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ABSTRACT: Exosomes, nanovesicles that are secreted by
different cell types, enable intercellular communication at
local or distant sites. Alhough they have been found to cross
the blood brain barrier, their migration and homing abilities
within the brain remain unstudied. We have recently
developed a method for longitudinal and quantitative in
vivo neuroimaging of exosomes based on the superior
visualization abilities of classical X-ray computed tomography
(CT), combined with gold nanoparticles as labeling agents.
Here, we used this technique to track the migration and
homing patterns of intranasally administrated exosomes
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derived from bone marrow mesenchymal stem cells (MSC-exo) in different brain pathologies, including stroke, autism,
Parkinson’s disease, and Alzheimer’s disease. We found that MSC-exo specifically targeted and accumulated in pathologically
relevant murine models brains regions up to 96 h post administration, while in healthy controls they showed a diffuse migration
pattern and clearance by 24 h. The neuro-inflammatory signal in pathological brains was highly correlated with MSC-exo
accumulation, suggesting that the homing mechanism is inflammatory-driven. In addition, MSC-exo were selectively uptaken by
neuronal cells, but not glial cells, in the pathological regions. Taken together, these findings can significantly promote the
application of exosomes for therapy and targeted drug delivery in various brain pathologies.
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D evelopment of targeted drug carriers is one of the greatest
challenges for effective delivery of treatments for brain
pathologies. Exosomes are emerging as potential carriers of
therapeutics for such pathologies."”” These lipid nanovesicles
(sized 40—150 nm), secreted by numerous cell types, serve as
cell-to-cell communicators’ by transporting different proteins
and nucleic acids with regulatory functions.” Moreover, several
studies have demonstrated that mesenchymal-derived and
immune cell-derived exosomes cross the blood-brain barrier
following systemic or intranasal administration with no need for
surface modifications.””® We have recently shown that MSC-
derived exosomes have a therapeutic effect on autistic-like
behavior in the BTBR mouse model for autism.” As compared to
cell-based therapy, which shows promise for brain pathologies,
and yet holds many risks, cell-derived exosomes have the
advantage of lower immunogenicity, inability to proliferate, and
simple preservation and transfer."

The molecular features and regulatory and functional
capacities of exosomes are mainly attributed to the type of
cells from which they have been secreted.'' Research shows that
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mesenchymal stem cell (MSC)-derived exosomes (MSC-exo)

4,12

retain some of the characteristics of their parent MSCs,”"~ such

. 13,14
as immune system modulation,

regulation of neurite
outgrowth,>'® promotion of angiogenesis,'” and the ability to
repair damaged tissue, such as after kidney injury.'®'” An
important question is whether MSC-exo also preserve the
migration and homing abilities of parent MSCs.”’ Imaging of
MSC migration in the brain has revealed specific homing to
lesioned and diseased brain areas, such as in an ischemic stroke
mouse model”’ and an induced rat model of Huntington’s
disease,22 using magnetic resonance imaging, and in a genetic rat
model for depression, using computed tomography (CT)
»>7%° It has been suggested that the therapeutic effect
of MSCs on pathological regions is exerted via their secreted

26
exosomes.

imaging.
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Figure 1. Differential distribution patterns of MSC-exo in various brain pathologies. (A) Ex vivo fluorescent imaging of PKH-26-labeled MSC-exo
demonstrates different homing patterns in healthy controls, stroke, Parkinson’s, Alzheimer’s, and autism models, 24 h post intranasal administration.
(B) In vivo CT imaging of GNP-loaded MSC-exo also demonstrates different homing patterns in healthy controls, stroke, Parkinson’s, Alzheimer’s,
and autism, 24 h post intranasal administration, in concordance with the patterns visualized ex vivo. Blue arrow, location of ETH-1 injection; orange
arrow, location of 6-OHDA injection. Relevant brain sections were adapted from the Allen Mouse Brain 3D Atlas (dark green, olfactory bulb; blue,
striatum; red, thalamus; green, hippocampus; yellow, cerebellum).
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Figure 2. Quantitative comparison of CT values in the ROIs of different mouse models of brain pathologies. (A) Percentage of CT signal 96 h post
administration is shown for healthy control mice, ETH-1 stroke model, 6-OHDA Parkinson’s disease model, SXFAD Alzheimer’s disease model and
BTBR autism model. Values are normalized to present precentiles according to the total number of gold voxels in each brain. (B) Comparison of CT
value between the different models in the same brain area: olfactory bulb, frontal cortex, striatum, hippocampus, and cerebellum. Results presented as
mean + SEM; #, trend toward significance; ***p < 0.0001.

