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ARTICLE INFO ABSTRACT
Keywords: Objective: To characterize the response of extracellular vesicles (EV) in the serum of mice and Alzheimer’s disease
Focused ultrasound (AD) patients following focused ultrasound (FUS)-mediated blood-brain barrier (BBB) opening (FUS-BBBO) as a
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means to improve liquid biopsy.

Methods: Blood was collected from C57BL/6 mice before, and one hour after FUS-BBBO, and from AD patients
before, one hour after, and three days after FUS-BBBO. EVs were isolated from serum using the Exoquick precipi-
tation solution and their concentration was quantified using nanoparticle tracking analysis. The transcriptomic
and proteomic content of EVs from mice was assessed using RNA sequencing and mass spectrometry protein anal-
ysis respectively. Additionally, the release of EVs in mice was inhibited using the GW4869 drug to assess the role
of EVs in the restoration of the BBB. Finally, the biomarker content of EVs in AD patients was detected using a
Luminex multiplex assay.

Results: We observed a 164+85% (95% confidence interval: 78.998 — 249.202) increase in murine EV concen-
tration one hour after treatment, as well as an increase in EV RNA associated with FUS-BBBO neuroimmu-
notherapy. Inhibition of EVs reduced the inflammatory response and BBBO volume in mice. Patient EV
concentration also increased one hour after treatment and was dependent on the volume of BBB opening
three days post-treatment. Furthermore, EV isolation was found to significantly enhance (p<0.05) the
detection of FUS-BBBO-induced amplification of AD and CNS biomarkers such as GFAP, beta-amyloid 42
and phosphorylated tau 181, exhibiting on average a 1.2 times higher log-fold change in biomarker levels
in isolated EVs compared to total serum.

Conclusion: Overall, we hereby present the first evidence of altered murine and AD patient EV concentration and
content in response to FUS-BBBO, providing evidence of EVs’ role within FUS-BBBO neuroimmunotherapy as
well as their utility in improving FUS-BBBO biomarker amplification. Our results pave the way for clinical appli-
cations of EV-based liquid biopsy in patients with neurodegenerative diseases following FUS-BBBO, as a way of
noninvasively monitoring disease progression.

Introduction and the circulation of neurological disease biomarkers in the blood [1].
Focused ultrasound-mediated blood-brain barrier opening (FUS-BBBO)
The blood-brain barrier (BBB) is a virtually impermeable barrier combines focused ultrasound with intravenously administered micro-
between the blood and the brain that keeps the brain at homeostasis for bubbles to transiently and noninvasively open the BBB, tackling these
neuronal firing. In addition to limiting the infiltration of neurotoxins two challenges [2—4].
and pathogens, the BBB limits both the delivery of drugs to the brain
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chromatography/mass spectrometry electrospray ionization time-of-flight; LogFC, log fold change; MB, Microbubble; miRNA, micro-RNA; MRI, magnetic resonance
imaging; ncRNA, noncoding RNA; NTA, nanoparticle tracking analysis; PBS, phosphate-buffered saline; piRNA, piwi-interacting RNA

* Corresponding author. Elisa E. Konofagou, Department of Biomedical Engineering, 351 Engineering Terrace, Mail Code 89041210, Amsterdam Avenue, New
York, NY 10027, USA.

E-mail address: €k2191@columbia.edu (E.E. Konofagou).

$ These authors contributed equally.

https://doi.org/10.1016/j.ultrasmedbio.2025.04.019
Received 4 February 2025; Revised 25 April 2025; Accepted 28 April 2025

0301-5629/© 2025 World Federation for Ultrasound in Medicine & Biology. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.

Please cite this article as: A.R. Kline-Schoder et al., Response of Serum-Isolated Extracellular Vesicles to Focused Ultrasound-Mediated Blood-Brain
Barrier Opening, Ultrasound in Medicine & Biology (2025), https://doi.org/10.1016/j.ultrasmedbio.2025.04.019



mailto:ek2191@columbia.edu
https://doi.org/10.1016/j.ultrasmedbio.2025.04.019
https://doi.org/10.1016/j.ultrasmedbio.2025.04.019
https://doi.org/10.1016/j.ultrasmedbio.2025.04.019
https://doi.org/10.1016/j.ultrasmedbio.2025.04.019
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ultrasmedbio

JID: UMB

A.R. Kline-Schoder et al.

Although initially designed to facilitate drug delivery through
the BBB, FUS-BBBO has also been established as a neuroimmuno-
therapeutic treatment for neurological diseases and a method of
amplifying the detection of neurological biomarkers [4—10]. As a
neuroimmunotherapeutic, FUS-BBBO has been shown to reduce dis-
ease pathology and ameliorate disease-associated cognitive deficits
in many neurological models ranging from Alzheimer’s Disease
(AD) to depression [6,11]. These effects coincide with brain macro-
phage modulation, increased neurogenesis, and increased synaptic
plasticity [5,12,13]. FUS-BBBO amplification of neurological bio-
markers has been primarily investigated in models of brain cancer,
where reports have found increases in circulating cell-free DNA
(cfDNA), as well as central nervous system (CNS) proteins, includ-
ing Glial Fibrillary Acidic Protein (GFAP), in response to treatment
[4,7—-10].

Extracellular vesicles (EVs) are lipid vesicles responsible for cell
transport and exchange. EVs have a highly variable cargo, including pro-
teins, carbohydrates, and/or coding and noncoding RNA (ncRNA). Due
to their small size, there is a particular emphasis on ncRNA within EVs
such as micro RNA (miRNA) and piwi-interacting RNA (piRNA). Both
miRNA and piRNA regulate the mRNA transcription of target protein-
encoding genes. There are publicly available databases of miRNA and
piRNA target genes, which allow functional annotation of the up- and
downregulated ncRNA targets [14].

