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Focused ultrasound (FUS) offers reversible disruption of the
blood—brain barrier (BBB), which enables drug delivery to the
brain. However, the impact of FUS on the blood—tumor barrier
(BTB) remains largely misunderstood. The reversibility of FUS-
induced BTB opening was monitored using PET imaging in a glio-
blastoma model. C57Bl/6 mice with bilateral GL261-GFP tumors
received FUS specifically targeting the right hemisphere, followed
by injections of the BBB permeability marker [‘®Flfluoro-deoxysor-
bitol (183 Da) or the radiolabeled antibody [*®Flavelumab
(150 kDa). PET acquisitions were performed at 1 h, 24 h and 72 h
post-FUS. The uptake of [*®Flavelumab and [*®FIfluoro-deoxysorbi-
tol increased immediately after FUS. At 24 h post-FUS, BTB per-
meability returned to the baseline, as evidenced by consistent [*®F]
avelumab distribution volumes (V4) between tumors. By 72 h,
increased radiotracer uptake indicated tumor progression. These
findings highlight the potential of FUS to enhance the delivery of
therapeutics to the brain while preserving BTB integrity over time.

Introduction

The vasculature within gliomas is dysfunctional, comprising a
mix of continuous capillaries, fenestrated capillaries, and
capillaries with inter-endothelial gaps.' This distinct vascular
network is referred to as the blood-tumor barrier (BTB), a criti-
cal component of glioma biology. Despite its enhanced per-
meability compared to the blood-brain barrier (BBB), a highly
selective barrier composed of endothelial cells, pericytes, and
astrocytes, the BTB remains a significant obstacle to effective
drug delivery to glioma tissues. While the BBB protects the
brain by limiting substance passage from the bloodstream, the
BTB forms when brain tumors disrupt the BBB, creating a
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more permeable but heterogeneous vasculature. This results
in abnormal blood vessels, damaged endothelial cells, and dis-
rupted tight junctions, causing uneven drug delivery and
reduced treatment efficacy within tumors. Despite being
leakier than the BBB, the BTB still hinders many chemothera-
peutic agents, with permeability varying across tumor types
and regions.” This variability in drug delivery poses a major
challenge for the consistency of therapeutic efficacy in
patients.’

One promising technique to address this issue is focused
ultrasound (FUS)-mediated brain barrier opening.* This non-
invasive approach has been extensively studied and applied to
enhance the delivery of chemotherapy and immunotherapy
directly to glioma tissues. FUS applied to intravenously admi-
nistered microbubbles temporarily disrupts the BBB and BTB,
allowing greater penetration of therapeutic agents, and could
boost antitumor immune responses in patients with high-
grade gliomas.> Remarkably, the safety of this method has
been widely demonstrated in humans,® making it an attractive
option for glioma treatment.

While FUS-aided BBB disruption has been widely studied,
including by our research team,”® the specific effects of FUS
on the BTB remain underexplored. In particular, the transient
nature of FUS-mediated BTB disruption needs further investi-
gation, given the delicate structure of the BTB and its link with
tumor progression.

In this study, we aim to quantitatively investigate the effects
of FUS on the BTB by employing positron emission tomogra-
phy (PET). The BTB’s status was monitored post-FUS by track-
ing the passage of both a large biomolecule, ['*FJavelumab
(150 kDa), and a small molecule [**F]fluoro-deoxysorbitol ([**F]
FDS, 183 Da), a marker of BBB permeability, across the barrier
at selected time points.

Materials and methods

The detailed methods are available in the SI.
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GL261-GFP orthotopic model

Eight C57BL/6 mice were orthotopically implanted with the
syngeneic cell line GL261-GFP (obtained from the Institute of
Neurophysiopathology, Aix-Marseille University), with 5 x 10*
cells in 1 pL PBS injected into both striata. With bregma as the
origin, implantation coordinates were X = 0 mm, Y = +2 mm,
and Z = —3 mm. We achieved a 100% tumor formation success
rate post-implantation, confirmed by MRI.

MRI

Fourteen days after GL261-GFP implantation, T1-weighted con-
trast-enhanced MRI scans were acquired with a 7 T/90 mm
borehole MRI scanner (Pharmascan scanner, Bruker). A gadoli-
nium-based contrast agent (Dotarem®, 1 nm diameter, 100 puL
per animal) was intravenously injected via a catheter before
acquiring the T1-weighted images.

