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Extracellular Vesicle-Derived miR-124 Resolves

Radiation-Induced Brain Injury

Check for
updates

Ron J. Leavitt, Munjal M. Acharya, Janet E. Baulch, and Charles L. Limoli

Radiation-induced cognitive dysfunction (RICD) is a progres-
sive and debilitating health issue facing patients following cranial
radiotherapy to control central nervous system cancers. There
has been some success treating RICD in rodents using human
neural stem cell (hNSC) transplantation, but the procedure is
invasive, requires immunosuppression, and could cause other
complications such as teratoma formation. Extracellular vesicles
(EV) are nanoscale membrane-bound structures that contain
biological contents including mRNA, miRNA, proteins, and
lipids that can be readily isolated from conditioned culture
media. It has been previously shown that hNSC-derived EV
resolves RICD following cranial irradiation using an immuno-
compromised rodent model. Here, we use immunocompetent
wild-type mice to show that hNSC-derived EV treatment admin-
istered either intravenously via retro-orbital vein injection or via
intracranial transplantation can ameliorate cognitive deficits
following 9 Gy head-only irradiation. Cognitive function assessed
on the novel place recognition, novel object recognition, and

Introduction

Persistent, progressive, and debilitating cognitive decline follow-
ing cranial radiotherapy is a growing concern as survivorship
increases with more efficacious brain tumor treatments. Treatment
plans for brain and central nervous system (CNS) metastases
generally consist of surgical resection followed by radiotherapy and
chemotherapy, collectively known as combination therapy (1).
Systemic or focal radiotherapy can elicit a range of associated
pathologies in the brain including changes to the vascular bed,
neurogenesis, mature and immature neuronal structure damage,
inflammatory responses, and expression of neurotrophic factors (2).
As a result, the majority of survivors who received cranial radio-
therapy report a range of degenerative sequelae, including difficul-
ties in learning and memory, attention, executive function, deci-
sion-making, and mood, that typically manifest late after treatment
and progressively deteriorate over time (3). In pediatric cases,
resultant cognitive impairments that significantly reduce quality
of life are particularly problematic because long-term survival rates
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temporal order tasks was not only improved at early (5 weeks)
but also at delayed (6 months) postirradiation times with just a
single EV treatment. Improved behavioral outcomes were also
associated with reduced neuroinflammation as measured by a
reduction in activated microglia. To identify the mechanism of
action, analysis of EV cargo implicated miRNA (miR-124) as a
potential candidate in the mitigation of RICD. Furthermore, viral
vector-mediated overexpression of miR-124 in the irradiated
brain ameliorated RICD and reduced microglial activation. Our
findings demonstrate for the first time that systemic adminis-
tration of hNSC-derived EV abrogates RICD and neuroinflam-
mation in cranially irradiated wild-type rodents through a mech-
anism involving miR-124.

Significance: Radiation-induced neurocognitive decrements in
immunocompetent mice can be resolved by systemic delivery
of hNSC-derived EVs involving a mechanism dependent on expres-
sion of miR-124.

are high (4-6). Despite improvements in therapeutic outcome,
radiation-induced cognitive dysfunction (RICD) remains a critical
unmet medical need that adversely affects an ever-growing patient
base without any therapeutic recourse.

Previous work from our laboratory has pioneered the use of
transplanted multi- and pluripotent human stem cells to ameliorate
a variety of radiation-induced normal tissue injuries including
neurocognitive decline. Our past data have shown that intracranial
transplantation of human neural stem cells (hNSC) between 2
and 30 days following irradiation ameliorated cognitive deficits,
reduced neuroinflammation, and preserved neuronal architecture
in athymic nude rats (7-10). While stem cell transplantation
strategies remain a promising therapeutic approach, caveats for
translating this technology to the clinic include the requirement for
cranial surgical procedures, the need for immunosuppression (11),
and the risk of teratoma formation (12, 13). To address these
caveats, we subsequently demonstrated that intrahippocampal
transplantation using hNSC-derived extracellular vesicles (EV) was
equally as efficacious in ameliorating the effects of cranial irradi-
ation in immunocompromised athymic nude rats (14, 15). In these
studies, grafted EVs were found to mitigate a range of radiation-
induced pathologies in the brain, including cognitive dysfunction,
neuroinflammation, and reductions in the structural complexity of
neurons and synaptic integrity. While it was striking that EVs were
functionally equivalent to the transplanted stem cells in resolving
RICD, literature did suggest that the secretome, rather than cell
replacement, could be the dominant therapeutic mechanism driving
the beneficial outcomes following stem cell transplantation (16-20).

EV is a broad term used to describe a variety of nano-scale
membrane-bound structures often referred to as exosomes or micro-
vesicles, depending on size and mechanism of synthesis, that are
secreted by cells and can participate in paracrine and endocrine
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signaling (21). Contents of EVs include lipids, nucleic acids (e.g.,
genomic DNA, miRNAs, and mRNAs), proteins, and in some cases
mitochondria (22). On the basis of the evidence available to date,
miRNAs are considered to be critical functional cargo within EV given
that a single miRNA is capable of impacting multiple gene targets and
signaling pathways (23). EVs are recognized as specialized long
distance mediators of intercellular communication, and the small
size and lipid-heavy composition of the particles facilitate their
translocation across the blood-brain barrier (24, 25), ideally suiting
them to deliver their bioactive cargo into select target cell populations
in the brain. The substitution of EVs for stem cells to resolve RICD
has several distinct advantages including: (i) eliminating the risk of
teratoma formation, (ii) minimizing complications associated with
immunogenicity (26), and (iii) providing a more amenable systemic
route of administration that negates the need for invasive surgical
procedures. In this study, we have treated immunocompetent, crani-
ally irradiated mice with hNSC-derived EVs to demonstrate proof
of principle for the potential translational benefits of EV treatment
as a safe and noninvasive strategy for long-term amelioration of
RICD. We further report that analysis of EV miRNA cargo identified
miR-124, a candidate molecule that we validate to be capable of miti-
gating RICD and neuroinflammation when overexpressed in vivo
following cranial irradiation.