Neuroinflammation, which plays a role in various brain work has demonstrated that neuroinflammation also triggers

. 27 . . . . 28 . . 2
pathologies,”” is known to induce MSC migration.” Recent entry of macrophage-derived exosomes into the brain.”’
B DOI: 10.1021/acs.nanolett.8b04148
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Figure 3. Longitudinal homing and accumulation of MSC-exo in diseased brains. (B—D) Healthy mice. CT signal, indicating presence of GNP-labeled
MSC-exo, is found mainly in the olfactory bulb at 1 h and cleared by 24 h. (F—H) Stroke model. The MSC-exo CT signal was located in mouse striatum
up to 96 h. (J—L) Parkinson’s disease model. MSC-exo signal was located in the striatum at 96 h. (N—P) Alzheimer’s model. MSC-exo signal was
located in the hippocampus up to 96 h. (R—T) Autism model. MSC-exo signal was located in the cerebellum and prefrontal cortex up to 96 h.
(AELM,Q) Brain section images adopted from Allen Mouse Brain 3D atlas, showing the lesioned/pathological area in green.

Furthermore, recent studies demonstrate that MSC-derived
exosomes reduce neuroinflammation and promote neurogenesis
and angiogenesis in status epilepticus animal models,*” as well as
rescue pattern separation and spatial learning impairments, and
improve functional recovery, in animal models of traumatic
brain injury.”’

We have recently demonstrated migration of MSC-exo to a
focal ischemic lesion site using a new in vivo exosome
neuroimaging technique,32 combining gold nanoparticle
(GNP) labeling”™** and CT imaging.”>*” This noninvasive
technique overcomes various limitations of exosome imaging in
the brain, including the skull barrier and the exosomes’ nanosize,
and enables whole-brain tracking and quantification of
exosomes in specific brain regions.

In the present study, we longitudinally examined exosome
migration and homing patterns in a range of induced, genetic,
and inflammatory-associated murine models of brain patholo-
gies, including neurovascular (ischemic stroke), neurodegener-
ative (Parkinson’s and Alzheimer’s disease), and neuropsychi-
atric (autism spectrum) disorders. GNP-labeled MSC-exo were
intranasally administered, as this allows direct entry into the
brain, bypassing the BBB,"”*' and as we have previously shown
this to be an optimal route for brain accumulation.” Migration
was noninvasively tracked by CT up to 96 h. We demonstrate
pathology-specific homing patterns of MSC-exo, which
significantly correlated with pathology-associated neuroinflam-
mation. Our data suggest that in vivo neuroimaging of MSC-exo
can be used for diagnosis of brain deficiencies and further
promote targeted drug delivery.

MSC-exo Present Distinct Distribution Patterns in
Various Brain Pathologies. First, MSC-exo were loaded with
glucose-coated GNPs according to our established protocol®”

(detailed procedures are available in Supporting Information,
Methods). Nanosight and Western blot were used for MSC-exo
characterization. Transmission electron microscope images
confirmed particle internalization within the exosomes.
(Exosome purification, GNPs synthesis and all characterization
procedure details are included in Supporting Information,
Methods). For particle and exosome characterization, see
Figures S1 and S2, and SI Proteomics Assay File.

