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Emily Barton3, Ling-Yuan Kong1, Dexing Fang1, Khatri Latha1, Daniel Yang Zhang4, Jun Wei1,
John DeGroot5, Michael A. Curran6, Ganesh Rao1, Jian Hu7, Carole Desseaux8, Guillaume Bouchoux8,
Michael Canney8, Alexandre Carpentier9,10, and Amy B. Heimberger1

ABSTRACT
◥

Purpose: The blood–brain barrier (BBB) inhibits adequate dos-
ing/penetration of therapeutic agents to malignancies in the brain.
Low-intensity pulsed ultrasound (LIPU) is a safe therapeutic meth-
od of temporary BBB disruption (BBBD) to enhance chemother-
apeutic delivery to the tumor and surrounding brain parenchyma
for treatment of glioblastoma.

Experimental Design:We investigated if LIPU could enhance
therapeutic efficacy of anti–PD-1 in C57BL/6 mice bearing
intracranial GL261 gliomas, epidermal growth factor receptor
variant III (EGFRvIII) chimeric antigen receptor (CAR) T cells
in NSG mice with EGFRvIII-U87 gliomas, and a genetically
engineered antigen-presenting cell (APC)-based therapy pro-
ducing the T-cell attracting chemokine CXCL10 in the GL261-
bearing mice.

Results: Mice treated with anti–PD-1 and LIPU-induced BBBD
had a median survival duration of 58 days compared with 39 days
for mice treated with anti–PD-1, and long-term survivors all
remained alive after contralateral hemisphere rechallenge. CAR
T-cell administration with LIPU-induced BBBD resulted in signif-
icant increases inCART-cell delivery to the CNS after 24 (P< 0.005)
and 72 (P < 0.001) hours and increased median survival by greater
than 129%, in comparison with CAR T cells alone. Local deposition
of CXCL10-secreting APCs in the glioma microenvironment with
LIPU enhanced T-cell glioma infiltration during the therapeutic
window (P ¼ 0.004) and markedly enhanced survival (P < 0.05).

Conclusions: LIPU increases immune therapeutic delivery to the
tumormicroenvironmentwith an associated increase in survival and is
an emerging technique for enhancing novel therapies in the brain.

Introduction
Currently, a large compendium of immune therapeutics, including

immune-checkpoint inhibitors, immune modulators, and cellular
therapeutics, is hindered by a lack of BBB penetration. As previously

described, these immunotherapies may lack antitumor activity either
by an inability to interact within the gliomamicroenvironment or by a
paucity of immune-effector trafficking (1). CNS detection of periph-
erally administered antibodies is less than 1% (2). Although some
antibodies may be modified for increased CNS delivery, this strategy
may not be applicable for other therapeutics. Some immune cells like
macrophages are abundant in gliomas (3, 4), while cytolytic immune
cells like T and natural killer cells are scarce (5). Additionally,
intracranial tumors can further deplete T cells through sequestration
in the bone marrow (6). Therefore, immune-checkpoint inhibitors
may lack function even if they are adequately delivered to the tumor
microenvironment. Novelmethodsmust be investigated for increasing
T-cell infiltration and activity at the tumor site.

BBB opening using low-intensity pulsed ultrasound (LIPU) is a
favorable method for facilitating the delivery of various therapeutics,
such as antibodies and cells, into the glioma microenvironment (7–9).
Antibodies that act in the CNS may gain an advantage by being better
delivered throughLIPU-induced BBBopening. These antibodies could
act on targets like tumor antigens or cell populations like microglia,
which are present in the CNS. LIPU-induced BBB opening may not
add therapeutic value if the primary action of an immunotherapy is in
the periphery and there is already sufficient access to the tumor
microenvironment by immune-effector cells. Also important is ascer-
taining whether LIPU can improve other immunotherapies by
enhancing the presence of effector cells at the site of the tumor. By
increasing immune cell delivery to the tumor microenvironment, an
immunologically “cold” tumor may be converted into an immuno-
logically “hot” one, and this may further potentiate immune-
checkpoint inhibitor strategies. Adoptive immunotherapies for brain
tumors, such as chimeric antigen receptor (CAR) T cells, natural killer
cells, and adoptive T cells have been limited by a lack of sufficient
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delivery to the CNS. Therefore, ultrasoundmay be a reversible and safe
method of BBBD for delivery ofmultiple doses of immunotherapeutics
to targeted brain regions. LIPU-mediated BBBD may also be consid-
ered for delivering benign cells elaborating immune cytokines or
chemokines to modulate local tumor immune responses. If these cells
are capable of antigen presentation, this strategy could stimulate T cells
at the site of the tumor. In addition, disruption of the BBB may also
release tumor antigens into the peripheral circulation, which could
activate peripheral antigen-presenting cells (APCs). As such, LIPU-
mediated BBBD is an emerging technology that provides multiple
avenues for enhancement of immunotherapy for glioma treatment.
For this study, we hypothesized that, in preclinical models of glio-
blastoma, LIPU-induced opening of the BBB would further enhance
the therapeutic impact of a wide variety of immune therapeutics that
have either been tested in glioblastoma patients and failed or a novel
cellular strategy that demonstrated no evidence of efficacy previously.
The purpose of this translational study was to assess the specific types
of immunotherapy that could be considered for use in clinical trials of
BBBD with LIPU.

Materials and Methods
Cell culture

Murine glioblastoma stem cells lines derived from Nestin-CreERT2

QkL/L; Trp53L/L; PtenL/L mice (QPP) were provided as a gift from Dr.
Michael Curran and Jian Hu (The University of Texas MD Anderson
Cancer Center). QPP4 cells were cultured in DMEM/F12 media with
B-27 supplement (Gibco), epidermal growth factor (EGF), and fibro-
blast growth factor (FGF; STEMCELL Technologies; ref. 10). Murine
GL261 andhumanU87 glioma cell lineswere purchased from theNIH.
U87 cells were transfected with epidermal growth factor receptor
variant III (EGFRvIII) and were provided as a gift from Dr. Oliver
Bogler (The University of Texas MD Anderson Cancer Center). U87
and GL261 cell lines were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies) supplemented with 10% fetal bovine
serum (Gibco) and 1%penicillin/streptomycin at 37� C in a humidified
atmosphere of 5% CO2 and 95% air. Cells were trypsinized for 3
minutes at 37�C and neutralized with a medium containing fetal
bovine serum at a 1:5 dilution.