EVs are reported to modulate the neuroimmune system, including
maintenance and repair of the BBB, neurogenesis, and synaptic plasticity
[15—19]. Due to their role in intercellular communication, EV isolation
and characterization have emerged as a method for improving the speci-
ficity of biomarker detection. Recent meta-analyses of biomarkers in AD
have found that isolating EVs prior to quantifying protein load provides
a more specific diagnosis [20].

There is preliminary evidence of in vivo FUS-BBBO-induced
increases in neuronal EV concentration in blood and in vitro FUS-
induced increases in neuroprotective EV concentration and glioma-
derived EVs [21—-23]. Additionally, work outside the CNS has iden-
tified a FUS-induced increase in anti-inflammatory EVs after treat-
ment of arthritis [24,25]. Given this preliminary evidence of FUS-
BBBO affecting EV concentration and content, as well as their dual
role in modulating the neuroimmune system, and as an emerging
biomarker, we aimed to study in greater detail the effect of FUS-
BBBO on EV concentration and content, and the potential of EV-
based liquid biopsy to be translated to the clinic.

While most studies on FUS-enhanced liquid biopsy focus on
detecting brain tumor biomarkers in the circulation, there is a pleth-
ora of indications where liquid biopsy can be improved with FUS-
BBBO. Neurodegenerative diseases, such as AD, are interesting can-
didates for liquid biopsy, as diagnosis and monitoring of these con-
ditions are often limited to subjective neurological exams, or PET
imaging for the detection of molecules such as beta-amyloid and
hyperphosphorylated tau, which subject the patients to high doses
of ionizing radiation. Identifying biomarkers for AD present in circu-
lation, and developing ways to enhance their concentration could
offer a cost-effective and noninvasive way for disease diagnosis and
monitoring. Recently, our group conducted a phase I clinical trial
(NCT04118764) on six AD patients using our neuronavigation-
guided FUS-BBBO system [26], which offered a unique opportunity
to study the effect of FUS-BBBO on the concentration of AD-relevant
molecules in the blood circulation. We therefore aimed to evaluate
the effectiveness of FUS-BBBO in improving liquid biopsy in AD,
and assess the clinical applicability of EV-based liquid biopsy in neu-
rodegenerative diseases.

In this study, we explore the response of EVs in serum following FUS-
BBBO in a mouse model and in a clinical trial with AD patients. In the
mouse study, the concentration of EVs in serum, as well as their transcrip-
tomic and proteomic content, was analyzed. To assess the role of EVs in
modulating the neuroimmune response following FUS-BBBO, we
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investigated the effect of GW4869, a neutral sphingomyelinase inhibitor
that blocks EV generation [27], on the restoration timeline of the BBB.
Finally, to elucidate the potential of EVs in amplifying neurological marker
detection, we collected blood samples from AD patients participating in
our group’s clinical study on neuronavigation-guided FUS-BBBO and ana-
lyzed the protein content of EVs for important AD biomarkers. This study
provides the first translational analysis of EV concentration and content
after FUS-BBBO, providing evidence of both the EV role within the neuro-
immunotherapeutic response and the potential use of isolating EVs to
improve FUS-BBBO neurological biomarker accentuation.

Materials and methods
FUS-BBBO in mice

All animal studies were first reviewed and approved by the Institu-
tional Animal Care and Use Committee at Columbia University. Mice in
the FUS-BBBO and microbubble (MB) sham groups were anesthetized
with a mixture of oxygen and 1%—2% isoflurane (SurgiVet, Smiths Medi-
cal PM, Inc., WI), placed on a stereotaxic apparatus (David Kopf Instru-
ments, Tujunga, CA) and their heads were immobilized and depilated to
reduce acoustic impedance mismatch. Degassed ultrasound gel was
applied to the head and a bath with degassed, deionized water was low-
ered on top of the head. The lambdoid suture was identified, and the
transducer was positioned over it as previously described [28].

In mice that were treated with FUS-BBBO, a single-element, spherical-
segment concave FUS transducer (center frequency: 1.5 MHz, focal depth:
60 mm, radius: 30 mm; Imasonic, France) that was driven by a function
generator (Agilent Keysight 332204, Palo Alto, CA, USA) through a 50-dB
power amplifier (325LA, Electronic Navigation Industries, Rochester, NY,
USA) was used to treat the two hippocampi. The center of the transducer
held a pulse-echo ultrasound transducer (V320, center frequency:
7.5 MHz, focal depth: 52 mm, diameter 13 mm; Olympus NDT, Waltham,
MA) that was used for alignment and passive monitoring of microbubble
cavitation. The pulse-echo ultrasound transducer was driven by a pulser-
receiver (5077 PR, Olympus, Waltham, MA, USA) which was in turn con-
nected to a digitizer (Gage Applied Technologies, Inc., Lachine, QC, Can-
ada). The transducer setup was attached to a three-dimensional
positioning system (Velmex Inc., Lachine, QC, Canada). Each hippocampus
was sonicated first for 10 seconds to obtain a baseline cavitation dose and
then again for 2 minutes for the experimental sonication. For all experi-
ments, in-house synthesized, lipid-shelled microbubbles (average concen-
tration: 8 X 10e8/ml, mean diameter: 1.4 pm) were manufactured
according to previously published protocols [29,30]. A bolus of 3 uL of
microbubbles was diluted in 100 pL of sterile saline and was injected intra-
venously between the baseline and experimental sonications. The trans-
ducer was not triggered to treat the MB sham mice; otherwise, the
treatment was identical to that of the FUS-BBBO mice. Mice in the naive
group were not subjected to anesthesia, FUS or microbubble injections.

