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Immunomodulation of human
T cells by microbubble-mediated
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While met with initial and ground-breaking success targeting blood borne
cancers, cellular immunotherapy remains significantly hindered in the context
of solid tumors by the tumor microenvironment. Focused ultrasound, in
conjunction with microbubbles, has found tremendous potential as a targeted
and local drug/gene delivery technique for cancer therapy. The specific
immunomodulating effects of this technique on immune cells, including T-
cells, remain unexplored. Here, with freshly isolated human immune cells, we
examine how focused ultrasound can viably modulate immune cell membrane
permeability and influence the secretion of over 90 cytokines, chemokines and
other analytes relevant to a potent immune response against cancer. We
determine that microbubble-mediated focused ultrasound modulates the
immune cell secretome in a time-dependent manner — ranging in ~0.1-3.6-
fold changes in the concentration of a given cytokine compared to sham
controls over 48 hours post-treatment (e.g. IL-1B, TNF-o, CX3CL1, CCL21).
Further, we determine the general trend of a negative correlation between
secreted cytokine concentration and viable ultrasound-assisted membrane
permeability with negligible loss of cell viability. Taken together, the data
presented here highlights the potential of microbubble-mediated focused
ultrasound to viably enhance T-cell permeability and modulate key pro-
immune pathways, offering a novel approach to augment targeted cellular
therapies for solid tumors.
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1 Introduction

Cancer immunotherapy involves leveraging the immune
system to target and eliminate cancer cells, and this technique has
shown exciting and ground-breaking results with strategies ranging
from immune checkpoint inhibitors, adoptive cell transfer, and
therapeutic vaccines (1, 2). In particular, cellular immunotherapies -
in which immune cells (T, NK) are isolated, expanded and re-
introduced into patients — have met initial success in treating blood-
borne cancers yet face challenges in solid tumors due to the
suppressive nature of the tumor microenvironment (TME) (3, 4).
Indeed, in the native tumor setting both endogenous and
exogenously introduced T cells typically fail to irradicate cancer
cells in such solid tumors even in situations with sufficient T cell
infiltration and antigen-recognition (i.e. an immunologically ‘hot’
tumor). The TME is a complex network composed of various
cellular and molecular components that create a hostile
environment for immune cells and thus antitumor T cells
progressively acquire a dysfunctional state during tumor
progression, ultimately enabling tumor immune-evasion (5, 6).
Factors such as immunosuppressive cells (e.g. regulatory T cells,
tumor-associated macrophages, and myeloid-derived suppressor
cells) along with inhibitory cytokines contribute to this
immunosuppressive milieu, impairing both natural and
therapeutic immune responses (7). Strategies to overcome T-cell
anergy and restore their antitumor functionality within the TME is
an ongoing and active area of research, and are essential for
enhancing the efficacy of cancer immunotherapies (8, 9).

Focused ultrasound technology in combination with
microbubbles presents a promising approach to enhance
antitumor response and intrinsically modulate the TME.
Microbubbles are clinically available intravascular contrast agents,
typically employed in echocardiography to enhance vasculature
contrast (10). These microbubbles are small (1-8 um) gas-filled
and encapsulated bubbles that vibrate within an ultrasound field,
expanding and contracting about their equilibrium size (11). Under
specific acoustic conditions, vibrating microbubbles can be made to
exert local bioeffects on neighboring vasculature and tissue;
including the transient modulation of endothelial membrane
permeability (12) and calcium influx [both membrane
perforation-induced and channel-mediated (12-15)], as well as
stimulation of inflammatory signaling (16-18). One key
advantage is their ability to temporarily and reversibly open
vascular barriers like the blood-brain barrier (19), enabling
localized immunomodulating drug delivery and minimizing
systemic side effects (20, 21). This combination of improved drug
delivery and immune modulation positions ultrasound and
microbubble therapy as a multifaceted approach to overcoming
immunosuppressive barriers within the TME.