LIPU preclinical platform
The LIPU preclinical platform (SonoCloud Technology, CarThera)

consists of an ultrasound transducer placed in a small cylinder
surrounded by a compartment of degassed water to ensure acoustic
coupling. A laser is vertically aligned on the center of the transducer.
To enhance reproducibility of the sonicated areas of the brain, the
mouse’s shaved head is placed in contact with the surface of the

degassed water and the area of tumor implantation is aligned with the
laser dot. Head stabilization allows for motionless sonication to the
CNS (Fig. 1A). The transducer used a center frequency of 1-MHz,
pulse-repetition frequency of 1 Hz, pulse length of 25,000 cycles (2.5%
duty cycle), and in situ acoustic pressure level of 0.3MPa for a duration
of 120 seconds. A 200-mL bolus of microbubbles (Lumason, Bracco
Diagnostics) was injected through the tail vein just prior to the start of
sonications. These were safe parameters as determined in previous
experiments in mice (11).

Ultrasound-induced BBBD procedures
For all LIPU procedures, hair was removed frommice’s heads with a

clipper and hair removal cream (Nair) on the day before the first
treatment. Sonications of mice were performed under general anes-
thesia after intraperitoneal injection of 150 to 200 mL of a mixture of
10mg/kg xylazine (AnaSed; Akorn, Inc.) and 100mg/kg ketamineHCl
(Henry Schein). The feasibility and reproducibility of LIPU-induced
BBBD was assessed with the diffusion of Evans blue dye (Sigma-
Aldrich; ref. 12), which binds to albumin and does not freely cross the
intact BBB (13). The dye was diluted in saline, and 100 mL of the
resulting solution at a concentration of 100 mg/kg (14) was injected
intravenously just before the i.v. injection of the ultrasound contrast
agent. Mice were then transferred to the LIPU preclinical platform for
sonication. For trafficking and treatment experiments, anti–PD-1,
EGFRvIII-CAR T cells, or APCs were delivered i.v. just before i.v.
ultrasound contrast agent and sonication. Preclinical studies have
shown that for large molecules/therapeutics, the BBB begins closing
immediately after sonication, with a theoretical half-closure time of
less than 1 hour for molecules larger than 5 nm (15). As such, we
delivered the agent just before sonication, when the brain penetration
of the agents used would be maximized.

Animals
Mice were housed in the MD Anderson animal facility in accor-

dance with Laboratory Animal Resources Commission standards.
Animal experiments were conducted in compliance with the guide-
lines for animal care and use established by MD Anderson and the
federal government. All studies were supervised by the Institutional
Animal Care and Use Committee at MD Anderson Cancer Center
under protocol 00001544-RN01.

In vivo murine tumor models
To induce intracerebral tumors in C57BL/6 and NSG (The Jackson

Laboratory)mice, theGL261 andEGFRvIII-U87 cells were collected in
the logarithmic growth phase, loaded into a 25-mL syringe (Hamilton),
and injected 2 mm to the right of the bregma and 4 mm below the
surface of the skull at the coronal suture using a stereotactic frame
(Stoelting). The i.c. tumorigenic doses of GL261 and EGFRvIII-
expressing U87 cells were 5.0 � 104 cells and 1.5 � 105 cells,
respectively, in total volumes of 2 and 4 mL of PBS, respectively. Mice
were randomly assigned to control and treatment groups after tumor
implantation. When animals showed signs of neurologic deficit (leth-
argy, failure to ambulate, lack of feeding, or loss of >20% body weight),
they were compassionately killed. These symptoms typically occurred
within 48 hours of death.

NanoString gene-expression analysis
C57BL/6 mice were implanted with stereotactic injection of 50,000

GL261 cells as described above.Onday 14 after tumor implantation, 10
mice in each group were treated with either PBS or LIPU. On day 16
after tumor implantation, mice were euthanized and brains were

Translational Relevance

Our studies showed that low-intensity pulsed ultrasound
(LIPU)-induced blood–brain barrier disruption (BBBD) can
enhance the therapeutic effects of a variety of immunotherapeutic
strategies for glioblastoma by enhancing delivery of antibodies,
CART cells, and geneticallymodified cellular immunotherapeutics
to the tumor microenvironment. With increasing numbers of
clinical studies showing the safety of LIPU-induced BBBD, this
technique could be rapidly translated to clinical trials in association
with immune therapeutic strategies.
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collected after cardiac perfusion with PBS. Percoll density gradient
centrifugation was then used for immune cell isolation from the
hemisphere of tumor implantation. Immune cells underwent mRNA
extraction (RNeasy Plus Mini Kit, Quiagen) for NanoString analysis.
Analysis of mRNA was performed with the nCounter PanCancer
Immune Profiling Panel (NanoString Technologies, Inc.). Sample
preparation and hybridization was performed as described previous-
ly (16). Target molecules were quantified by imaging immobilized
fluorescent reporters using the nCounter Digital Analyzer. mRNA
gene expression of 770 immune-related genes was analyzed using the
nSolver 4.0, R version 3.3.2, and Advanced Analysis 2.0 software. The
genes specific to functional signaling pathways and immune cell types
were categorized based on the attached manual.

Anti–PD-1 fluorescent tagging and in vivo biodistribution
analysis

The anti–PD-1 antibody (BE0146, clone RMP1-14) was fluores-
cently tagged with Alexa Fluor 647 using a SAIVI Rapid Ab Labeling
Kit (S30044, Invitrogen) according to the manufacturer’s recommen-
dations. Briefly, 1 mg of the antibody at a concentration of 2 mg/mL
was incubated with the Alexa Fluor 647 dye for 1 hour at room
temperature, run through a 3-cm column containing kit resin, and
collected as elution fractions. Purified conjugated antibody absorbance
was measured at 280 and 650 nm, and protein concentrations were
calculated using aNanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific).

Treatment with anti–PD-1 monoclonal antibodies
Monoclonal antibodies against PD-1 (BE0146, clone RMP1-14)

were obtained from Bio X Cell. Mice were treated with i.v. injections of

isotype control IgG (200 mg/mouse; Bio X Cell), the anti–PD-1
antibody (200 mg/mouse; Bio X Cell), or the anti–PD-1 antibody with
ultrasound. Treatments were performed on days 3, 7, 10, 14, and 17, or
on days 12, 15, and 19 after i.c. tumor implantation. Animals that died
prior to the initiation of at least three treatments were not included in
the survival analysis.