Mouse serum collection

Mouse blood was collected from the submandibular vein without
anesthesia the day before, and 1 hour after FUS-BBBO (Fig. 1a). Mice
were held by grasping the skin behind the head firmly. A 16-gauge nee-
dle was inserted into the submandibular vein and then removed. Less
than 100 L of blood was collected in heparin-coated serum-separating
tubes (Ram Sciences). After collection, gentle pressure was applied to
the site of the puncture in order to stop bleeding. The blood was then
left at room temperature for 15—30 minutes to clot and then spun down
at 3000 x g for 15 minutes. Serum was aliquoted into a separate tube
and stored at —80°C for future processing.
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Figure 1. Extracellular vesicle concentration increases after FUS-BBBO in the serum of mice. (a) Murine experimental timeline. Blood draws were taken for EV isola-
tion at two time points: prior to treatment (baseline) and 1 hour after treatment (1 hour). Animals were randomly split into three treatment groups: FUS-BBBO, sham,
and naive. Mice in the FUS-BBBO group had 2 minutes of FUS applied bilaterally following MB injection at time 0. Animals in the sham group were injected with MB,
but no FUS was applied. Mice from the FUS-BBBO and sham groups were injected with gadolinium (Gd), and a T1-Weighted MRI was performed less than 2 hours after
the FUS-BBBO and sham procedures. Animals in the naive group were anesthesia-, MB-, and FUS- naive. (b) Western blots of -actin and EV tetraspanin markers CD9,
CD63, and CD81 on representative sham and FUS-BBBO EVs from 1 hour post-treatment show successful EV isolation. (c¢) EV concentration at baseline and 1 hour
post-treatment in mouse serum. Paired t-test was performed and displayed on a graph. (d) Percent change in EV concentration at the 1-hour time point for all 3 groups;
the FUS-BBBO group shows a significant change in EV concentration after 1 hour compared to the naive and sham groups. One-way ANOVA followed by a Bonferroni-
corrected t-test between groups was performed. All statistics are displayed on the graph.

Magnetic resonance imaging for mice

Following treatment and blood draws, all FUS-BBBO and MB Sham
animals underwent scanning with a 9.4 T MRI system (Bruker Medical,
Boston, MA). Mice were intraperitoneally injected with 0.2 mL of gado-
diamide solution (Omniscan™, GE Healthcare, Princeton, NJ) exactly
30 minutes prior to scanning. Images were acquired using a T1-weighted
2D FLASH sequence (TR/TE 230/3.3 ms, flip angle: 70°, number of exci-
tations: 6, field of view: 25.6 mm X 25.6 mm).

GW4869 drug administration

For the EV inhibition study the drug GW4869 (MedChem Express,
Monmouth Junction, NJ, USA), a neutral sphingomyelinase inhibitor,
was used to block EV generation. Mice were separated into four groups:
naive, naive+ GW4869, FUS-BBBO, and FUS-BBBO+GW4869. A
2.5 mg/mL stock solution of GW4869 in dimethyl sulfoxide (DMSO)
was prepared and stored at —20°C until the day of injection. Immedi-
ately before administration, the drug was further diluted in sterile saline
to a final concentration of 0.25 mg/mL. Then, the drug was administered
intraperitoneally at a dose of 2.5 ug/g body weight per mouse.

To study the effect of EVs in the restoration of the BBB following
FUS-BBBO, mice in the FUS-BBBO and FUS-BBBO + GW4869 were moni-
tored for five days after the sonication procedure. The FUS-BBBO
+GW4869 group received injections of GW4869 before the FUS-BBBO

treatment, and then on day 2 and day 4 after the procedure. The prog-
ress of BBBO restoration was monitored for both groups by contrast-
enhanced T1-weighted MRI 2 hours after FUS-BBBO, and then on days
1, 3, and 5 post FUS-BBBO. Blood was collected on the day prior to FUS-
BBBO, and then 1 hour and 1 day after FUS-BBBO, and always before
the injection of gadolinium solution for MRI contrast.

To elucidate the role of EVs in the inflammatory response following
FUS-BBBO, mice from all four groups were allowed to survive for one
day after the FUS-BBBO groups were sonicated. Mice in the naive
+GW4869 and FUS-BBBO + GW4869 groups received one injection of
the drug immediately before the FUS-BBBO procedure took place. Fur-
thermore, BBBO was confirmed in the mice that underwent FUS-BBBO
by contrast-enhanced MRI 2 hours after the sonication procedure. Mice
from all groups had blood taken on the day prior to FUS-BBBO, 1 hour,
and 1 day after FUS-BBBO. After the final blood draw, the mice were sac-
rificed by transcardial perfusion with cold 1X PBS and their hippocampi
were separated for bulk RNA sequencing.