Despite these potential benefits, the detailed mechanisms by
which microbubbles interact with immune cells, particularly T-cells,
remain poorly understood. Given the central role of T-cells in
mediating immune responses against cancer, it is crucial to
elucidate these interactions to optimize ultrasound-assisted
immunotherapy outcomes (22).
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Here, we aim to explore how microbubble-assisted focused
ultrasound affects T cells, both in terms of a targeted T cell drug
delivery technique as well as a more general immunomodulation
tool. First, we assess the ability of focused ultrasound to viability
increase T-cell membrane permeability to an otherwise
impermeable macromolecule using two human T-cell models
(immortalized and freshly isolated tissue). Next, we examine how
this treatment affects the immune cell secretome over time up to 48
hours post-treatment, including the release of T-cell activating
factors and immune cell chemotactic signals. Finally, we assess
the relationships between membrane permeability enhancement
and T-cell cytokine release signaling and place our results within the
context of using microbubble-mediated focused ultrasound as a
cancer immunotherapeutic tool.

2 Materials and methods

2.1 Isolation of human peripheral blood
mononuclear cells

After obtaining informed, signed consent from healthy
participants, blood was collected and approved by the Concordia
University Human Research Ethics Committee, following the
Declaration of Helsinki guidelines (certificate 30009292).
Participants’ health status was verified through self-reporting
during a semi-structured interview. Individuals under 18, those
with certain medical conditions, or those taking specific
medications were excluded. Blood draws were postponed if the
participant had used recreational drugs or received a vaccination
within the last two weeks.

For the PBMC isolation, heparinized peripheral blood was
diluted with 1X PBS in a 1:1 ratio. In 50-ml conical tubes, 30 ml
of the diluted blood was carefully layered over 15 ml of lymphocyte
separation solution (Wisent Bioproducts, CA). The samples were
centrifuged at 624g for 30 minutes at room temperature.
Mononuclear cells were then collected into another 50-ml tube
and centrifuged at 433g for 15 minutes with 25 ml of PBS. After
discarding the supernatant, the pellet was washed with 25 ml of PBS
and centrifuged again at 400g for 12 minutes. The PBMCs were
cultured in a medium comprising 10% heat-inactivated fetal bovine
serum (FBS; Wisent Inc., Montreal, QC, Canada) in Roswell Park
Memorial Institute (RPMI 1640) medium, supplemented with 1mM
penicillin, streptomycin, and 2mM GlutaPlus (Wisent Inc., QC,
Canada) at 37° cell culturing.

2.2 Cell culturing

The Jurkat E6 human cell line was obtained from the American
Type Culture Collection (ATCC #TIB-152). Both Jurkats and
PBMCs were maintained in RPMI medium supplemented with
10% fetal bovine serum (FBS) and grown in 75 cm? tissue culture
flasks (Corning, #430641U) at 37°C, 5% CO2 in a humidified
incubator (Thermo Fisher, CA, USA). Jurkat T-cells were
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passaged every three days or when cells reached approximately 90%
confluency, and cell passages of 6-15 were used for all experiments.
The number of viable cells was quantified using a trypan blue
measurement on the cell counter Countess 3 (Thermofisher, CA,
USA). Cells were then activated for a subset of the experiments
using 1 pg/ml anti-CD3 and 3 pg/ml of anti-CD28 (Cytek
Biosciences, CA, USA) for Jurkat cells and Immunocult ™ (Stem
cell technologies, CA, USA) for PBMCs.

2.3 Ultrasound treatment and
experimental procedure

We designed a custom-built acoustic tank to examine the effects
of ultrasound on populations of immune cells (23) (see Figure 1).
Briefly, an acrylic tank filled with gas-equilibrated distilled water
was kept at a constant temperature of 37°C using a VWR
immersion heater circulator (model 1120, Radnor, PA, USA). The
tank setup included a sample chamber crafted from acrylic with
mylar windows (25 um thick) for ultrasound wave transmission and
two aligned single-element transducers. The single-element therapy
transducer (Olympus) operated at 1 MHz with a focal length of 25.4
mm and F-number of 1.33, delivering 1000 cycles of ultrasound
with a pulse repetition interval of 5 ms, resulting in a duty cycle of
20%. The peak-negative pressures examined here range from 208-
563kPa, as calibrated in free space within a separate water tank
(HGL-0200, ONDA, Sunnyvale, CA, USA). The passive single-