Materials and Methods

hNSC culture and EV isolation and characterization

The use of hNSC was approved by the Institutional Human Stem
Cell Research Oversight Committee. The validation, expansion, and
characterization of hNSCs (ENStem-A; EMD Millipore) followed
previously published procedures (7, 27). EVs were isolated and
purified from conditioned hNSC culture medium by ultracentrifuga-
tion (28) and characterized using a Nano-particle Analyzer (ZetaView
PMX 110). The ENStem conditioned media yielded 4.19 x 10® EVs
with a size distribution of 118.6 £ 59.1 nm (diameter). These purified
EVs were used for all of the experiments described.

Animal irradiation and transplant surgeries

All animal procedures described in this study were in accordance
with NIH guidelines and approved by the University of California
Irvine Institutional Animal Care and Use Committee. Four- to
5-month-old wild-type male mice (C57BL/6, The Jackson Laboratory)
were maintained in standard housing conditions (20°C £ 1°C; 70% £
10% humidity; and 12:12-hour light and dark cycle) and provided
ad libitum access to food (Envigo Teklad 2020x) and water. For
all studies, mice were immobilized and subjected to 9 Gy cranial
irradiation using a '>’Cs y irradiator at a dose rate of 2.07 Gy/minute
(Mark L, J.L. Sheppard and Associates). Concurrent control mice were
immobilized and placed into the irradiator for the same length of
restraint and exposure time as that required to deliver the 9 Gy dose.
Experimental design is shown in a schematic (Fig. 1A)

EV cohort

A single cohort of mice was randomly assigned to the following four
experimental groups (100 mice total, n = 24-26/group): control (sham
irradiated receiving intracranial vehicle injection), irradiated (IRR)
sham (receiving intracranial vehicle injection), EV-treated using intra-
cranial surgeries (EV IC), and EV-treated using retro-orbital vein
injections (EV RO). At 48 hours following irradiation, mice were
sedated and maintained on 2.5% (v/v) isoflurane/oxygen and subjected
to stereotaxic intrahippocampal EV-grafting surgery (EV IC group) or
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EV therapy delivered through circulation via the retro-orbital sinus
(EV RO group). Intracranial injection was performed using a 33-gauge
microsyringe at an injection rate of 0.25 pL/minute. Each hippocam-
pus received two distinct injections of EVs per hemisphere in an
injection volume of 2 UL (EV in sterile hibernation buffer) per site
for a total of four injections (8 PL) and a total dose of 6.70 x 10°
EVs per animal. Bilateral stereotactic coordinates from the bregma
were anterior-posterior (AP): —1.94, mediolateral (ML): £1.25, and
dorsal-ventral (DV): —1.5 for the first site and AP: —2.60, ML:
4+2.0, and DV: —1.5 for the second site. Control sham mice
underwent intracranial procedures and received an equivalent
injection of vehicle. To administer EVs via retro-orbital injection,
mice were similarly sedated and 6.98 x 10° EVs in 50 pL of
hibernation buffer were delivered into circulation.

miR-124 AAV cohort

Prior to surgery, miR-124 and miR-scramble (miR-Scr) were cloned
into an AAV vector and efficacy of constructs was tested in vitro and
then packaged into AAV9 Viral Particles (SignaGen Laboratories).
AAV9 particles were purified and titrated via qPCR before suspending
into sterile calcium- and magnesium-free PBS for injection. A single
cohort of mice was randomly assigned to the following four exper-
imental groups (N = 12 mice/group): 0 Gy + AAV9-miR-Scr, 0 Gy +
AAV9-miR-124,9 Gy + AAV9-miR-Scr, and 9 Gy + AAV9-miR-124.
At 48 hours following irradiation, mice were sedated and maintained
on 2.5% (v/v) isoflurane/oxygen and subjected to stereotaxic intra-
hippocampal AAVY injections using a 33-gauge microsyringe at an
injection rate of 0.25 pL/minute. Each hippocampus received two
distinct injections per hemisphere in an injection volume of 1 uL viral
particles per site for a total of four injections (4 L) per animal. Bilateral
stereotactic coordinates were the same as described above. The dose
was approximately 3.5 x 10'° viral genomes (VG) per site and 1.4 x
10" VGs per animal.

Cognitive testing

To determine the effect of both treatments on cognitive function
after irradiation, mice were subjected to behavioral testing 5 weeks
after irradiation. A cohort of EV-treated mice was tested at 6 months
postirradiation as well. The 5-week EV cohort had 12 animals/group,
and the 6-month EV cohort had 10 animals/group except the EV RO
group, which had 14. The miR-124 cohort had 10-11 animals/group.
Testing occurred over 5 weeks.

Open field testing

Three open field, spontaneous exploration tasks were used in the
following order: novel place recognition (NPR), novel object recog-
nition (NOR), and temporal order (TO). These tasks rely on intact
hippocampus, medial prefrontal cortex (mPFC), and perirhinal cortex
function. The NPR and NOR tasks evaluate the preference for novel
location and object, respectively, in a test of episodic memory, while the
TO task provides a measure of recency memory. Tasks were conducted
as described previously (29) and all trials were scored by observers
blind to the experimental groups to avoid bias. The average of those
scores was used to determine performance, defined as a discrimination
index (DI) and calculated as [(novel location exploration time/total
exploration time) - (familiar location exploration time/total explora-
tion time)] x 100.