FUS treatment in AD patients

Six Alzheimer’s Disease (AD) patients underwent neuronavigation-
guided FUS-BBBO as part of our phase I clinical trial (NCT04118764).
All methods used were first approved by Columbia University’s Institu-
tional Review Board and all participants provided informed consent
prior to the FUS-BBBO procedure. Inclusion criteria, apart from
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diagnosis of AD, included a positive '®F-Florbetapir PET imaging, as well
as a Mini-Mental State Exam (MMSE) score between 12 and 26, which
aimed to include subjects with mild to moderate cognitive impairment
[31]. A complete list of the inclusion and exclusion criteria is given in
our group’s recent publication from this clinical trial [26]. The right
frontal lobe was targeted and numerical simulations using the k-wave
package in MATLAB were carried out prior to the experiment to estimate
the power attenuation of FUS through the skull. A detailed account of
the methods of FUS-BBBO in AD patients is given in our group’s clinical
paper [26]. Briefly, a single-element, spherical-segment FUS transducer
(H-231, Sonic Concepts, Bothell, WA, USA) was driven at a frequency of
0.25 MHz by a function generator (Agilent, Palo Alto, CA, USA) and a
50-dB power amplifier (Electronic Navigation Industries, Rochester, NY,
USA) to emit FUS pulses with pulse length 10 ms and pulse repetition
frequency 2 Hz. A derated peak-negative FUS pressure of 200 kPa
(mechanical index (MI) = 0.4) was applied for 2 minutes. A bolus of
microbubbles (0.1 mL/kg, Definity, Lantheus) was intravenously
injected at the start of the sonication. During the sonication, the cavita-
tion dose was monitored by using a single-element transducer for the
first four patients and an imaging array transducer (P4-2, ATL Philips)
for the remaining two patients.

Patient BBBO volume quantification

BBB opening volume was quantified from the contrast-enhanced
T1-weighted MRIs, which were taken 2 and 72 hours after FUS-
BBBO using a 3T system (Signa Premiere, General Electric, Boston,
MA, USA) for the confirmation of the opening and closing of the
BBB, respectively. For T1l-weighted contrast enhancement, an intra-
venous injection of 0.2 mL/kg gadoterate meglumine (Dotarem®,
Guerbet). The contrast-enhanced volume was quantified by subtract-
ing the 72-hour contrast-enhanced T1 MRI from the 2-hour MRI and
thresholding the subtracted image. The threshold was chosen auto-
matically so that the average intensity within the opening volume
was considerably higher than that of the surrounding area, with a
98% level of confidence assuming the Gaussian distribution of the
intensity of the subtracted image.

Extracellular vesicle isolation

The commercial ExoQuick (Systems Biosciences, Palo Alto, CA, USA)
was used according to manufacturer instructions to isolate extracellular
vesicles from both mouse and human serum. The ExoQuick precipitation
method was chosen over ultracentrifugation to simplify the isolation
process, despite the latter being the gold standard for high extracellular
vesicle yield and purity [32]. Briefly, 25 uL of mouse serum was diluted
with 75 uL of 1X PBS before incubation with 22.5 uL of ExoQuick for
30 minutes at room temperature. For human samples, 200 uL of undi-
luted serum was incubated with 45 uL of ExoQuick for 30 minutes at
room temperature. The samples were then spun down at 1500 X g for
35 minutes at 4°C, and the pellet (isolated extracellular vesicles) was
resuspended in 100 uL or 200 uL of 1X PBS for the mouse and human
samples respectively. The isolated EV suspensions were stored at —80°C
until further processing.

Nanoparticle tracking analysis

Extracellular vesicle concentration analysis was quantified by
nanoparticle tracking analysis (NTA) on a NanoSight (NS300, Mal-
vern Panalytical, Malvern, UK). 5 uL of isolated mouse EVs or 1 uL
of isolated human EVs were further diluted into 1 mL of 1X PBS.
This solution was then run through the Nanosight at a rate of 1000
uL/min, and the resulting image was captured and analyzed for par-
ticle concentration and size distribution. The relative concentration
changes between baseline and post-FUS-BBBO time points for each
subject were subsequently assessed.
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Multiplex protein quantification

For the samples from the clinical study, a Luminex multiplex
assay was used to quantify proteins in serum and isolated clinical
extracellular vesicles (Luminex Corporation, Austin, TX, USA). A
simpler and more cost-effective assay was used for the clinical study
as opposed to mass spectrometry to allow for an easier transition to
the clinic. Single procartaplex kits were purchased and combined to
make a custom multiplex panel for analysis (Invitrogen, Waltham,
MA, USA). Data were fit with a separate five-parameter logistic
dose-response curve for each protein, and all curves had R? greater
than or equal to 0.95.

Mass spectrometry protein analysis

For the samples from the mouse studies, mass spectrometry proteo-
mics was performed by Systems Biosciences on already isolated EVs. In
brief, Systems Biosciences lysed the isolated EVs in a gel-loading bulffer,
followed by gel-based extraction and trypsinization for peptide library
creation for LC/MS ESI-TOF. Peptide signatures were then mapped to a
database of known protein sequences. Peptide quantification across all
four runs was loaded into R, normalized, and processed for differential
protein expression utilizing the UniprotR package. All functional annota-
tion was performed with the TopGO package.

RNA sequencing

RNA Sequencing was performed by Systems Biosciences on
already isolated EVs and dissected frozen hippocampus tissue. RNA
was isolated and quantified using Agilent Bioanalyzer Small RNA
Assay before 75 bp single-end read Next Gen Sequencing libraries
were prepared using Qiagen small RNA library preparation and gel
purification. Sequencing was performed on Illumina NextSeq with
SE75 at an approximate depth of 10—15 million reads per sample.
Reads were processed and aligned to the GRCm38 genome with
Ensemble transcriptome annotation (GRCm38.p6) using CellRanger
with default parameters. Count tables were loaded into R and under-
went normalization and differential gene expression analysis using
the edgeR package. piRNA and miRNA targets were extracted from
piRNAdb and miRBase, respectively. All functional annotation was
performed with the TopGO package.