EGFRvIII-CAR construction
Human CAR T cells were engineered using an EGFRvIII-CAR

made by fusing the single-chain variable fragment of the EGFRvIII-
specific monoclonal antibody mAB 139. The single-chain variable
fragment was attached to an IgG4 stalk and intracellular CD28 and
CD3-zeta signaling domains as previously described (17). A short-
ened ex vivo production strategy established in our lab was used to
create CAR T cells with an improved immune phenotype associated
with greater therapeutic outcomes compared with CAR T cells
produced under the current gold-standard protocol of CAR pro-
duction (17). The CAR plasmid was modified to express a firefly
luciferase (ffLuc) bioluminescent reporter for CAR monitoring
in vivo. Human peripheral blood mononuclear cells from healthy
donors underwent negative selection for CD3þ T cells followed by
electroporation of the Sleeping Beauty transposon containing CAR
with the sleeping beauty transposase SB11. CAR T cells were
expanded in vitro over 14 days by combining them with irradiated
activating and propagating cells, IL2, and IL21. Before murine CAR
T-cell administration, CAR expression was quantified using flow
cytometry with an anti-Fc antibody to detect the IgG4 portion of the
CAR. EGFRvIII/ffLuc CAR T cells (1.5 � 107) were administered
intravenously for bioluminescent imaging (BLI) experiments and
treatment.

Figure 1.

Ultrasound-mediated BBBD causes reproducible and targeted BBBopening and lacks in immune responsemodifications.A, left, preclinical platform for BBBopening
in murinemodels. Right, the region for BBBD on supine mouse was positioned directly over the ultrasound pulse area using laser guidance (redmark) after the head
was securedwith elastic bands.B, Schema for treatment of non–tumor-bearing C57BL/6micewith Evans blue dye and ultrasound. Mouse perfusionwas followed by
gross brain analysis 45 minutes after dye injection. C, Representative photographs of whole brains from superior and inferior projections taken immediately after
mouseperfusion andbrain dissection.D,Perfusedwhole brains coronally sectioned fromanterior to posterior (sameorder from left to right as inC).E,Directedglobal
significance scores of immunegene sets in the LIPU group comparedwith the PBS control. Red indicates gene setswith overexpressionwhile blue indicates gene sets
with underexpression.

BBB Opening with LIPU in Glioma Immunotherapy
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IHC
NSGmouse brains were fixed in 10% formalin for 36 hours followed

by 70% ethanol. Brains were then paraffin-embedded with 4-mm
sections being used for IHC analysis. IHC staining was carried out
according tomanufacturer’s recommendations listed in the Vectastain
ABCKit (cat.No. PK-4002,Vector Laboratories). An anti-humanCD3
antibody (1:50) was purchased fromAgilent and (cat. No. M725429-2,
Agilent) was used for detection of EGFRvIII-CAR T cells. Microscopic
fields imaged at 400� magnification in tumor-bearing brains of mice
taken from each group.

CXCL9 and CXCL10 gene transduction into F4/80þCD11cþ

antigen-presenting cells
To transduce the CXCL9 and CXCL10 immune chemokine genes

into the APCs, we prepared lentiviruses that encoded the cDNA
of murine CXCL9 or CXCL10 gene transfer plasmids (cat. No.
MR200667L3 and cat. No. MR200291L4, respectively; Origene).
Under sterile conditions, bone marrow cells were extracted from
6-week-old female C57BL/6 mice as previously described (18). Red
blood cells from the bone marrow were lysed with 0.84% ammo-
nium chloride, and lymphocytes, granulocytes, and Iaþ cells were
depleted using Low-Tox-M rabbit complement (Cedarlane) with
the following monoclonal antibodies: GK1.5 (CD4), 2.43 (CD8),
RA3-3A1/6.1 (CD45R), B21-2 (class II), and RB6-8C5 (Gr-1).
Depleted cells were plated in six-well cell culture plates (3 � 106

cells/well) in Roswell Park Memorial Institute medium 1640 sup-
plemented with 5% (vol/vol) fetal bovine serum, 50 mmol/L
b-mercaptoethanol, 10 mmol/L Hepes, 2 mmol/L glutamine,
100 U/mL penicillin, 100 mg/mL streptomycin, and 1,000 U/mL
granulocyte–macrophage colony-stimulating factor (Immunex) or in
AIM-V (Gibco BRL) supplemented with 1,000 U/mL of granulocyte–
macrophage colony-stimulating factor. Floating cells were removed on
day 3, and on day 7 nonadherent cells were replated. On day 10,
nonadherent cells were removed for phenotypic analysis using a FACS-
can flow cytometer for examination of the surface marker expression of
F4/80 and CD11c (19). The cells were infected with 5 mL of a freshly
prepared lentivirus (transducing units ¼ 6.5 � 10e6/mL), encoding
either CXCL9 or CXCL10. Chemokine production was measured using
an ELISA (cat. No. ab203364 and cat. No. ab214563, Abcam) according
to the manufacturer’s instructions.

Ex vivo flow analysis of tumor-infiltrating immune cells
C57BL/6mice intracranially implantedwithGL261 cells underwent

treatment with CXCL10 APC cells as described above. On day 12 after
tumor implantation, mice were anesthetized before undergoing eutha-
nasia with cardiac perfusion using 30 mL of PBS followed by tumor-
implanted brain hemisphere collection. Percoll gradient density cen-
trifugation was used for immune cell isolation. Cells were stained with
the fixable viability dye APC-eFluor780 (Thermo Fisher Scientific)
to exclude dead cells. For analysis of immune cell populations,
extracellular staining was performed with anti-mouse CD45 BV421
(clone 30-F11), CD3 PerCPcy5.5 (clone 17A2), CD4 BV605
(RM4-5), and CD8 PE (53-6.7). Anti-mouse CD16/CD32 (clone
93) was used for prevention of nonspecific binding of the Fc
receptors to the detection antibodies. Cells were then permeabilized
and fixed using the Foxp3/Transcription Factor Staining Buffer Set
(Thermo Fisher) according to the manufacturer’s recommenda-
tions. All antibodies were purchased from BioLegend. Cells were
analyzed using the FACSCelesta (BD Biosciences), and data analysis
was performed with FlowJo software.

Statistical analysis
Kaplan–Meier survival analysis was performed, and differences

were compared using a log-rank (Mantel–Cox) test and a one-
tailed t test for independent samples. Statistics from BLI data were
calculated using the F test to compare variances, and statistics from
ex vivo flow cytometry were assessed by the two-sided unpaired t test.

Results
LIPU reproducibly opened the BBB in preclinical models

Evans blue lacks penetration into the brain when the BBB is intact.
Thus, we assessed feasibility and reproducibility of BBB opening with
the LIPU preclinical platform by i.v. injecting Evans blue dye before
sonication in C57BL/6 mice without tumors and analyzed color
changes in the brain parenchyma (Fig. 1B). Images of the superior
and inferior whole brains showed dye penetration in the anterolateral
brain region targeted by the ultrasound beam (Fig. 1C). We then
sectioned whole brains coronally, which showed that dye was distrib-
uted throughout the depth of the brain, from the superior to the
inferior regions and in the anterior part of the right hemisphere
(Fig. 1D). This confirmed the feasibility of reproducible, targeted
BBBD in regions of potential tumor implantation.