Elevated plus maze

The elevated plus maze (EPM) provides a measure of anxiety-like
behaviors in rodents that can be linked to the amygdala, by quantifying
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Figure 1.
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Stem cell-derived EVs protect against RICD at 5 weeks and 6 months postirradiation. A, The experimental design for this studies is shown. Four-month-old male
C57BI/6J mice were immobilized and subjected to 9 Gy cranial irradiation usinga *’Cs vyirradiator at a dose rate of 2.07 Gy/minute. Two days later, mice were treated
intracranially or retro-orbitally with EVs or miR-124 AAV9 particles. At 5 weeks and 6 months postirradiation, animals were administered spontaneous exploration
tasks in the following order: NPR (B and E), NOR (C and F), and TO (D and G). The tendency to explore novelty (novel place or object) was calculated using the DI
[(novel location exploration time/total exploration time) - (familiar location exploration time/total exploration time)] x 100. All data are presented as mean + SEM
(N =10-14 mice per group). *, P < 0.05; **, P< 0.01; ***, P< 0.001; ****, P < 0.0001 compared with the IRR group; P values are derived from one-way ANOVA and

Dunnett test for multiple comparisons.

the time spent and number of entries into the open versus closed arms
of an elevated maze arranged as a symmetrical cross. The established
anxiety-related indices for this test are the percentage of time spent in
the open (uncovered) arm and the percentage of entries into the open
arm. This test was not performed on the miR-124 cohort.

Light/dark box exploration test

The light/dark box (LDB) exploration test assesses anxiety in
rodents. The light-dark test utilizes an arena (45 x 30 X 27 cm)
where one-third of the box is a dark compartment and the other two-
thirds is a well-lit compartment. The light and dark compartments
were connected via a small opening (7.5 x 7.5 cm) that allowed the
mice to freely move between the light and dark compartments. The
light intensity measured in the light chamber was 900 lux and 4 lux in
the dark chamber. Mice were placed at the center of the light
compartment facing opposite to the small opening. The number of
transitions between the compartments and the total time spent in the
light compartment was recorded to quantify performance on this 10-

4268 Cancer Res; 80(19) October 1, 2020

minute test. Entry into a chamber was defined as all four paws crossing
into the chamber. This test was not performed on the miR-124 cohort.

Fear extinction testing

To determine whether mice could learn and later extinguish
conditioned fear responses, we performed a series of fear extinction
(FE) assays modified to be reliant on hippocampal function (30).
Testing occurred in a Behavioral Conditioning Chamber (17.5 x 17.5
X 18 cm, Coulbourn Instruments) with a steel slat floor (3.2 mm
diameter slats and 8 mm spacing). The chamber was scented with a
spray of 10% acetic acid in water. Initial fear conditioning (FC) was
performed after mice were allowed to habituate in the chamber for
2 minutes. Three pairings of an auditory conditioned stimulus (16 kHz
tone, 80 dB, lasting 120 seconds; CS) coterminating with a foot shock
unconditioned stimulus (0.6 mA, 1 second; US) were presented at
2-minute intervals. On the following 3 days of extinction training, mice
were presented with 20 non-US reinforced CS tones (16 kHz, 80 dB,
lasting 120 seconds, at 5-second intervals) at 2-minute intervals. On
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the final day of fear testing, mice were presented with only three non-
US reinforced CS tones (16 kHz, 80 dB, lasting 120 seconds, at
5-second intervals) at 2-minute intervals. Freezing behavior was
recorded with a camera mounted above the chamber and scored by
an automated measurement program (FreezeFrame, Coulbourn
Instruments). This test was not performed on the miR-124 cohort.

IHC, confocal imaging, and analysis

After completion of behavioral testing, mice were deeply anesthe-
tized using isoflurane and euthanized via intercardiac perfusion using
4% paraformaldehyde (Sigma) in 100 mmol/L PBS (100 mmol/L,
pH 7.4; Gibco). Brains were cryoprotected using a sucrose gradient
(10%-30%, Sigma) and sectioned coronally into 30-pm thick sections
using a Cryostat (Microm HN 525 NX, Thermo Fisher Scientific). For
each endpoint, 34 representative coronal brain sections from each of
4-6 animals per experimental group were selected at approximately
15-section intervals to encompass the rostro-caudal axis from
the middle of the hippocampus and stored in PBS. Free floating
sections were first rinsed in PBS, and then blocked for 30 minutes
in 4% (w/v) BSA (Sigma) and 0.01% Triton (Sigma). For the immu-
nofluorescence labeling of postsynaptic density 95 (PSD-95) and
microglial activation marker, CD68, mouse anti-PSD-95 (Thermo
Fisher Scientific; 1:1,000) and rat anti-mouse CD68 (1:500; AbD
Serotec) primary antibodies were used with Alexa Fluor 594 secondary
antibody (1:1,000). For immunofluorescence labeling of pan microglial
marker, Ibal, rabbit anti-Ibal (Wako Chemicals USA; 1:500)
primary antibody was used with donkey anti-rabbit Alexa Fluor
488 secondary antibody (1:500). Tissues were then DAPI nuclear
counterstained (1 umol/L) and mounted using slow fade/antifade
Mounting Medium (Life Technologies). Confocal analyses were
carried out using multiple z stacks taken at 1-mm intervals through
the 25-30 wm section using a Laser Scanning Confocal Microscope
(Nikon Eclipse Ti-C2 interface). Individual z stacks were then
analyzed using Nikon Elements AR Software (version 3.0). Images
were deconvoluted using AutoQuant X3 and surface analysis was
performed with Imaris version 9.2 (31).

