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Abstract
Introduction  Opening of the blood–brain barrier (BBB) by pulsed low intensity ultrasound has been developed during the 
last decade and is now recognized as a safe technique to transiently and repeatedly open the BBB. This non- or minimally 
invasive technique allows for a targeted and uniform dispersal of a wide range of therapeutic substances throughout the brain, 
including immune cells and antibodies.
Methods  In this review article, we summarize pre-clinical studies that have used BBB-opening by pulsed low intensity 
ultrasound to enhance the delivery of immune therapeutics and effector cell populations, as well as several recent clinical 
studies that have been initiated. Based on this analysis, we propose immune therapeutic strategies that are most likely to 
benefit from this strategy. The literature review and trial data research were performed using Medline/Pubmed databases and 
clinical trial registry www.clini​caltr​ials.gov. The reference lists of all included articles were searched for additional studies.
Results  A wide range of immune therapeutic agents, including small molecular weight drugs, antibodies or NK cells, have 
been safely and efficiently delivered to the brain with pulsed low intensity ultrasound in preclinical models, and both tumor 
control and increased survival have been demonstrated in different types of brain tumor models in rodents. Ultrasound-
induced BBB disruption may also stimulate innate and cellular immune responses.
Conclusions  Ultrasound BBB opening has just recently entered clinical trials with encouraging results, and the association 
of this strategy with immune therapeutics creates a new field of brain tumor treatment.
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HER2	� Human epidermal growth factor receptor-2
IgG	� Immunoglobulin G
IgM	� Immunoglobulin M
IFNγ	� Interferon gamma
IL	� Interleukin
IP	� Intraperitoneal
MIP3α	� Macrophage inflammatory protein-3 alpha
NK	� Natural killer
NF-κB	� Nuclear factor-kappa B
OS	� Overall survival
PFS	� Progression-free survival
scFv	� Single-chain variable fragment
SPIO	� Super-paramagnetic iron oxides
Treg	� Regulatory T cell
TNFα	� Tumor necrosis factor alpha
US	� Ultrasound
VEGF-A	� Vascular endothelial growth factor A

Rationale for use of temporary BBB‑opening 
by ultrasound with immune therapeutics

Conventionally, the brain has been considered to be immu-
nologically privileged based on the work of Medawar in 
1948, in which allogeneic skin grafts transplanted onto the 
brains of experimental animals escaped host rejection [1]. 
This premise was bolstered by the notions that the central 
nervous system (CNS) lacked antigen-presenting cells, had 
a tightly imposed blood–brain barrier (BBB) restricting 
immune access, and lacked lymphatic drainage. Widespread 
acceptance of the view that the brain is an immunologically 
privileged site has hampered the enthusiasm and develop-
ment of immune therapeutics for brain tumors. Over the 
last several decades, each of these purported barriers has 
been dismantled or refuted, including identification of anti-
gen-presenting cells in the brain [2], proof that circulating 
immune cells are capable of penetrating the BBB to perform 
routine immune surveillance functions in the CNS [3, 4], 
and demonstration of the presence of an elegant lymphatic 
system [5–7].

Four key steps are needed to obtain immunological clear-
ance of a cancer: (1) an immunological target; (2) immune 
activation; (3) trafficking to the tumor microenvironment; 
and 4) maintenance of the effector function in the setting of 
tumor-mediated immune suppression. All of these must be 
operational to obtain cancer control by the immune system. 
Although there is a large therapeutic portfolio of approved 
drugs that addresses tumor antigen targets, immune activa-
tors, and modulators for controlling immune suppression, 
there are few modalities that are directed at enhancing the 
relative number of effectors in the tumor microenvironment 
and/or the delivery of immune modulators to the tumor. 
The BBB serves as a specific impediment to the delivery of 

large molecules and antibodies. Specifically, less than 1% of 
administered antibodies can usually be detected in the CNS, 
but they can be engineered to have increased penetration [8].

Gliomas are immunologically unique in that they are 
enriched in some types of immune cells such as mac-
rophages [9, 10] but are relatively lacking in others such as 
T and NK cells [11] that are capable of exerting direct tumor 
cytolytic activity. Even in the setting of active immuno-
therapy with agents such as immune checkpoint inhibitors, 
there may not be significant enrichment of these cells. The 
T cell in particular can be sequestered in the bone marrow 
in patients with intracranial tumors [12]. As such, unique 
strategies need to be considered for enhancing their pres-
ence in the tumor.

