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delivery of endothelial
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Introduction: Exosomes from different sources have been used for therapeutic
purposes to target stroke and other disorders. However, exosomes from
endothelial progenitor cells (EPCs) have not been tested in any stroke model,
and in vivo bio-distribution study is lacking. Targeted delivery of [V-administered
exosomes has been a significant challenge. Delivery of exosomes to the brain
is a daunting task, and a blood—-brain barrier (BBB)-penetrable peptide is being
considered. However, the next step in practical treatment will be delivering naive
(unmodified) exosomes to the stroke site without destroying host tissues or
disrupting BBB, or the membranes of the delivery vehicles. Low-intensity-pulsed
focused ultrasound (LIPFUS) is approved for clinical use in the musculoskeletal,
transcranial brain, and physiotherapy clinics. The objectives of the proposed
studies were to determine whether LIPFUS-mediated increased delivery of EPC-
derived exosomes enhances stroke recovery and functional improvement in
mice with transient middle cerebral artery occlusion (tMCAo0) stroke.

Methods: To enhance exosome delivery to the stroke area, we utilized LIPFUS.
We evaluated stroke volume using MRI at different time points and conducted
behavioral studies parallel to MRI to determine recovery. Ultimately, we studied
brain tissue using immunohistochemistry to assess the extent of stroke and
tissue regeneration.

Results and Discussion: /n vivo, imaging showed a higher accumulation of EPC
exosomes following LIPFUS without any damage to the underlying brain tissues,
increased leakage of albumin, or accumulation of CD45+ cells. Groups of mice
(14-16 months old) were treated with Vehicle (PBS), LIPFUS only, EPC-exosomes
only, and LIPFUS+EPC-exosomes. LIPFUS + EPC exosomes groups showed a
significantly decreased stroke volume on day 7, decreased FluoroJade+ cells,
and significantly higher numbers of neovascularization in and around the stroke
areas compared to that of other groups.
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Introduction

Stroke is a significant cause of adult mortality and remains a
leading contributor to adult disability. The majority of strokes are often
ischemic (87%) resulting from a significant vascular occlusion due to
a thromboembolic (TE) clot; therefore, the desired amount of stroke-
salvaging drugs cannot be delivered to the core of the stroke (1, 2). In
addition, the blood-brain barrier (BBB) is largely impermeable to
most therapeutics. To date, IV tissue plasminogen activator (tPA) and/
or endovascular thrombectomy (ET) are the only two Food and Drug
Administration (FDA)-approved therapies to treat ischemic stroke.
However, the recanalization of major vessels with IV-tPA/ET does not
ensure adequate microvascular perfusion and recovery of tissue
damage due to the associated risk of the “no-reflow” phenomenon that
is exacerbated under stroke-related comorbidities such as aging,
diabetes, or hypertension. Preclinical modeling using the transient
middle cerebral artery occlusion (tMCAo) model, validated in both
mice and rats, can replicate confirmed recanalization and is widely
accepted in stroke research (3). Thrombectomy in patients, and
tMCAo in animals, assures that the test drug or treatment reaches the
brain after ischemia and reperfusion (4). Thus, effective therapy and a
new way of delivering therapeutic agents that can be safe in a larger
comorbid stroke population and remain usable in multiple settings
with or without IV-tPA/ET even after the therapeutic window are
greatly needed.

Stem cell (or progenitor cell) treatments have shown to be successful
in various preclinical models for different disease treatments, including
stroke. Our previous studies showed the effectiveness of endothelial
progenitor cells (EPCs) and neural stem cells (NSCs) in stroke models,
with both in vivo magnetic resonance imaging (MRI) and functional
behavioral studies showing improvement in stroke recovery (5-9).
We postulate that both types of cells exerted a paracrine effect through
exosomes, which might carry materials from their parental cells (10-
12). Exosomes can interact with cells by fusion with the plasma
membrane and subsequent endocytosis and release of their cargo,
consisting of proteins, soluble factors, lipids, DNAs, microRNAs
(miRNAs), and RNAs (13-16). Leveraging exosomes to harness the
therapeutic potential of stem and progenitor cells would overcome the
challenge that cell-based treatments face in clinical settings.

Exosomes are 30-150 nm in size and contain certain tetraspanins,
heat shock proteins, biogenesis-related proteins, membrane transport
and fusion proteins, nucleic acids, and lipids (17-19). Due to their
biocompatibility, low toxicity, immunogenicity, permeability
(including through the BBB), stability in biological fluids, and ability
to accumulate in the lesions with higher specificity (20-26),
investigators have used exosomes in different disease conditions in the
brain, such as stroke, traumatic brain injury, and tumors (22, 27-30).
Investigators have used exosomes and miRNA-rich exosomes collected
from mesenchymal stem cells (MSCs) to enhance stroke recovery and
showed that miRNA promoted neural plasticity and functional
recovery (31, 32). Our group recently reported NSC-derived exosomes’
effect on improving tissue and functional recovery in the murine TE
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stroke model (33). However, exosomes from EPCs, which play an
important role in vascular regeneration, have not been tested in any
stroke model, and an in vivo bio-distribution study is lacking. Our
published studies showed a dramatic reduction in stroke injury when
EPCs were administered 24 h following stroke (5). Based on these
results, we anticipate that EPCs-derived exosomes will cease the
progression of stroke lesions and improve post-stroke outcomes if
delivered efficiently to the site of stroke injury.

Targeted delivery of IV-administered exosomes has been a great
challenge. Modification of the exosome surface to carry different ligands
or peptides has been tried to increase delivery to target tissues (34, 35);
however, the overall results are not encouraging (36, 37). Delivery of
exosomes to the brain is a daunting task, and a BBB-penetrable peptide
is being considered (38, 39). However, a method that can deliver naive
(unmodified) exosomes to the site of stroke without destroying host
tissues, disrupting BBB, or affecting the membranes of the delivery
vehicles (such as exosomes) would be a significant breakthrough.