Radiolabeling of avelumab

Radiofluorination of ['*Flavelumab was carried out in two
steps. The prosthetic group ["*F]JFPyNHS was first synthesized
on an AlllnOne automate'® and then conjugated to avelumab
via the amino groups of lysine residues.

[**F]FDS production

[**FJFDS was obtained according to a previous protocol."*

Blood-tumor barrier disruption

The FUS protocol was similar to that used in ref. 8, except that
ultrasound was transmitted in only one hemisphere. This FUS
condition has already been demonstrated to be safe.'” Briefly,
50 pL of SonoVue microbubbles (Bracco) were intravenously
administered before sonication. A large mechanical scan of
6 mm X 6 mm was performed over the animal’s head, but
ultrasound (1.5 MHz, 420 kPa) was transmitted only over a
6 mm X 3.6 mm area corresponding to the right hemisphere
only, enabling BBB disruption to the full depth of the brain
hemisphere. Acoustic pressure was set to 0 kPa over the rest of
the trajectory, allowing the left hemisphere to remain as a
control. The trajectory was repeated for a total of 2 min.

microPET/CT imaging

On day 15 after GL261-GFP implantation, a 60 min dynamic
PET scan was performed after the injection of [**FJavelumab
(6.7 + 4.2 MBq, 75 + 4 pg, n = 4) under the camera. A 30 min
dynamic PET scan was performed after the injection of [*°F]
avelumab (6.7 + 1.7 MBq, n = 4) under the camera. The radioli-
gand injection was performed immediately after the end of the
FUS protocol: 2.9 + 0.1 min for ['*Flavelumab and 2.9 +
0.0 min for ['*F]FDS. Subsequent ['®Flavelumab PET scans
were performed at 24 h (9.5 + 4.5 MBq, 80 + 6 ug, n = 4) and
72 h post-FUS (3.7 + 1.8 MBq, 62 + 2 pg, n = 4). Subsequent
['"®F]FDS PET scans were performed at 24 h (7.7 + 4.2 MBq, n =
4) and 72 h post-FUS (10.2 + 1.3 MBq, n = 4).
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Immunofluorescence

After the last imaging session, mice were sacrificed and per-
fused with saline solution. Their brains were collected,
immersed in isopentane, and frozen in liquid nitrogen. A set
of fixed, frozen brain sections (10 um) were incubated with
anti-GFP AF488 and rat anti-mouse CD31 antibodies. The
slides were then incubated with an anti-rat AF546-conjugated
secondary antibody and an AF647-conjugated goat anti-human
secondary antibody to stain the injected avelumab.
Immunofluorescent sections were scanned with an
AxiObserver Z1 microscope (Zeiss).

Results

Distribution of ['®*FJavelumab and [**F]FDS following BTB dis-
ruption by FUS

As anticipated, the BTB in the GL261-GFP model showed some
leakage, allowing both ['*FJavelumab and ['*F]FDS to cross
into the left tumor, which did not receive FUS (Fig. 1B). After
FUS treatment on the right hemisphere, [**FJavelumab uptake
in the right tumor was slightly higher compared to the left
tumor (AUCq_gp min = 161 + 9 versus 143 + 8% ID min cm_s, pP<
0.01, Fig. S7). For ['®F]FDS, there was no significant difference
in exposure between the right and left tumors (AUCy_30 = 44 +
3 in the left tumor and 45 + 2% ID min cm™ in the right
tumor, p > 0.05, Fig. S8). At 24 and 72 hours post-FUS, the left
tumor, which did not receive FUS, showed higher exposure to
both radioligands. This is consistent with the initial BTB
status observed in the T1-weighted contrast-enhanced MRI,
where the left tumor presented a higher volume than the right
tumor (Fig. S6-8). As a consequence, the FUS-to-sham tumor
ratio of [**Flavelumab was greater immediately after FUS, but
not at 24 and 72 hours post-FUS, where the ratio remained
stable (1.25 + 0.27 at 1 h post-FUS, versus 0.85 + 0.13; p < 0.01
at 24 h and 0.89 + 0.07; p-value = 0.04 at 72 h) (Fig. 1D and E).
[*®F]avelumab blood pool content was significantly higher at
24 hours, which can be explained by saturation of the antigen
sink between 24 h and 48 h, related to the long half-life of
avelumab.