Different strategies have been used to increase the con-
centration of a therapeutic agent within the CNS, such as: 
convection enhanced delivery (CED), which provides a con-
tinuous infusion of drugs through an intracerebral catheter 
[13]; intra-arterial chemotherapy with microcatheters and 
endovascular devices [14]; and deposition of implants in the 
tumoral cavity [15, 16]. Noninvasive techniques are based 
on osmotic [17] or chemical [18] disruption of the BBB. 
Chemical modification of drugs may also enable them to 
pass through the BBB [19], but this will require reformula-
tion of each drug and is unlikely to be compatible with the 
entire therapeutic compendium. Physiological approaches 
using specific transport systems [20] could also be consid-
ered. Ultrasound (US)-induced BBB disruption (BBBD), 
a technology that has been in pre-clinical development 
for more than 20 years and which has just recently entered 
clinical trials, has several advantages in being non- or mini-
mally invasive, can be administered in a targeted manner, 
and may allow for a more uniform dispersal of the thera-
peutic throughout the tumor microenvironment [21]. In this 
review article, we summarize pre-clinical studies that have 
used BBB-opening by ultrasound to enhance the delivery of 
immune therapeutics and effector cell populations, as well 
as several recent clinical studies that have been initiated. We 
also propose strategies that are most likely to benefit from 
this combinatorial approach.

Ultrasound‑induced BBB disruption

Intravenously injected microbubbles administered during the 
delivery of low intensity pulsed ultrasound can induce tran-
sient and safe opening of the BBB in rabbits [21, 22]. The 
mechanisms underlying US-induced BBBD are not totally 
elucidated but are based on the expansion and contraction of 
injected microbubbles, also called cavitation, which impli-
cate four different cellular mechanisms: (1) transcytosis, (2) 
transendothelial openings (fenestrations, channels forma-
tion), (3) opening of the tight junctions and interendothelial 
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clefts, and (4) free passage of molecules through the per-
meable endothelium at higher ultrasonic energies [23]. Fig-
ure 1 illustrates the primary mechanisms believed to underlie 
US-induced BBBD. In the initial studies of this strategy, 
endogenous IgG was observed to cross the BBB secondary 
to transcellular processes and, to a lesser extent, intercellular 
shuttling [23]. For the latter, most of the IgG was trans-
ported in vesicles after internalization on the luminal surface 
of endothelial cells (i.e., transcytosis). Very little IgG was 
detected passing through interendothelial clefts.

The safety of US-induced BBBD has been assessed in 
preclinical models in both small and large animals and in 
clinical studies. With optimal US parameters, the histologi-
cal side effects observed in animal models are limited to 
potential red blood-cell extravasations, with very few apop-
totic or ischemic cells [24], for either single or multiple son-
ication sessions [25]. Multi-parametric, long-term studies 
have shown that repeated US-induced disruption of the BBB 
was clinically well tolerated in primates [26–28]. A large 
variety of antineoplastic molecules and agents have been 
shown to have enhanced delivery to the brain after BBBD 
including small molecular weight drugs [29], monoclonal 
antibodies [30], enzymes [31], neurotrophic factors [32], 
DNA [33], and cells [34]. Both tumor control and increased 
survival times have been achieved in preclinical tumor mod-
els of glioma after US-induced opening of the BBB and 
systemic injection of drugs [35–37].

