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Introduction: Gliomas, particularly glioblastomas, are characterised by their poor prognosis and low patient survival rate. Cytotoxic 
T lymphocyte-associated antigen-4 antibodies, a type of immune checkpoint inhibitor, have shown promise as an effective treatment 
strategy against the most aggressive tumour cells within the microenvironment of gliomas. However, their delivery to the brain is 
hindered by the blood-brain barrier, which is leaky in a heterogenous way, leading to uneven drug distribution across the tumour. 
Focused ultrasound, combined with intravenously administered microbubbles, is a technique that can non-invasively, safely, and 
reversibly increase the permeability of the blood-brain barrier in a targeted area, promoting the delivery of therapeutics, such as 
immune checkpoint inhibitors, to inaccessible tumour areas and thereby helping to prevent tumour relapse.
Methods: We applied two different types of focused ultrasound sequences (long pulses vs rapid short-pulses) with microbubbles to 
the left hippocampus of wild-type female C57BL/6 mice before administering fluorescently labelled cytotoxic T lymphocyte- 
associated antigen-4 antibodies.
Results: We determined that the targeted brain region had a significant increase in antibody delivery following ultrasound treatment 
with both pulse sequences. A more uniform delivery was achieved when treating with rapid short-pulse sequences (p-value = 0.0130), 
where bursts of short 5 µs pulses of focused ultrasound were emitted at a fast repetition frequency (1.25 kHz). We observed 
a significant increase in anti-tumour immune cells in long-pulse treated brains (p-value = 0.0021 (CD3+ cells) and p-value = 0.0001 
(MHC class II+ cells)).
Conclusion: These results provide a proof-of-principle for how focused ultrasound with microbubbles can promote homogenous anti- 
tumour drug delivery and modulate the immune microenvironment.
Keywords: focused ultrasound, blood-brain barrier, microbubbles, drug delivery, immunotherapy, immune checkpoint inhibitors

Introduction
Gliomas are the most common malignant tumours in the adult central nervous system (CNS) with glioblastoma being 
their most aggressive form.1,2 Currently available treatments include surgery to resect the tumour, chemotherapy and 
radiotherapy.3 Despite these treatment strategies, the prognosis of gliomas, and in particular glioblastomas, remains poor, 
with median survival following diagnosis of approximately 12–18 months.3 The main hindrance to an effective treatment 
strategy lies in tumour heterogeneity, as glioblastomas are made up of different subtypes of glioma stem cells that react 
differently to treatments.4 There is therefore a need for a treatment strategy that addresses the heterogeneity of glioma’s 
cellular make-up. In other words, we need a treatment strategy that globally targets different elements of the tumour 
microenvironment, including the tumour cells, immune cells, cytokines and endothelial cells that are found in gliomas.2

Immune checkpoint blockers represent an emerging treatment strategy that acts to block the pro-tumour effects of 
immune checkpoints, proteins that are over-expressed on the surface of T cells, particularly CD4+ and CD8+ T cells, in 
the tumour microenvironment.5 Figure 1 highlights the mechanism of action of one such type of immune checkpoint, 
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cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), which, when not blocked by an anti-CTLA-4 antibody (immune 
checkpoint inhibitor), binds to receptors on antigen-presenting cells (APCs), promoting the inactivation of T cells 
(Figure 1A).5 Research has been carried out to determine the effectiveness of these immune checkpoint blockers. For 
example, Chen et al demonstrated that anti-CTLA-4 treatments led to a 2- to 3-fold increase in survival in a glioma 
mouse model enriched with mesenchymal-like glioma stem cells, the most aggressive subtype of glioma stem cells, 
making it more representative of human glioblastomas compared to commercial glioma mouse models.4 This method of 
immune suppression is crucial for glioma survival as CD4+ and CD8+ T cells normally play key anti-tumour roles in the 
tumour microenvironment by secreting pro-inflammatory cytokines such as interferon-gamma (IFN-γ) to recruit more 
T cells.2 The activation of these T cells is dependent on their interaction with APCs, which include dendritic cells, B cells 
and microglia.6 In fact, in tumours where the function of dendritic cells is impaired, T cell activity is lower as both CD4+ 

and CD8+ T cells lose their ability to react to antigens.6 Therefore, immune checkpoint blockers are a promising 
treatment strategy as they can counteract key pro-tumour mechanisms of gliomas, such as the overexpression of immune 
checkpoints, to promote T cell activation. The delivery of these antibodies to the brain, however, is hindered by the 
impermeability of the blood-brain barrier (BBB).4