10.3389/fimmu.2024.1486744

element transducer (Olympus; 3.5 MHz center frequency,
unfocused) was used to record microbubble scattering to assess
the presence of stable and inertial cavitation. These cavitation
categories have been correlated to physical bubble behavior,
ranging from stable vibration to bubble disruption. Echoes were
amplified (AU-1579, 0.7-200 MHz, MITEQ, Hauppauge, NY,
USA), bandpass-filtered, and then digitized (Gage Razor Express
CompuScope, Lockport, IL, USA) for off-line analysis using custom
MATLAB software (Mathworks, Natick, MA, USA). A Hamming
window was applied to the RF data before obtaining fast Fourier
transforms to assess frequency response. Joint time-frequency
analysis was performed over a window size of 50 ms and 90%
overlap. Broadband emissions, quantified here as the integrated
signal arising at non-harmonic bands near the center frequency of
the receive transducer, were used as an estimate for inertial
cavitation, as has been done previously (24, 25). The inertial
cavitation dose is defined here as the cumulative integrated power
over the course of the 2 minute treatment.

The samples were prepared with either naive or activated cells
(either Jurkat or PBMCs) at a final concentration of 5.8 x 10° cells/
ml in a total volume of 3 ml, with the addition of 38 pl of DeﬁnityTM
microbubbles (cell-to-bubble ratio of 1:217) in complete medium.
Indeed, inactivated T-cells possess a fundamentally different cellular
phenotype and surface expression levels than those that are
activated, a potential factor in its response to ultrasound.
DeﬁnityTM microbubbles are clinically and commercially available,
and robustly characterized to consist of a concentration of ~10"

Pulsing scheme

Pulse repretition Interval (PRI): 5ms
Pulse length: T ms

Treatment time: 2 min

Pre-amplifier

2 min

FIGURE 1

O Tcell

Microbubble

Custom-designed ultrasound treatment setup and protocol. (A) A custom-made water tank was maintained at 37°C and consisted of a cell
suspension chamber position at the co-focus of two co-aligned transducers (1 MHz therapy transducer and 3.5 MHz passive cavitation detector).
Suspensions of clinical DeﬁnityTM microbubbles were incubated with either human Jurkat T-cells or freshly isolated human peripheral blood
mononuclear cells within the suspension chamber in either the presence or absence of FITC-dextran (10 kDa). This chamber was placed atop of
magnetic stir plate to ensure homogeneity of solution, and sonicated for 2 minutes with a 1 MHz, 1000 cycle, 20% duty cycle sequence ranging in
acoustic peak-negative pressure from 208-563 kPa [schematic shown in panel (B)]. (C) Schematic representation of vibrating microbubbles adjacent

to immune cells (e.g. T-cell) within the suspension chamber.
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bubbles/ml and a volume-weighted distribution peaking at ~2 and
~7 um in diameter (26). All experiments consisted of freshly
activated DeﬁnityTM at room temperature to ensure consistent
microbubble populations (27). We performed two main
experiments. A subset of experiments consisted of sample
cocktails containing 5 mg/ml 10 kDa FITC-dextran (which acts
here as a surrogate drug) in which permeability to an otherwise
non-permeable macromolecule is the main readout. The second set
of experiments was conducted in the absence of any fluorescent
molecule to assess cytokine/chemokine release. A magnetic stir bar,
placed within the sample chamber, facilitated constant stirring of
the sample to ensure a homogeneous distribution of both
microbubbles and cells. Following a 30-second wait for system
equilibration, we proceeded with the ultrasound treatment for 2
minutes. For all experiments, ultrasound sham treatments were
conducted, in which all other factors and cell manipulations
remained the same. It is worth noting here that the acoustic
peak-negative-pressure was varied as it is one of the main factors
that influences the extent of microbubble vibration and whether or
not it will undergo inertial collapse (11), and preliminary tests were
conducted to ensure the selected pulse repetition interval and
number of cycles were not destructive.