Western blotting

RayBiotech performed western blotting using an automated capillary
immunoassay method. Samples and reagents were loaded onto an assay
plate and put into a western blotting machine. The sample was automati-
cally loaded and separated by size while it traveled through the stacking
and separation matrix. Then, the separated proteins are fixed with pro-
prietary capture chemistry. Target proteins are identified with primary
and secondary HRP-conjugated antibodies. Details on the Western Blot
service, and the antibodies used can be found on the website of RayBio-
tech (www.raybiotech.com/other-services/western-blot-service or by
searching “Auto-Western Blot Service RayBiotech”).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism (Graph-
Pad Software Inc, La Jolla, CA, USA). The differences in EV concen-
tration before and after FUS-BBBO in mice and AD patients were
assessed by paired t-tests, and linear regression analysis was carried
out to correlate the BBB opening volume with the 3-day EV concen-
tration change and the log-fold change in biomarker content in
serum and EVs of AD patients. The difference in content between
serum and isolated EVs was assessed using an unpaired t-test. In the
GW4869 EV depletion study, the differences between groups were
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assessed by one-way ANOVA followed by Bonferroni post hoc multi-
ple comparison correction. For RNA-sequencing, statistical analysis
was carried out on R using a quasi-likelihood F test (QLF) using the
glmQLFTest function and a coefficient of 3. Statistical significance
was set for p<0.05.

Results
Murine extracellular vesicle concentration increases after FUS-BBBO

Wild-type mice were separated into three groups — naive, sham, and
FUS-BBBO (Fig. 1a). Animals treated with FUS-BBBO were intravenously
injected with microbubbles (MB) and treated with 2 minutes of focused
ultrasound bilaterally on the hippocampi, consistent with literature
[28,33]. Animals in the sham group were intravenously injected with
MB but were not treated with focused ultrasound. Animals in all groups
had blood drawn twice immediately before treatment (baseline) and
1 hour after treatment (1 hour). Animals in the sham and FUS-BBBO
groups underwent contrast-enhanced T1-weighted MRI after the second
blood draw to confirm the opening within the FUS-BBBO group and the
lack of opening within the sham group. The methods detail EV isolation
and concentration quantification.
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Western blots of the isolated EVs from representative sham and FUS-
BBBO samples confirmed the successful isolation of the EVs via expres-
sion of the marker tetraspanin proteins CD9, CD81, and CD63, and using
p-actin as a control (Fig. 1b). Nanoparticle tracking analysis (NTA)
reveals that the EV concentration is significantly increased 1 hour after
treatment compared to the baseline (Fig. 1c). Furthermore, the average
increase of 164% after FUS-BBBO is significantly higher than the per-
centage change in naive and sham samples which averages near 0%
(Fig. 1d), with 95% confidence intervals between 81.75% and 271.3%
for naive vs FUS-BBBO, and 92.38% and 273.6% for sham vs FUS-BBBO.

FUS-BBBO alters murine extracellular vesicle protein and RNA load

Given the significant increase in EV concentration 1 hour after treat-
ment, we performed whole genome RNA-sequencing and mass spec-
trometry protein identification (Systems Biosciences, Palo Alto, CA,
USA) on isolated EVs from baseline and 1 hour. To reduce the effects of
inter-subject variability, isolated EV samples from 3 animals from each
time point (baseline and 1-hour post-FUS-BBBO) were pooled and
underwent both processes. Differential gene expression analysis
between 1 hour and baseline reveals significantly up- and downregu-
lated protein-coding and non protein-coding (ncRNA) RNAs (Fig. 2a—c).
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Figure 2. FUS-BBBO alters the murine EV RNA and protein load. (a) Volcano plot of differentially expressed RNA between 1 hour post-treatment and baseline EVs with
key protein-coding genes highlighted. Genes above the dashed line are significantly (p<0.05) differentially expressed. (b) A bar chart of the significantly (p<0.05) up
and down-regulated RNA split by type. c) Plot of the most significantly up and downregulated protein-coding RNAs with LogFC of protein expression on the horizontal
axis. (d) Volcano plot of differentially expressed proteins (from mass spectrometry proteomics) between 1 hour post-treatment and baseline EVs with key proteins
highlighted. Proteins above the dashed line are significantly (p<0.05) differentially expressed. (e) Plot of the most significantly up- and downregulated proteins with
LogFC of protein expression on the horizontal axis. (f) Functional annotation of the 1) significantly upregulated protein, 2) significantly upregulated protein-coding
genes, 3) significantly upregulated noncoding RNA (ncRNA), 4) genetic targets of the significantly upregulated piRNA, and 5) genetic targets of the significantly upre-
gulated micro-RNA (miRNA). The adjusted Kolmogorov-Smirnov p-value magnitude is displayed in color. The size of each dot corresponds to the percentage of anno-

tated genes from that term that are significantly upregulated.
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Upregulated protein-coding genes detected via RNA sequencing include
proliferation-associated genes such as Sox3 and inflammation-associated
genes such as Mapkl2. Downregulated protein-coding genes include
tight-junction genes such as Cldn11. Additionally, noncoding RNA types
such as microRNA (miRNA) and transfer RNA (tRNA) are also upregu-
lated (Fig. 2b). These types of noncoding RNA are known for regulating
gene expression and protein synthesis. Differential expression of the pro-
tein identification finds many fewer significantly up and downregulated
proteins (only 10 proteins compared to 900 genes). The most signifi-
cantly upregulated proteins include immediate inflammatory response
proteins such as Lbp and hemoglobin-associated proteins such as Hbb-bs
(Fig. 2d—e).