The BBB is responsible for maintaining homeostasis in the CNS and protecting it against toxins and pathogens.7 This 
is made possible by the presence of junction proteins between the endothelial cells that line the capillary walls, which 
also contain efflux pumps, rendering the brain impermeable to most large-molecule drugs.7 In tumours, however, the 
BBB is leaky in a heterogeneous way and is most commonly referred to as the blood-tumour barrier (BTB).8 This means 
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that regions within the tumour that need to be targeted for an effective anti-tumour response will experience varying 
degrees of drug delivery, which in turn can promote tumour recurrence.8

Focused ultrasound (FUS) with microbubbles (MBs), a technique first described in 2001 by Hynynen et al, can 
promote a safe, reversible, and targeted increase in the permeability of the BBB.9 This technology focuses ultrasound 
waves onto targeted regions within the brain with MBs being administered into the bloodstream.10 These MBs are 
clinically approved as ultrasound contrast agents and most often consist of a protein or lipid shell containing a gas core, 
with diameters between 1–10 μm.11 When these MBs enter the area where the ultrasound is targeted, they expand and 
contract causing mechanical stresses on the blood vessel walls, which increases the permeability of the BBB.12 This 
technique has previously been used to deliver immune checkpoint blockers, programmed cell death ligand 1 (PD-L1) and 
the programmed cell death protein 1 (PD-1), across the BBB.13,14 Both studies showed an increase in the delivery of 
these antibodies to the brain with FUS, emitted in sequences of long 10 ms pulses.13–15 Here, we sought to investigate 
whether FUS and MBs could increase the delivery of anti-CTLA-4 immune checkpoint blockers to the brain, and 
whether a rapid short-pulse (RaSP) sequence could be used for this purpose. RaSP sequences, consisting of bursts of 
short microsecond pulses emitted at a fast repetition frequency, have been shown to promote a more homogeneous 
delivery of a variety of agents, with a higher safety profile and faster closing of the BBB.15–19 In other words, RaSP has 
the potential to enable a more uniform, widespread delivery of anti-CTLA-4 antibodies, allowing them to reach more 
locations where the BTB is still intact. Improving the uniformity of drug delivery takes away the pressure from other 
methods to ensure drug delivery, such as increasing local drug concentrations by injecting more drug systemically, which 
has been shown to correlate (Cmin) with an increase in immune-related adverse effects following administration of 
ipilimumab (commercial anti-CTLA-4 antibody).20

Healthy wild-type female C57BL/6 mice were used as a model of the most impermeable conditions for these 
antibodies to get across, given their intact BBB. We targeted the left hippocampus of the mouse’s brain with either 
a long-pulse or RaSP ultrasound sequence while intravenously injecting MBs followed by a fluorophore-conjugated anti- 
CTLA-4 antibody. Once extracted, the brains were cryosectioned and imaged to quantify the amount of fluorescence 
detected in the targeted hippocampus compared to that in the control brain region (that received no ultrasound treatment) 

Figure 1 Immune checkpoint inhibition. T cell activation requires antigen presentation by antigen-presenting cells (APCs) via the major histocompatibility (MHC)-T cell 
receptor (TCR) complex along with the binding of CD28 with the CD80/CD86 receptor on APCs. If the CTLA-4 protein is upregulated (A), it will interact with the CD80/ 
CD86 receptor on the surface of APCs and cause T cells to become inactive. However, if an anti-CTLA-4 antibody is present (B), it will interact with the CTLA-4 protein 
and prevent its interaction with the CD80/CD86 receptor, allowing T cell activation. This figure was created using BioRender and adapted from the National Cancer 
Institute.5
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to determine how long-pulse versus RaSP ultrasound treatments affected delivery. We then sought to explore whether 
these treatments modulated the immune microenvironment of the targeted brain region. To address this second aim we 
stained sections from the treated mice for cluster of differentiation 3+ (CD3+) and major histocompatibility complex class 
II+ (MHC class II+) cells. CD3+ was used as a common marker for T cells, which play key roles in anti-tumour immunity 
and are the targets of anti-CTLA-4 antibodies. We stained for MHC class II+ cells as these are the APCs for a subset of 
T cells, CD4+ T cells, that trigger the cytotoxic CD8+ T cell response and promote the formation of a memory CD8+ 