LIPU alone did not reprogram the immune response or induce a
therapeutic effect

The use of LIPU by itself as a therapeutic strategy has been
investigated without therapeutic benefit (6) in both GL261 (20) and
U87 (11, 21–25) tumors. We investigated if LIPU sonication had the
ability to modify the immune response in the glioma microenviron-
ment. On day 14 after GL261 tumor implantation in C57BL/6mice, 10
mice per group were treated with either PBS or LIPU. On day 16
following tumor implantation, immune cells were isolated from the
hemisphere of tumor implantation, and NanoString analysis was
performed to investigate possible alterations in a panel of 770
immune-related genes. Immune gene sets were categorized based on
function and a directed global significance score was determined based
on the extent to which the genes in a gene set were up or down-
regulated. A heat map was generated to directly compare LIPU to the
PBS control. We found that the LIPU group compared with the PBS
group has minimal influence on most immune functions including
T-cell functions, inflammation, adaptive immunity, and interleukins
(Fig. 1E). To clarify if there was a survival benefit in an immune
response model, GL261 mice were treated with LIPU and compared
with PBS [median survival (MS) duration: 28 days; MS duration:
33 days, respectively] (Supplementary Figure S1A).

Anti–PD-1 CNS delivery is enhanced with LIPU
We administered anti–PD-1 with and without ultrasound BBBD

to determine if this method enhances delivery of antibodies to
the brain and their function in glioblastoma treatment. We
intravenously administered fluorescently tagged anti–PD-1 with
ultrasound followed by a 3-hour waiting period for antibody
circulation. (Fig. 2A). We found that treatment with anti–PD-1
alone resulted in low levels of antibody infiltration in the cerebellum
with minimal, focal delivery enhancement of over the potential site
of tumor implantation. When we gave labeled anti–PD-1 with
LIPU, there was enhanced and localized delivery to brain paren-
chyma submitted to the ultrasound beam, which was further
enhanced with an additional sonication treatment performed
immediately after the initial sonication (Fig. 2B).
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LIPU further potentiated the impact of anti–PD-1 against CNS
gliomas

Although anti–PD-1 antibodies act on peripherally circulating
antigen-specific T cells, part of their therapeutic activity is also related
to modulation of microglia (26). Because ultrasound enhanced the
delivery of anti–PD-1, local modulation of microglia may provide
additional therapeutic activity, which we evaluated in glioma-bearing
mice. We gave mice bearing established i.c. GL261 tumors twice-
weekly i.v. treatments with either IgG, anti–PD-1, or anti–PD-1
immediately prior to ultrasound for 2.5 weeks (Fig. 2C). Multiple
treatments with anti–PD-1 and ultrasound were safe; we observed no
adverse events, behavior changes, or signs of neurologic toxicity.
However, repeated dual i.v. treatments led to loss of i.v. access in
some mice and, rarely, tail necrosis leading to partial amputation.

The MS duration (58 days) was longer in mice treated with anti–
PD-1 and ultrasound than in those treated with IgG (MS duration,
22 days; P < 0.005) or anti–PD-1 (MS duration, 39 days; P ¼
0.6226; Fig. 2D). Sixty-five days after the initial i.c. implantation, five

long-term survivors remained (anti–PD-1, n ¼ 2; anti–PD-1 and
ultrasound, n ¼ 3). We rechallenged these mice along with age-
matched na€�ve controls (n ¼ 10) in the contralateral hemisphere to
emulate tumor recurrence (Fig. 2E). All long-term survivors treated
with anti–PD-1 or anti–PD-1 with ultrasound remained alive follow-
ing rechallenge, whereas all age-matched controls died with an MS
duration of 21 days (P¼ 0.0148 andP< 0.005, respectively), suggesting
an immunologically protective effect (Fig. 2F). We then investigated if
the significant increase in murine survival in the anti–PD-1 with
sonication group would persist if mice were treated at a later time
point when tumors were well established. Mice bearing i.c. GL261
tumors were treated with i.v. treatments of either IgG, anti–PD-1, PBS
with ultrasound, or anti–PD-1 with ultrasound at days 12, 15, and 17
post tumor implantation (Fig. 2G). The MS duration (26 days) was
longer in mice treated with anti–PD-1 and ultrasound than in those
treated with IgG (MS duration, 22.5 days; P < 0.005), anti–PD-1 (MS
duration, 21 days; P < 0.05), or PBS with ultrasound (MS duration,
22 days; P > 0.0005; Fig. 2H).

Figure 2.

