscope (94).

For internalization assays (see below), 5 ul of the fibrillar sus-
pension (obtained from an original 100 um AB solution) were
resuspended in 500 ul of DMEM/F-12 under intense stirring.

Treatment of hippocampal cells and MSCs with ABOs

Hippocampal neuronal cultures or MSC cultures were
exposed to vehicle (2% (v/v) Me,SO in PBS) or freshly prepared
ABOs (300 or 500 nm final concentration, as indicated under
“Results”) and were further incubated at 37 °C for different
times (ranging between 5 min and 72 h, as indicated).

A internalization by MSCs

To investigate ABO internalization by MSCs, cultures were
exposed to fluorescently labeled ABOs (HyLite ABOs). We first
investigated whether ABOs were able to bind to the surface of
living MSCs and then investigated the time course of their
removal from the culture medium and their fate within cells.

In the first series of experiments, MSCs (3 X 10* cells) were
plated on coverslips deposited inside Petri dishes suitable for
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video microscopy containing supplemented DMEM/F-12.
After 24 h, the medium was removed and replaced by a fresh
solution of calcein (Life Technologies) in DMEM/F-12 (1:2,000
dilution), and after 6 min at 37 °C, the cells were washed three
times with PBS before incubation with HyLite ABOs (300 nm)
in DMEM/F-12 for 20 min. After replacing the medium by
ABO-free medium, the MSCs were maintained at 37 °C, and
HyLite ABOs fluorescence was followed for 72 h by confocal
microscopy (LSM510 META).

In the second series of experiments, MSCs were treated with
calcein as above, continuously exposed to HyLite ABOs (500
nM), and imaged at various time intervals for 48 h. The ABOs-
containing medium was removed just before image acquisition.
One hundred cells were analyzed in random fields to minimize
damage to cells by the laser beam during the time course analyses.

Aiming to determine the intracellular localization of ABOs
in MSCs, double labeling experiments for subcellular markers
and internalized AB were performed. We first investigated
whether internalized ABOs were found inside early endosomes.
Cells were incubated with ABOs (500 nm) for 3 h and fixed with 4%
(w/v) paraformaldehyde for 10 min. Next, cells were probed for
EEA1 and AP using rabbit anti-EEA1 (Santa Cruz Biotechnology;
1:100 dilution) and mouse anti-3-amyloid 1-16 (6E10) (Covance;
1:100), respectively. Secondary antibodies were goat anti-rabbit
Alexa 488 (Life Technologies; 1:2,000) and goat anti-mouse Alexa
555 (Life Technologies; 1:2,000). Images were acquired using 3—4
coverslips with MSCs obtained from different cultures.

To assess whether internalized ABOs were located inside
lysosomes, cells were treated as above with 500 nm E64d, a
cysteine protease inhibitor (Sigma-Aldrich), for 5 min before
the addition of 500 nm A BOs. After 24 h, cells were labeled with
CellMask™ deep red plasma membrane stain (Life Technolo-
gies; 1:1,500 dilution of the 5 mg/ml stock solution) for 10 min
at 37 °C and fixed with 4% (w/v) paraformaldehyde for 10 min.
Next, cells were probed for LAMP-1 and Af3 using rabbit anti-
LAMP-1 (Abcam; 1:100 dilution) and 6E10 antibodies, respec-
tively. Secondary antibodies were goat anti-rabbit Alexa 488
(Life Technologies; 1:2,000) and goat anti-mouse Alexa 555
(Life Technologies; 1:2,000). Images were acquired using 3—4
coverslips with MSCs obtained from different cultures.

To investigate whether the endocytic capacity of MSCs was
restricted to small A oligomers or could include larger parti-
cles, MSCs were processed as above and incubated for 1 h at
37 °C in supplemented DMEM/F-12 containing 50 nm Lyso-
Tracker® (Invitrogen) (a marker of acidic compartments). The
medium was then replaced by medium containing fluorescent
polystyrene beads (500-nm diameter; Sigma-Aldrich; 1:200
dilution of the 10% (solids) stock suspension in DMEM/F-12).
Three hours later, the medium was replaced by fresh supple-
mented DMEM/F-12 containing 500 nm ABOs, incubated at
37 °C for 24 h, and fixed with 4% (w/v) paraformaldehyde before
probing for B-amyloid peptide as above.

Inyet another experimental approach, MSCs were submitted
to the initial general process above, labeled with CellMask™
deep red plasma membrane stain (Life Technologies; 1:1,500
dilution of the 5 mg/ml stock solution) for 10 min at 37 °C,
washed with PBS, and incubated for 3 h with 500 ul of supple-
mented DMEM/F-12 containing 1 um A fibrils (see above)
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labeled with thioflavin S. Cells were fixed and probed for
LAMP-1 using anti-rabbit Alexa 555 as secondary antibody.
Confocal images (Zeiss LSM510 META) were acquired using
10 coverslips from three different MSC cultures.