High-Intensity Pulsed Focused ultrasound (HIPFUS) is being
investigated to enhance permeability and retention (EPR) of
nanoparticles/gene/plasmid/vectors to the sites of interest (40-45) but
has been shown to cause widespread damage to local tissues including
the brain (46). The basic mechanism behind HIPFUS’s effect is
primarily through mechanical forces (acoustic radiation and acoustic
cavitation) that increase the permeability of the vasculature, resulting
in leakage of circulating nanoparticles, plasmids, or vectors into
targeted sites and EPR (47-49). Low-intensity-pulsed ultrasound is
approved for clinical use in musculoskeletal, central nervous system,
and physiotherapy clinics. We have previously demonstrated that
low-intensity-pulsed focused ultrasound (LIPFUS) increases the
delivery of intravenously administered exosomes to stroke areas
without causing damage to the brain (50). The objectives of the
proposed studies are to determine whether LIPFUS-mediated
increased delivery of EPC exosomes enhances stroke recovery and
functional improvement in mice with tMCAo stroke.

In this study, we utilized EPC-derived exosomes for stroke
treatment. To enhance exosome delivery to the stroke area,
we employed LIPFUS without an ultrasound contrast agent
microbubble/nanobubble infusion, which might temporarily disrupt
the BBB, as described in our previous study (50). We assessed stroke
volume using MRI at different time points and conducted behavioral
studies parallel to MRI to evaluate recovery. In the end, we examined
the brain tissue using immunohistochemistry studies to evaluate the
extent of stroke and tissue regeneration. We found that EPC-derived
exosome treatment reduced stroke volume 1 week after the stroke onset.

Materials and methods
Ethics statement

This study adhered to the guidelines and regulations set forth
by the National Institutes of Health (NIH). Experimental protocols
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were approved by the Institutional Animal Care and Use
Committee (IACUC) of Augusta University (protocol #2014-
0625).
environment with a 12 h light-dark cycle, and animals had

Animal housing conditions included a standard
unrestricted access to food and water. Stringent measures were
implemented to minimize any potential distress experienced by the
animals. After CO, overdose and cervical dislocation, animals
underwent trans-cardiac perfusion with buffered saline and
paraformaldehyde, followed by cardiac transaction and bilateral
pneumothorax as a secondary assurance of death. This method is
consistent with the recommendations of the Panel on Euthanasia
of the American Veterinary Medical Association (AVMA) and
allows for the best preservation of tissue architecture for in
vitro assessment.

All mice (14-16 months old, 30-35 gm) were randomized. Studies
were conducted in multiple batches and each batch had animals for
experimental as well as corresponding control groups. Personnel
blinded to the various groups analyzed data. The animals were of the
same age and weight and had similar baseline behavior. The study is
reported according to the ARRIVE guidelines.

EPC collection

Investigators, including our team, have reported the collection of
EPCs based on Sca-1 (stem cell antigen-1) or ¢c-Kit (CD117) positive
markers (51-56). The cells were grown with EPC media as described
in our previous studies (5, 57). These cells are shown to have all the
characteristics of EPC concerning cellular markers and functions (51,
56). In this study, EPCs were collected from the bone marrow of young
(10-12 weeks old) mice by positive selection of c-kit (+) cells. Briefly,
mice were sacrificed using CO,, and the spine and long bones were
collected sterilely. Cells were extracted by crushing the bones, flushing
them with PBS (pH ~7.4), and filtering the cell suspension through a
70-micron cell strainer (22-363-548, Fisherbrand). Nucleated cells
were then separated from erythrocytes using Lymphocyte Separation
Medium (25-072-CV, Corning). EPCs were isolated according to the
manufacturer’s protocol (8802-6838-74 MagniSort™ Mouse CD117
(c-Kit) Positive Selection Kit, Invitrogen) and were collected and
grown in EPC media (CellGenix GMP SCGM) supplemented with
growth factors for EPCs. EPC cells were cultured according to our
previously published techniques for collecting and propagating EPCs
(51, 57) using exosome-free media.

Exosome isolation

Exosomes were isolated according to our previously reported
protocol (11) and stored at —80° until use. Briefly, culture media from
EPC were collected, cell debris was removed by centrifugation, and
media was dialyzed using Macrosep Advance Centrifugal Device to
remove all molecules below 100 kDa in molecular weight. The
concentrated media was then diluted with PBS and ultracentrifuged
for 70 min at 137,000 g, at 4°C. Exosomes were collected from the
bottom of the tube and stored at —80°C until use. The size and number
of exosomes were determined by ZetaView (Particle Matrix, GmbH).
We have already reported the size of exosomes in our previous
publication (50). Exosomes were administered intravenously (IV) to
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the stroke-bearing animals with or without LIPFUS within 24 h
after surgery.

Stroke surgery

Aged mice (both males and females, 14-16 months old) were
anesthetized using isoflurane, and the right common carotid artery,
right external carotid artery (ECA), and right internal carotid artery
(ICA) were exposed (58). A monofilament suture (Doccol Corp) was
introduced through the right ECA into the ICA and the middle
cerebral artery until resistance was felt and placed for 60 min. Cerebral
blood flow was determined by laser speckle imaging (LSI), and the
filament was gently withdrawn after 60 min. Exosome treatments and
LIPFUS were given one day after the surgery, and MRI images were
acquired on 3 days, 7 days, and 28 days post-surgery. The study plan
is illustrated in Figure 1.