Next, functional annotation was used to identify the biological pro-
cesses associated with the differentially expressed: a) proteins, b) pro-
tein-encoding genes, ¢) ncRNA, d) piRNA target genes, and e) miRNA
target genes. Protein functional annotation maps to immediate and acute
inflammatory responses, while protein-coding and noncoding RNA cor-
respond to more long-term responses such as synapse regulation and
neurogenesis (Fig. 2f). Many of the functions associated with the RNA
changes are coincident with reported FUS-BBBO increases in neurogene-
sis [5], proliferation [5], and synaptic remodeling [13]. This leads to the
hypothesis of the EV response involvement in the neuroimmunothera-
peutic responses to FUS-BBBO.

GWA4869 eliminates murine EV concentration increase and reduces
inflammatory response

To further elucidate the role of EVs in modulating FUS-BBBO neuro-
immunotherapy, we utilized GW4869, a neutral sphingomyelinase
inhibitor that is the most widely used agent for blocking EV generation
[27] (Fig. 3a). We studied four groups for this experiment: naive, naive
+GW4869, FUS-BBBO, and FUS-BBBO + GW4869.

First, we confirmed that GW4869 successfully eliminated the FUS-
BBBO-induced increase in EV concentration. We found that 1 hour after
treatment, the animals treated with FUS-BBBO + GW4869 had a statisti-
cally lower EV concentration compared to baseline, starkly contrasting
with our FUS-BBBO group, which increased in EV concentration by over
100% (Fig. 3b). Comparing the EV concentration change between our
four groups, we see that FUS-BBBO +GW4869 is indistinct from naive
and naive + GW4869 both 1 hour and 1 day after treatment (Fig. 3c).

Next, we monitored BBB restoration after FUS-BBBO with and with-
out GW4869. The BBB opening volume of each animal was quantified
on Days 0, 1, 3, and 5. On every day of measurement, the animals in the
FUS-BBBO + GW4869 had smaller openings than those in the control
group (Fig. 3d). This difference is particularly significant on day 1 when
the BBBO volumes of the FUS-BBBO and FUS-BBBO + GW4869 groups
averaged 58% and 42% of the day 0 BBBO volume respectively (Fig. 3e).

Due to previous literature identifying 1 day as the peak of FUS-BBBO-
induced inflammation [5,34,35], and given the more restored BBB in
our FUS-BBBO +GW4869 group at this time point, we performed bulk
RNA sequencing on hippocampus tissue extracted from 1 day after FUS-
BBBO for our four treatment groups. Differential gene expression
between FUS-BBBO and FUS-BBBO + GW4869 revealed that GW4869
reduced the presence of inflammatory markers, including IL6 and CCL4
(Fig. 3f). In order to account for any effects of GW4869 treatment alone,
we performed functional annotation on the differentially expressed
genes between FUS-BBBO compared with naive and FUS-BBBO
+GW4869 compared with naive+GW4869. This revealed increased
processes altered in FUS-BBBO without injecting GW4869, including
migratory, development, and inflammatory terms. The functions shared
by both comparisons are primarily involved with vasculature develop-
ment (Fig. 3g).

Overall, we see that GW4869 eliminates the FUS-BBBO-induced
increase in EV concentration, decreases the volume of BBB opening, and
reduces the number of differentially affected processes after FUS-BBBO,
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indicating a vital role for EVs within the neuroimmunotherapeutic
response to FUS-BBBO.

Patient extracellular vesicle concentration peaks 1 hour after FUS-BBBO

Six Alzheimer’s Disease Patients underwent FUS-BBBO as part of our
group’s phase I clinical trial (NCT04118764) as reported in our group’s
clinical paper [26]. All patients had blood drawn immediately prior to
treatment (Baseline) and 3 days after treatment. Additionally, the last
four patients — P3, P4, P5, and P6 — had blood drawn 1 hour after
treatment (Fig. 4a). All patients apart from P3 had confirmed blood-
brain barrier opening; due to failed microbubble injection, P3 did not
have successful opening, as determined by the absence of contrast
enhancement in T1l-weighted MRI imaging and thus is considered a
FUS-sham subject. Furthermore, the procedure was well tolerated by all
patients, and no patients showed any severe adverse events, while only
one patient (P1) exhibited a mild skin erythema presented on day 0
(treatment day) and an asymptomatic cerebral edema with a superficial
hemorrhagic component which presented on day 3. Follow-up of this
patient 15 days post-FUS-BBBO revealed that the radiological signs of
the edema had been fully resolved. Full details of the clinical findings of
this study have been published by Bae et al. [26].

EVs were isolated from each time point for each patient. Western
blotting of the isolated EVs from representative Baseline and FUS-BBBO
samples confirmed successful EV isolation (Fig. 4b). Comparing EV con-
centration from Baseline to 1 hour post-treatment reveals a significant
increase in EV concentration (Fig. 4c) with a near-return to Baseline by
3 days after treatment (Fig. 4d). Furthermore, the percent increase in
EVs 3 days after treatment is correlated with the volume of the blood-
brain barrier opening (Fig. 4e).