EV labeling, tracking, and imaging

For in vivo tracking, EVs were labeled with the fluorescent dye
PKH26 (Sigma-Aldrich) the day before transplantation. The EVs were
then resuspended in diluent C and incubated with dye solution for 2
minutes with intermittent mixing as per the manufacturer's protocol.
The dye was quenched with 1% BSA in water, and EVs were isolated
through ultracentrifugation (28) and washed. EVs were administered
to mice using stereotactic intrahippocampal injections or retro-orbital
injections (as described above). At 48 hours postsurgery, animals were
anesthetized, PFA perfused, and brains sectioned as described above.
Following DAPI counterstain, sections were mounted onto slides and
covered using antifade gold and cover slips. As before, imaging was
done using a Nikon Eclipse Ti-C2 Laser Scanning Confocal Micro-
scope. Images were deconvoluted using AutoQuant X3 and processed
with Imaris version 9.2.

miRNA microarray

EVs were lysed using QIAzol and miRNA was isolated using the
Qiagen miRNeasy Kit as per the manufacturer's protocol (Qiagen).
Samples were analyzed for integrity and concentration (NanoDrop
Technologies; 260/280 ratio > 1.6 and 260/230 ratio > 1.5), then
processed and analyzed in duplicate on an miRNA Microarray Chip
(Exiqon; Genomics Shared Resource at the University of Texas South
Western Medical Center). Results were delivered as a spreadsheet of
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miRNA IDs and their associated expression values. Negative control
probes were included for determination of significant hits. Another
spreadsheet provided was filtered for probes that had duplicate
measurements with less than 15% coefficient of variation and at least
three SDs greater than the negative control probes.

Validation of EV miRNA

Validation of miRNA array data was performed using TagMan
Advanced miRNA Assays (Thermo Fisher Scientific). Total RNA was
extracted from EVs using the RNA Miniprep Kit (Zymo Research
Corp.). RNA template was then ligated to adaptors and preamplified
using the TagMan Advanced miRNA ¢cDNA Synthesis Kit (Thermo
Fisher Scientific) as per the manufacturer's protocol to obtain the
cDNA template for classical qPCR using specific TagMan Advanced
miRNA Assays (Thermo Fisher Scientific), which are primers specific
to the target miRNA. Duplicate reactions were set up in a 96-well plate
with no-template controls (Milli-Q water instead of total RNA was
used for cDNA synthesis process) included for each assay. Cycling was
performed in the CFX96 (Bio-Rad Laboratories, Inc.). qPCR data were
visualized and processed using CFX Manager Software (Bio-Rad
Laboratories, Inc.).

Statistical analysis

Statistical data analyses were carried out using GraphPad Prism
(v6). One-way ANOVA was used to assess significance between
groups. When overall group effects were found to be statistically
significant, a Dunnett multiple comparisons test was used to compare
all other groups with the IRR or 9 Gy + miR-Scr group. All analyses
considered a value of P < 0.05 to be statistically significant.

Results

Stem cell-derived EV treatment resolves RICD

Five weeks after irradiation and EV treatment, animals underwent
behavioral testing (Fig. 1). The NPR test showed a significant overall
group effect in DI between the groups (F(; 44y = 6.13; P = 0.0014).
The IRR group mean was —10.2%, which was lower than the control
(mean =7.99%), EV IC (mean = 16.2%), and EV RO (mean = 15.2%)
groups (Fig. 1B). The difference in the mean DI was statistically
significant between the IRR group and the control group (P = 0.033)
and the EV-treated groups (EV IC: P = 0.0014 and EV RO: P =
0.0021). Similarly, a significant group effect was found for the NOR test
(F(3,43) = 11.49; P<0.0001). The IRR group had a mean DI of —4.98%,
whereas the control group (mean = 22.0%) and both of the EV
treatment groups had higher mean DI values (EV IC: mean =
25.5% and EV RO: mean = 29.6%; Fig. 1C). For this test, all of the
differences were statistically significant between the IRR group and the
control (P = 0.0004), EV IC (P < 0.0001), and EV RO (P < 0.0001)
groups. While no significant differences were observed in the TO test,
the DI for the IRR group (mean = —10.1%) was lower than the control
(mean = 0.228%) and both EV treatment groups (EV IC: mean =
4.98% and EV RO: mean = 14.7%; Fig. 1D). Total exploration times
were not found to differ across the experimental cohorts, suggesting
that treatment did not reduce locomotion or induce neophobic
behavior to confound the findings (Supplementary Table S1).

To determine the persistence of the neurocognitive benefits of EV
treatment, a second group of animals was administered the same
spontaneous exploration tasks at 6 months after irradiation (Fig. 1E-
G). The NPR test revealed a mean DI of —1.91% for the IRR group,
whereas the DIs of the control (mean = 16.5%), EV IC (mean =
13.3%), and EV RO (mean = 17.0%) groups were higher. A significant
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overall group effect was found between mean DIs for this task (F(3 39) =
2.95; P = 0.044). The mean differences in DI between the IRR group
and the control and EV RO groups were statistically significant
(Fig. 1E; P = 0.048 and P = 0.028, respectively). Similarly, the NOR
test demonstrated mean DIs of 24.3%, 24.3%, and 18.9% for the
control, EV IC, and EV RO groups, respectively, compared with
2.41% for the IRR group. A significant overall group effect for the
mean DI between groups was also observed for NOR test (F340) =
3.98; P =0.014). The mean DI differences between the control and EV
RO groups and the IRR group were both statistically significant
(Fig. 1F; P = 0.014 and P = 0.013, respectively), whereas the mean
DI difference between IRR group and EV RO group was near the
threshold for statistical significance (P = 0.052). Finally, the TO
test did not reveal significant differences in DI between the control
(mean = 9.29%) and IRR (mean = 5.66%) groups, although the EV-
treated groups did exhibit higher preferences for novelty (EV IC: mean
= 27.4% and EV RO: mean = 28.0%; Fig. 1G). The overall TO
group effect for mean DIs did not reach significance (F3 34y = 2.65;
P =0.065). As with the 5-week tasks, total exploration times were not
found to differ significantly between any of the groups, indicating that
irradiation impaired episodic memory rather than disrupting loco-
motor activity (Supplementary Table S1).