Low-intensity-pulsed focused ultrasound

The RK-50 (FUS Instruments Inc., Canada) is a standalone
preclinical focused ultrasound system designed for high throughput
blood-brain barrier experiments. Atlas-based targeting combined
with an optional multi-modality high field insert allows the system to
be used with or without magnetic resonance imaging (MRI) or X-ray
computed tomography (CT) guidance. The system is based upon a
flexible cross-platform animal handling system that simplifies
handling and enhances efficiency. The instrument has a three-axis
motorized positioning system and an accurate stereotaxic-guided
targeting system that uses rodent brain atlases (mouse & rat). It has a
calibrated spherically focused ultrasound transducer (typically
1.47 MHz) with a maximum radio frequency power of 15 watts and
includes animal restraint and inhalant anesthetic fixtures. The
diameter of the transducer is 35 mm, the F factor is 0.7, the focal areas
are (FWHM of the pressure field) 1 mm laterally and 6 mm axially,
and the focal depth is 24 mm from the surface of the transducer. It also
has custom-written software for atlas registration and treatment
planning capability to deliver single or multi-point acoustic exposures
(continuous or pulsed).

Our previously published report showed the optimized parameters
of LIPFUS for the delivery of exosomes to the site of stroke (50). A
fixed acoustic frequency of 1.47 MHz for deeper penetration with
minimal thermal effect using a focal transducer (wavelength of
1.047 mm) was used. LIPFUS was applied to 6-10 points (minimum
1 mm separation) based on the size of the stroke with a 1% duty cycle
(burst duration of 10 milliseconds (ms), repetition period 1,000 ms)
for 90 bursts. 2 Mega Pascal (MPa) peak negative pressure (acoustic
power) to the tissue without an ultrasound contrast agent was applied.

SPECT-CT study

To determine the accumulation of IV administered EPC derived
exosomes at the sites of stroke with (n=4) or without LIPFUS
(n =4), collected exosomes were labeled with Iodine-131 (I-131)
using Pierce iodination beads as per the protocol described by the
manufacturer (ThermoFisher, United States). In short, based on the
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Study Plan
Stroke surgery
LS|
DAYS: 0 1 3 7 14 21 28
[ | | | | | |
* MRI - Behavioral Studies < Behavioral Studies
« Behavioral Studie
* MRI
* MRI « Behavioral Studies
Treatments « Behavioral Studies « Tissuecollection
» LIPFUS only (control)
* PBS (control)
(¢» EPCexosome
* LIPFUS+EPCexosome
FIGURE 1
Making of strokes, treatment, and neurobehavioral study plans.

initial number of exosomes we allocated I-131 in a small volume of
normal saline (for the final activity of ~100 pCi tagged with 3 billion
exosomes) in a reaction tube. 2-3 beads were added to the solution
and incubated for 5 min. Then the desired number of exosomes was
added to the solution in a small volume of saline (~0.5 mL) and the
reaction was continued for 30-40 min. The reaction was stopped by
separating the beads from the solution. To get rid of the free I-131,
2-3 mL normal saline was added to the solution and the solution was
filtered through a 100k centrifugal filter (Pall Corporation,
United States). Labeling efficiency and binding affinity were
determined using thin-layered chromatography and serum challenge
as per our previously published method (11). Twenty-four hours after
stroke and following LIPFUS I-131 labeled exosomes were
administered IV and SPECT-CT images were obtained at 3 h and
24 h. After the intravenous injection of 100 + 25 pCi of I-131-labeled
exosomes in 100-200 pL into the tail vein of the mice, whole body, as
well as focal (brain) SPECT images, were acquired using a dedicated
4-headed NanoScan, high-sensitivity microSPECT/CT 4R (Mediso,
Boston, MA, United States) fitted with high-resolution multi-pinhole
(total 100) collimators. The microSPECT has a wide range of energy
capabilities from 20 to 600 keV, with a spatial resolution of 275 pm.
The images were obtained using 60 projections with 30-60 s/
projection, with a medium field of view. Attenuation was corrected
using concurrent CT images, and then the images were reconstructed
with low iteration and low filtered back projection. During the
acquisition of images, subjects were under anesthesia with their body
temperature and breathing monitored. Randomly selected separate
groups of animals bearing stroke were used for SPECT-CT studies.
All animals were euthanized following the last scans.

Magnetic resonance imaging

All MRI experiments were conducted using a 7 Tesla horizontal
magnet with a clear bore diameter of 20 cm, interfaced to a Bruker
Avance console with actively shielded gradients. Animals underwent
the following magnetic resonance (MR) imaging: (1) Multislice
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Multi-echo T2-weighted images, to create corresponding T2 maps to
determine edema, ventricular, and stroke volumes; (2) Arterial spin
labeling (ASL) imaging based on the Flow-sensitive Alternating
Inversion Recovery (FAIR) technique, to determine the cerebral blood
flow; (3) Diffusion Tensor Imagining (DTI), to determine the white
matter tracts, changes in the fractional anisotropy (FA), tensor
weighted images (TWI), and tensor trace (TT). TWT is like that of a
diffusion-weighted image (DWI), and TT is like the apparent diffusion
coefficient (ADC). (4) Modified Driven Equilibrium Fourier
Transform (MDEFT) to determine the white matter tracts. This is like
that of T1-weighted imaging with an inversion pulse to suppress water
signals facilitating the easy identification of white matter. We have
obtained MRI on days 3, 7, and 28 days following stroke surgeries. On
day 3, we acquired T2 images to create maps to determine the stroke
and ventricular volumes. These were regarded as the baseline and all
subsequent measurements were normalized to day 3 values. We also
used day 3 MRI for different parameters. MRI obtained on days 7 and
28 were used to measure stroke volume recovery, relative cerebral
blood flow (rCBF), and measurement of different diffusion parameters
and well as white matter tracts. It is known that delayed MRI (day 28)
will not be helpful in measuring stroke volume; however, we used it
for analyzing rCBF and white matter tracts and fractional anisotropy.