2.4 Flow cytometry analysis and staining

After treatment using FITC-dextran, cells were washed three
times and resuspended in 1X PBS. PBMCs were further stained with
anti-CD3-Cy7 and anti-CD4-BV421 (Thermofisher Scientific, CA,
USA) as per manufacturer instructions to assess T-cell populations.
For both Jurkat T cells and PBMCs, propidium iodide (PI;
ThermoFisher) was added 1 minute before analysis in the FACS
Melody flow cytometer (BD, USA, CA) to assess cell viability. Sham
treatments, as well as single and double fluorescent molecule-absent
samples, were used to delineate the 2-channel gating. The cell
populations that exhibited both FITC+ and PI- signals were
considered viably permeated via ultrasound and microbubbles.
These cells (FITC+ and PI-) were then further subdivided to
quantify T-cells specifically via CD3+CD4- and CD3+CD4+ cells
obtained by double and triple-stained cells (FITC+ and Cy7 as well
as FITC+, Cy7 and BV421 respectively). Here, the CD3+CD4-
population was considered as a surrogate for the CD8+ population.

2.5 Human 96-plex cytokine/
chemokine profiling

Supernatants from PBMCs were collected at different time
points post-treatment with 208kPa-563kPa (3h, 6h, 12h, 24h and
48h). Chemokine/cytokine profiling was performed by Eve
Technologies (Alberta, Canada) using a multiplex platform
(Luminex " 200 system; Luminex, Austin, TX, USA), which relies
on capture-antibody conjugated fluorescent beads passing through
a two-layer system. Specifically, we assayed the Human Cytokine/
Chemokine 96-Plex Discovery Assay panel from MilliporeSigma
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(Burlington, Massachusetts, USA), which contains the following
biomarkers: 6Ckine | APRIL | BAFF | BCA-1 | CCL28 | sCD137 |
sCD40L | CTACK | CXCL16 | EGF | ENA-78 | Eotaxin | Eotaxin-2 |
Eotaxin-3 | sFas | sFasL | FGF-2 | FLT-3L | Fractalkine | GCP-2 | G-
CSF | GM-CSF | Granzyme A | Granzyme B | GROo. | HMGB1 | I-
309 | IFN-02 | IFNB | IFN@ | TENy | TL-Tot | TL-1p | TL-1RA | IL-2 |
IL-3 | IL-4 | IL-5 | IL-6 | IL-7 | TL-8 | TL-9 | IL-10 | TL-11 | TL-12p40 |
IL-12p70 | IL-13 | IL-15 | IL-16 | TL-17A | TL-17E/IL-25 | IL-17F |
IL-18 | IL-20 | IL-21 | IL-22 | IL-23 | IL-24 | IL-27 | IL-28A | IL-29 |
IL-31 | IL-33 | IL-34 | IL-35 | IP-10 | I-TAC | LIF | Lymphotactin |
MCP-1 | MCP-2 | MCP-3 | MCP-4 | M-CSF | MDC | MIG/CXCLS |
MIP-1c | MIP-1p | MIP-18 | MIP-30 | MIP-3p | MPIE-1 | PDGE-
AA | PDGE-AB/BB | Perforin | RANTES | SCF | SDF-1 | TARC |
TGFo. | TNFo. | TNEB | TPO | TRAIL | TSLP | VEGF-A. Sample
preparation was done as per manufacturers’ instruction including
quality controls to ensure the validity of the results obtained. Assay
sensitivities of these markers range from 0.05 - 100 pg/ml for the
96-plex. Data was processed such that fold changes of the different
cytokines were calculated relative to sham ultrasound treatments at
each time point, and only those that displayed statistical significance
at one or more time-points is presented here. Gene enrichment via
over-representation analysis was performed to ascertain the extent
to which focused ultrasound modulation of immune cells aligns
with known biological signaling pathways. Significant enrichment
was quantified via a false discovery rate (FDR), and only those with
an FDR less than 0.05, based on p-values after multiple comparison
corrections, are shown. A subset of this cytokine dataset was
validated using individual ELISA kits (Thermofisher), as per
manufacturer’s instructions (see Supplementary Figure S1).

2.6 Statistical analysis

All experiments described were performed in 2-4 biological
replicates. Statistical analyses were performed using Prism 9
(GraphPad Software). Statistical significance was determined using
two-tailed, Mann-Whitney test or One-way ANOVA for multiple
comparisons. Simple linear regression was performed to correlate
cytokine fold change and cell permeability. Results are expressed as
mean + SEM, and p < 0.05 was considered statistically significant.

