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Ultrasound-mediated blood-brain barrier opening increases cell-free

DNA in a time-dependent manner

Daniel Y. Zhang'®, Andrew Gould®, Hannah C. Happ, Mark W. Youngblood, Crismita Dmello,
Seong Jae Kang, Michael Canney, Roger Stupp, Gemma L. Carvill, and Adam M. Sonabend

Department of Neurological Surgery, Feinberg School of Medicine, Northwestern University, Chicago, lllinois, USA
(D.Y.Z.,A.G.,, MW.Y,, C.D., S.J.K., R.S., A.M.S.); Rush Medical College, Chicago, lllinois, USA (D.Y.Z.); Department of
Neurology, Feinberg School of Medicine, Northwestern University, Chicago, lllinois, USA (H.C.H., G.L.C.); CarThera,
Institut du Cerveau et de la Moelle epiniere (ICM), Paris, France (M.C.); Northwestern Medicine Malnati Brain Tumor
Institute of the Lurie Comprehensive Cancer Center, Feinberg School of Medicine, Northwestern University, Chicago,

lllinois, USA (D.Y.Z., A.G., MM\W.Y,, C.D., S.J.K., R.S., AM.S.)

'These authors contributed equally to this work.

Corresponding Author: Adam M. Sonabend, MD, Northwestern University, 676 N St. Clair Street, Suite 2210, Chicago, IL 60611, USA

(adam.sonabend@nm.org).

The use of ultrasound (US) in conjunction with microbubbles
(MB) to transiently open the blood-brain barrier (BBB) has
been used to increase drug delivery to the brain. Recently,
US-mediated BBB opening has been demonstrated to increase
the release of biomarkers such as DNA, RNA, and proteins
from the central nervous system (CNS) compartment into the
blood."* However, important variables such as the optimal
time for blood collection following US-mediated BBB opening
have not been characterized. This study characterizes the ki-
netics of cell-free DNA (cfDNA) release following US-mediated
BBB opening in healthy and intracranial glioma mouse models.

Circulating tumor biomarkers offer the ability to glean im-
portant diagnostic information noninvasively.* For example,
tumor-derived DNA shed into the bloodstream of lung cancer
patients have been used to identify drug targetable mutations
as well as to predict tumor progression and relapse.® However,
the ability to detect circulating biomarkers from glioma pa-
tients within blood has remained difficult and unreliable.® In
part, this may be due to the BBB which limits exchange of bi-
ological materials between the CNS and blood. Indeed, a pre-
vious study of 42 patients with glioblastoma (GBM) identified
the rate transfer content (k,, ), a direct marker for BBB per-
meability, as independently associated with increased cfDNA.”

US-mediated BBB opening is an emerging technology that
safely and transiently opens the BBB. Many clinical trials are
currently underway investigating the use of this technology
to increase drug delivery into the brain for treatment of CNS
disease such as GBM.® Recently, studies in murine and por-
cine models as well as human GBM patients have shown that
US-mediated BBB opening can increase the release of protein,
RNA and DNA from the brain."Thus, there has been interest

in repurposing this technology to increase the levels of circu-
lating biomarkers from GBM. However, to date, there have
been no studies investigating the optimal time for blood collec-
tion following sonication. In this study, we use a low-intensity
US device to open the BBB in healthy mice and in an intracra-
nial glioma mouse model as previously described with a few
modifications.® The distance between the US transducer and
mouse head was increased by 10 mm and acoustic power level
was increased from 0.3 MPa to 0.4 MPa in order to increase
the area of BBB disruption. We then determined cfDNA con-
centration in plasma at various time points post sonication.
BBB-opening was confirmed using sodium fluorescein as
previously described® (Figure 1A). All animal studies were
performed and approved in compliance with Northwestern
University’s Institutional Animal Care and Usage Committee.

First, we investigated whether changing acoustic power set-
tings (0.3-0.4 MPa) while keeping MB dose (Lumason, Bracco,
10 mg/kg) and all other pulsing parameters constant (1 MHz,
25 ms pulse, 1 Hz pulse repetition frequency, 120 second
sonication) impacted cfDNA release into the bloodstream
(Figure 1B). At 0.4 MPa, cfDNA was elevated in the blood 30
minutes after sonication compared to the MB only control
(36.09 vs 9.252 ng/mL, P =.0086, Student’s 2-tailed t-test) and
lower acoustic power (0.3 MPa) group (36.09 vs 13.63 ng/mL,
P = .0039, Student’s 2-tailed t-test), suggesting that higher
acoustic powers were associated with increased BBB opening.
CfDNA levels 30 minutes after sonication at 0.3MPa were in-
creased but did not reach significance (13.63 vs 8.38 ng/mL,
P=.159, Student’s 2-tailed t-test).