T cell pool that is needed for long-term anti-tumour responses.21

Materials and Methods
Animals
Wild-type female C57BL/6 mice (Charles River, Stansted, UK) (N= 6) between 8–12 weeks old (19.82 ± 2.23 g) were 
used for these experiments that took place between September 2023 and September 2024. These mice were all habituated 
for at least seven days before any experiment and held in individually ventilated cages (inside temperature 20–24°C) and 
humidity-controlled rooms (45–64%) with 12-hour night and day cycles. These experiments were all approved by 
Imperial College London’s Animal Welfare and Ethical Review Body and the UK Home Office regulatory establishments 
and performed following the UK Animals (Scientific Procedures) Act of 1986 (Licence number: PBDB8AA12). This 
study was conducted according to the ARRIVE guidelines.

Ultrasound Setup and Experimental Workflow
As described in previous work, mice were anaesthetized with 1.5–2.0% vaporized isoflurane (Zoetis UK Limited, 
London, UK) mixed with oxygen (1 L/min) using an anaesthesia vaporizer (Harvard Apparatus, Cambridge, UK) 
(Figure 2).15,19 The fur on the top of the mouse’s head was shaved using an electric trimmer and depilatory cream 
before the mouse was moved to the ultrasound setup and the head was fixed in place using a stereotaxic frame (45° ear 
bars; World Precision Instruments, Hertfordshire, UK). Gel was then applied to the top of the mouse’s head onto which 
a water bath with a parafilm bottom was positioned. The targeting was then performed by placing a 1-mm-thick cross in 
the water bath in alignment with the lambdoid and sagittal sutures of the mouse’s head. The left hippocampus was 
targeted, whilst the right hippocampus was used as a control, by positioning the ultrasound transducer 3 mm laterally 
from the sagittal suture, 0.5 mm anterior to the lambdoid suture and 3 mm inferior to the skull. A single-element 
spherical-segment focused ultrasound transducer (centre frequency: 1 MHz, focal depth: 60.5 mm, diameter: 90 mm; 
Sonic Concepts, Bothell, WA, USA) fitted inside a cone filled with distilled water and closed with a layer of parafilm was 
lowered into the water bath. For targeting, the transducer was connected to a pulser-receiver (DPR300; Insidix, Seyssins, 
France) and moved by a 3D computer-controlled positioning system (Velmex Inc., Bloomfield, NY, USA). For long-pulse 
ultrasound treatments, one function generator was used to emit a sequence of 10,000 cycle pulses at a pulse repetition 
frequency of 0.5 Hz. When emitting a RaSP sequence, two function generators were used for the pulse shape and pulse 
sequence (33500B Series; Agilent Technologies, Santa Clara, CA, USA). A sequence of 5 cycle pulses was emitted at 
a pulse repetition frequency of 1.25 kHz, grouped into 10 ms bursts repeated at a burst repetition frequency of 0.5 Hz. 
For both sequences, a derated peak negative pressure of 0.71 MPa was used and a total of 126 pulses were emitted. This 
pressure was chosen to ensure the extravasation of antibodies into the brain, given that our previous work has shown that 
0.35 MPa is not sufficient for endogenous immunoglobulins to cross the blood-brain barrier.15 The signal from the 
function generators was amplified with a 50-dB power amplifier (Precision Acoustics Ltd., Dorchester, UK). The 
pressure reported above is derated, considering an 11.2 ± 0.29% attenuation through the mouse’s skull’s parietal bone 
as reported previously.19