2.7 Protein interaction map and KEGG
pathway analysis

A protein interaction network map was generated using the
STRING database version 12, which integrates known and
predicted protein-protein interactions from various sources,
including curated databases, experimental data, and text mining.
Interactions were visualized with confidence scores, and different
colors were used to represent the type of evidence supporting the
interactions (blue for curated databases, purple for experimental
data, and green for text mining).

Additionally, we used the KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway database to identify and categorize the
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pathways in which the cytokines are involved. This allowed us to
map the cytokines to key signaling pathways, such as TNF, NF-xB,
and T cell receptor signaling providing a clearer understanding of
their biological roles and potential impact on immune modulation.

3 Results and discussion

First, we examine the extent to which ultrasound and clinical
agent DeﬁnityTM can enhance the cell membrane permeability while
preserving the viability of Jurkat T-cells - illustrative examples of
which are shown in Figures 2A, B. Here, successful membrane
permeation is quantified via uptake of the 10 kDa FITC-labeled
dextran (FITC+ half-space), and cell viability is assessed through PI
dye exclusion (PI- half-space). The overall quantitative analysis of
both sham-corrected viable and permeated cells (FITC+ N PI-) is
shown in Figure 2C for unactivated Jurkat T-cells and Figure 2E for
activated ones as a function of acoustic pressure, along with the
overall cell viability (PI-) in Figures 2D, F, respectively. For the
unactivated Jurkats, the ultrasound-stimulated permeability
significantly increased from negligible amounts at 208 kPa up to
41.0% at 563 kPa (p < 0.0001), while maintaining high levels of
viability across all acoustic pressures similar to the sham control,
albeit demonstrating a slight decrease at the highest acoustic

10.3389/fimmu.2024.1486744

pressure employed here (83.8% viability). Despite the fact that
absolute-value comparison among other population-based studies
and cell lines is challenging due to differences in acoustics and
microbubble physics, the increasing efficacy and decreasing viability
with harsher ultrasound conditions is broadly consistent with other
works (23, 28-30), including the very few that have previously
examined Jurkat T-cells (31, 32). Indeed, these limited previous
works examined naive unactivated Jurkats, characterized by a
spherical shape and a large nucleus to cytosol ratio. Given the
potential for plasma membrane biophysics in influencing
ultrasound-assisted membrane permeability, we next repeated
these experiments over a subset of acoustic conditions on
activated Jurkat cells - as quantified by large IL-2 secretion. First,
we confirmed physiologically relevant activation of Jurkat T-cells
via IL-2 secretion via ELISA, in which our protocol yielded 40pg/ml
of IL-2 compared with undetectable amounts of IL-2 in unactive
cells (results not shown). Similar to our unactivated Jurkat results,
the cell permeability of activated Jurkat cells increased from 0.94%
at 208 kPa to 31.1% at 563 kPa (p < 0.001), while maintaining a
similar level of viability up to 416 kPa and decreasing at the largest
amplitude employed (83.5% viability), as shown in Figure 2F.
Upon confirming of Jurkat T-cell permeabilization, we next
sought to assess microbubble-mediated permeabilization on freshly
isolated PBMC:s. First, we globally assessed the percentage of cells
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Ultrasound-assisted viable macromolecule delivery to Jurkat T-cells is a function of acoustic pressure. To highlight our gating strategy, we display
the flow cytometry gating after (A) SHAM (no ultrasound) and (B) 563kPa treatment. (C) Ultrasound-assisted delivery of an otherwise impermeable
macromolecule (10 kDa) to unactivated Jurkat T-cells displays up to 40% efficiency (p<0.001), increasing with acoustic transmit pressure and