Dot-immunoblotting for ABO immunoreactivity in the
conditioned medium

To assess theamount of ABOs present in the culture medium
of MSCs after different exposure times, we used a dot-immu-
noblotting technique. MSCs were plated at two densities (10* or
10° cells/well) in 24-well plates containing 500 wl of supple-
mented DMEM. After 24 h, the medium was replaced, and cells
were incubated with ABOs (500 nm) or vehicle for different
times. The medium was removed and homogenized, and 3-ul
aliquots were spotted onto Hybond ECL nitrocellulose mem-
branes (Amersham Biosciences) and stained with Ponceau red
(0.1% (w/v) Ponceau S in 5% (v/v) acetic acid) to verify the
efficiency of protein adsorption. Membranes were washed with
Tris-buffered saline supplemented with 0.1% (v/v) Tween 20
(TBS-T), and nonspecific sites were blocked with 3% (w/v)
skimmed milk solution or 3% (w/v) BSA under gentle stirring
for 1 h at room temperature, incubated overnight at 4 °C with
anti-ABOs mouse monoclonal antibody (NU4; 1 pg/ml diluted
1:2,000 in blocking solution; a kind gift from Dr. William L.
Klein) (93). After three successive 10-min washes with TBS-T,
the membranes were incubated for 2 h at room temperature
with secondary antibody coupled to horseradish peroxidase
(Invitrogen), diluted in blocking solution (1:10,000). Finally, the
membranes were washed three times for 10 min with TBS-T,
developed with SuperSignal West Femto maximum sensitivity
substrate (Pierce) (1:1 in TBS-T), and exposed on Kodak films,
which were scanned at high resolution (600 dpi) and quantified
by densitometry using Image J version 1.38 software. As a con-
trol, HEK293 cells were plated in 24-well plates (10° cells/well)
and incubated with ABOs (500 nm) for different times (see
“Results”).

Cytokine level analysis in neurons and MSCs cocultures

Hippocampal neurons were plated (10° cells/well) and cul-
tured as described previously. The same amount of neuronal
cells was cocultured with MSCs (10°) in a transwell system for
24 h, as described above. Cultures without MSCs were used as
controls. After this period, ABOs (500 nM final concentration or
an equivalent volume of vehicle) were added to the neuronal
cultures alone or to neuronal/MSC cocultures, and cultures
were maintained under identical conditions for an additional
period of 24 h. Culture media from each experimental group
(wells in triplicate) were pooled and used in a multiplex sys-
tem (Luminex® 100/200™) for simultaneous detection of
cytokines. The RECTTMAZ-65K kit (Merck Millipore) was
used for the detection of nine cytokines: IL-1«, IL-183, IL-4,
IL-6, IL-10, chemokine fractalkine, tumor necrosis factor-a,
VEGEF, and granulocyte macrophage colony-stimulating
factor.

Immunocytochemistry and analysis of synapse density

To evaluate synapse integrity, we double-immunolabeled
cultures for PSD-95 and presynaptic protein synaptophysin.
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After fixation with 4% (w/v) paraformaldehyde for 15 min, cul-
tures were permeabilized with 0.1% (v/v) Triton X-100 for 5
min at room temperature, and nonspecific sites were blocked
with 10% (v/v) goat serum albumin (Sigma-Aldrich) for 1 h
before immunoreactions. Primary antibodies used were rab-
bit anti-PSD-95 (1:1,000; Cell Signaling Technology) and
mouse anti-synaptophysin (1:1,000; Chemicon Interna-
tional). After overnight incubation with primary antibodies,
cells were washed with PBS and incubated with secondary
antibodies (Alexa Fluor 555-conjugated goat anti-mouse
IgG (1:2,000) and Alexa Fluor 488 —conjugated goat anti-
rabbit IgG (1:2,000); Invitrogen) for 2 h at room temperature.
Nuclei were counterstained with DAPI (Sigma-Aldrich). To
analyze synapse density, neurons separated by a distance
equivalent to at least two cell body diameters were selected.
After immunostaining, cells were imaged on a Zeiss Axiovert
200M microscope equipped with an Apotome slider. Co-lo-
calization of synaptic proteins was analyzed as described
under “Puncta analysis.”

Puncta analysis

Neurons located at least two cell body diameters away from
neighboring neurons were randomly selected. Green (PSD-95)
and red (synaptophysin) channel images were acquired,
aligned, and quantified following digital cell body removal
using the Puncta Analyzer plug-in in Image], as described (58).
In each experiment, at least 50 neurons were analyzed per
experimental condition. Experiments were performed in tripli-
cate coverslips, and results represent means from experiments
performed with two (for experiments with EVs) or four (for
experiments with MSCs) independent neuronal cultures, as
described in the figure legends.

Statistical analyses

Results were analyzed using one- or two-way ANOVA, fol-
lowed by Tukey or Dunnett post hoc tests, as indicated in the
corresponding figure legends. p < 0.05 values were considered
indicators of statistically significant difference. All data were
analyzed using GraphPad Prism version 4.0.
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