To determine distribution patterns of MSC-exo in various
brain pathologies, we used several different mouse models,
including models for focal ischemic stroke (via ETHI-1
injection),* Parkinson’s disease (6-OHDA injection),*>**
Alzheimer’s disease (transgenic SxFAD mice), and autism
disorder (BTBR mice). MSC-exo presented distinct brain
migration and homing patterns in each pathology, as shown both
by ex vivo fluorescence imaging (Figure 1A) and in vivo CT
imaging (Figure 1B). In the ischemic stroke model, MSC-exo
migrated mainly to the injection area, in the striatal region. In the
induced Parkinson’s model, a large amount of MSC-exo
migrated to the striatal region but also to the midbrain and
cerebellum, which are implicated in the disease as well.** In the
Alzheimer’s model, MSC-exo were found mainly in the
hippocampus, the central region associated with this disease.*’
In the autism model, in vivo and ex vivo imaging showed that
MSC-exo homed to the cerebellum, and an additional CT signal
was found in the prefrontal cortex; both regions are associated
with autism.*”*® In healthy control brains, no CT or
fluorescence signals were detected 24 h post administration,
indicating clearance of MSC-exo from the brain.

Thus, in vivo CT imaging up to 24 h confirmed by
fluorescence ex-vivo imaging reveals that GNP-labeled MSC-
exo accumulate only in pathological brains, and that the
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Figure 4. MSC-exo composition is crucial for increased homing in pathological brains. Mice in the different brain pathology models were treated with
either MSC-exo, MSC-exo + protK, or GNPs. Gold values were examined in the whole brain and compared to that of healthy mice treated with MSC-
exo. In all models, only MSC-exo showed an increased signal in the brain over time. (A) Schematic illustration showing preparation and administration
of MSC-exo loaded with GNPs and treated with proteinase-k (protk). (B) Stroke model. (C) Parkinson’s model. (D) Alzheimer’s model. (E) Autism
model. Gold CT value (for panels A—D) > 66; (results presented as mean + SEM, *p < 0.0S, ***p < 0.0001).

migration pattern is pathology-specific with homing to distinct
pathology-related brain regions. Complete descriptions in vivo
procedures are available in Supporting Information, Methods.

Distribution Analysis of Pathology-Specific MSC-exo
Homing. To analyze the distinct distribution patterns of GNP-
labeled MSC-exo within pathological brains, CT signal intensity
was noninvasively quantified (by number of gold voxels) in
various regions of interest (ROI) (Figure 2). We show the
percentage of distribution of GNP-labeled MSC-exo in each
region, for each pathology (Figure 2A), and a comparison of the
total voxel number in each region between the different
pathologies (Figure 2B). It is notable that the total number of
gold voxels in the pathological brains is significantly higher than
in healthy mice, further indicating accumulation in the former
versus clearance from the latter at 24 h (one way ANOVA F(4,9)
=16.06 p < 0.001, Tukey’s post hoc).

For all mouse models, there was no significant difference
between the CT values in the olfactory bulb, the area through
which the exosomes entered the brain.

In the prefrontal cortex, a higher CT value, though not
statistically significant, was found for the autism mice model as
compared to the other disease models (one way ANOVA). In
the striatum, mice with focal ischemic stroke showed a
significantly higher CT value as compared to the other models
(one way ANOVA, F(4,9) = 40.8 p < 0.001, Tukey’s post hoc).

In the hippocampus, a significantly higher CT value was found
for the Alzheimer’s mouse model as compared to the other
disease models (one way ANOVA F(4,9) = 14.6 p < 0.001,
Tukey’s post hoc). In the cerebellum, a significantly higher signal
was found for the autism mouse model as compared to the other
three models (one way ANOVA F(4,9) = 841 p < 0.001,
Tukey’s post hoc).

Taken together, the quantitative findings further support
specific brain distribution and homing properties of MSC-exo in
the different pathologies, as opposed to their clearance from the
healthy brain.