(D) accompanied by a small loss of cell viability from 86-100% depending on the condition. Panels (E, F) similarly demonstrate ultrasound-assisted
delivery of the macromolecule to anti-CD3 anti-CD28 activated Jurkat T-cells over a subset of acoustic pressure, highlighting the similar trend of up
to 32% percent delivery efficiency with viability ranging from 75-100% (p<0.001). Data is represented as mean + standard error of the mean at least

n=3 independent samples. ** p<0.01, *** p<0.001, **** p<0.0001.
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Ultrasound-assisted permeabilization of freshly isolated immune cells reaches similar levels of efficiency as Jurkat T-cells at higher levels of cell
viability. (A) Ultrasound-assisted delivery of 10 kDa FITC-Dextran to activated PBMCs demonstrates up to 30% efficiency over the acoustic peak-
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that were viably permeated by ultrasound, shown in Figure 3A. As
can be seen in this panel, viable PBMC permeability increased from
~0.4%-29.4% of the total cells over the acoustic conditions
employed here (p<0.01 between 563 and 416 kPa groups). Given
that PBMCs consist of multiple immune cell types, we next
explored, after-the-fact, the uptake of the 10 kDa macromolecule
within CD4+ and CD8+ T-cells by staining with Cy7 anti-CD3+
and BV421 anti-CD4+. A limitation of this study is that the
presence of CD8 was never measured, and it is assumed here that
these cells are represented by the CD3+CD4- population, as mature,
peripheral T cells are rarely double negative in healthy volunteers
(33, 34). Indeed, Figure 3B indicates that at the lowest pressure (208
kPa), the percentage of FITC+ cells were minimal across all T-cell
subsets (CD3+, CD3+ CD4+, CD3+ CD4-, and CD4- CD3-). As the
pressure increased to 416 kPa, there was a significant rise in viable
FITC+ cells, particularly in CD3+ and CD4-CD3- subsets (14.2%
and 14.0%). At the highest pressure of 563 kPa, the CD3+ subset
exhibited the highest viable uptake of the macromolecule (31.6%),
followed by CD3+ CD4+, CD4- CD3-, and CD3+ CD4- subsets
(26.0%, 24.5% and 13.7% respectively). These results highlight that

Frontiers in Immunology

increasing acoustic pressure enhances macromolecule uptake in
different T-cell subsets. Under this set of acoustic conditions, the
PBMC cell viability remained statistically unaffected across the
tested acoustic pressures, maintaining high viability levels for all
conditions ranging from 96-100% (Figure 3C). Indeed, this is
further confirmed via Figure 3D, which illustrates the distribution
of different immune cell subpopulations (CD3+, CD3+CD4+, CD3
+CD4—-, CD4-CD3-) as measured after ultrasound treatment as a
function of transmit acoustic pressure. The proportions of these
subpopulations remained relatively consistent, indicating that the
acoustic pressures did not negatively selectively affect any specific
immune cell type.

It is important to note that the PBMC dataset reported here is
broadly consistent with one of the only similar studies, which presented
an approximate ~20% uptake of a relatively small macromolecule
(calcein; 0.66 kDa) within freshly isolated, but unactivated lymphocytes
(35). Indeed, our viability data here (Figure 3C) suggests that freshly
isolated and activated human immune cells are more robust to
ultrasound-assisted permeabilization than either immortalized
human T cells (e.g. Jurkat as presented in Figure 2F) or unactivated
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Passive cavitation data confirm microbubble disruption during treatment. (A) A representative sample of the Fourier spectrum of the received echo
data for the three acoustic conditions employed here, as well as a sham treatment all at f=1 MHz. Clear harmonic (nf with n=1,2,3...) and broadband
emissions (in-between the harmonic components) under treatment conditions are evident at this time-point (1 s into treatment). The level of
broadband emission is a well-known surrogate metric for microbubble disruption. (B-D) Joint time-frequency analysis of the 208 kPa, 416 kPa, and
563 kPa treatment, respectively. In these panels, the FFT data is represented on the vertical axis over treatment duration (120 s), with the grayscale
encoding the magnitude of signal power (in dB). Spectral lines corresponding to harmonic and subharmonic (nf/2 with n=1,3,5...) energy are visible,
with increasing propensity of broadband emissions at increasing pressures. (E) The integrated power corresponding to broadband emissions over

time and (F) its corresponding cumulative dose. See text for details

ones (35), while exhibiting a similar or elevated level of large
macromolecule uptake.

To appreciate the corresponding and correlative bubble physics,
the microbubble echo was simultaneously recorded during
treatment using passive cavitation detection, as depicted in
Figure 4. A representative frequency spectrum, which illustrates
the frequency content of the microbubble signal at a given point in
time (i.e. t=1s), is shown in Figure 4A for the three acoustic
pressures employed along with a cell culture media only control.