Anti–PD-1 administered with ultrasound BBBD caused increased delivery of the antibody to the brain and enhanced survival in glioma-bearing mice. A, Schema for
treatment with labeled anti–PD-1 administered with ultrasound in non–tumor-bearing C57BL/6mice. B, Fluorescent images of whole and coronally sectioned brains
performed immediately after perfusion and brain dissection following the treatment described in A. Mice were treated with the labeled anti–PD-1 antibody alone
(left), labeled anti–PD-1 and one sonication (middle), or labeled anti–PD-1 and two sonications (right).C, The treatment schema of GL261 tumor–bearingmice treated
with anti–PD-1 with or without LIPU. D, Kaplan–Meier survival analysis of C57BL/6 mice treated with IgG (control), anti–PD-1, or anti–PD-1 with ultrasound (six
mice per group). PBS with sonication control for the GL261 model is demonstrated in Supplementary Fig. S1A. Survival analysis was performed using the log-rank
(Mantel–Cox) test. The MS durations in the treatment groups were as follows: IgG, 22 days; anti–PD-1, 39 days; anti–PD-1 with ultrasound, 58 days. Statistics: IgG
versus anti–PD-1, P ¼ 0.007; IgG versus anti–PD-1 with ultrasound, P ¼ 0.0022; and anti–PD-1 versus anti–PD-1 with ultrasound, P ¼ 0.6226. This experiment was
repeated with similar findings. E, Treatment schema for long-term survivors and na€�ve age-matched controls which were rechallenged in the contralateral
hemisphere. F,Kaplan–Meier survival analysis of long-term survivors in E. TheMS durations in the treatment groupswere as follows: na€�ve controls (10mice), 21 days;
anti–PD-1 (2 mice), undefined; anti–PD-1 with ultrasound (3 mice), undefined. Statistics: na€�ve control versus anti–PD-1, P ¼ 0.0148; na€�ve control versus anti–PD-1
with ultrasound,P¼0.0044.G,The treatment schemaofGL261 tumor–bearingmice treatedwith anti–PD-1with orwithout LIPU at a later timepointwhen tumors are
well established.H,Kaplan–Meier survival analysis of C57BL/6mice treatedwith IgG (control), anti–PD-1, PBSwith ultrasound, or anti–PD-1with ultrasound (8–9mice
per group). Survival analysiswasperformedusing the log-rank (Mantel–Cox) test. TheMSdurations in the treatment groupswere as follows: IgG, 22.5 days; anti–PD-1,
22 days; PBSwith ultrasound, 21 days; anti–PD-1 with ultrasound, 26 days. Statistics: IgG versus anti–PD-1, P¼0.6186; IgG versus PBSwith ultrasound, P¼0.1947; IgG
versus anti–PD-1with ultrasound,P¼0.0032; anti–PD-1 versus PBSwith ultrasound,P¼0.7483; anti–PD-1 versus anti–PD-1with ultrasound,P¼0.0164; andPBSwith
ultrasound versus anti–PD-1 with ultrasound, P ¼ 0.0002.
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To ascertain if the LIPU strategy could overcome therapeutic
resistance to immune-checkpoint inhibitors, C57BL/6 mice were
implanted with a murine immunocompetent glioblastoma stem cell
line derived fromNestin-CreERT2QkL/L; Trp53L/L; PtenL/Lmice (QPP),
which served as an immune-checkpoint inhibitor-resistant model.
Mice with established i.c. QPP4 tumors were treated twice-weekly i.v.
with either PBS, anti–PD-1, PBS prior to ultrasound, or anti–PD-1
prior to ultrasound for 3 weeks (Supplement 1B). Anti–PD-1 and
ultrasound (MS duration, 61 days) did not overcome the tumor’s
resistance to immune-checkpoint inhibitor therapy as no survival
benefit was seen compared with mice treated with PBS (MS duration,
81 days), PBS and ultrasound (MS duration, 61 days), or anti–PD-1
(MS duration, 127.5 days; Supplement 1C).

LIPU enhanced CAR T cells’ trafficking to the glioma
microenvironment

To determine if cellular therapies such as CAR T cells can be
improved by increasing the distribution of cells to the tumor micro-
environment with LIPU, we directly compared the delivery and
persistence of CAR T cells administered with and without BBB
opening. We modified the CAR plasmid to express a ffLuc fluorescent
reporter for CARmonitoring in vivo by BLI.We verified the expression
of the CAR and that the T-cell population contained both CD4þ and
CD8þ T cells (Fig. 3A), which have been shown to generate a superior

response (27, 28). We used ffLuc-labeled EGFRvIII-CAR T cells to
determine whether ultrasound-mediated BBBD affects cellular ther-
apy trafficking and persistence in vivo (Fig. 3B). BLI demonstrated that
most CARs were distributed to the liver and lungs, making up most of
the thoracic signal, with a small fraction distributed to the brain
(Fig. 3C). In mice administered both EGFRvIII-CAR T cells and
sonication, CAR T-cell bioluminescence increased significantly from
24 to 72 hours after treatment (P < 0.005 and P < 0.0001,
respectively; Fig. 3D), indicating that LIPU enhances the focal delivery
and the persistence of CARs in the brain. Representative IHC staining
verified the BLI findings of enriched EGFRvIII-CAR T-cell delivery to
the tumor microenvironment with ultrasound out to 15 days after
treatment (Fig. 3E).

Ultrasound administration of EGFRvIII-CAR T cells increased
survival durations in murine glioblastoma models

Because LIPU-induced BBBD increased CAR T-cell trafficking to
the tumor and longer persistence when compared with CAR T cells
administered alone, we investigated whether this difference could have
biologically significant effects in vivo. NSG mice bearing EGFRvIII-
U87 tumors treated with i.v. EGFRvIII/ffLuc CAR T cells and ultra-
sound 14 days after tumor implantation (Fig. 4A) had an undefined
MS duration (>80 days) relative tomice treated with CAR T cells alone
(MSduration, 35 days;P< 0.05;Fig. 4B). Administration of EGFRvIII-

Figure 3.

Intravenously administered CAR T cells treated with ultrasound BBBD increased trafficking of CAR T cells to the brain and persistence of CAR T cells in the tumor
microenvironment.A, Expression of the EGFRvIII-CAR, and CD4þ and CD8þ T-cell populations were demonstrated by flow cytometry in the lymphocyte population.
B, Treatment schema for BLI of ffLuc CAR T cells administered intravenously in mice implanted with EGFRvIII-expressing U87 tumors C. Representative example of
CAR T-cell trafficking from BLI of mice administered CAR T cells intravenously, without (left) and with (right) ultrasound. The red boxes demonstrate BLI
measurements ofCARTcells present in the head.D,SummaryofCART-cell BLI signals in the head. Statistics: 24 hours non-ultrasoundversus ultrasound,P¼0.0043;
72 hours non-ultrasound versus ultrasound, P < 0.0001. Statistical analysis was performed using the F test to compare variances. The respective numbers of mice in
the non-ultrasound and ultrasound groupswere as follows: 5 hours, 5 and 9; 24 hours, 5 and 9; 72 hours, 4 and 9; 7 days, 3 and 9. E, IHC of EGFRvIII U87 bearing NSG
mice 15 days after treatment with EGFRvIII/ffLuc CAR T cells administered intravenously without ultrasound (top) and with ultrasound (bottom). CAR T cells stained
with anti-human CD3 antibody and images shown at 400� magnification.
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CAR T cells did lead to mild signs of systemic toxicity in both groups,
demonstrated by hunched posture for up to 3 days following treat-
ment. However, mice returned to baseline without long-term adverse
effects or signs of neurologic toxicity.

APCs producing the T-cell attracting chemokine CXCL10 were
efficacious when combined with LIPU

Our studies using CAR T cells demonstrated that ultrasound can
enhance the administration of cellular immunotherapies. Based on
the paucity of APCs within the tumor microenvironment (4), we
hypothesized that an APC could be modified to express a T-cell
attracting chemokine that could enhance localized immune acti-
vation and that LIPU-induced BBBD would enhance delivery of
these APCs at the site of tumor antigens. Accordingly, we isolated
murine APCs from the bone marrow of C57BL/6 mice and
modified them via lentiviral transduction to encode the cDNA of
CXCL9 or CXCL10 (Fig. 5A; ref. 29) or methionine-deficient green
fluorescent protein (control) for cell tagging (Fig. 5B). We used
flow cytometry for phenotypic analysis of APCs for F4/80 and
CD11c surface markers and an ELISA to analyze chemokine
production of CXCL9 or CXCL10 (3,392 pg/mL and 2,987 pg/mL,
respectively, with stable transduction even after APC storage at
�80�C).