To determine the effect of irradiation and EV treatments on
anxiety-like behavior, the animals underwent testing on the EPM at
both 5 weeks and 6 months postirradiation. While no differences
were observed at the early timepoint (Supplementary Fig. S1A), at
6 months posttreatment, anxiety-like behavior was increased in
the IRR group (mean = 0.714) compared with the control group
(mean = 0.571; P = 0.058), but to a lesser extent when compared
with the EV-treated groups (EV IC: mean = 0.649 and EV RO:
mean = 0.676; Supplementary Fig. S1B). As a second measure of
anxiety-like behavior, mice were also subjected to the LDB explo-
ration test. As with the EPM, the LDB test measures an animal's
unconditioned response, where an anxious mouse will spend more
time in the dark compartment of the arena than in the light
compartment, and less time moving freely between the two com-
partments. No significant group effects were observed at either
5 weeks or 6 months posttreatment (Supplementary Fig. S1C
and S1D).

In the final behavioral assessment, mice were subjected to a
hippocampal-dependent FC and FE task. During the conditioning
phase of the task, all of the groups learned to associate the tone
(conditioned stimulus) to the subsequent foot shock (uncondi-
tioned stimulus) as measured by freezing behavior (i.e., not moving;
Supplementary Fig. S1E and S1G; T;-T3). For the 5-week cohort,
the mean level of freezing at T3 was more than 40% for all groups
and no significant differences were found between groups. Simi-
larly, the 5-week cohort exhibited no significant differences between
groups during the subsequent 3-day extinction training period, as
measured by a gradual decrease in the percent time spent freezing
(Supplementary Fig. S1E). On the final extinction test day, however,
there was a trend for a higher level of freezing in the IRR group
(mean = 15.0%) compared with the control (mean = 8.63%) and
the EV-treated groups (EV IC: mean = 6.59% and EV RO: mean =
10.2%), although this did not reach statistical significance (Supple-
mentary Fig. SIF). At the 6-month timepoint, all groups were
subjected to the same testing paradigms and were found to be
conditioned to a level of freezing of 30% at T;. At this later time,
neither the extinction training sessions nor final extinction test
showed significant differences among cohorts (Supplementary
Fig. S1G and S1H).

4270 Cancer Res; 80(19) October 1, 2020

Tracking EVs following intracranial transplantation and
retro-orbital injection

Red fluorescent (PKH26) dye-labeled EVs were used to deter-
mine whether EVs migrate equally to various regions of the brain
following distinct administration routes. In the intracranial trans-
planted mice, at 48 hours after injection, EVs were found in the
dentate gyrus (DG) and CA1 regions of the hippocampus adjacent
to the transplantation sites (Fig. 2A and C). In the brain of the
retro-orbital injected mice also, fluorescence EVs were present in
the DG and CAl regions (Fig. 2B and D). We have previously
shown that there were no obvious differences in the distribution of
EVs through hippocampus, subventricular zone, and mPFC regions
delivered by either route (32).

Stem cell-derived EV treatment reduces microglial activation in
the irradiated hippocampus

Following behavior testing, CD68, a marker for activated microglia,
was evaluated to assess the impact of EV treatments on neuroin-
flammation (Fig. 3). Representative images show the DG region of the
hippocampus in brain sections from the 5-week testing cohort
(Fig. 3A-D). The number of CD68-positive cells for the IRR group,
as quantified by total fluorescence volume per hippocampal section
(mean = 2.68 x 10* um?), was significantly greater than that of the
control group (mean = 1.68 x 10* um?) and the EV IC group (mean =
1.72 x 10* um?®), with P values of 0.034 and 0.048, respectively
(Fig. 3E). For the EV RO group, there was a trend toward reduced

IC injection

RO injection

Figure 2.

Stem cell-derived EVs tracked to the host hippocampus following retro-orbital
or intracranial injections. Fluorescently labeled hNSC-derived EVs were trans-
planted using stereotactic intracranial or retro-orbital injections. Brain tissue
was fixed at 48 hours postsurgery and brain sections were imaged using
confocal microscopy. Analysis suggests that intracranially injected EVs (A and
C) and retro-orbitally injected EVs (B and D) were similarly effective in targeting
the DG (A and B) and CA1l (C and D) regions of the hippocampus. Red,
fluorescently labeled EV membranes; blue, DAPI nuclear counterstain. Scale
bars, 30 um (retro-orbital method) and 40 um (intracranial method). dh, dentate
hilus; gcl, granule cell layer; sr, striatum radiatum; pyr, pyramidal cell layer.
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Figure 3.

Stem cell-derived EV treatment reduces neuroinflam-
mation in the hippocampus following irradiation. Rep-
resentative images of CD68™ activated microglia are
shown from the DG region of the hippocampus in all
four groups for the 5-week behavioral testing cohort.
Relative to controls (A), the DG region of the hippo-
campus from irradiated mice show elevated levels of
CD68 (B). EV treatment reduces CD68 levels in the
irradiated brain [C and D; intracranial (IC) and retro-
orbital (RO), respectively]. Aggregate data from image
processing with Imaris show an increased volume of
staining in the irradiated group compared with the
control and EV-treated groups in the DG region in both
the 5-week (E) and 6-month (F) cohorts. The same
analysis showed similar trends in the CA1 region of
the hippocampus in both the 5-week (G) and 6-month
(H) cohorts. All data are presented as mean + SEM
(N = 4-6 mice per group). #, P = 0.061; *, P < 0.05;
*#x P <0.0001 compared with the IRR group; P values
are derived from ANOVA and Dunnett multiple com-
parisons test (all other groups compared with IRR
group). Red, CD68; blue, DAPI nuclear counterstain.
Scale bars, 30 um. dh, dentate hilus; gcl, granule cell
layer.
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CD68 levels (1.76 x 10* um?; P = 0.061). The other hippocampal
regions and timepoints showed similar trends for a higher volume of
staining in the IRR group as compared with the control and EV-treated
groups (Fig. 3F-H).