Clinical translation

Two strategies have been developed in order to open the 
BBB with ultrasound and have led to multiple clinical tri-
als: extracranially-applied focused ultrasound and implant-
able ultrasound devices. The first technique was described 
more than 15 years ago [21] and is currently the most 
widespread. Clinical systems based on transcranial ultra-
sound were first developed for thermal ablation applica-
tions. These devices allow for opening of the BBB in a 
focused manner usually spanning several millimeters in the 
brain parenchyma. With a scanning setup, or adjustment of 
the phasing of large arrays, larger volumes of brain can be 
safely sonicated [38]. The skull represents the main obsta-
cle to transcranial application of ultrasound because the 
bone induces a 30 to 60-times higher acoustic attenuation 
than soft tissues do, causes rapid heating inside the skull, 
and it also has a significant effect on the US beam’s propa-
gation. By using lower ultrasound frequencies, hemispher-
ical shaped arrays [39], and multi-element phased array 
ultrasound systems [40], these difficulties were progres-
sively overcome. Preclinical studies led to the development 
of a low frequency hemispherical multi-element phased-
array transducer, a transcranial and totally noninvasive 
system—the ExAblate® system (InSightec, Haifa, Israel 
[41, 42]). Several on-going clinical trials are evaluating 
the safety and feasibility of BBBD with the ExAblate® 
system in patients with high-grade glioma (NCT03551249, 
NCT03616860, NCT03712293, NCT02343991), breast 
cancer brain metastases (NCT03714243), Alzheimer’s 
disease (NCT02986932, NCT03739905, NCT03671889), 
Parkinson’s disease (NCT03608553), and amyotrophic 
lateral sclerosis (NCT03321487). The first BBB open-
ing in patients with malignant brain tumors using the 
ExAblate® system in a phase I, single-armed study, has 
been recently published [43] (NCT02343991). Safe and 
reversible opening of the BBB was obtained at tumor mar-
gins, with a 15–50% increase of contrast enhancement on 
T1-weighted magnetic resonance imaging (MRI), with res-
olution 20 h later. Increased temozolomide concentrations 
were observed in sonicated peritumoral tissue relative to 
unsonicated peritumoral tissue (3.47 × 10–4 ng/mg versus 
0.45 × 10–4 ng/mg, respectively). A custom-designed mul-
tichannel hemispherical phased-array ultrasound system, 
the NaviFUS® System, has been designed by a Taiwanese 
team and has been recently assessed in a single-armed 
and dose escalation study in patients with recurrent GBM 
(NCT03626896). The results have not yet been published. 
A single element, transcranial, focused ultrasound sys-
tem that uses neuronavigation to guide treatment has also 
been approved by the FDA for a pilot clinical trial for 
Alzheimer’s disease (Columbia University). An MRI is not 

Fig. 1   Mechanisms of blood–brain barrier (BBB) opening with low 
intensity pulsed ultrasound. Passage of microbubbles (1) in the ultra-
sound beam (2) makes them vibrate, creating cavitation. This induces 
modifications of the endothelial cells (3) and opening of the BBB in 
different ways. Closed tight junctions (4) are temporarily opened, cre-
ating intercellular routes (5). Transcellular transport is activated, with 
formation and movement of vesicles from luminal to abluminal sur-
faces (6). Vesicles can also merge and form large fenestrations and 
then form transendothelial channels (7). A large variety of entities, 
from small drugs (8) to antibodies (9) and cells, can cross the BBB 
through these intercellular and transcellular ways, and thus be deliv-
ered to the brain parenchyma
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needed during the procedure and cavitation feedback using 
a passive cavitation detection device is used to control the 
treatment [27].

As an alternative approach, CarThera has designed an 
implantable ultrasound device that can be inserted into the 
skull during surgical resection. Multiple preclinical stud-
ies have assessed this device, the SonoCloud®, and dem-
onstrated that it allows for safe, transient, and repeated 
opening of the BBB in both small and large animals [26, 
44]. In addition, temozolomide, irinotecan, and carboplatin 
concentrations have been enhanced in the brain parenchyma 
of rabbits, mice and non-human primates with this device 
[29, 45]. Both increased survival times and delayed tumor 
growth have been observed in murine models of glioblas-
toma treated with these chemotherapeutics using ultrasound 
BBB opening [37]. As such, the first clinical trial using the 
SonoCloud® technology has been performed in patients 
with recurrent glioblastoma treated with intravenous carbo-
platin (NCT02253212). Opening of the BBB was obtained 
without severe adverse events, including when sonicating 
eloquent brain regions [22]. Moreover, both median pro-
gression-free survival (PFS) and overall survival (OS) times 
were increased relative to historical data (4.11 months versus 
2–3 months, respectively, for PFS and 12.94 months ver-
sus 6–9 months, respectively, for OS). A trend for tumor 
control in the sonication field was also shown, although 
these results will have to be confirmed in a larger study 
with more patients. The SonoCloud-9®, a new version of 
the SonoCloud® device, consists of nine 1-cm diameter 
transducers arranged on an implantable grid, so that it 
can cover a larger resection area and surrounding tissues. 
A multicenter clinical trial is still ongoing to evaluate the 
safety of the device in patients with recurrent glioblastoma 
(NCT03744026). Two other clinical trials are underway in 
order to evaluate the safety and feasibility of BBBD using 
the SonoCloud-1® device in patients with melanoma brain 
metastases (NCT04021420) and in patients with Alzhei-
mer’s disease (NCT03119961).