We examined if CXCL10 expressing APCs had the capacity to alter
the tumor microenvironment by increasing the frequency of T cells.
C57BL/6 mice were treated with 1 � 106 CXCL10 APCs with and
without LIPU on day 7 and mice were terminated on day 12 following
tumor implantation. Day 12 was selected for immune cell analysis in
the therapeutic window in order to ensure tumorswere large enough to
analyze, but not at a point of treatment failure. Immune cells were
isolated from the tumor implanted hemisphere of all treatment groups
and analyzed by multicolor flow cytometry. Live single CD45þ

immune cells were gated on CD3þ, CD4þ, and CD8þ expression,
and the percentage of T cells within the total number of CD45þ cells
was calculated (Supplementary Fig. S1D). LIPU administration of
CXCL10 APCs significantly increased the percentage of CD3þ

(Fig. 5C), CD4þ (Fig. 5D) T cells relative to all other treatment
groups, andCD8þT cells relative to control PBSwith LIPU (Fig. 5E) in
the glioma microenvironment.

To ascertain whether ultrasound administration of CXCL9 or
CXCL10 APCs was therapeutically effective, we implanted C57BL/6
mice with GL261 cells and gave them 1 � 106 CXCL9 or CXCL10
overexpressing APCs intracranially or intravenously with or without
ultrasound (Fig. 5F). Mice tolerated the treatments well without any
adverse events, behavior changes, or neurologic toxicity. Survival
analysis of mice treated with CXCL9 expressing APCs using i.c., or
i.v. with and without LIPU, showed no significant survival benefit
compared with PBS-treated control mice (Supplementary Fig. S1E).
However, in mice treated with CXCL10-expressing APCs, those that
underwent i.c. administration had significantly better survival dura-
tions than did the PBS control group, demonstrating the cellular
therapy was effective when administered directly to the tumor micro-
environment (P < 0.05). Mice treated with i.v. administration of the
same concentration of CXCL10 APCs had no survival benefit over
those in the PBS group (P ¼ 0.6041). When we gave this cellular
therapy intravenously with LIPU, we found there was a significantly
better survival duration than in the PBS (P < 0.05), i.v.-only (P < 0.05),
and i.c.-only (P < 0.05) groups (Fig. 5G).

Discussion
LIPU is a promising technique that allows for transient BBBD (8).

The safety of the technique has been largely studied including micro-
scopic, macroscopic, and clinical analysis of tissues in small and large
preclinical animal models (12, 30–33) and more recently in human
clinical trials (34–38). The data included in our study explore the
potential of LIPU for enhancing the therapeutic efficacy of immuno-
therapy in preclinical models. This technique of disrupting the BBB
using ultrasound is now being studied in eight ongoing clinical trials
with both implantable and transcranial focused ultrasound devi-
ces (NCT04446416, NCT04614493, NCT04528680, NCT03744026,
NCT04063514, NCT03551249, NCT03616860, and NCT03712293).
The immunotherapy approaches proposed herein could thus be
rapidly explored using these clinical-stage devices in trials to further
examine their potential for treatment of glioblastoma. NanoString
analysis of gene sets comprised of 770 immune-related genes indicated
LIPU sonication alone may not prime the immune response in a
manner necessary for a survival advantage. This suggests that an

Figure 4.

Ultrasound-mediated BBBDwith CAR T-cell therapy was associated with increased mouse survival durations. A, Treatment schema for NSGmice bearing EGFRvIII-
expressing U87 tumors and treatment on day 14 with EGFRvIII/ffLuc CAR T cells. B, Survival of NSG mice treated with EGFRvIII-CAR T cells or EGFRvIII-CAR T cells
with ultrasound. Survivalwas determinedusingKaplan–Meier analysiswith a one-tailed t test for independent samples. TheMSduration in the treatment groupswere
as follows: EGFRvIII-CAR T-cell (four mice), 35 days; EGFRvIII-CAR T cells with ultrasound (seven mice), undefined. Statistics: EGFRvIII-CAR T cells versus EGFRvIII-
CAR T cells with ultrasound, P ¼ 0.04423.
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immunotherapy would be necessary in combination with LIPU BBBD
for modification of the tumor microenvironment and improved
survival. We cannot, however, exclude the possibility that further
modifications of the LIPU conditions such as increasing the mechan-
ical index or the amount of microbubbles could trigger an antitumor
immune response. Moreover, a wide panel of therapeutic agents has
been delivered to the brain in preclinical models including small
molecular-weight molecules (20, 39), antibodies (9, 22), or cells (7, 40).
Thus, LIPU-induced BBBD could increase the presence of desirable
immune cells such as CD8þ cytotoxic T cells (adoptive T cells, CARs,
etc.), which are normally scarce in the tumor microenvironment.
However, this technique must be specific enough to limit undesirable
tumor-supportive and immunosuppressive cells such as regulatory T
cells, M2 macrophages, and myeloid-derived suppressors. According-
ly, in our study, we focused on the delivery of specific immune-cell
subtypes and immunomodulators that would favorably tip the balance
toward proinflammatory responses rather than just lead to a gener-
alized increase in the number of overall immune cells.

Of the strategies we tested, the use of anti–PD-1 is the most
immediate, globally available strategy that could be implemented in

clinical trials. Adding LIPU improved anti–PD-1 delivery and was
protective to tumor rechallenge. Previous studies demonstrated
immune-checkpoint inhibitor-mediated immune memory respon-
ses (41–44). Treatment of GL261 tumors at day 12 shows similarities
to phase III clinical trials where anti–PD-1 alone fails to improve
overall survival for glioblastoma. Treatment with anti–PD-1 and
sonication at the later time point does provide an increase in murine
survival. By enhancing both T-cell and anti–PD-1 delivery across the
BBB with ultrasound, CD4þ and CD8þ T-cell dysfunction in the
tumor microenvironment may be prevented, thereby allowing for
greater effector responses (Fig. 6A). Notably, the use of LIPU-
induced BBBD with anti–PD-1 would still require an enrichment
biomarker of response for human clinical trials because the use of this
therapeutic modality will not likely overcome therapeutic resistance as
was shown with the QPP4 glioma model. LIPU-induced BBBD did
enhance the in vivo persistence in the tumor microenvironment of
CAR T cells that correlated with increased survival, likely secondary to
CAR-mediated recognition of tumor antigens and increased tumor-
cell killing (Fig. 6B). Significant increases in BLI signal at 24 and
72 hours in the brains of LIPU administered CAR T-cell mice are

Figure 5.