PSD-95 is an excitatory-associated synaptic protein responsible
for recruiting receptors and other proteins to the synaptic
cleft. Changes in protein levels of PSD-95 have been shown to be
altered following irradiation in a manner that may disrupt neu-
rotransmission and contribute to cognitive dysfunction. However,
evaluation of PSD-95 protein levels at both timepoints postirra-
diation revealed no significant radiation effects (Supplementary
Fig. S2).
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miRNA microarray analysis reveals miR-124 as potential
therapeutic EV cargo

To investigate functional components of EV, total RNA was
extracted from the hNSC-derived EVs and analyzed using a targeted
human miRNA array (Supplementary Table S2). By cross-referencing
the array data with the literature, candidate EV miRNAs implicated in
learning, memory, neurogenesis, neurotransmission, synaptogenesis,
and neuroinflammation were identified. These target miRNAs includ-
ed miR-134-3p, miR-125b-5p, miR-124-3p, and miR-125a-5p
(Fig. 4A). Of these candidates, all except miR-134-3p were confirmed
to be present in EV RNA samples using TagMan advanced miRNA
assays (Fig. 4B-D), providing three candidate miRNAs (miR-125b-
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hNSC-derived EVs contain candidate miRNA that may mitigate RICD. Total RNA extracted from therapeutic EVs was analyzed by miRNA microarray. A, Select
examples from array data included four miRNAs with significant literature suggesting roles for them in synaptic function, dendrite outgrowth, and reduction in
neuroinflammation. Of these four, three miRNAs (hsa-miR-124-3p, hsa-miR-125a-5p, and hsa-miR-125b-5p) could be validated using TagMan advanced miRNA

assays (B-D).

5p, miR-124-3p, and miR-125a-5p) for follow-up studies. On
the basis of abundance of literature (33-42) in support of a role for
miR-124-3p in reducing neuroinflammation, miR-124-3p was chosen
for further study.

Hippocampal miR-124 overexpression can mitigate RICD

To determine whether hsa-miR-124-3p (miR-124) was sufficient
to mitigate RICD in wild-type mice, the miR-124 sequence was
cloned into an overexpression AAV vector and the construct was
packaged into AAVY particles (SignaGen; Fig. 5A). As with EV
treatments, wild-type male mice were cranially irradiated with the
same 9 Gy dose of y-rays and received stereotaxic injections 48 hours
later with the miR-124 AAV9 construct or a scrambled control. The
miR-124-treated mice underwent behavioral testing at 5 weeks post-
irradiation (Fig. 5B-D). The NPR test revealed a significant overall
group effect in DI between groups (F; 35y = 2.91; P = 0.0468). The 9 Gy
+ miR-Scr group's mean DI was 4.87%, which was lower than the
mean DI of the 0 Gy + miR-124 (mean = 21.5%; P = 0.055) and 9
Gy + miR-124 (mean = 16.2%; P = 0.265) groups. In this instance,
only a small difference in mean DI was observed between the 9 Gy +
miR-Scr group and the 0 Gy + miR-Scr group (mean =
5.23%; Fig. 5B). Similarly, a significant group effect was found for
the NOR test (F(;35) = 3.51; P = 0.0244). The 9 Gy + miR-Scr
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group had a mean DI of 3.03%, whereas the 9 Gy 4+ miR-124 group
(mean = 28.8%; P = 0.0072) had significantly higher mean DI
values. The DI values for the 0 Gy groups were also higher, although
not so significantly (0 Gy + miR-Scr: mean = 16.0%; P = 0.244 and
0 Gy + miR-124: mean = 17.6%; P = 0.181; Fig. 5C). The group
effect in the case of the TO test did not reach significance (F 30y =
2.73; P =0.0615). In a result similar to the NOR test, the DI for the 9
Gy + miR-Scr group (mean = —1.69%) was observed to be
significantly lower than the 9 Gy + miR-124 (mean = 29.4%;
P = 0.0474) group and lower than both 0 Gy groups (0 Gy +
miR-Scr: mean = 18.6%; P = 0.215 and 0 Gy + miR-124: mean =
25.9%; P = 0.0724; Fig. 5D). Total exploration times were found to
be significantly different between the 0 Gy + miR-Scr and 0 Gy +
miR-124 groups for the NOR test as well as the 0 Gy + miR-124
and 9 Gy + miR-Scr groups for the TO test. The rest of the
total exploration times were not found to differ across the exper-
imental cohorts for these tests, suggesting that treatment-induced
locomotor changes did not confound our findings (Supplementary
Table S3).

The spread of AAVY particles and expression of the GFP reporter
gene was confirmed experimentally (Fig. 6). Expression of the trans-
gene construct was not limited to the area proximal to the injection
sites in the hippocampus, but rather spread to the cortex (Fig. 6A) and
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Figure 5.

miR-124 overexpression in vivo shows functional mitigation of RICD. To determine whether miR-124 was sufficient to mitigate RICD in wild-type mice, the miRNA
sequence was cloned into a vector designed to overexpress miR-124 and the construct packaged into AAV9 particles. A, The vector map (designed by SignaGen)
shows that miR-124 expression is driven by the U6 promoter and eGFP expression is driven by the CMV enhancer and promoter. These transgenes are flanked by
AAV2inverted terminal repeats (ITR) for efficient propagation of the AAV genome. Mice received stereotaxic intracranial injections of AAV9 particles containing this
vector 2 days postirradiation. At 5 weeks postirradiation, animals were administered spontaneous exploration tasks in the following order: NPR (B), NOR (C),and TO
(D). Tendency to explore novelty (novel place or object) was calculated using the DI [(novel location exploration time/total exploration time) - (familiar location
exploration time/total exploration time)] x 100. All data are presented as mean + SEM (N = 10-11 mice per group). #, P = 0.0724; *, P< 0.05; **, P< 0.01 compared
withthe IRR group. P values are derived from one-way ANOVA and Dunnett test for multiple comparisons (all other groups compared with the 9 Gy + miR-Scr group).