EV isolation improves FUS-BBBO amplification of neurological biomarkers

To elucidate the utility of EVs in improving liquid biopsy specificity,
we quantified several potential AD biomarkers, EV proteins, and other
CNS proteins within our patient-isolated EVs, isolated EVs normalized
by EV concentration (normalized EVs), and total serum. The concentra-
tion of the target biomarkers and proteins in the total EV population,
normalized EV population as well as total serum was found to remain
mostly unchanged 1 hour after treatment and even decreased compared
to baseline. Three days after treatment, the concentration of a number
of proteins is significantly increased for both EVs and normalized EVs
compared to the total serum, which has no changes in marker concentra-
tion for any of the markers (Fig. 5a). Furthermore, the differences
between 1 hour and 3 days log fold change (LogFC) in protein content
are more statistically distinct for the EVs and normalized EVs than for
total serum (Fig. 5b).

Finally, in our clinical study, we compared the MRI-based blood-
brain barrier opening volume to the LogFC of select biomarkers 3 days
after treatment [26]. Thorough analysis of this data indicated that the
level of AD biomarkers is positively correlated with BBBO in serum and
EV content but not normalized EV content (Fig. 5b). This indicates that
the increase in biomarker detection is due to a higher number of EVs
being released as opposed to each EV having a higher biomarker concen-
tration. Overall, our findings from the AD clinical trial reveal the poten-
tial of FUS-BBBO in enhancing EV-based biomarker detection sensitivity
and specificity for liquid biopsy in AD.

Discussion and conclusion

Focused ultrasound blood-brain barrier opening (FUS-BBBO) has
been studied as a neuroimmunotherapeutic and a method of improving
liquid biopsy specificity for neurological disorders [4,6,11]. Due to the
dual role of EVs in modulating the neuroimmune system [18,19] and as
an emerging biomarker [20,36], we aimed to identify the effect of FUS-
BBBO on EVs isolated from mouse and AD patient serum.
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Figure 3. GW4869 eliminates murine EV concentration increase and reduces inflammatory response. (a) GW4869 study timeline. In the BBB restoration study, sequen-
tial MRIs were taken after FUS-BBBO to monitor BBB restoration after treatment with and without GW4869. In the inflammation study, animals were sacrificed 1 day
after treatment and the inflammatory response and bulk transcriptome were compared between FUS-BBBO, FUS-BBBO + GW4869, naive and naive + GW4869 animals.
(b) EV concentration at Baseline and 1 hour after treatment with either FUS-BBBO or FUS-BBBO + GW4869. Paired t-test was performed for each group. (c) Percent
change in EV concentration 1 hour and 1 day after treatment for all groups. ANOVA followed by Bonferroni post hoc t-tests were performed for each time point.
(d) BBBO volume for the day of treatment and 1 day, 3 days, and 5 days following treatment for both FUS-BBBO and FUS-BBBO + GW4869. (e) The proportion of the
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Figure 4. Extracellular vesicle concentration increases after FUS-BBBO in Alzheimer’s Patients. (a) Schematic of the clinical trial with neuronavigation-guided FUS-
BBBO, including each patient’s blood draw and opening volume. (b) Western blots of $-actin and tetraspanins CD63, CD81, and CD9 from isolated EVs at baseline and
1 hour after FUS-BBBO confirm successful EV isolation. (c) EV concentration at Baseline and 1 hour after treatment for the patients who had successful treatment ses-
sions. The differences between the two time points are statistically significant, following a paired t-test (p<0.01) (d) Percent change in EV concentration 1 hour and
3 days after treatment compared to baseline. An unpaired two-tail t-test was performed between the two groups, and the differences were found to be not statistically
significant, but trending towards significance (p=0.091). (e) Correlation of BBBO volume and the percent change in EV concentration 3 days after treatment. Simple
linear regression was performed, and the resulting R? and p-value are on the chart. While the p-value indicates lack of statistical significance (p>0.05), these results
show a good correlation between the BBBO volume and EV concentration change 3-days post-BBBO.

We first identified a significant increase in mouse EV concentration
1 hour after treatment coincident with RNA changes associated with the
EV-dependent neuroimmunotherapeutic effects of FUS-BBBO such as
neurogenesis, synaptic pruning, and Dbarrier = maintenance
[5,6,16,37,38]. Restricting the EV concentration increase with GW4869
resulted in reduced blood-brain barrier opening volume and inflamma-
tion, indicating the contribution of the EVs to FUS-BBBO inflammation
and opening volume. This result also points to an active role that EVs
may have in the immunotherapeutic response of FUS-BBBO, as EVs are
contributing to the intercellular exchange of inflammatory signals.
Future studies will aim to map the transcriptomic and proteomic

changes exhibited by EVs following FUS-BBBO to specific neuroinflam-
matory and neuroprotective pathways to further understand the cellular
responses to FUS-BBBO.

The immune response to FUS-BBBO has spearheaded debate
about the method’s safety, so the ability to control and mitigate
FUS-BBBO-induced inflammation provides an exciting new avenue,
mainly when FUS-BBBO is used purely as a drug delivery tool [35].
In particular, EV modulation and depletion could be used to reduce
or fine-tune the inflammatory response to FUS-BBBO in drug and
gene delivery applications where an immune response may be unde-
sirable, or even to controllably amplify the inflammatory response
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Figure 5. EV isolation further improves FUS-BBBO amplification of neurological biomarkers. (a) Comparison of the FUS-BBBO-induced increase in neurological bio-
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opening and the LogFC change of biomarkers in total serum, isolated EVs and isolated EVs normalized to the EV concentration (Normalized EV). Simple linear regres-
sion was performed for each condition, and the R2 and p values are displayed on the heatmap.

in drug-free applications such as FUS-BBBO immunotherapy. Future
work will include investigating the neuroimmunotherapeutic capac-
ity of FUS-BBBO with depleted EVs because those benefits may
require a complete neuroimmune response.