APCs expressing CXCL10 administered intravenously with LIPU-induced BBBD were associated with a significant increase in immunocompetent mouse survival
durations. A, Schema of the lentivirus gene transfer plasmid structure for murine CXCL9 or CXCL10. B, Gene transfer plasmid of control methionine-deficient green
fluorescent protein alone.C, Flow cytometry analysis of the percentage of CD3þ T cells within the total CD45þ immune cell infiltrationwithin intracerebral gliomas in
the different treatment groups (n¼ 5–7/group). Statistics: PBS versus CXCL10with ultrasound, P¼ 0.0167; CXCL10 versus CXCL10 with ultrasound, P¼ 0.0412; PBS
with ultrasound versus CXCL10 with ultrasound, P ¼ 0.0004. D, Flow cytometry analysis of CD4þ T cells within the total CD45þ immune cell infiltration within
intracerebral gliomas. Statistics: PBS versus CXCL10 with ultrasound, P ¼ 0.0098; CXCL10 versus CXCL10 with ultrasound, P ¼ 0.0371; PBS with ultrasound versus
CXCL10with ultrasound,P¼0.0003.E,Flowcytometry analysis of CD8þT cellswithin the total CD45þ immune cell infiltrationwithin intracerebral gliomas. Statistics:
PBSwith ultrasound versus CXCL10 with ultrasound, P¼ 0.0023; PBS versus CXCL10 with ultrasound, P¼ 0.153; CXCL10 versus CXCL10 with ultrasound, P¼ 0.2154,
as assessed by the two-sided unpaired t test. F, Treatment schema for C57BL/6 mice bearing GL261 tumors treated with CXCL9 or CXCL10 APCs. G, Kaplan–Meier
survival analysis ofmice treatedwith PBS, i.c. CXCL10APCs, i.v. CXCL10APCs, or i.v. CXCL10APCswith ultrasound. PBSwith sonication control for theGL261model is
demonstrated in Supplementary Fig. S1A. The MS durations in the treatment groups were as follows: PBS (3 mice), 24 days; i.c. CXCL10 APCs (4 mice), 28 days; i.v.
CXCL10APCs (4mice), 24 days; i.v. CXCL10APCswith ultrasound (3mice), 34 days. Statistics: PBS versus i.c. CXCL10APCs, P¼0.0476; PBS versus i.v. CXCL10APCs,
P¼0.6041; PBS versus i.v. CXCL10APCswith ultrasound,P¼0.0246; i.c. CXCL10APCsversus i.v. CXCL10APCs,P¼0.6349; i.c. CXCL10APCsversus i.v. CXCL10APCs
with ultrasound, P ¼ 0.0213; i.v. CXCL10 APCs versus i.v. CXCL10 APCs with ultrasound, P ¼ 0.0415.
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outside the 4- to 8-hour window of transient BBB opening. As such, a
nonsignificant increase in the CAR T cells during the first hours may
result in an increased persistence or a significant expansion after BBB
closure secondary to recognition of tumor antigens. Alternatively, the
LIPU-induced BBBD may enhance antigen availability, thereby
enhancing CAR persistence. CAR T-cell administration with LIPU
may enhance distribution and persistence in the glioma microenvi-
ronment, which can be administered repeatedly for amplified immune
responses.

The current dogma is that anti-glioma immune responses are
generated by the lymphatic drainage of antigens into the cervical
lymph nodes (45), where APCs like dendritic cells present antigens to
T cells, which then trigger T-cell cytotoxic effector functions (46).
These T cells then traffic to the local tumor microenvironment to
eradicate the glioma. However, immune phenotyping reveals that
these T cells lack effector function and are exhausted (47). Chronic
T-cell stimulation with weak tumor antigens will precipitate this
state (48). The T-cell receptor repertoire differs in lymph nodes and
the primary cancer (49) and even within various regions of the
malignancy itself (50), indicating differences in antigen profiles in
various anatomic locations. To date, matched antigenic profiling
between tumors and lymph nodes has yet to be conducted, but based
on T-cell receptor repertoire analysis, antigenic differences are plau-
sible. During the initial antigen-presentation event, immune check-
points are not yet significantly upregulated or exhausted (51). Thus,
T cells can exert effector responses, including eradication of the tumor.
If the glioma microenvironment has sufficient APCs capable of
presenting novel antigens to a na€�ve T cell, then these cells could
induce antitumor effector responses.

In nanostring profiling of primary gliomas and brainmetastases, we
noted marked differences in the frequency of activated dendritic cells
in the CNS tumor microenvironment, with these cells (i.e., APCs)
being almost completely absent in high-grade gliomas (52). Further-
more, we found that marked dendritic cell and T-cell cluster interac-

tions can be induced in preclinical glioma models using radiation plus
a STAT3 inhibitor to maintain dendritic cell activation (16, 53).
Therefore, we evaluated the use of LIPU-induced BBBD to deposit
APCs into the tumor microenvironment in a uniform, consistent
manner. Ultrasound-mediated deposition of CXCL10-expressing
APCs loads the tumor microenvironment with T cells that become
activated and directed for killing tumor cells (Fig. 6C). We found that
delivery of the CXCL10-secreting APCs to the glioma microenviron-
mentwith LIPU-inducedBBBDwas superior to deliverywith direct i.c.
injection. This may have been because of more diffuse dispersal of the
APCs throughout the tumor microenvironment relative to the direct
injection whichmay have beenmore focal. Alternatively, APC passage
through the perivascular region after LIPU-induced BBBD may have
positioned these cells in close proximity to the T cells emigrating from
the vascular space into the localized gliomamicroenvironment. Ex vivo
flow cytometry demonstrated a significant increase in the frequency of
T cells within the glioma microenvironment after CXCL10-secreting
APC treatment. The robust CD4þ T-cell infiltration may decrease the
threshold for tumor immune recognition by CD8þ T cells by increas-
ing epitope spreading to antigens (54). We also observed that APCs
secreting CXCL10 lead to substantial survival benefits in glioma-
bearing mice despite not yet being fully optimized for dose, schedule,
or blockade of inactivation by an immunosuppressive tumor. The role
of CXCL10 in the immunologic effect of DC-based therapies in
GL261 glioma–bearing mice has previously been demonstrated.
CXCL10 produced by type 1 polarizingDCs play a role in the induction
of antigen-specific cytotoxic lymphocytes in C57BL/6 mice, resulting
in increased survival in GL261 glioma-bearing mice (55). The asso-
ciation of intratumoral IP-10 plasmid producing CXCL10 and sub-
cutaneously GL261 lysate-pulsed DCs results in reduction of tumor
vasculature, necrosis and apoptosis, and immune response, leading to
decreased tumor burden and increased survival (56). Based on the
minimal effect of anti-CXCL9 in disease severity, Zhu and colleagues
suggested that among CXCR3 ligands, CXCL10 plays a predominant

Figure 6.