corpus callosum (Fig. 6B), as well. On the basis of morphology, GFP
expression was detected in both neuronal and glial cell types (Fig. 6C
and D).

miR-124 overexpression reduced microglial activation

Similar to the EV-treated cohort, CD68 immunoreactivity was
evaluated following behavioral testing to assess the impact of miR-
124 overexpression on neuroinflammation (Fig. 7). Representative
images show the impact of miR-124 overexpression on both the total
number of microglia assessed using the Ibal marker (Fig. 7A and B)
and the amount of microglial activation indicated by the CD68 marker
(Fig. 7C and D) in the irradiated hippocampus. Aggregate data
from image processing using Imaris show a decrease in Ibal™ cells
in the hippocampus of in the 9 Gy + miR-Scr group compared
with all other groups (Fig. 7E). The volume of CD68 staining was
measured for both DG and CA1 regions of the hippocampus, com-
bined, and adjusted for the average number of Ibal* hippocampal
microglia in each group (Fig. 7F). A significant overall group effect
was observed for the difference in staining between groups (F(; g2) =
10.7; P <0.0001). The adjusted CD68 immunoreactivity value for the 9
Gy + miR-Scr group (mean = 239) was significantly greater than that
of the 0 Gy + miR-Scr group (mean = 152; P = 0.0045) and the miR-
124-overexpressing groups (0 Gy + miR-124: mean = 140; P = 0.0009
and 9 Gy + miR-124: mean = 91.1; P < 0.0001). In sum, data showed

AACRJournals.org

that miR-124 overexpression resulted in functionally equivalent effects
as EV treatments, where reductions in neuroinflammation coincided
with an amelioration of RICD.

Discussion

Tonizing radiation has been and will likely remain a powerful tool in
the fight against cancer. The major limitation to the efficacy of
radiotherapy is the resultant dose-dependent normal tissue toxicity.
Multiple dose delivery strategies have emerged in an attempt to
mitigate downstream damage (7-10, 14, 15) or avoid this complication
using either precise tumor targeting (43-45) or ultrahigh dose
rate (46-48). While hNSC-derived EV's have been used to effectively
mitigate normal tissue toxicity in nude rats (14, 15), current findings
are the first example of using EVs for this purpose in immunocom-
petent animals. Moreover, these data demonstrate the efficacy of a
mildly invasive and translationally feasible route of administration.
While replicating past stem cell transplantation studies using EV
therapy in an athymic nude rat model was a logical first step, the real
advantages of this strategy were borne out in this study.

Current findings show, for the first time, that an intravenous (retro-
orbital) injection of hNSC-derived EVs to cranially irradiated wild-
type mice was able to significantly mitigate RICD and accompanying
neuroinflammation. The beneficial effects of the EV therapy were
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AAV9-DAPI

Figure 6.

Reporter gene confirmation and tracking of AAV9-miR-124 in vivo. The AAV9
vector designed to express either intact or scrambled miR-124 carried the eGFP
reporter gene to enable construct visualization in vivo. After completion of
behavior (8-10 weeks postsurgery), coronal brain sections were imaged for the
presence of eGFP signal. Widespread expression of vector (green) was found in
the cortex (layers IV-VI; A), corpus callosum (CC), and hippocampus (CAT; pyr,
pyramidal layer; and sr, stratum radiatum; B). Vector expression was evident in
the cells resembling neuronal (C, arrows) and glial morphologies (D, arrows).
Scale bars, 100 um (A and B) and 20 um (C and D).

consistent for both the known (intrahippocampal; ref. 14) and the
novel (retro-orbital) methods of delivery as well as at the short
(5 weeks) and long (6 months) postirradiation times. Furthermore,
we were able to identify a potential mechanism of action for EV
therapy. We hypothesized and then tested the ability of a specific
miRNA, miR-124, to mitigate RICD and neuroinflammation in vivo.
Importantly, overexpression of this specific miRNA, just one known
component of the bioactive EV cargo, was sufficient to impart signif-
icant neuroprotective phenotypes.

Cognitive testing results from a battery of spontaneous exploration
tasks demonstrated conclusively the onset and persistence of RICD,
specifically affecting the hippocampus, perirhinal cortex, and mPFC
regions of the brain, serious complications mitigated by EV treatment.
Interestingly, just a single dose of EV's (or in vivo overexpression of
miR-124) administered 48 hours postirradiation was efficacious in
mitigating RICD. While repeated treatments were not tested, this
translationally feasible approach facilitates implementation of serial
administration schedules that could provide further neuroprotective
benefits at the cognitive, cellular, and molecular levels especially at
more protracted times. While multiple systemic injections of EV
would be relatively simple and straightforward, the behavioral data
at both 5 weeks and 6 months postirradiation suggest that a single dose
is sufficient to maintain long-term intact hippocampal, perirhinal
cortex, and mPFC function.

Collectively, data showed the hNSC-derived EVs were equally able
to colocalize to the brain via local (intracranial) or systemic (retro-
orbital) routes of administration. Furthermore, these results confirmed
prior studies suggesting that EV's could cross the blood-brain barrier
and interact with specific cellular subtypes in the brain (24, 25).
Intracranial tracking of fluorescence EVs revealed no obvious differ-
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ences in distribution, which was widespread throughout the hippo-
campal subfields (Fig. 2). Coalescence of EVs surrounding target cells
was revealed by the presence of larger fluorescence aggregates 48 hours
after injection, likely representing multiple fusion events between EV's
of unknown functional significance. Additional studies are required to
determine optimal dosing and whether molecular modifications could
be undertaken to target EVs to specific cell types for select phenotypic
modulation.