An appropriate state of anesthesia was obtained with isoflurane
(2.5% for induction, 0.7 to 1.5% for maintenance in a 2:1 mixture of
N,: O,). The anesthetized mice were imaged using a horizontal 7 Tesla
BioSpec MRI spectrometer (Brucker Instruments, Billerica, MA)
equipped with a 12 cm self-shielded gradient set (45 gauss/cm max).
The radiofrequency (rf) pulses were applied using a standard transmit/
receive (Tx/Rx) volume coil (72 mm I.d.), actively decoupled from the
four-channel Bruker quadrature receive coil positioned over the
centerline of the animal skull. Stereotaxic ear bars were used to
minimize movement during the imaging procedure. Animal
temperature was maintained at 37.8°C using a recirculating water
bath. After positioning using a tri-planar FLASH sequence, MR
studies were performed as follows: (1) T2-mapping sequence (2D
multi-slice, multi-echo (MSME) sequence, TE=10 to 150 ms,
TR = 5,000 ms, FOV = 19.2 mm, 0.5 mm thick slice, 128x128 matrix,
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# of averages=1, 30 slices), (2) DTI (EPI) images (TE/
TR = 27/3000 ms; # of Averages = 1; Echo train length = 60, b value 0
and 1,000; 30 directions; Acq. Matrix = 96x96; 30 slices; slice
thickness = 0.5 mm; FOV =16.8.0x 16.8 mm; Partial Fourier
Acceleration: 1.25), (3) ASL images (FAIR-RARE, Teeft = 46 ms,
TR = 10,000 ms, inversion time = 1,400 ms, number of average = 20,
128x128 matrix, 2.4 mm slice thickness, FOV = 19.2 mm, 3 slices), (4)
corresponding T1 maps (for quantification of rCBF) were created
using standard T1 sequences with 5 different TR (5,500 to 326 ms,
24 mm thick), (5) T2 FLAIR sequence (RARE-IR, TI = 2,500,
TR = 10,000, TE = 22, RARE factor = 8 FOV = 19.2 mm, 128x128
matrix, 0.5 mm slice thickness, 30 slices, number of average = 2), and
(6) MDEFT to determine the white matter tracts (TI= 1,100,
TR =3,000, TE = 3.5, FA =15, FOV = 19.2 mm, 128x128 matrix,
0.5 mm slice thickness, 30 slices, number of averages = 2).

MRI analysis

T2 maps of MRI images were analyzed in Mango, Multi-image
Analysis Graphical User Interface (v4.1, Research Imaging Institute,
UTHSCSA). Region of Interest (ROI) was selected by applying a
threshold with a minimum value of 58-65 ms. Once the stroke area
was visualized with an ROI mask, other regions (ventricles and outside
of the brain) were excluded. Marked ROI on stroke area was saved.
Then T2 map was opened in ITK-SNAP (v3.6.0), the ROI of stroke
was uploaded as segmentation, and volume was calculated as mm”.
The same steps are repeated to calculate ventricle volumes, except ROI
to detect ventricles was set at 90 ms. ROISs of left and right ventricles
were determined, and volumes were calculated in ITK-SNAP
separately. Statistical significance was calculated using two-way
ANOVA in GraphPad Prism (v9.2.0), and the graphs detailing the
statistical significance were generated.

Determination of the volume of white matter was done using
MDEFT images. In this imaging sequence, an inversion pulse is
applied to attenuate signals from free water (like that of T2 FLAIR),
but the images look like T1-weighted images. All images were
analyzed by investigators who were blinded to the treatments.
Image] (NIH) image analysis software (Image] v1.52a) was used.
After proper thresholding, the volume of white matter (both left and
right hemispheres separately) was determined by making irregular
ROI to encompass the white matter. The right-to-left ratio (volume
of right hemisphere/volume of left hemisphere) was determined and
compared across different groups of animals as well as with
immunohistochemistry images. Day 28 MDEFT images were also
used to determine the volume of the right and left hemispheres. Five
MRI sections (at the level of Bregma plus 2 sections anterior and 2
sections posterior) were used to measure the volume and the right-
to-left hemisphere ratio was calculated and compared among
the groups.

Relative cerebral blood flow (rCBF) was determined using FAIR
(ASL) maps. This was determined by making ROI on the right
hemisphere (encompassing the stroke area) and then the corresponding
left hemisphere. The right-to-left ratio (rCBF right hemisphere/ rCBF
left hemisphere) was determined and compared among different
groups of animals. Corresponding slices that contained strokes were
used to measure TWI and TT. Identical ROI was used both on the right
and left hemispheres and the right-to-left ratio was determined.
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We have not noticed any new high signal intensity areas in the
periventricular regions on day 7 and day 28 FLAIR images, and
we have not quantitatively analyzed the data from FLAIR images.

Behavioral studies

To assess neurobehavioral recovery in mice after stroke surgery,
several neurobehavioral tests were conducted in both the control and
treatment groups. We used the Bederson score (0-3) (59), and the
Corner test (60) on days 3, 7, 14, 21, and 28 following surgeries.

Luxol Fast Blue staining

To determine the changes in the white matter tracts, Luxol Fast
Blue (LFB) staining was used. Formalin-fixed paraffin-embedded
(FFPE) tissues were de-paraffinized by serial incubation of xylene,
100% ethanol, and 95% ethanol. Then slides were incubated in LFB
solution (0.1 g LFB (212,170,250, Acros Organics), 100 mL 95%
ethanol, 0.5 mL 10% acetic acid) at 56°C overnight. Slides were
rinsed with 95% ethanol and water, then differentiated in Lithium
carbonate solution (0.25 gm lithium carbonate, 500 mL distilled
water). After incubation with 70% ethanol, slides were washed and
counterstained with cresyl violet solution for 5 min, rinsed with
water, dehydrated with 95% ethanol and xylene incubations, and
coverslip mounted. The LFB+ area was determined in the stroke
and contralateral hemispheres of each animal. The right-to-left
ratio (LFB+ area in right hemisphere/ LFB+ area in left
hemisphere) was determined and compared across different groups
of animals.