The use of BBB‑opening ultrasound for CNS 
diseases

Clinical applications of BBB-opening ultrasound technology 
were first considered in the context of Alzheimer’s disease. 
Anti-Aß antibodies were safely delivered to the hippocampus 
of different strains of plaque-bearing, transgenic mice in two 
model systems of Alzheimer’s disease (APPswe:PSEN1dE9 
and PDAPP models), with or without MRI guidance [46]. In 
a TgCRND8 mouse model of Alzheimer’s disease, the levels 
of both IgG and IgM that were directed against amyloid 
plaques were significantly increased in specific regions of 
the brain treated with MR-guided US relative to non-treated 

cortex. Such increases were observed from 4 h to 4 days 
after sonication and correlated with decreased plaque burden 
[47, 48]. Multiple other studies have also shown that this 
strategy can enhance the delivery of intravenously-injected 
antibodies to the brain. For example, Dopamine D4 recep-
tor-targeting antibodies were delivered to the hippocampus 
and basal ganglia in mice after BBB opening, whereas no 
antibodies were detected in the contralateral and unsoni-
cated brain regions [30]. The same team was able to deliver 
trastuzumab, a humanized antihuman epidermal growth fac-
tor receptor 2 monoclonal antibody, to mouse brain paren-
chyma, with the amount of the antibody delivered directly 
correlating with the MRI signal change after gadolinium 
injection, allowing for imaging assessment of delivery [49]. 
Anti-Aß antibody delivery was enhanced specifically to 
reach the hippocampus of mice modeling Alzheimer’s dis-
ease (TgCRND8 model), which was associated with reduced 
Aß plaque load [47]. Clinical improvement (of anxiety-like 
behavior) in a tau transgenic mouse model was shown in 
mice treated with BBB-opening scanning ultrasound and 
intravenous injection of a tau-specific single-chain antibody 
[50]. In this study, the whole brain was submitted to sequen-
tial six-second sonications per spot using a scanning setup, 
with a good clinical tolerance and no damage to the brain 
tissue [38]. Another study demonstrated that different vari-
ations of antibodies (IgG, Fab, scFv, from 29 to 156 kDa) 
could be delivered to the brain with scanning ultrasound 
[51]. It is interesting to note that in this later study, the 
IgG, which was a larger molecule than either Fab or scFv, 
achieved the highest concentration in the brain. This was due 
to the longer half-life of the full-sized antibody (IgG), which 
led to an increase in the circulating serum levels of the IgG.

Use of BBB‑opening by ultrasound 
in preclinical brain metastases models

Tumor growth control has been shown in breast cancer brain 
metastases models in rats treated with BBB disruption. CNS 
metastases completely resolved in a subset of rats (n = 4) after 
5 to 7 weekly injections of trastuzumab associated with US-
BBBD. In this study, the response to the treatment was not uni-
form because, in contrast to the “responder rats”, the other six 
rats treated with trastuzumab and ultrasound had tumor growth 
similar to that in the control groups [52]. The same phenom-
enon was observed in a second study, in which tumor control 
growth was obtained in a subset of responder rats after weekly 
treatments with trastuzumab and pertuzumab in conjunction 
with BBBD, whereas no control was obtained in the remaining 
six rats treated with the same protocol. No complete responses 
were observed in this study [53]. The authors did not provide a 
clear explanation for these discrepancies in responses, but they 
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suggested that these could be attributed to variations in tumor 
vasculature or the disruption technique.

In a rat preclinical model of breast metastases, Alkins et al. 
observed enhanced delivery of HER2-specific NK cells to the 
brain after US-induced BBBD and intravenous injection of the 
effector cells [34]. Accumulation of NK effectors in the brain 
was significantly enhanced in the whole US beam, including 
within the healthy brain. The number of NK cells accumulat-
ing in the tumors after intravenous injection was approximately 
0.34% of the total number of NK cells administered. The ratio 
of HER2-specific NK cells to tumor cells was increased five-
fold with the ultrasound BBBD. The authors hypothesized 
that the association of US and microbubbles had an effect on 
both the BBB and the NK cells circulating in the blood flow, 
thereby inducing diapedesis and migration into the tumor. 
Cytolytic activity of the NK cells was not altered by the soni-
cation. They also observed a reduction in tumor volume and 
an increase in survival time after applying multiple sonications 
for three weeks [54].