Following the emission of 5 control pulses of ultrasound, SonoVue® MBs (concentration: 5 μL/g of body mass, vial 
concentration: 3 × 108/mL, Bracco, Milan, Italy) were intravenously injected using a 30G catheter across a duration of 
60 seconds. Immediately after, 5 µg PE/Cyanine7 anti-CD152 (clone: UC10-4B9, #106313, Biolegend, CA, USA) was 
injected intravenously through the tail vein. At the end of the ultrasound treatment, the mice immediately received an 
intraperitoneal injection of sodium pentobarbital (concentration: 200 mg/mL; volume: 0.01 mL/g; obtained from 
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Animalcare, UK) which was succeeded by a transcardial perfusion with ice-cold PBS (#18912-014, Sigma Aldrich, St 
Louis, MO, USA) followed by 10% formalin (Sigma Aldrich, St Louis, MO, USA). Brains were extracted and fixed in 
10% formalin for 24 hours and then cryopreserved in 30% sucrose (#S/8600/53, Thermo Fisher, Waltham, MA, USA) 
dissolved in dH2O until sectioning.

Sectioning
Brains were embedded in OCT (Agar Scientific, Stansted, UK) using an isopentane (#126470010, Thermo Fisher, 
Waltham, MA, USA) and dry ice bath. We then cryosectioned 30 µm horizontal brain sections using a CryoStar NX70 
(Thermo Fisher, Waltham, MA, USA) cryostat with a chuck holder temperature of −16°C and a blade temperature of 
−18°C. The sections were then transferred onto Superfrost PlusTM Microscope Slides (#631–0108, VWR, Radnor, PA, 
USA) and imaged within two days using a Zeiss Axio Observer microscope (Oberkochen, Germany).

Immunofluorescence Staining Workflow
T cells were stained using a rat anti-mouse CD3 primary antibody (1:200; clone: KT3, #MCA500G, Bio-Rad, CA, USA) 
with 1% (w/v) milk powder (Tesco, Hertfordshire, England) dissolved in TBS (#524750-1EA, EMD Millipore 
Corporation, Burlington, MA, USA) and a secondary Alexa Fluor 488 goat anti-rat IgG H&L secondary antibody 
(1:400; #ab150157, Abcam, Cambridge, England) with 1% (w/v) milk powder in TBS. MHC class II+ cells were stained 

Figure 2 Ultrasound setup. Diagram showing one (for long-pulses) or two (for RaSP) function generators driving a 1 MHz transducer through an amplifier and a matching 
network. The transducer is fitted inside a sealed water cone that is lowered into a water bath positioned, using gel, on top of the mouse’s head. The parameters of each of 
these two sequences and their respective sequence patterns are also shown. Long 10 ms pulses were emitted at a 0.5 Hz pulse repetition frequency, while 10 ms bursts of 
rapid short-pulses (RaSP) repeated at a 0.5 Hz burst repetition frequency were made up of short 5 cycle (5 µs) pulses emitted at a 1.25 kHz pulse repetition frequency. This 
figure was created using BioRender and adapted from Morse et al.19
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using a primary anti-rat MHC class II (I-A/I-E) purified antibody (1:100; clone: M5/114.15.2, #15227417, Thermo 
Fisher, Waltham, MA, USA) with 0.1% Triton-X (Sigma Aldrich, St Louis, MO, USA) and 1% bovine serum albumin 
(#A4378-5G, Sigma, St Louis, MO, USA) in PBS and a secondary Alexa Fluor 488 goat anti-rat IgG H&L antibody 
(1:500; #ab150157, Abcam, Cambridge, England) with 0.1% Triton-X and 1% bovine serum albumin in PBS.

Staining was performed by first allowing microscope slides to air dry for 10 minutes. Antigen retrieval was then 
performed using citrate buffer (1x; #C9999, Sigma Aldrich, St Louis, MO, USA) diluted in dH20 at 80°C for either 
1 minute (MHC class II+ cells) or 10 minutes (CD3+ cells) followed by a cooling period of 10 minutes. The slides were 
then permeabilised in either 0.1% Triton-X dissolved in PBS (MHC class II+ cells) or 0.5% Triton-X dissolved in TBS 
(CD3+ cells) for 30 minutes at room temperature on a shaker at 120 rpm. This was followed by a blocking period of 
1 hour in 5% normal goat serum (#ab7481, Abcam, Cambridge, England) diluted in PBS (MHC class II+ cells) or TBS 
(CD3+ cells) on the shaker at 120 rpm at room temperature followed by an overnight incubation at 4°C in the primary 
antibody solution mentioned above. This was then followed by a 2-hour incubation with a secondary antibody (men
tioned above) at room temperature on the shaker at 120 rpm followed by a fluoroshield mounting media with DAPI 
(#ab104139, Abcam, Cambridge, England) counterstain incubation for 2 minutes. The slides were then covered with 
a coverslip and sealed with nail polish and, after a day of air drying, were imaged on the Zeiss Axio Observer 
microscope.