Fluoro-Jade C staining

To determine the level of degenerating neurons, Fluoro-Jade C
staining was performed. FFPE tissue slides were de-paraffinized and
stained with Fluoro-Jade C (TR-100-FJ, Biosensis), according to the
manufacturer’s protocol. Briefly, slides were serially incubated with
potassium permanganate, Fluoro-Jade C solution, and DAPI. Then,
in a fluorescent microscope, we acquired microscopic images of
Fluoro-Jade C slides in the green channel.

Hematoxylin eosin staining

FFPE slides were de-paraffinized, and serially incubated in
hematoxylin, acid alcohol (1% HCl in 70% ethanol), water, ammonia
water (1 mL NH,OH in 1 L water), water, and eosin Y. After rinsing
with water, the slides were dehydrated in ethanol and xylene and
mounted with a coverslip.

Immunohistochemistry
Antigen retrieval

Deparaffinized slides were incubated in citrate buffer (10 mM
sodium citrate, 0.05% Tween 20, pH: 6.0) at 92°C for 40 min and
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cooled to room temperature for another 30 min. They were then
rinsed with water and PBS before blocking.

Standard immunofluorescent staining was performed to determine
the distribution of white matter tracts (using anti-myeline basic protein
(MBP)), reactive astrocytes (anti-GFAP), neurons (anti-NeuN), and
endothelial lining (Tomato lectin). Fluorescent intensity (indicating
MBP density) and MBP+ area in the stroke and contralateral
hemispheres were determined. The right-to-left ratio (MBP+ area in
the right hemisphere/ MBP+ area in the left hemisphere) was
determined and compared with different groups of animals. Similarly,
fluorescent intensity, as well as the area (number) of GFAP cells, were
determined in both the stroke and contralateral hemispheres. The right
to left ration was determined and compared with different groups of
animals. We also determined the number of tomato lectin-positive
areas, and NeuN+ cells in the stroke and contralateral hemispheres and
compared among groups. All these analyses were done using Image].

To determine the effect of LIPFUS on the leakage of BBB and
accumulation of inflammatory cells (CD45+ and CD68+) in the stroke
areas, groups of animals (with or without LIPFUS) were euthanized 24 h
after LIPFUS (48 h after stroke) and accumulation of albumin and
CD45+ or CD68+ cells were determined by standard immunofluorescent
staining. Albumin is known to be present outside blood vessels once
BBB leakage is significant and sustained (45, 61). Our previous
publication also showed albumin as a sign of BBB leakage (50).

Statistical analysis

To examine differences in MRI and neurobehavioral outcome
measures between LIPFUS (yes or no), and exosomes (yes or no) over
time, repeated measures mixed models followed by post-hoc tests
were used. Different correlation structures between measurement
times were investigated, including unstructured, compound
symmetric, and autoregressive. An alpha level of 0.05 was considered
significant. All data was expressed in mean + SEM (standard error of
the mean). We acknowledge that the final group sizes were reduced
from our initial target due to unexpected mortality, technical issues,
and resource limitations. Despite the imbalanced sample sizes,
we applied appropriate statistical methods, such as mixed-effects
models, which are robust to unequal group sizes. While the smaller
group sizes may reduce overall power, the effect sizes observed were
substantial, supporting the biological relevance of our findings despite
variability in sample numbers.

Results

Isolation and characterization of
endothelial progenitor cell-derived
exosomes for stroke treatment

To utilize stroke treatment, we isolated EPCs from mouse bone
marrow following selection with cKit antibody and cultured them in
exosome-depleted EPC media in normoxic conditions. After 2 days
of culture, the medium was collected, and exosomes were isolated
using size exclusion filters and ultracentrifugation. We determined
exosome concentration, and size distribution by ZetaView, which was
previously published (50). The average size was 97.2 + 39.8 nm. After
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EPC exosome treatment, there were no observable side effects or
increase in mortality, indicating the safety of exosome treatment.
We used a membrane cytokine array to determine the cytokine
profile and compare the values with exosomes collected from other
cell types from mice. The results are already shown in our previous
publication (11).

SPECT-CT study of EPC-exosome
accumulation in stroke sites

To determine the accumulation of EPC-derived exosomes to the
sites of stroke with or without LIPFUS, radioisotope (I-131) labeled
exosomes were IV administered, and SPECT-CT images were
obtained at 3 h and 24 h following administration of exosomes. The
SPECT-CT images clearly showed higher accumulation at the site of
stroke, treated with exosomes and LIPFUS (Figure 2).

Serial MR imaging shows that EPC
exosome treatment significantly decreases
stroke volume after one week

We performed stroke surgery on 49 older (14-16 months old)
mice. Laser Speckle Imaging during the procedure confirmed
circulation occlusion in all 49 mice (Supplementary Figure 1, Laser
Speckle Images). 15 mice died before completing the study, and 12
mice did not have a stroke on day 3 MRI and were excluded from the
study. A total of 22 mice (vehicle control 9 mice, LIPFUS control 3
mice, EPC exosome treatment 4 mice, EPC exosome and LIPFUS
treatment 6 mice) completed the study.