Secondly, we identified a significant increase in Alzheimer’s Disease
(AD) patient EV concentration 1 hour after treatment that increased line-
arly with the BBBO volume 3 days after treatment. This was accompa-
nied by increased AD biomarker detection specificity in isolated EVs
compared to total serum, which was also correlated with the volume of
BBBO as shown in our clinical study [26]. Combined, these results high-
light the potential of EVs to be used as accurate and specific markers for
neurological diseases, and the ability of FUS-BBBO to amplify their
detection in a noninvasive way. These results complement prior studies
exploring the role of EVs in neurodegenerative diseases, as amyloid and
tau transport in EVs has been previously observed, and plasma exosomes
have been previously proposed as biomarkers for AD as well as other
neurodegenerative diseases such as Parkinson’s and Huntington’s Dis-
ease [39].

The results of this study may inform future clinical applications of
EV-based liquid biopsy for neurodegenerative diseases. While complete
replacement of costly monitoring methods, such as PET and MRI imag-
ing, by liquid biopsy is not yet feasible, the use of EVs can complement
imaging and potentially provide additional information on the presence
of disease-related molecules in the brain. In particular, since liquid
biopsy can be multiplexed for the detection of multiple proteins from a
single sample, it may provide a more complete view of the molecular
state of the disease, without needing multiple imaging sessions and
increased radiation exposure, as is the case with PET imaging. EVs may
also be used as diagnostics in cases where approved PET contrast agents
are not yet available, paving the way for applications in a plethora of
neurodegenerative diseases. However, clinical adoption of FUS-
BBBO-enhanced liquid biopsy still requires multiple steps to be com-
pleted, such as regulatory approval of FUS-BBBO for different neuro-
logical conditions, development of reliable neurological condition
biomarkers, and further refinement of the EV isolation and bio-
marker detection methods.

One potential limitation of our study relates to the use of Exo-
Quick as the method for EV isolation. While it is a widely accepted
commercial product for facile and scalable isolation of exosomes
and microvesicles between 30 and 200 nm, it may also isolate other
non-EV components thus reducing the purity of the resulting EV sus-
pension [40]. Additionally, despite following the manufacturer’s
instructions, differences in batches between ExoQuick formulations,
as well as during each isolation process, may add to the variability
of results. To further improve results, future studies will involve EV
isolation using different methods, such as size exclusion chromatog-
raphy, which can improve purity and reproducibility without being
as time-consuming as ultracentrifugation [41].

An additional limitation related to the use of EVs for liquid biopsy is
the inherent variability in EV concentration between subjects. As
observed in our mouse studies, the absolute concentrations of EVs were
significantly variable between subjects, thus making it difficult to draw
conclusions from the absolute values of the EV concentrations. This was
also the case in the clinical study, where EV concentration, as well as
biomarker content in EVs was variable between subjects. The variability
in biomarker concentrations in patients could be indicative of differen-
ces in the response of EVs for each individual, making the case for the
development of a liquid biopsy model where each subject serves as his
or her own control, and biomarker concentrations are measured rela-
tively to the individual’s baseline. Using a baseline sample for each sub-
ject is therefore of utmost importance, as it allows contextualizing any
changes in EV concentration and content and normalizing for inter-sub-
ject variability.

While EV content was analyzed for both mice and human subjects,
the two studies may not be directly comparable due to the different
methods of analyzing protein content in the EVs. While mass spectrome-
try proteomic analysis gives a detailed account of the proteomic changes
in the EVs following FUS-BBBO, a Luminex assay was opted for in the
clinical study, due to its potential to be used as a lower cost and clini-
cally translatable method. As such, the information obtained from the
two studies regarding the changes in protein content cannot be com-
pared head-on in the present study. Additionally, there may be differen-
ces in EV content between the mouse and human studies due to the
different disease status of the two species, with a healthy mouse model
but an AD human population. In future studies, a comparison between a
diseased animal model and the target human population using the same
analytical technique could help draw more comparable conclusions
between the species.

In order for this technology to be implemented for improving bio-
marker specificity, there needs to be a method of differentiating
between the changes in biomarker concentration due to the treatment
itself and those due to the disease. Other groups have addressed this
challenge by utilizing disease-specific biomarkers such as circulating
tumor DNA (ctDNA), which can indicate the presence of a disease
with high specificity [7,9]. This becomes much more complex with
diseases such as AD, where many of the proposed biomarkers are
CNS proteins that are always in the CNS albeit in different concentra-
tions, and thus can vary significantly between patients [20,36].
Future research on discovery of disease-specific biomarkers for neuro-
degenerative diseases is essential, and particularly biomarkers that
can be indicative of the disease stage, as they may be able to predict
clinical outcomes irrespective of FUS-BBBO-induced concentration
changes. Additionally, future studies should include a normalization
between BBBO and biomarker concentration that can be used to iden-
tify a BBBO-induced concentration change compared to a disease-
induced concentration change. In this fashion, it will be possible to
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untangle the effects of FUS-BBBO from the effects that disease pro-
gression may have on biomarker concentration.

Overall, this study presents the first preclinical and clinical evidence
of FUS-BBBO increasing EV concentration and altering EV content,
which has implications for both the mechanism of FUS-BBBO neuroim-
munotherapy and the optimization of FUS-BBBO-induced amplification
of neurological disease biomarkers.
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