Imaging
All imaging was performed on the Zeiss Axio Observer microscope (Oberkochen, Germany), using the 10x/0.3 Ph1 EC 
Plan-Neofluar (FWD = 5.2mm) objective. PE/Cyanine7 fluorophore was excited at 550/25 nm with emissions filtered at 
605/70 nm. DAPI was excited at 390/40 nm with emissions filtered at 450/40 nm, and Alexa Fluor 488 was excited at 
470/40 nm with emissions filtered at 525/50 nm.

Image Analysis
To compare delivery between long-pulse and RaSP sequences, we used the normalised optical density (NOD) 
measurement.19 First, images were normalised by using MATLAB R2024a (Mathworks, Natick, MA, USA) to adjust 
the histogram of individual pixel intensity distribution of each image to match that of a reference image, also known as 
the histogram transfer method of normalisation. To calculate the NOD, we first subtracted individual pixel intensities 
from the treated and control regions of interest (ROIs), which are consistently sized areas from the sonicated/control 
brain regions selected for analysis, from the mean pixel intensity of the control ROI. We then summed the intensities with 
successful delivery, which was set to twice the standard deviation of the control ROI mean intensity, as shown in 
previous publications.15,19,22–24 The NOD for each section was then calculated by subtracting the summed intensities that 
represented successful delivery of the control ROI from the target ROI. The NOD for each biological replicate was then 
determined by taking the average of individual NODs of each section across a brain thickness of 810 µm.

To determine the distribution of delivery, the coefficient of variation (COV) was calculated for each brain by 
determining the average ratio of standard deviation to the mean of the pixel intensity in the targeted ROI for each 
biological replicate across a brain thickness of 810 µm.

To quantify the number of immune cells in the targeted ROI compared to the control ROI, we used an automated 
pipeline designed in CellProfiler (Broad Institute, MA, USA). For all immune cells, the pipeline was designed to first 
select appropriate channels showcasing cell staining and convert these images to grayscale images. Any uneven 
illumination across the images was corrected, the background was reduced, and a function was then applied to enhance 
the cells of interest before identifying them based on their diameter and automatically counting them. This process was 
applied to 30 µm sections across a brain thickness of 270 µm. The raw data used to calculate the NOD, COV and immune 
cell counts was generated in a blinded manner towards the type of ultrasound sequence (long-pulse or RaSP) each brain 
section received.
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Statistical Analysis
A two-tailed unpaired t-test with Welch’s correction with a 95% confidence level was carried out for the NOD data (long- 
pulse vs RaSP), to account for unequal variances between groups (F-test to compare variances: F = 84.57, p-value = 
0.0234) seeing as the data is likely normally distributed as determined by the Shapiro–Wilk normality test (p-value > 
0.5). A two-tailed unpaired t-test with a 95% confidence level was carried out for the COV data (long-pulse vs RaSP), to 
account for unequal variances between groups (F-test to compare variances: F = 4.980, p-value = 0.3345) seeing as the 
data was normally distributed. For the CD3+ and MHC class II+ cell count analysis, unpaired multiple t-tests with 
Welch’s correction (as we could not assume equal variances between the two groups) were carried out with the false 
discovery rate approach to correct for multiple comparisons as the data is likely normally distributed as determined by 
the Shapiro–Wilk normality test (p-value > 0.5). Multiple t-testing was used to compare the differences between treated 
and control brain regions (CD3+ cell count: long-pulse (p-value = 0.0021, q-value = 0.0021), RaSP (p-value = 0.1219, 
q-value = 0.0616); MHC class II+ cell count: long-pulse (p-value = 0.0001, q-value = 0.0001), RaSP (p-value = 0.0918, 
q-value = 0.0463)). Data in graphs is shown as mean ± SEM.