To evaluate stroke volume in response to treatment, we employed
MRI imaging. On day 3 of stroke surgery, we obtained an MRI, which
was used as the baseline to compare stroke volume with treatment.
MRI could not be obtained before 3 days, because we observed that
mice were not stable after stroke surgery, and the MRI in the first

No USG

2Mpa USG

FIGURE 2

Representative SPECT images from three animals (each group)
following IV administration of 1-131 tagged exosomes with or without
LIPFUS. Note the higher accumulation of I-131-tagged exosomes in
the stroke area in animals that received LIPFUS (lower panel, inside
dotted circles). USG = LIPFUS.
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2 days of the surgery posed a high risk for death during or
immediately after the MRI. Therefore, on day 3, we acquired T2
images to create maps to determine the stroke and ventricular
volumes. These were regarded as the baseline and all subsequent
measurements were normalized to Day 3 values. MRI could not
determine the stroke volumes clearly in all animals on day 28;
therefore, our analysis was concentrated on day 7 data. Compared to
all groups, significantly (p=0.0176) lower stroke volume was
observed in animals treated with LIPFUS followed by IV
administration of EPC exosomes (Figure 3). There was also a smaller
stroke volume observed in the EPC exosome-only treated group but
did not achieve a significant difference. When comparing the ratio of
right to left ventricular volume among the groups, there were no
significant differences observed. All groups showed a gradual increase
in right to left ventricular volume ratio indicating a gradual shrinking
of right brain parenchyma following stroke in the right hemisphere
(Figure 4).

Cerebral blood flow and endothelial cells
post-stroke

To measure the improvement of blood supply we used arterial
spin labeling (ASL, flow-sensitive alternating inversion recovery
(FAIR)) sequences, and the flow was compared with the
corresponding contralateral left hemisphere (ratio between right to
left CBF). To our surprise, the LIPFUS+EPC exosomes group
showed no changes of rCBF on days 7 and 28 compared to that of
vehicle-treated animals (Figures 5A,B) although LIPFUS+EPC
exosomes-treated animals showed comparatively significant
resolution of stroke volume (decreased stroke volume) on day 7
(Figure 3). However, when we analyzed the Tomato lectin-positive
areas (endothelial positive areas) in the sections from the stroke
brains using Image] thresholding (masking), the LIPFUS+EPC
exosomes group showed a significantly higher (p < 0.01) number of

10.3389/fneur.2025.1543133

lectin-positive areas around the stroke sites (Figures 5C,D). This
discrepancy could be due to the lack of establishment of functional
channels (functional blood vessels) following the proliferation of
endothelial cells at the site of stroke and the administration of
LIPFUS and EPC exosomes.

Supplementary Figure 2 shows no increased extravasation of
albumin around the blood vessels, and an increased number of CD45+
and CD68+ cells in the stroke areas following LIPFUS indicating no
effect following transient BBB opening.

MR imaging and histochemical analysis of
white matter

To determine the white matter tracts, we employed two different
MRI protocols. We used DTI sequences to determine the fractional
anisotropy (FA) as well as MDEFT sequences to determine the white
matter. We have noticed larger high signal intensity areas at the stroke
sites on MDEFT compared to that of fractional anisotropy (FA)
images observed on DTI sequences (Figure 6, white arrows). When
the GFAP and MBP immunohistochemical images were analyzed, the
high signal intensity areas seen on MDEFT images correspond with
GFAP staining of activated astrocytes (Figure 6, yellow arrows).
However, we did not find any enlarged MBP or LFB areas. Rather,
both MBP and LFB staining showed decreased areas at the sites of
strokes (yellow arrows), indicating loss of white matter tracts. It is
also interesting to note that FA images show deviation of the white
matter tracts towards the midline (Figure 6, white arrows). We also
measured the volume of both brain hemispheres using MDEFT
images (excluding the ventricles). Supplementary Figure 3 also shows
the ratio of right to left hemisphere volume. PBS-treated animals
showed the lowest ratio, on the other hand, EPC exosomes treated
showed a significantly higher ratio on day 7 than that of PBS or
LIPFUS-only or LIPFUS plus EPC exosomes treated animals
indicating less loss of brain parenchyma.

Day7

Day 28

T2-maps

FIGURE 3

T B 120

T2-maps and stroke volumes: (A) T2 maps show the area of stroke on days 3, 7, and 28. All data were normalized to the corresponding stoke volume
on day 3. (B) There was higher rate (borderline significance) of stroke resolution (decreased stroke volume) observed in groups treated with
LIPFUS+EPC exosomes (p = 0.08) Stroke volume measured on day 28 was not useful as a detectable high signal intensity area was not observed.
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Ventricular volume: lateral ventricular volume was measured using T2-map images. The ratio of right lateral ventricular to left lateral ventricular
volumes was determined. Although there was a higher resolution of stroke in animals treated with LIPFUS+EPC exosomes, there were no significant
differences in the ventricular volume among the treated groups. USG = LIPFUS.
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Cerebral blood flow and density of endothelial cells: arterial spin labeling technique shows similar cerebral blood flow ratio (right/left hemisphere) in
the stroke areas and there is no significant difference among the treated groups (A,B). However, when the density of neo-blood vessels is determined
by tomato lectin staining (C,D), there is a significantly higher density of tomato lectin-positive cells seen in and around the stroke areas in LIPFUS+EPC
exosome-treated groups indicating a high number of blood vessel formation. This discrepancy could be due to less sensitivity of the MRI technique or

Assessment of additional MRI metrics

Measurements of TWI and TT were conducted. TT was
decreased compared to the contralateral hemisphere in all
treatment groups, which were recovered by day 28. There were no
significant differences among the groups on days 3, 7, and 28
(Figure 7).
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Behavioral tests correlate with stroke
volume after day 3

To determine whether LIPFUS and/or EPC exosome treatment
improves the neurobehavioral function of stroke mice, we evaluated
Bederson Scores (0-3) (59) of mice on day 3, day 7, and day 28. We found
a significant (p = 0.033) correlation between the Bederson Scores of the
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FIGURE 6

(GFAP vs. MBP, multi-fluorescent IHC was performed on the same section).