Quantifying the passage of ['®F]-avelumab provides insights
into the BTB status

The distribution volume (Vi = Ky/k,) of ['*FJavelumab was esti-
mated by fitting a 1-tissue compartment model to the tumors’
time-activity curves. Immediately following FUS-aided disrup-
tion, the V; in targeted tumors increased significantly by
~50%. Interestingly, 24 hours later, the Vi in FUS-treated
tumors dropped sharply, falling below the levels observed in
the sham-treated tumors. At 72 hours, Vi increased in all
tumors, with higher values remaining in the sham-treated
tumors (Fig. 2A). No significant correlation was observed
between the Vi obtained 1 h post-FUS and tumor volume
determined by MRI. In contrast, a significant correlation
emerged 24 hours later between Vi and the baseline BTB
status (before FUS, Fig. 2B). This suggests that 24 hours post-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Blood—tumor barrier opening by FUS and its impact on the delivery of [**F]-avelumab and [*®FIFDS. (A) Study timeline. (B) Representative T1-
weighted MRI with contrast enhancement and averaged PET images over the last 20 minutes of the acquisitions. [**F]-avelumab was injected
immediately after the FUS protocol, as well as at 24 h and 72 h post-FUS. PET images are normalized to the peak voxel value in the left tumor. (C)
Tumor uptake ratios of [*®F]-avelumab (n = 4 mice) between the tumor with FUS-aided BTB disruption and the contralateral tumor; corresponding
blood curves. (D) Representative T1-weighted MRI with contrast enhancement and averaged PET images over the last 10 minutes of the acquisitions.
[*8FIFDS was injected immediately after the FUS protocol, as well as at 24 h and 72 h post-FUS. PET images are normalized to the peak voxel value in
the left tumor. (E) Tumor uptake ratios of [ FIFDS (n = 4 mice); corresponding blood curves. All data are represented as mean + SD.

FUS, the observed uptake in the tumor is more closely related into the tumor (Fig. S9 and 10). Immunofluorescence analysis
to the tumor burden. In contrast, the increased uptake at 72 hours post-FUS revealed that the total amount of avelu-
immediately after FUS is likely due to enhanced drug entry mab in the FUS-treated tumor was significantly higher than in
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[*®F]-avelumab distribution comparing the disrupt BTB and the sham BTB over time. (A) Distribution volumes (V5) of [*8F]-avelumab estimated

from fitting a 1-tissue compartment model for the FUS-exposed tumor and the contralateral tumor. (B) Correlation between the [*®F]-avelumab dis-
tribution volume and the volume of the initial BTB disruption determined by the T1-weighted MRI with gadoteric acid contrast enhancement. (C)
Immunofluorescence staining of the injected avelumab (red) and the endothelial cells (orange) on a section of a mouse brain bearing two GL261-
GFP tumors (green), harvested at 72 h post-injection. The immunofluorescence signal is overlaid on DAPI images (blue).

the sham tumor (Fig. 2C, with quantification in Fig. S11). This
underscores the critical role of FUS in enhancing avelumab
delivery in a reversible manner, compared to its natural
passage through the impaired BTB.

Discussion/conclusion

It is generally accepted that BBB disruption after FUS is revers-
ible, within 24 hours, a conclusion largely based on preclinical
and clinical studies using gadolinium-based MRI contrast
agents in the context of a healthy and functional BBB.® In
clinical trials evaluating the treatment of brain tumors by FUS-
enhanced delivery of therapeutics, the targeted lesions already
exhibit a dysfunctional BTB that allows the diffusion of the
MRI contrast agent before any FUS."® Given that the BTB is
inherently fragile and exhibits heterogeneous vascular struc-
tures,”* the transient nature of FUS-induced disruption
required further investigation.

In a recent study, we assessed the extent and duration of
BBB and BTB opening for a full IgG antibody following FUS
exposure, with both being comparable.® However, when moni-
toring the kinetics of the radiolabeled antibody, we observed a
progressive accumulation in the tumor beginning 48 hours
post-injection, following FUS-induced BBB/BTB opening.
Based on these findings, it remains unclear whether this
accumulation is due to the tumor’s natural progression or a
prolonged effect of the FUS on the BTB.