All statistical analyses were performed with GraphPad Prism 10 (Dotmatics, MA, USA). All p-values below 0.05 
were determined to be statistically significant. Outliers for each calculation were determined using the interquartile range 
(IQR) method, with values excluded if they were larger than the sum of the third quartile and 1.5 times the IQR or lower 
than the first quartile minus 1.5 times the IQR.

Results
RaSP Ultrasound Promotes a Homogeneous Delivery of Anti-CTLA-4 Antibodies to 
the Brain
Following FUS treatment to the left hippocampus, we observed an increase in the detected fluorescence in the targeted 
brain region, indicating delivery of the fluorophore-conjugated anti-CTLA-4 antibody, compared to the control region, 
regardless of the ultrasound parameters used (Figure 3A–3D).

To quantify the difference in successful delivery between the two ultrasound sequences, RaSP and long-pulses, we 
measured the intensity across all imaged sections by calculating the NOD (Figure 3E). This measurement showed that 
there was no significant difference (p-value = 0.1095) in the NOD between long-pulse and RaSP-treated mice at an 
ultrasound pressure of 0.71 MPa (centre frequency = 1 MHz), meaning no significant differences were observed in the 
amount of anti-CTLA-4 antibody delivered between these two sequences. A larger range (122,683 compared to 13,293) 
and standard error (± 35,668 compared to ± 3,879) of NOD was observed in long-pulse compared to RaSP-treated brains. 
Furthermore, we determined the heterogeneity of delivery between these two parameters using the COV calculation to be 
significantly decreased (p-value = 0.0130) in RaSP (0.0037 ± 0.00093) compared to long-pulse-treated brains (0.0134 ± 
0.0021), indicating a higher uniformity in delivery with RaSP (Figure 3F).

Ultrasound with Microbubbles Also Modulates the Immune Microenvironment
Changes to the immune microenvironment following ultrasound treatment were determined with immunofluorescence 
staining to detect the presence of T cells and MHC class II+ cells. Co-localisation between the anti-CTLA-4 antibody and 
CD3+ T cells was observed as well as proximity between the anti-CTLA-4 antibody and MHC class II+ cells regardless of 
the ultrasound sequence used (Figure 4A–4D).

We then studied the difference in the number of immune cells in the sonicated brain region compared to that of 
control brain regions (Figure 5A–5H). In long-pulse-treated brains, more immune cells were detected in the targeted 
brain regions compared to the control regions when staining for CD3+ and MHC class II+ cells (Figure 5A, 5B, 5E 
and 5F). In RaSP-treated brains (Figure 5C, 5D, 5G and 5H) an observable difference between the number of both 
types of immune cells was observed in the treated brain region compared to the control brain region. However, less 
cells were detected in the RaSP-treated brains compared with long-pulses. We quantified these observations by 
determining the total cell count of each of these types of immune cells present in the treated brain region compared to 
control regions for both ultrasound sequences (Figure 5I and 5J). This quantification showed that a significant 
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increase (p-value = 0.0021 for CD3+ cells, p-value = 0.0001 for MHC class II+) in the total count of CD3+ cells and 
MHC class II+ cells was present in the ultrasound-treated brain region compared to the control in long-pulse-treated 
mice.

Discussion
Regardless of the ultrasound pulse sequence applied, an increase in the delivery of anti-CTLA-4 antibodies was observed 
in the ultrasound-treated brain region compared to control regions in healthy wild-type mice (Figure 3A–3D). These 
results were expected given that the BBB is tendentially only permeable to lipophilic drugs smaller than 400–600 Da, and 
the anti-CTLA-4 antibodies administered, as IgG subtype antibodies, are approximately 150 kDa in molecular weight.7,25 

This antibody would, therefore, be too large to cross the BBB in areas where its permeability was not increased 
with FUS.