Astrogliosis and white matter tracts: (A) MRl images (MDFET) show large high signal intensity areas along the white matter tracts in the stroke
hemispheres (white arrows). (B) There are significant differences (* p < 0.05) in the ratio of high signal intensity areas among the treatment groups.
GFAP staining shows a higher number of activated astrocytes in the corresponding areas indicating astrogliosis (yellow arrows). However, DTl images
(FA) show narrower white matter tracts, which deviate towards the midline and away from the astrogliosis (white arrows). MBP staining also indicates
narrower white matter tracts; however, some of the smaller white matter tracts away from corpus callosum superimpose with that of astrogliosis

EPC+LIPFUS

B MDFET
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High intensity area (R/L ratio

Whiteintensity area RIL ratio)

mice and the stroke volume on day 3; larger stroke volumes demonstrated
higher Bederson Scores (Figure 8, Stroke volume and Bederson Scores
Day 3). We also observed mice with larger stroke volumes decreased
their activity, required longer special care, and exhibited increased signs
of disturbance. However, we did not observe significant differences in
Bederson Scores between treatment groups (Figure 8), which might
be due to the insensitivity of the Bederson Scoring system. We also
conducted a Corner test (60) to determine the preference of turning the
side of the mouse in the corner, but we did not find a significant
correlation with stroke volume 3 days post-induction of stroke (Figure 9).

Fluoro-Jade C staining revealed the extent
of stroke damage

We utilized Fluoro-Jade C staining to evaluate the extent of stroke
damage. After 28 days, Fluoro-Jade C staining revealed damaged
neurons, even though MRI had not detected most of the stroke. On
the other hand, we also observed a visible stroke in MRI on day 3 that
wasn’t detected by Fluoro-Jade C. We found a better correlation
between Fluoro-Jade C staining with other immunofluorescence
staining, showing that it might be a useful tool in determining stroke
areas in tissue (Supplementary Figure 4).

Assessment of myelin integrity and
structural changes

To assess the structural integrity of the brain in different treatment
groups and compare the response to the treatment, we conducted LFB
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staining to evaluate myelin sheaths (Supplementary Figure 5).
We found no difference between treatment groups, indicating the
extent of brain damage after 28 days of the stroke could not be detected
and differentiated using LFB staining. We also conducted Myelin Basic
Protein fluorescence staining to visualize myelin structures and could
not detect structural changes among the treatment groups
(Supplementary Figure 6).

Discussion

We have used four treatment groups, control or vehicle only,
LIPFUS only, EPC-derived exosome only, and EPC-derived exosome
along with LIPFUS to increase the delivery of exosomes. Our previous
studies demonstrated that exosome delivery was increased in the brain
with utilization of LIPFUS without ultrasound contrast agents (50),
and we anticipated that LIPFUS would also increase the delivery of
IV-administered EPC-derived exosomes to the site of stroke and
would result in a better outcome in reducing the stroke volume. Our
previous studies showed that 2 MPa LIPFUS with 180 bursts without
nanobubbles did not cause any leakage of BBB or injury to the brain
tissues (50). In this study with stroke, we decided to use 90 bursts
instead of 180 bursts. We conducted biodistribution studies of
radioisotope (I-131) tagged EPC-derived exosomes and detected them
by using SPECT scanning. Our SPECT imaging studies showed
increased accumulation of I-131 tagged EPC-exosomes to the site of
stroke following sonication. As shown in our previous studies (50),
applied LIPFUS (both ultrasound only group and EPC-exosomes plus
ultrasound group) with our optimized parameters did not cause
structural damage to the site of stroke as compared to control (vehicle
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Tensor-weighted images (like diffusion-weighted images) and tensor
trace (like apparent diffusion coefficient) values show no differences
among the treatment groups.

or EPC-exosome treated stroke) animals. The increased accumulation
of exosomes at the site of stroke following LIPFUS was probably due
to transient increased BBB opening in stroke areas or transient
inflammation and increased expression of adhesion molecules as
we have not detected extravascular albumin in the brain parenchyma.
We have also investigated whether there is an increased accumulation
of bone marrow derived CD45+ cells or CD68+ cells in stroke areas
that received LIPFUS, and we have not observed any significant
differences in the accumulation of CD45+ or CD68+ cells indicating
no structural damage in the BBB or acute inflammation following
LIPFUS. Previous studies demonstrated transient sterile inflammation
at the site of pulsed focal ultrasound and microbubble infusion in the
brain causing transient BBB opening and extravasation of albumin
was not seen after 24 h of sonication (45). There have been many
investigations targeting the focal delivery of drugs or nanoparticles
using focal ultrasound not only in the peripheral organs but also in
the brain (47, 48); however, we are the first to show the targeted
delivery of exosomes to the site of stroke using LIPFUS without
causing any structural damage. We expect this technique can be used
in the future for direct clinical treatment of acute-onset strokes and
other brain-related events.

We have utilized different sequences of MRI and created maps for
T2, rCBE FA, TT, and TWI to assess stroke volume, ventricular
volume, cerebral blood flow, and diffusion tensor parameters.
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Additionally, we also used MDFET sequences to identify the high
signal intensity areas along the white matter tracks. Our previous
study showed that most of the changes on MRI were obvious on day
14 following the administration of EPC in stroke animals (5). In this
current study, we wanted to observe the early effect of EPC exosome
treatment. Therefore, instead of performing MRI on day 14,
we scanned our animals on days 3, and 7 and delayed it on day 28. Day
7 data indicated significant differences in the stroke volume resolution
in animals that were treated with EPC-exosomes plus LIPFUS. The
delayed MRI on day 28 did not depict the stroke area and was not
useful to compare among the treatment groups. We also reported
similar results in our recent Stroke Preclinical Assessment Network
(SPAN) studies, where day 30 MRI images were not useful to
determine the effects of treatment groups for lesion volume fraction
(residual stroke volume) (62). In the current study, we measured
lateral ventricular volumes and calculated the ratio between ipsilateral
versus contra-lateral sides. MRI showed higher lateral ventricular
volume on the ipsilateral side in all treatment groups on day 28;
however, there were no significant differences observed among the
treatment groups on days 3, 7, and 28. The increased lateral ventricular
volume on the stroke side is due to the shrinking of the parenchyma/
brain structures as previously reported (63, 64). We observed
significantly lower shrinkage of the stroked hemisphere in the ECP
exosomes-only group on day 7 scans but there were no significant
changes on day 28 scans. Therefore, delayed structural MRI (for
morphometry) to determine the stroke and lateral ventricular volume
may not be useful for investigating the effects of different treatments
in stroke. Based on the results of this study, structural MRI up to day
14 will be sufficient to determine the effect of the treatments on stroke.