Next, in order to determine the optimal time for blood col-
lection following US-mediated BBB opening, we sonicated
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Figure 1. (A) Representative images of fluorescein visualization of BBB opening following US and MB treatment compared to mice injected with
MB alone. Brains were harvested after blood collection at time shown and imaged with Nikon AZ100 microscope with FITC filter cube. Mice in
24-hour time group had fluorescein injected 30 minutes prior to blood collection the day after sonication. (B—D) Plasma c¢fDNA concentration fol-
lowing sonication. Blood samples were collected via terminal cardiac puncture (0.5-1.0 mL) which yielded 200-500 pL of plasma. Plasma was sep-
arated from blood using a double centrifugation protocol with soft deceleration (1600 g for 10 minutes followed by 16,000 g for 10 minutes). cfDNA
was isolated using Thermofisher MagMax cfDNA isolation kit according to manufacturer instructions. (B,C) cfDNA concentrations in plasma was
determined fluorometrically using Qubit High sensitivity dsDNA assay or by (D) digital droplet PCR determination of HBB1 copy number and con-
verted to ng/mL. Data plotted are mean + standard deviation, each circle represents 1 animal. Student’s 2-tailed T-test was used to determine
significance. (B) Average cfDNA concentration increases with acoustic pressure for US-mediated BBB opening at 45 minutes (**P = .0038). (C)
Average cfDNA concentration begins to increase at 15 minutes following US-mediated BBB opening at 0.4 mPa and remains elevated at 60 minutes
post sonication before returning to baseline levels 24 hours following sonication. (*P=.0341; *P=.016; * P=.0379; **P=.0027). (D) Average cfDNA
release induced by US-mediated BBB opening increases in dose-dependent manner. Blood samples were collected 30 minutes post-sonication
treatment. SS, Single Sonication; DS, Double sonication (**P = .0017; *P = .016; **P = .0034). (E) Isolated cfDNA samples display characteristic
cfDNA fragment ladder pattern with peaks between 150 and 200 bp. Two cfDNA samples from each experimental condition were analyzed using
Agilent Cell-free Screen Tape assay run on Agilent 4150 Instrument. MB, Microbubble only; US, Ultrasound only. (F) Representative images of fluo-
rescein visualization of BBB opening in PF8 intracranial tumor model at day 7 and day 20 post intracranial tumor implantation. (G) Average cfDNA
levels following sonication in PF8 tumor model reveal cfDNA is increased 45 minutes following sonication compared to non-sonicated mice at day 7
and day 20 post intracranial injection (*P=.040;» P=.032).



mice at 0.4 MPa and collected peripheral blood samples at
2,15, 30, 45, and 60 minutes following sonication (Figure
1C). At 15 minutes, cfDNA concentrations began to sig-
nificantly increase compared to the non-sonicated con-
trol group. Average cfDNA concentrations were highest
in the 60-minute post-sonication blood collection group
compared to US only (46.54 vs 13.01 ng/mL, P = .0027,
Student’s 2-tailed t-test; no MB used) and MB only con-
trols (46.54 vs 8.48 ng/mL, P = .0149, Student’s 2-tailed
t-test, no US used).To determine if the increase in cfDNA
seen was transient, we sonicated mice and collected
their blood 24 hours later. We found that average cfDNA
levels in these mice had returned to baseline levels seen
in US only (8.40 vs 8.5 ng/mL, P = .98, Student’s 2-tailed
t-test) and MB only mice (8.40 vs 13.01 ng/mL, P = .253,
Student'’s 2-tailed t-test). Of note, no fluorescein leakage
was seen in mice 24 hours post-sonication, suggesting
cfDNA increase is correlated with BBB disruption (Figure
1A).

To further confirm that US-mediated BBB opening in-
creases cfDNA concentrations, we compared cfDNA levels
in C57/BL6 mice that received single (SS) or 2 sequential
sonication (DS) treatments (Figure 1D). We found that
mean cfDNA concentrations were increased in a dose-
dependent manner. Mice receiving DS had significantly
elevated cfDNA levels compared to MB control (64.32 vs
7.907 ng/mL, P = .0034, Student’s 2-tailed t-test) and SS
group (64.32 vs 22.54 ng/mL, P = .0166, Student's 2-tailed
t-test).

We then evaluated if US-mediated BBB opening also
increased cfDNA levels in tumor bearing mice (Figure
1F and G). 10,000 PF8 cells, a retrovirally generated mu-
rine glioma cell line,' were intracranially injected into
C57/BL6 mice. Blood samples were collected at 2-, 10-,
and 45-minute post-sonication following US-mediated
BBB opening at day 7 and day 20 post intracranial in-
jection. At day 20 postinjection, cfDNA levels were
found to be increased 45 minutes after sonication com-
pared to non-sonicated controls (57.75 vs 15.31 ng/
mL, P =.032, Student’s 1-tailed T-test), whereas cfDNA
levels 2 minutes post sonication were not significantly
increased (28.31 vs 15.31 ng/mL, P = .054, Student’s
1-tailed T-test). At day 7 postinjection, cfDNA levels 45
minutes following sonication also appeared increased
compared to non-sonicated controls albeit to a lesser
extent (19.60 vs 11.02 ng/mL, P=.040, Student’s 1-tailed
T-test).

The repurposing of US-mediated BBB opening to
increase circulating biomarker detection is an exciting new
direction for the use of this technology. One barrier in the
study of circulating glioma biomarkers is the inherent low
amounts of biomaterial released by these tumors into the
bloodstream.® Meng et al. have recently shown that US
can be used to increase circulating biomarkers from brain
tumors.® Our study demonstrates that it is critically impor-
tant to optimize all variables in the collection, processing
and downstream analysis of glioma-derived biomater-
ials within blood. One major limitation of our study is we
did not perform experiments to analyze the source of the
cfDNA released into the bloodstream following sonication.
It will be important to see if the increase in cfDNA caused
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by US-mediated BBB opening will also release tumor de-
rived DNA into the bloodstream as opposed to DNA from
components of the brain vasculature; however given that
only a small volume of plasma (<500 pL) can be obtained
from each mouse, these studies may be better performed
in human subjects where a larger volume of plasma may
be collected.

In conclusion, our study demonstrates that cfDNA re-
leased by US-mediated BBB opening into the circulation
is influenced by time. Specifically, we show that it takes
15 minutes for a noticeable increase in cfDNA following
US-mediated BBB opening in both healthy and glioma
bearing mice. These findings provide important consid-
erations for future investigations involving US-mediated
BBB opening induced release of glioma biomarkers.
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