While multiple mechanisms are likely responsible for the beneficial
effects of EV treatments on the irradiated brain, their ability to
modulate inflammatory processes provides a plausible explanation.
Neuroinflammation has been shown to play a significant role in
progressive neurodegenerative conditions such as Alzheimer disease,
Parkinson disease, and multiple sclerosis (49). Moreover, our group
has previously shown an increase in activated microglia following
irradiation that was abrogated by EV treatment (14, 15). Given the
robust attenuation of microglial activation by EV treatments, the
identification of miR-124 as an EV cargo component, and the wealth
of literature on miR-124 reducing neuroinflammation in similar
models (33, 40, 42), further studies were then focused on evaluating
the functional relevance of miR-124.

AAV9 constructs designed to drive the overexpression of miR-124
were then injected directly into the mouse hippocampus to critically
test whether this could resolve, in part, RICD and associated normal
tissue pathology in the brain. Intrahippocampal injections were select-
ed for these proof-of-principle studies to target miR-124 overexpres-
sion to a selected region of the brain and to avoid systemic dilution of
the viral particles. Tracking of eGFP reporter expression (Fig. 6)
indicated that AAV9 particles were able to spread from the hippo-
campal injection sites and drive transgene expression in neurons and
glial cells. Data showed that miR-124 overexpression was able to
mitigate RICD in a similar, albeit less efficacious fashion than EV
treatments. Many explanations could account for this, as it is extremely
likely that the neuroprotective benefits of EVs involve more than one
miRNA or other EV cargo. Another reason could be related to the
amount of time it takes to reach maximal expression of the AAV
construct, generally achieved by 2 weeks (50). Thus, optimal expres-
sion, bioavailability, and proximity of EV treatment to irradiation are
all factors that could clearly impact the therapeutic benefits of miR-
124. While further studies to inhibit miR-124 via antagomirs or miR-
sponges may provide further mechanistic insight, miR-124 is ubiqui-
tous in CNS tissues (51), pointing to the potential confounding off-
target effects of such approaches.

This study represents an exciting development in the field of
normal tissue protection following radiation injury. While we
focused on miR-124 overexpression, hNSC-derived EVs contained
other candidate molecular cargo. Inhibition of miR-125a has been
shown to decrease levels of PSD-95 in dendrites (52), and miR-125b
has been shown to regulate synaptic structure and function (53).
Furthermore, combinations of miRNAs could be more effective
than individual ones, such that a “miR cocktail” could be loaded
into cell culture-derived EVs, liposomes (54), or artificially engi-
neered EVs (55, 56). Amelioration of RICD might also be achieved
from EVs derived from other normal brain cell types such as mature
neurons, astrocytes, and microglia, or even mesenchymal stem cell-
derived EVs that have been shown to reduce inflammation in other
models (57, 58). Systemic efficacy could also be optimized by
engineering various EV types to contain a transmembrane protein
and/or moiety for targeting purposes (42). As with the previous
studies (7-10, 14, 15, 31, 48), this study was performed using
tumor-free animals to study the biological mechanisms and
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Figure 7.

miR-124 overexpression in vivo following cranial irradiation reduces neuroinflammation in the hippocampus. Representative images of Ibal™ microglia- and CD68™"-
activated microglia IHC are shown from the hippocampus and DG, respectively, for the 9 Gy + miR-Scr and the 9 Gy + miR-124 groups of the miR-124 cohort. Relative
to miR-124-overexpressing group (B), the mice in the 9 Gy + miR-Scr group showed decreased numbers of Ibal™ cells in hippocampal subfields (A). miR-124
overexpression (D) resulted in a relative decrease in the CD68" immunoreactivity in the DG region when compared with the 9 Gy + miR-Scr group (C). Volumetric
analysis of Ibal-adjusted CD68 immunoreactivity (E and F) show elevation in the irradiated group compared with the control and miR-124-overexpressing groups
in the hippocampus. All data are presented as mean + SEM (N = 4 mice per group). **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 compared with the IRR group;
P values are derived from ANOVA and Dunnett multiple comparisons test. Red, Ibal; red, CD68; blue, DAPI nuclear counterstain. Scale bars, 150 um (A and B) and
40 um (€ and D). dh, dentate hilus; gcl, granule cell layer.
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physiologic effect in the absence of confounding disease. Before any
clinical application involving radiotherapy is to be used in the
context of cancer treatment, EV-tumor cell interactions would
have to be investigated for lack of tumor promotion and changes
to treatment efficacy. Furthermore, a single dose of whole brain
radiotherapy was used in current studies to follow-up on the
significant body of work from our laboratory implementing such
a dosing scheme. While previous studies (59, 60) have shown that
fractionated irradiation causes RICD, follow-up studies aimed at
determining how EVs might mitigate RICD after dose fractionation
and in female mice are clearly warranted.

Over the years, our group, among others, has not included grafted
controls (either stem cells or EVs) because such transplantation
procedures used to treat a variety of pathologies in different rodent
models were not found to functionally affect the intact normal
brain (14, 18, 20, 42, 61). Importantly, past work from us using stem
cells (62), and from others using EV's (63, 64), in which grafted controls
were included, found that every single functional or molecular end-
point was statistically indistinguishable between the control, control +
stem cell, or control + EV groups. Further rationale for excluding
controls treated with EVs alone is that inclusion of such cohorts is
clinically irrelevant.

Here, we highlight the benefits of EV treatments, which have
certain advantages over stem cell-based approaches for resolving
normal tissue complications (11-13). The ability to impart neuro-
protective benefits to the irradiated brain without the need for
invasive surgical procedures, and immune suppression or risk of
teratoma formation bode well for future clinical translation. More-
over, we were able to identify some of the beneficial bioactive
miRNA cargo in EVs, which suggests similar approaches and/or
combinations of miRNA will hold additional benefits. Any
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