Long-Term Brain Region Accumulation of MSC-exo in
Different Pathologies. We next examined long-term migra-
tion and accumulation patterns of MSC-exo within the different
brain pathologies up to 96 h. Mice of the four disease models and
healthy controls (n = 3/group/time point) received intranasal
administration of GNP-labeled MSC-exo (2.8 X 10° exosomes,
total volume of 20 xL.) and were CT scanned at 1, 24, and 96 h
(Figure 3). In healthy mice, MSC-exo did not migrate beyond
the olfactory bulb at 1 h post administration, and were gradually
cleared 24 h later (Figure 3B-D). However, in the stroke model
brain, MSC-exo were found at the striatal lesion at 1 h after
injection and remained there up to 96 h (Figure 3F—H). In the
Parkinson’s model, MSC-exo were observed within the brain at
1 and 24 h, tending to a more widespread dispersal, and were
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Figure S. Inmunostaining of neuro-inflammation and MSC-exo homing in brain regions. (A) Healthy control mice showed extremely low CD11b and
PKH26 fluorescent signal in all examined regions. (B) Alzheimer’s model mice showed a high CD11B signzal in the hippocampus and striatum, and a
relatively high signal in the frontal cortex and cerebellum, suggesting widespread neuro-inflammation. PKH26 signal was also relatively spread
throughout the same areas. (C) Autism model mice showed high CD11b and PKH26 signals in the cerebellum but not in the other regions. (D)
Correlation between CD11b and PKH26 fluorescent signals. Healthy controls showed low signals and no significant correlation between the two. Both
Alzheimer’s and autism model mice showed a significant correlation between CD11b and PKH26 intensities (note that the axes in the three graphs
were fixed at x = S and y = 3 to compare between the disease models and healthy controls). Scale bar = 100 ym.

detected in the striatum region at 96 h (Figure 3]J—L). In the
Alzheimer’s model, MSC-exo were located in the hippocampus
between 1 and 96 h (Figure 3N—P), and in the autism model,
they were found in the cerebellum and prefrontal cortex at 1—96
h (Figure 3R-T).

MSC-exo Accumulation Increases over Time and Is
Membrane Protein-Composition Dependent. We sub-
sequently examined accumulation rates of MSC-exo in the entire
diseased brain over time and the possible role of exosome
membrane proteins composition in the accumulation and
migration process. Recent research reveals that membrane
proteins of the coronal layer can significantly restrict or change
exosome mobility.”” We treated MSC-exo with proteinase-K
(protK), a nonspecific serine endopeptidase which destructs
proteins in their native state.”” Nanosight measurements
confirmed that the protK-treated exosomes were intact and
uniform in size (Figure S6A). Mice of all four models (n = 3/
group) then received intranasal administration of either GNP-
labeled MSC-exo, GNP-labeled MSC-exo treated with protK
(MSC-exo+protK)"™** (Figure 4A) or free GNPs. Healthy
control mice were treated with GNP-labeled MSC-exo. CT
scans were taken at 1, 24, and 96 h after treatment, and gold CT
values were calculated in the whole brain. We found a gradual
increase in gold CT values of MSC-exo over 96 h in all four
mouse models while the values of control MSC-exo + protK, free
GNPs, or MSC-exo in healthy mice, gradually decreased over

time. A statistically significant difference was found between the
gold values of each pathology as compared to its controls at 96 h
(one way ANOVA followed by Tukey’s post hoc; ASD: F(3,8)
36.3386, p < 0.0001, Post hoc, p < 0.0001. PD: F(3,8)
22.4137; p < 0.00S. Stroke: F(3,8) = 27.7657, p < 0.0001; p <
0.0002. AD: F(3,8) = 4.8449, p < 0.03; p < 0.04; Figure 4B—E;
time course CT images of MSC-exo+protK and free GNPs are
presented in Figures S4 and S5). Maestro imaging and
histological staining showed protK-treated exosomes within
the brain after 24 h, yet they were homogeneously dispersed in
the brain, with no accumulation in pathological areas (Figure
S6B,C). This indicates that the protK-treated exosomes retain
the ability to cross the BBB, yet they do not target specific brain
regions.

Moreover, to verify the specific ability of MSC-exo to migrate
to diseased regions, Alzheimer’s and autism mice were treated
with control exosomes from primary myoblasts differentiated
from MSCs (see Supporting Information, Methods). These
control exosomes were almost undetectable in both brain types
after 96 h (Figure S7), as opposed to the high and region-specific
accumulation of the MSC-exo at this time point.