BBB opening for delivery of therapeutics 
for glioma

Delivery of IL-12 to brain tumors (C6 glioma model) was sig-
nificantly enhanced in rats when intraperitoneal (IP) injection 
of the drug was associated with US-BBBD (2.87-fold when 
compared to controls) [55]. Enhanced delivery of IL-12 sec-
ondary to BBBD was associated with both significant control 
of tumor progression and benefit in survival. Liu et al. assessed 
the delivery of bevacizumab, a humanized monoclonal anti-
body that binds to the VEGF-A isoform, in a U87 glioma 
model in mice [56]. Using an acoustic pressure of 0.4 MPa, 
a 5.73-fold increase in bevacizumab penetration of the brain 
parenchyma was measured. Both tumor growth control and an 
increase in median survival time were observed in the group of 
mice treated with US and bevacizumab (2.35-fold higher than 
the median survival in the control group and 1.58-fold higher 
than the median survival in the bevacizumab-alone group). 
They did not observe such “responders” and “nonresponders” 
as was observed in studies with trastuzumab and pertuzumab 
mentioned earlier [52–54]. One difference between this study 
and these prior studies (with heterogeneous results) was the 
cancer lineage, which may produce differences in the tumor 
vasculature as discussed by the other authors [52, 53]. Moreo-
ver, Liu et al. [56] treated their animals with bevacizumab, 
which is an anti-VEGF antibody that has direct action on the 
vasculature.

BBB disruption induces transient sterile 
inflammation at high microbubble dosages

Kovacs et al. reported the results of proteomic and transcrip-
tomic changes after focused ultrasound (FUS)-BBB opening 
in rats [57]. Within 5 min of FUS, BBBD was associated with 
increased expression of damage-associated molecular patterns 
leading to a sterile inflammatory reaction through the NF-κB 
pathways that lasted 24 h. BBBD rapidly induced local pro-
duction of chemotactic factors, heat-shock protein 70 (HSP70), 
and proinflammatory cytokines such as TNFα, IL1α, IL1ß, 
IL18, and IFNγ, lasting 12–24 h. An increase in CD68+ mac-
rophages was also detected, but their immune function was not 
defined. The local production of cytokines, chemokines, and 
trophic factors, and the influx of serum products that represent 
damage signals could explain the microglial and astrocyte acti-
vation observed. However, these inflammatory reactions are 
correlated to ultrasound parameters and a decrease in micro-
bubble dose and drastic calibration of peak negative pressure 
to avoid inertial cavitation significantly reduces the magnitude 
of this acute inflammatory response [58–60]. Thus, optimiz-
ing ultrasound parameters may allow for a safe opening of the 
BBB with no or mild inflammatory reaction.

In another study, the investigators performed adeno-associ-
ated virus (AAV)1/2 vector delivery with BBBD to the brain 
of rats after intravenous injection of the vector [61]. This 
resulted in long-term and efficient transduction of the gene 
marker, GFP, in neurons located in the targeted parenchyma. 
Local inflammation was observed during the first day after the 
sonication, but no astrocytosis or microgliosis were detected in 
either sonicated or nonsonicated brain at 2 weeks, 2 months, 
or 6 months after sonication plus AAV delivery. It is unclear 
how long the BBB-opening ultrasound triggers microglia 
activation. Specifically, Iba1-positive microglia were found 
to be activated in both TgCRND8 mice (model of Alzhei-
mer’s disease) and non Tg mice from 4 h to 4 days after FUS 
BBB opening. In the same study, GFAP-positive astrocytes 
were activated in both the TgCRND8 mice and non Tg mice 
at 4 days after sonication. By 15 days, activation of GFAP-
positive astrocytes remained only in the TgCRND8 mice, and 
activation of microglia had subsided in both TgCRND8 mice 
and non Tg mice. In another study, a mild inflammation with 
macrophage infiltration and activation of microglia was ini-
tially observed but was reduced at 4 weeks [62], indicating that 
the kinetics of the ultrasound with specific types of immune 
modulation will need to be considered.
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US‑induced BBB disruption and innate 
immune response