Having shown that FUS and MBs can increase the permeability of the BBB enough to allow anti-CTLA-4 antibodies 
to enter the brain, we were interested in comparing the differences in antibody delivery as well as changes in the immune 
microenvironment following treatments with sequences of either long-pulses or RaSP of ultrasound. The amount of 

Figure 3 Comparison of anti-CTLA-4 delivery following treatment with rapid short-pulses (RaSP) or long-pulses of focused ultrasound with microbubbles. (A–D) Images showing the 
delivery, at higher magnification in the insets in the bottom-right corner of each panel, of fluorescently labelled anti-CTLA-4 in the ultrasound-treated brain regions (A and 
C) following long pulse (A and B) or RaSP (C and D) sequences emitted at a pressure of 0.71 MPa, with control brain regions (B and D). (E) Normalised optical density 
(NOD) quantification of the anti-CTLA-4 antibody delivery showed no significant difference in delivery between the two sequence types. (F) The distribution of the anti- 
CTLA-4 antibody within the targeted brain region was quantified using the coefficient of variation (COV), which shows a more homogeneous distribution following RaSP 
ultrasound treatment compared to long-pulses of ultrasound. Scale bars represent 500 µm. The plot shows mean ± SEM (n= 3); * p-value ≤ 0.05 (= 0.0130 (F)).
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antibody delivery detected following long-pulse and RaSP treatments was not significantly different (Figure 3E), and the 
mice that underwent RaSP treatments showcased a lower COV (Figure 3F). Seeing as COV is a measure of the 
dispersion of the average fluorescence intensity compared to the mean, the fact that this value is lower in RaSP- 
treated brains indicates that there is less variation in the individual intensities in these mice, suggesting a more 
homogeneous distribution of the antibody. This can be explained by the nature of the RaSP sequence which is made 
up of short pulses repeated at a high repetition frequency. This sequence design is meant to allow more sustained MB 
activity and for them to travel along the vasculature in between pulses, promoting a more homogeneous opening of the 
barrier.18 Long-pulse sequences, on the other hand, are characterised by longer pulses which are thought to stress specific 
locations along the blood vessels as the MBs oscillate for more cycles.18 These observations are further reinforced by the 
fact that there was a higher range and standard error of the mean between the NODs of the three mice that were sonicated 
with long-pulses compared to the mice that were treated with RaSP, which suggests that there is a larger variability in the 
delivery following long-pulse treatments (Figure 3E). It is, however, important not to overinterpret this observation, 
considering the small sample size and, consequentially, the inherent variability between biological samples.

In terms of the immune microenvironment, a significant increase in the number of CD3+ T cells and MHC class II+ 

cells was observed both qualitatively and quantitatively only in long pulse-treated brains (Figure 5). However, instances 
of co-localisation between the anti-CTLA-4 antibody and these immune cells were observed in all treated mice 
independent of the sequence used (Figure 4). This co-localisation was expected given that both CTLA-4 and CD3 
proteins are found on the surface of T cells, as CD3 proteins are part of the T cell receptor complex. MHC class II+ cells 

Figure 4 Co-localisation of CD3+ cells and MHC class II+ cells with anti-CTLA-4 antibody. (A and B) Immunofluorescence staining of CD3+ cells in long-pulse ultrasound treated 
brains (A) and RaSP-treated brains (B) of wild-type mice superimposed with anti-CTLA-4 antibody fluorescence and DAPI (nuclei staining). (C and D) Immunofluorescence 
staining of MHC class II+ cells in long-pulse (C) or RaSP-treated brains (D) of wild-type mice superimposed with anti-CTLA-4 antibody fluorescence and DAPI (nuclei 
staining). 
Notes: Arrows are pointing to areas of CD3 and anti-CTLA-4 co-localisation. White circles highlight areas of anti-CTLA-4 antibody and MHC class II+ cell proximity. Scale 
bars represent 100 µm (A–C) and 200 µm (D).
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are also responsible for antigen presentation to a sub-class of T cells which would bring them in close proximity to anti- 
CTLA-4 antibodies.26,27