Taken together, these results further demonstrate and confirm
that MSC-exo accumulate only in diseased brains and are
gradually cleared from healthy brains and, importantly, that the
unique protein composition of the MSC-exo membrane is
crucial for their specific and long-term accumulation.
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Figure 6. Inmunostaining of MSC-exo and MSC-exo-PTX. (A) Experimental scheme, depicting MSC-exo labeled with PKH67 (green) and MSC-exo
+ PTX labeled with PKH26 (red), mixed and intranasally administered to Alzheimer’s and autism mouse models. Mice were sacrificed 1, 24, or 96 h
post administration. (B) Alzheimer’s mice (left, 96 h) showed a high PKH-67 signal in the hippocampus, striatum, and cerebellum. PKH26 signal was
low in all the measured regions. Autism mice (right, 96 h) showed a high PKH-67 signal in the cerebellum and frontal cortex. PKH26 signal was low in
all the measured regions. (C) Quantification of mean fluorescence signal over time in the brain sections of the two mouse models shows increased
PKH67 (green fluorecent signal) within 96 h and low PKH26 (red signal). (D) Primary culture of neurons with MSC-exo (left) and MSC-exo-PTX
(right, 96 h post treatment) shows higher signal of MSC-exo compared to MSC-exo-PTX. (E) Time course quantification of MSC-exo and MSC-exo-
PTX labeled with PKH26 in primary culture of neurons shows increase in signal after 24 h in both MSC-exo and MSC-exo-PTX and inceeased signal of
MSC-exo but not MSC-exo+PTX after 96 h (results presented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001). Analysis was conducted on the
mean fluorescent signal in the green fluorescent channel compared to the red fluorescent channel of all samples at each time point. Scale bar = 100 ym.

MSC-exo Home to Inflammatory-Associated Regions
in the Diseased Brain. Neuroinflammation plays a role in
various brain pathologies’” and is associated with MSC
rnigration.28 Therefore, we next examined whether neuro-
inflammation in pathological brains can be associated with the
specific MSC-exo migration. Alzheimer’s and autism model
mice were intranasally treated with PKH26-labeled MSC-exo
(2.8 X 10° exosomes, total volume of 20 yL). Ninety-six hours
later, brains were removed and sections from the frontal cortex,
striatum, hippocampus and cerebellum were immunostained for
CD11b, a marker of activated microgli_a,“"’2 which are
frequently found in inflammatory regions.””> Immunostained
cells were correlated with the PKH26 signal. In healthy mice, the
anti-CD11b and PKH26 fluorescent signal intensity was low and

uncorrelated in all examined regions, indicating that no
inflammation process had occurred and exosome migration
was not targeted (Figure SAD). In Alzheimer’s model mice, a
high CD11b signal was observed, especially in the hippocampus
and striatum, but also in the frontal cortex and cerebellum
(Figure SB). In autism model mice, a high CD11b signal was
found in the cerebellum (Figure SC). In both models, a
significant correlation was found between CD11B and PKH26
signal intensities (Alzheimer’s, ? = 0.28, p < 0.0S; autism, P =
0.71, p < 0.01; Figure SD). These positive correlations indicate
increased MSC-exo migration to regions of high inflammation
and suggest that an inflammation-related mechanism, associated
with the resident, innate immune microglia cells, underlies
MSC-exo homing. Complete descriptions of fluorescent labeling
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Quantification of colocalization signal of MSC-exo and neurons in CA3. About 90% of the MSC-exo were found to be colocalized with neurons.

(Results presented as mean + SD, ***p < 0.001.)

and ex-vivo procedures are available in Supporting Information,
Methods.

We further examined involvement of the innate immune
response in migration of MSC-exo to specific pathology-related
regions. We tested whether MSC-exo homing would be
attenuated when using pertussis toxin (PTX). PTX modulates
the innate immune response, leading to production of pro-
inflammatory cytokines and inhibiting early chemotactic
recruitment of macrophages and neutrophils;”* it also blocks
chemotactic-induced and malignant ascite-derived lysophos-
phatidic acid-induced, migration of MSCs.***’

Alzheimer’s and autism model mice received an intranasal
administration of a mixture of MSC-exo, labeled with PKH67
(green fluorescence; S pl), and PTX-loaded MSC-exo (MSC-
exo-PTX), labeled with PKH26 (red fluorescence). Mice were
sacrificed at 1, 24, or 96 h post intranasal administration (n = 3/
group), and PKH26 and PKH67 signals were measured in the
prefronal cortex, striatum, hippocampus, and cerebellum
(Figure 6A).