Frontiers in Immunology

Here, the media-only control (i.e. with no microbubbles, shown in
blue) is characterized by reflections picked up by the passive
transducer mainly at the transmit frequency (f=1 MHz) and
arising from the boundaries of the acoustic chamber. With
increasing acoustic pressure, the presence of harmonic signal (nf
with n=2,3,4...) emerges, along with broadband emissions
characteristic of microbubble collapse. Stable harmonic signal -
including at ultra-harmonic frequencies (nf/2 with n=3,5,7...) - is
consistent throughout the two-minute treatment time, illustrated
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via the time-frequency analysis plots at 208 kPa (Figure 4B), 416
kPa (Figure 4C) and 563 kPa (Figure 4D). Most notably at the
higher acoustic pressures, broadband emissions are detectable in
these representations by a smearing of signal across the spectrum
and represents progressive microbubble disruption. The integrated
power of this broadband emission is quantified in Figure 4E, which
highlights bubble collapse at 208 kPa (red trace) and more abrupt
and sustained collapse for 416 kPa (green trace) and 563 kPa (black
trace). As an overall quantification of microbubble collapse
throughout the treatment, the inertial cavitation dose (24, 25, 36)
(cumulative integrated power; Figure 4F) confirms the time
evolution of microbubble disruption through the treatment time.
With the acoustic conditions and bubble physics that elicit very
minor (208 kPa), moderate (416 kPa) and significant (563 kPa)
immune cell plasma membrane perforation in hand, we next sought
to look beyond the membrane to examine the effects of these
acoustic conditions on the immune cell secretome in a time-
dependent manner. Indeed, the microbubble-mediated treatment
of PBMCs demonstrated significant, time-dependent changes in
cytokine and analyte secretion which were highly dependent on
acoustic pressure. We synthesized a protein interaction map
(Figure 5A) to illustrate the complex functional links and
pathways between analytes that were significantly affected by
ultrasound treatment at any pressure and any time point. Here,
the circles represent a given cytokine and the colored lines between
them represent known interactions either from curated databases
(blue), experimental determination (purple) or text mining (green).
Curated databases provide high-confidence interactions verified by
expert review, experimental determination indicates interactions
observed through laboratory experiments, and text mining involves
identifying interactions from published scientific literature using
computational methods (37). The color of the circle itself gives an
indication as to which common pathway the cytokine modulates or
is modulated by, including functional pathways in T-cell receptor
signaling, TNF signaling, NF-kB signaling, Toll-like receptor (TLR)
signaling, PI3K-Akt signaling, and MAPK signaling. The global
summary (Figure 5B) depicts the number of proteins modulated in
these major pathways, with TNF signaling exhibiting the highest
modulation (14 cytokines), followed by NF-xB (11 cytokines), TLR
(10), PI3K-Akt (8), MAPK (8) and T-cell receptor (8) signaling
pathways. To illustrate the entirety of ultrasound-modulated PMBC
secretome modulation, Figure 5C shows a heatmap presenting the
fold changes in cytokine production over various time points post-
ultrasound (3h, 6h, 12h, 24h, and 48h) and acoustic pressures (208
kPa, 416 kPa, and 563 kPa). Here, an increase in cytokine
production at any given time point compared to sham controls at
that time point is depicted in red, while a decrease is shown in
green. Only the cytokines that exhibited a statistically significant
fold-change for at least a single time point at p < 0.05 are included in
this figure. As can be seen from this heatmap, microbubble
treatment exerted a rather heterogeneous response across the
secretome spectrum - ranging from 0.06-fold decrease (IL-13 at 6
hours) to a 3.8-fold increase (IL-1ct at 3 hours) post ultrasound
treatment at 563kPa. At 208 kPa, for example, there was an increase
in the production of several cytokines at early time points (3h and
6h) such as IL-loe and IL-13, but these changes were not as
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pronounced as those observed at higher acoustic pressures. As the
acoustic pressure increased to 416 kPa and 563 kPa, a more
substantial and widespread modulation of cytokine secretion was
evident. Specifically, at 563 kPa, there was a significant increase in
fold change of some cytokines such as IL-1ot and perforin at 3h post
ultrasound (3.8 and 2.2-fold respectively) as well as a significant
decrease in certain cytokines such as IL-6 at 12h post-ultrasound or
TNF-o at 6h post-ultrasound (0.07 and 0.3-fold respectively). The
highest pressure elicited both downregulation and upregulation of
different cytokines, with more evident downregulation occurring at
later time-points. The heatmap reflects these global observations,
confirming that higher acoustic pressures result in more
pronounced changes in cytokine production.