A significant increase in the number of immune cells in the brain was only observed in long-pulse-treated brains, with 
a larger difference in fluorescence between treated and control brain regions for both immune cells being more prominent 
following long-pulse treatments compared to RaSP-treated brains (Figure 5A–5H). This effect was confirmed with 
quantitative analysis (Figure 5I–5J) and can be explained by the fact that, after ultrasound, higher levels of BBB leakage 
in mice treated with long-pulses were observed compared to those treated with RaSP (Figure 3A–3D). This is most likely 
due to long pulses of ultrasound leading to the permeability of the vasculature being increased more in some regions 
compared to others, compared to a more homogeneous opening with RaSP sequences. This increased extravasation could 
promote a higher number of T cells and, by extension, APC recruitment to targeted brain regions. This has been observed 
in patients who experience intracerebral haemorrhages, where these immune cells tend to migrate to the brain, and, 
particularly, T cells will converge onto areas of the vasculature where there is blood leakage or, in other words, 
a microhaemorrhage.28 For this reason, since there was more extravasation with long-pulses, unsurprisingly, a larger 
number of T cells and MHC class II+ cells were observed in these brains.

Figure 5 CD3+ and MHC class II+ invasion in ultrasound-treated brain regions. Immunofluorescence staining shows differences in the invasion of CD3+ (A–D) and MHC class II+ 

(E–H) cells into the ultrasound-treated brain regions (A, C, E and G) compared to control brain regions (B, D, F and H) using long-pulse (A, B, E and F) and RaSP (C, D, 
G and H) sequences. The total count of CD3+ (I) and MHC class II+ (J) cells was determined in treated brain regions targeted with ultrasound at 0.71 MPa with both long 
pulse and rapid short-pulse sequences compared to control (untreated) regions. A significant increase in T cells (I) and MHC class II+ cells (J) was observed in ultrasound- 
treated compared to control brain regions in long-pulse treated brains. Scale bars represent 200 µm. The plot shows mean ± SEM (n= 3); *p-value ≤ 0.05 (0.0021 (I)) and 
***p-value ≤ 0.0001 (0.0001 (J)).
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We would expect this trend to be maintained in the long-term considering that long-pulse sequences increase the 
permeability of the BBB for longer periods (between 4–48 hours) compared to RaSP sequences that have been shown to 
promote changes in BBB permeability for periods as low as 10–20 minutes with low acoustic pressures (0.35 MPa at 1 
MHz).18,19 This would mean more time for immune cells to infiltrate the brain following long-pulse treatments. Future 
work should explore these patterns in a glioma model to determine the specific roles and contributions of infiltrating/ 
resident immune cells, following FUS treatment, to the tumour microenvironment.

These results show a significant increase in anti-CTLA-4 delivery when using FUS and MBs to increase the permeability 
of the BBB. Whilst treatment with RaSP sequences of ultrasound promotes a more homogeneous delivery of the antibody 
compared to long-pulse-treated mice, which would be advantageous considering the heterogeneous nature of the BTB, only 
long-pulse treatments influenced the immune microenvironment at this acoustic pressure. Future work is needed to fine-tune 
the parameters of these two sequences to find a “sweet spot” where we can promote both a homogeneous delivery of 
antibodies and stimulate crucial anti-tumour immune cells invasion. This could include, for example, increasing the acoustic 
pressure when emitting a RaSP sequence as this would promote a larger opening of the BBB and, consequently, more 
extravasation, as has been observed when delivering liposomes or endogenous immunoglobulins into the brain with RaSP.15,18 

Increasing the pulse length in the RaSP sequence could also be used as a way to further increase the permeability of the BBB. 
In addition, future studies should consider comparing these pulse sequences using a normalised acoustic dose. Considering the 
small sample size and animal model chosen for this study, this paper stands as an exploratory study that provides a proof-of- 
principal for the potential therapeutic use of FUS with MBs, particularly that of RaSP sequences, in improving immune 
checkpoint delivery for glioma treatment. Future work is needed to test whether these observations, particularly whether the 
changes in the immune microenvironment, would remain true in a larger cohort of mice and in a glioma mouse model.

Conclusion
We have therefore demonstrated how, by utilising different FUS sequences in tandem with MBs, we can achieve not only 
an increased delivery of immune checkpoint inhibitors but also modulate the immune microenvironment in a mouse 
model of the most impermeable BBB. This stands as a proof-of-principle for the potential of this treatment to ensure drug 
delivery to the most impermeable sections of the BTB and, consequentially, reduce the risk of tumour recurrence, 
increasing the likelihood of a successful treatment course in people with gliomas.
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