The present study demonstrates that the delivery of [**FJave-
lumab is facilitated by the FUS-induced BTB opening, but is
less effective for ['*F]FDS, which can be explained by its
smaller molecular weight and rapid plasma clearance com-
pared to a full IgG such as avelumab. As vascular endothelium
reclosure after FUS is progressive, the time during which para-
cellular passage is possible is highly dependent on the size
and physicochemical properties of the therapeutic molecule
under consideration.”'®> Furthermore, it is recognized that the
opening of the BBB by FUS induces inflammatory reactions

1434 | RSC Pharm., 2025, 2,1431-1436

and regulates the expression of certain proteins, effects that
may persist for several days.'®'” Therefore, size is an impor-
tant, but not the only, parameter influencing the tumor uptake
of a drug. The BTB is characterized by a decreased expression
of influx and efflux transporters, accompanied by an increase
in the number of caveolae and an intensification of pinocyto-
sis.'® Recent studies suggest that the distribution of thera-
peutic antibodies in brain metastases may rely more on active
intracellular transport mechanisms, such as endocytosis,
rather than solely on paracellular permeability."®*® This high-
lights the complex relationship between BTB dynamics and
molecular size, where larger molecules like antibodies can, in
some cases, achieve greater efficacy than smaller compounds.
FUS may not only facilitate paracellular transport but also
modulate intracellular trafficking pathways at the BTB, poten-
tially enhancing the delivery of larger molecules. This
additional layer of complexity in BTB modulation by FUS
should be further explored to fully leverage its therapeutic
potential for brain tumors.

However, at 24 hours post-FUS, the BTB’s permeability
returned to the baseline levels comparable to those obtained
before FUS. By 72 hours post-FUS, the increased distribution
of both [**FJavelumab and ['*®F]FDS across all tumors suggests
tumor progression, consistent with the aggressive nature of
the GL261-GFP glioblastoma model, with a progressive
increase in BTB permeability. Additionally, quantification of
the TRICT-dextran injected 72 h post-FUS showed no signifi-
cant difference between the two tumors, further confirming
the reversibility of the FUS-induced BTB disruption (Fig. S12).
This finding underscores the need for multiple FUS sessions
to optimize drug delivery, even when the BTB is already leaky,
to reinforce the potential of therapeutics for improved and/or
homogeneous treatment outcomes. The necessity for repeated
FUS treatments may vary depending on the tumor type and its
specific characteristics in clinical practice. For instance,
tumors with inherently leaky BTBs might require several FUS
sessions, but fewer compared to those with more intact bar-
riers, to reach optimal drug occupancy. Personalized treatment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strategies, tailored to the individual characteristics of each
patient’s tumor, are likely required to maximize therapeutic
efficacy. Such strategies could involve adjusting the frequency
and timing of FUS sessions based on real-time monitoring of
BTB permeability and tumor response.

Animals

The authors adhered to the ARRIVE guidelines. There is no
fully reliable or validated alternative to animal models for
reproducing the intricate complexity of the tumor microenvi-
ronment, particularly the unique vascularization seen in glio-
blastoma. While in vitro systems, such as cell lines or orga-
noids, and in silico simulations enable the study of isolated
mechanisms, they fall short of capturing the dynamic interplay
between immune cells, metabolic pathways, and vascular net-
works within a living organism. Animal experiments were con-
ducted on six-week-old female C57BL/6 NRj mice (Janvier
Labs) in accordance with European Directive 2010/63/EU and
its transposition into French law (Decree no. 2013-118). The
study was approved by a local ethics committee and carried
out at the CEA-SHFJ imaging platform (authorization D91-471-
105). Mice were housed under standard conditions: in microi-
solator polycarbonate cages with aspen wood bedding, five
animals per cage, at a controlled room temperature of 22 °C
and 40% humidity, under a 12-hour light/dark cycle. Food and
water were provided ad libitum. During imaging, anesthesia
was induced and maintained with isoflurane (2% to 2.5%)
under an oxygen flow. To prevent hypothermia, animals were
placed on a heated platform that maintained their body temp-
erature between 36 °C and 37 °C. The animals were humanely
euthanized via cervical dislocation under deep anesthesia
induced by 4% isoflurane. This method ensured rapid and
ethically compliant termination, minimizing any potential
suffering.
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