We also investigated rCBF by MRI and evaluated the density of
tomato lectin-positive endothelial cells in and around the stroke area
in each group of animals. Despite observing a significantly higher
number of tomato lectin-positive areas on immunohistochemistry in
animals that were treated with EPC-exosomes plus LIPFUS, rCBF
measured by MRI did not show any significant differences among the
groups on both days 7 and 28. This discrepancy between MRI and
immunohistochemistry might be due to nonfunctional vessels.
Relative CBF measured using arterial spin labeling techniques by MRI
only shows the flow to the area of interest, but tomato lection shows
the presence of endothelial cells irrespective of functional blood vessel
formation (65, 66). In contrast to this, the treatment with
EPC-exosomes plus LIPFUS increased the proliferation or
accumulation of endothelial cells at the stroke sites, which might help
in reviving the dying neurons and significantly decrease stroke
volume. FluoroJade C staining also proved that EPC-exosomes plus
LIPFUS-treated animals qualitatively had a lower number of
degenerating mature neurons.

The most striking feature we observed on MRI was the hyper-
intense voxel in the region of the stroke on the MDFET sequence. This
sequence is like TIW images with water suppression. These high
signal intensity regions are associated with white matter tracts
observed on FA maps derived from DTI. Corresponding
immunohistochemistry staining depicting GFAP and myelin basic
protein-positive areas indicate the activated astrocytes and white
matter tracts.

Astrogliosis is a process that occurs in the brain after injury, when
nearby astrocytes enlarge, proliferate, and increase their expression of
GFAP (67, 68). This process can lead to the formation of glial scars,
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Bederson score: when all animals are together, the Bederson score is correlated with the volume of stroke size on day 3 but there is no correlation on
days 7 and 8. There are also no significant differences among the treatment groups in the Benderson score on days 7 and 28 (right lower panel).
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which can wrap around the injury site and limit further hemorrhage and
monocyte infiltration (69). The duration of the astrocyte scar is related
to the severity of the injury, and mild astrocyte activation may subside
over time. Investigators have renewed their interest in astrogliosis in the
management of stroke (70). Astrocyte activation may influence neural
regeneration and neovascularization and improve neuronal functions
following a stroke (69, 71). It has been reported that there are detrimental
effects of astrogliosis (72); however, the majority of studies have indicated
that astrogliosis is beneficial for stroke recovery, and targeted therapy to
control astrogliosis may help stroke patients (68, 70, 72). Until now
astrogliosis has been diagnosed or detected by immunohistochemistry,
but more recently MRI has been used to detect astrogliosis (73, 74). It
has been reported that changes in the FA are due to reactive astrocytes
at the sites of traumatic brain injury (75). We have used MDFET
sequences to determine the hyperintense voxels in areas that are not
related to edema and fluid (76). In the current study, the high signal
intensity areas on MDFET images corresponded to the site of astrogliosis
determined by immunohistochemistry. FA images showed a relatively
increased signal compared to the contralateral normal brain even though
there were fewer white matter bundles. The high signal intensity was
associated with a higher number of reactive astrocytes and scars on
immunofluorescence. Further investigations are warranted to determine
the astrogliosis and signal on DTT images at different stages of stroke.
We did not observe any differences among the groups in
neurobehavior studies, although stroke volume determined on day 3
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significantly positively correlated with Bederson’s score. Animals with
larger stroke volumes preferred to turn right more often when the
Corner test was employed; however, no significant differences were
observed among the treatment groups. The studies showed
significantly decreased stroke volume following treatment with
EPC-exosomes plus LIPFUS on day 7. There was also an increased
number of endothelial cells at the site of stroke as well as decreased
neuronal degeneration on FluoroJade C staining, but the
improvements were not reflected in the neurobehavioral studies. This
discrepancy might be due to the limited sensitivity of the
neurobehavior tests or the small sample size in each cohort. Our
study design was to follow up to day 28 following stroke, in respect of
MRI and neurobehavior. Although some previous publications
pointed out the importance of follow up to 42 days for long-term
follow up but recent publications from SPAN pointed out 28-30 days
is acceptable to determine therapeutic effects of any experimental
therapy (62).

We have targeted to have at least 10 animals per treatment group;
however, due to a missing stroke on day 3 MRI and early death of
animals following the stroke (probably due to a very large stroke),
we ended up lower than the expected sample size. Although we have
not achieved significance in statistical analysis in many of our
calculated parameters, we observed a tendency of better stroke
recovery in animals that were treated with ECP exosomes with or
without LIPFUS.
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among the treatment groups on days 7 and 28 (b, c).

Corner test: on day 3 (a) animals show a significant correlation between the stroke volume and right turn. However, there are no significant differences
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Conclusion

Pulsed low-intensity focal ultrasound can effectively deliver
IV-administered ECP-derived exosomes to the site of stroke and stroke
resolution was enhanced in the treatment groups of LIPFUS+EPC
exosomes. LIPFUS can be employed to enhance the delivery of exosomes
or other therapeutic probes to the site of stroke without damaging the
brain structures. EPC-exosomes can serve as a therapeutic probe.
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