Schemas demonstrating how ultrasound-mediated BBBD delivers antibodies, CAR T cells, and APCs to the tumor microenvironment for immune activation and
improved tumor-cell killing. A, Anti–PD-1 delivered through an open BBB blocks immune exhaustion of effector T cells, thereby enabling T cells to exert an effector
response through perforin and/or granzyme B. B, Compared with CAR T cells administered alone, ultrasound-administered CAR T cells can infiltrate the tumor
microenvironment more diffusely and with longer persistence, thereby triggering tumor cytotoxicity through the CARs. C, Ultrasound BBB opening allows CXCL10
APCs and T cells to infiltrate the tumormicroenvironment. Secondary to theAPCpresenting antigens to the T-cell, the T-cell becomes activated and thus canmediate
direct tumor killing because the T cells have not been chronically stimulated.
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role in recruiting type 1 “antigen-experienced” T cells into the
CNS (57). We suspect CXCL10 but not CXCL9 had an impact
because the former induces recruitment of microglia (58), CD8þ

and CD4þ effector cells (59), and polarizes T cells toward TH1
differentiation (60). Although CXCL9 and CXCL10 both serve as
ligands of CXCR3, they may affect different signaling cascades, thus
causing diverse effects on T-cell polarization (59). A previous study
demonstrated the efficacy of CXCL10-Ig in reducing myeloma
development via the recruitment of CD4, CD8, and NK cells (61).
Another study found administration of a dipeptidyl peptidase 4
inhibitor suppressed melanoma by increased endogenous levels of
CXCL10 (62). Future studies should verify the presence of an
immune synapse in the glioma microenvironment with multiplex
IHC, T-cell subset analysis, and immune and function phenotyping
associated with this local interaction. Besides optimization of the
dose and schedule, APC genetic modification is needed to prevent
APC immunosuppression and downregulation of major histocom-
patibility complexes and costimulatory molecules.

Overall, our data demonstrate that LIPU enhances the therapeutic
index for a wide variety of immunotherapy strategies for patients with
CNS tumors. LIPU may enhance the delivery of immune therapeutics
based on in vivo bioluminescent imaging or modify the local tumor
microenvironment to be more conducive to immune therapeutic
clearance. Further studies are needed in the future to confirm the
optimal order of sonication and drug administration for a given
therapy. Additionally, a key issue with preclinical studies is that they
may overrepresent or underrepresent the impact in actual clinical
studies. In preclinical models, BBBD, as demonstrated by the Evans
blue dye distribution in the present study, covers almost the entire
hemisphere, whereas in an actual patient, BBBD is very likely to cover
much less (35). The preclinical system used in these studies is based on
the SonoCloud implantable ultrasound device (CarThera). The first-
generation device, SonoCloud-1, demonstrated safety in recurrent
glioblastoma patients and reproducible BBB opening (34, 35). The
SonoCloud-1 creates a 1-cm diameter cylindrical volume of BBB
disruption that extends to a depth of approximately 6 cm. The
next-generation device, SonoCloud-9, is an implanted device that
covers a volume of 6 � 6 � 6 cm3. Several current clinical trials
(NCT03744026, NCT04614493, and NCT04528680) are now explor-
ing the use of the SonoCloud-9 to broaden the volume of BBB
disruption to the tumor and surrounding infiltrative regions. Although
transcranial focused ultrasound usually is associated with smaller
volumes, teams are investigating the sonication of larger volumes as
well (63, 64). Nonetheless, given the diffuse nature of infiltration in the
context of gliomatosis cerebri and/or multifocal glioblastoma, LIPU
may still have volume limitations. Preclinical (65, 66) and clinical (67)
studies have shown the ability of LIPU to increase circulating brain-
derived biomarkers, confirming the technique may allow for liquid
biopsy. By inducing the release of tumor antigens, LIPU-induced
BBBD could also facilitate activation of peripheral immune cells, thus
increasing the immune response induced by BBBD and overcoming
the present volume limitations.

There are a number of LIPU parameters that will need to be
considered and optimized not only in preclinical models but also
during clinical trials that could affect the therapeutic results. These
include the time of administration of the therapeutic relative to the
sonication, the amount and type of microbubbles administered, the
mechanical index and duration of the sonication, acoustic pressure,
and the extent of the tumor vasculature (68–70). Even if some of these
parameters are optimized in preclinical studies, they may need to be
further evaluated and refined in human subjects given the fundamental

differences between the preclinical models and the human tumors on
size, molecular and immunologic heterogeneity, infiltration of adja-
cent brain, presence of necrosis, and vasculature. Although current
clinical trials focus on achieving greater tumor concentrations of
chemotherapy, the use of LIPU with immunotherapy in the setting
of glioma patients is now being actively considered. The challenges of
evaluating andmonitoring immunotherapy in gliomapatients will also
be the case for their combination with LIPU but does provide further
justification for the use of imaging tagged adoptive cellular
therapies (71–75). Immune functional assessment and distribution
couldbedone in the context ofwindow-of-opportunity studies (76, 77).
In future clinical trials, further studies are needed to confirm the
optimal order of sonication and drug administration for a given
therapy.

Our preclinical data may underestimate the impact of using anti–
PD-1 with LIPU-induced BBBD because these tumors are small and
the anti–PD-1 can penetrate into these tumors via the leaky blood–
tumor barrier, without the use of LIPU-induced BBBD (26). Although
therapeutic activity of anti–PD-1 can be exerted through modulation
of local microglia, the primary mechanism of anti–PD-1 may still be
through its function on peripheral immune cells. This may account for
the more impressive effects on murine survival with cellular therapies
and LIPU relative to an immune-checkpoint inhibitor and LIPU.
Although the use of BBB opening ultrasound demonstrated the most
compelling biological response with EGFRvIII CARs, this strategy
would still not overcome the key limitation of antigen loss (78, 79).
Ultimately, the clinical relevance of the preclinical model and ultra-
sound administration platform will only be validated through the
implementation of clinical trials.
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