In Alzheimer’s model mice, MSC-exo were found mainly in
the hippocampus, as expected, with a gradual increase in
accumulation over time, as seen by the increasing PKH67 signal,
up to 96 h post administration. However, MSC-exo-PTX in
Alzheimer’s model mice showed significantly low accumulation,
as seen by low PKH26 signal levels, in all brain areas and at all
time points (one way ANOVA, F(5,96) = 8.5 p < 0.0001,
Tukey’s post hoc, p < 0.001). In the autism mouse model, a
higher accumulation of MSC-exo, as seen by increased PKH67
signal, was seen mainly in the cerebellum and frontal cortex,
while MSC-exo-PTX, denoted by PKH26 signal, was signifi-
cantly low in all brain areas and all time points (one way
ANOVA, F(5,105) = 13.9, p < 0.0001, followed by Tukey’s post
hoc, p < 0.001; Figure 6B,C). Thus, PTX inhibits specific

migration of MSC-exo in Alzheimer’s and autism mouse model
brains.

To confirm the effect of PTX on MSC-exo, a neuronal primary
culture was prepared (see Supporting Information, Methods)
and incubated (96 h) with either PKH26-labeled MSC-exo or
PKH?26-labeled MSC-exo-PTX. While the signal increased for
both MSC-exo and MSC-exo-PTX at 24 h post treatment, it
persisted only for MSC-exo with no increase for MSC-exo-PTX
up to 96 h (Figure 6D; Figure 6E, one-way ANOVA F(5,22) =
1.65, Tuckey post hoc).

Taken together, our findings suggest the involvement of an
inflammation-associated innate immune response and possibly
of chemotaxis-associated ligands upon the exosomes in MSC-
exo homing,.

MSC-exo Are Selectively Uptaken by Neurons in
Pathological Regions. Following our finding that inflamma-
tion triggers region-speciﬁc exosome migration, we next
examined which specific brain cell types were targeted by
MSC-exo. Brain sections were taken from the pathological
regions of Alzheimer’s mice treated with PKH26-labeled MSC-
exo. Activated microglia were labeled with CD11b and neurons
were labeled with NeuN for colocalization with PKH26-MSC-
exo. In the hippocampus of Alzheimer’s mice (n = 3, 4 samples
each), approximately 90% of the MSC-exo signal was found in
colocalization with the NeuN neuronal signal and not the
microglial CD11b signal (Figure 7, paired t test £(9) = 24.7 p <
0.001). This finding indicates that MSC-exo specifically fuse
with neurons, rather than microglia, at the target pathological
region.

Taken together, our results indicate that inflammation triggers
the exosome migration yet the target cells in the pathological
regions are neurons.

Targeted drug delivery to injured brain regions remains an
unmet challenge; this challenge is even more acute in
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neuropsychiatric disorders, as the precise pathological location
is often ambiguous. Exosomes are emerging as efficient delivery
agents of therapeutics and molecular information to the
brain.”*”>° Their natural ability to cross the blood-brain barrier
can be combined with noninvasive and highly effective intranasal
administration,” opening a new path for neurological and
psychiatric medicine. The current study explored the migration
and homing abilities of intranasally administered MSC-exo in a
range of brain pathology models in mice, including induced
stroke and induced Parkinson’s model, a genetic Alzheimer’s
model, and a multifactorial autism model. Using our recently
developed technique for in vivo neuroimaging of MSC-exo, we
demonstrate a significant tendency of MSC-exo to migrate to
specific pathology-related areas, and accumulate therein up to 96
h.