Accumulation of macrophages has been observed and 
associated with scattered hemosiderin deposits after sin-
gle or repeated BBBD sessions [25, 28, 62]. The mac-
rophage infiltration of the brain after BBBD has been spe-
cifically studied using MRI and super-paramagnetic iron 
oxides (SPIO) [63]. No significant inflammatory responses 
were observed with optimal US parameters. However, 
with higher US parameters that can induce intracerebral 
hemorrhage, a significant cellular reaction occurred, 
corresponding to activity of SPIO-laden monocytes and 
monocyte-derived macrophages in the hemorrhagic brain 
from 4 to 24 h after sonication. In another study, migra-
tion of systemic fluorescently-labeled superparamagnetic 
iron oxide nanoparticles (FISPION)-labeled CD68+ mac-
rophages into the sonicated parenchyma was observed 
6 days after sonication, with optimal and safe ultrasound 
parameters being observed [57] (without parenchymal 
damage or microhemorrhages).These results suggest that 
(1) macrophage infiltration may be associated with distinct 
parameters that are used during the ultrasound and the 
extent of erythrocyte extravasation and (2) that recruitment 
of macrophages originating from the blood circulation can 
occur after US-induced BBBD.

US‑induced BBB disruption and cellular 
immune response

Chen et  al. did not observe significant changes in the 
T-cell population in normal rat brains after exposure to 
ultrasound, aside from a slight but nonsignificant increase 
in Th cells [55]. Specifically, there were no changes in 
the numbers of CTLs or Tregs, either with an intact BBB 
opening (0.36 MPa) or BBB opening with red blood cell 
extravasation (0.7 MPa) [55]. In contrast, in tumor-bear-
ing rats, exposure to ultrasound significantly increased 
CD3+ CD8+ lymphocyte infiltration in the tumor (C6 gli-
oma, about twofold relative to control). Tumor infiltration 
by CD3+ CD8+ , CD3+ CD4+ , and CD4+ CD25+ lym-
phocytes was significantly enhanced after IP injection 
of IL-12 in association with BBBD, compared with 
controls, IP injection of IL-12 monotherapy, or BBBD 
alone. In addition, both BBBD and IL-12 alone resulted 
in an increased CTL/Treg ratio relative to the control 
group in glioma tissue. This ratio was more significantly 
increased when BBBD and IL-12 injection were used in 
combination. The immunological response was targeted 
to the brain, as no changes in the lymphocyte population 

percentages were observed systemically, either in the 
spleen or in mesenteric lymph nodes. However, these 
results should be considered with some caution because 
the C6 model is known to be able to induce vigorous 
immune reactions that are not reflective of human gliomas 
[64]. Nonetheless, sonication may allow for infiltration 
of immune cells through the open BBB along with local 
exposure of the tumor to the systemic immune system. 
BBB opening ultrasound may also allow the release of 
antigenic tumor particles into the peripheral blood circula-
tion as previously described for U87 mice [65].

Conclusions and perspectives

US-induced opening of the BBB is a promising technique 
that could facilitate the entry of a wide range of substances 
into the brain and increase their concentration within it, from 
drugs or antibodies, to cells. In the context of immunother-
apy, this strategy could be used to increase the concentra-
tions of antibodies whose target resides in the CNS. Such 
targets could either be tumor antigens or immune modula-
tory antibodies in which the target cell population, such as 
microglia, resides in the CNS. Notably, there may not be 
additional therapeutic value of using US-induced opening of 
the BBB if the immune modulatory effect is primarily medi-
ated at the periphery and if the immune effector cell gains 
adequate access to the tumor. A second potential area for 
future investigation is to ascertain whether this strategy, by 
increasing the number of effector cells in the tumor microen-
vironment, can enhance other immune therapeutic strategies. 
US-induced BBBD may allow for delivery of immune cells 
into the tumor microenvironment, thereby converting an 
immunologically “cold” tumor into a “hot” one, which may 
enable responses to immune checkpoint blockade strategies. 
A hindrance to several types of adoptive immunotherapies, 
such as NK cells, adoptive T cells, and chimeric antigen 
receptor T cells, for brain tumors has been the lack of ade-
quate CNS delivery, and as such, US-induced BBBD may 
allow delivery of multiple dosing to focal areas of the brain. 
Another strategy to consider is the use of US-induced BBBD 
to specifically deposit either benign cells or nanoparticles 
elaborating immune chemokines or immune modulatory 
cytokines to modulate the local tumor immune responses. 
Modulation of antigen-presenting cells could also be consid-
ered, either by depositing these cells (dendritic cells) directly 
into the tumor, which would allow for T-cell stimulation in 
the local microenvironment, or by liberating tumor antigens 
into the blood circulation through the disrupted BBB to acti-
vate circulating antigen-presenting cells. Clearly, the emerg-
ing technology of BBB-opening ultrasound offers multiple 
therapeutic opportunities to enhance immunotherapy for 
glioma patients.
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