We have previously demonstrated the feasibility of our in vivo
neuroimaging technology for detecting MSC-exo location
within the brain in the induced ischemic stroke model up to
24 h,** and in this work we found that MSC-exo can be detected
in the ischemic brain up to 96 h. It is interesting to note that in
both the induced stroke and PD models MSC-exo migrated to
the lesioned striatum, yet in Parkinson’s mice a relatively high
signal was also observed in other areas such as the cerebellum.*
These differences in homing patterns may indicate different
spreading of the induced damage.*”~** The Alzheimer’s model
used here is based on five human genetic mutations on amyloid
precursor protein (APP/PS1) genes, which lead to f-amyloid
load in the hippocampus*® and striatum.*® Indeed, in these mice
MSC-exo homing was found mainly in the hippocampus, as well
asin the striatum. Autism spectrum disorders are considered one
of the most challenging psychiatric disorders to diagnose, as the
pathology cannot be pinpointed to a single factor or area of
damage in the brain. As an autism mice model, we used BTBR
mice, which show social interaction deficits, cognitive rigidity,
and increased repetitive behaviors.**”” We have recently shown
that MSC-derived exosomes, but not neuronal stem cell-derived
exosomes, have a therapeutic effect on autistic-like behavior in
BTBR mice.” Here, these mice showed the highest MSC-exo
signal in the cerebellum, a region recently implicated in the
disorder as shown by oxidative DNA damage and altered DNA
methylation in both BTBR mice and post mortem analysis of
human autistic brains.*” A secondary signal of MSC-exo homing
was found in the frontal cortex of BTBR mice;*® indeed, deficits
in this area have long been associated with autism, as established
by post mortem studies.®

Importantly, in all four brain pathology models, MSC-exo not
only remained in the brain, but their accumulation in specific
regions increased by 96 h; in healthy controls, MSC-exo were
undetected after 24 h, indicating clearance from the brain.
Additional control experiment with exosomes from primary
myoblasts differentiated from MSCs showed that these control
exosomes were almost undetectable in Alzheimer’s and autism
brains after 96 h, as opposed to the high and region-specific
accumulation of the MSC-exo at this time point.

Inflammation has been suggested as one of the main factors
that attracts MSC migration to lesioned tissues.” Activated
microglia, resident innate immune cells which are found in areas
of neuroinflammation, herein showed a significant correlation
with MSC-exo homing; in addition, treatment with PTX, which
inhibits key innate immune cells and promotes proinflammatory
cytokine production,60 blocked MSC-exo homing in models of
Alzheimer’s and autism. In our previous paper’~ we ran in vitro
tests for protK-treated GNP-loaded exosomes, and we found a

significantly lower uptake (over 80% reduction) level of protK-
GNPs as compared to nontreated exosomes, indicating the
involvement of exosome membrane proteins in active uptake
pathways of the glucose-coated GNPs. In the current research,
using in vivo pathological models, MSC-exo treated with protK
were dispersed throughout the brain and did not accumulate at
the inflammatory regions, as opposed to the nontreated MSC-
exo. This implies that the migration pattern of the MSC-exo
cannot be attributed to permeability of the inflammation
region’" alone but to specific targeting to pathological regions.

In the Parkinson’s model, we found a slower region-specific
accumulation of MSC-exo (detected by CT after 96 h), which
may be because the inflammation process in the induced 6-
OHDA Parkinson’s disease model, and microglia activation in
particular, has a tendency to develop and increase over time.*>**

BTBR mice have been shown to suffer from chronic
neuroinflammation.”* Interestingly, similarities in cerebellar
dysfunctions, including increased neuroinflammation and
altered methylation, were found between BTBR mice and
post-mortem human autism brains.”” Furthermore, in both
SxFAD and Alzheimer’s post-mortem patients, increased
neuroinflamation was found, as demonstrated by activated
microglia expressing CD1 1.9

Altogether, we show that our nanoparticle-based imaging
technique enables noninvasive, longitudinal neuroimaging and
tracking of exosome distribution in the brain. Our data
demonstrate that MSC-exo have remarkable migration and
homing abilities toward specific areas of neuropathology, and
specifically to neurons, and that inflammation plays a role in
these homing mechanisms. Future studies will examine
treatment efficacy of MSC-exo, either with or without additional
drug cargo.

Our findings suggest that in vivo neuroimaging of MSC-exo
can be used for diagnosis of neuronal deficiencies and further
promote targeted drug delivery. Thus, the revelation of specific
migration and homing abilities of MSC-exo in various
pathologies can pave the way for their use as multifunctional
theranostic agents.
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