To drill a little deeper into the data, we highlight in Figures 5D, E
the differential expression of cytokines involved in the two most
prevalent/modified pathways (shown in Figure 5B) - the TNF and
NF«B signaling pathways — across all acoustic pressures (208 kPa, 416
kPa, 563 kPa) and time points (3h, 6h, 12h, 24h, 48h) employed here.
The TNF and NFxB pathways are crucial in cancer and T-cell
function. Indeed, TNF signaling is vital for T-cell activation and
differentiation, influencing the immune system’s ability to target and
destroy cancer cells (38); while the NFkB pathway is a central
mediator of immune response and inflammation and plays a
significant role in cancer progression by regulating genes involved
in cell survival, proliferation, and metastasis (39). Specifically, we
explore the temporal evolution of a subset of analytes involved in key
signaling activities, from inflammation to T cell chemotaxis and
activation - fully acknowledging the complexity of this landscape:
from the potential pleiotropic effects of these analytes on immune
cells, endothelial cells, and cancer cells alike, to the differential
response of these cytokines within the context of different types of
cancers and tumor microenvironments.

We first begin with the focused ultrasound modulation of
fractalkine (CX3CL1; Figure 6A) which was demonstrated to be
heterogeneous, with an increase to in its secretion relative to the
sham group at earlier time points (<12 hours), followed by a
decrease towards 48 hours post-treatment, regardless of acoustic
pressure used. Indeed, there are conflicting studies on the role of
CX3CL1 with regards to anti-tumor immunity; with some
investigations concluding that it is a potent recruiter of NK and T
cells into the TME (40, 41), and others showing increased recruitment
of myeloid-derived suppressor cells (MDSCs) and identifying positive
correlations between increased intertumoral CX3CL1 concentrations
and tumor severity (42, 43). Next CCL21, a multifaceted role in the
tumor microenvironment (TME), influencing immune responses and
cancer progression through various mechanisms. It has been shown to
affect the polarization of neutrophils, crucial for determining the
immunotherapy response in cancers such as hepatocellular
carcinoma (44). It promotes activity in the TME through the co-
localization of dendritic cells and T-cells (45). High levels of CCL21
correlate with increased infiltration of immune cells like neutrophils,
CD8+ T-cells, and macrophages, indicating a more reactive immune
environment in tumors (45, 46). This suggests that tumors with higher
CCL21 expression might be more susceptible to immunotherapeutic
strategies and show that higher levels of CCL21 also improve outcomes
of T-cell adoptive cell transfer therapies (47). Here, we show an increase
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(C) Heatmap with all significantly modulated cytokine fold changes in PBMCs. (D) Heatmaps within the TNF and (E) the NFkB signaling pathway
depict the effect and immunomodulation of microbubble-mediated focused ultrasound treatment on the secretome of PBMCs. Fold increase in
cytokine production compared to sham controls is depicted as red and a decrease is depicted as green. Significance is determined as p<0.05.

of CCL21 3h post-ultrasound at the highest pressure 563kPa (1.4-fold)
while at the intermediate pressure that increase occurs 24h post-
ultrasound - although it eventually returns to baseline sham
levels (Figure 6B).

TNEF-0, — which is involved in inflammation and host defense —
can exhibit paradoxical dual roles in the progression and treatment of
cancer; with high local doses result in tumor vasculature destruction,

and more steady, low-level and chronic secretion acting as an
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endogenous tumor promoter (48-50). Similar to IL-1f, our focused
ultrasound treatment at the highest acoustic pressure resulted in a
decrease in TNF-0, secretion (0.3-0.5-fold from sham levels from 3-48
hours), although exhibiting a transient response as TNF-o
concentration increased closer to baseline over time (Figure 6C).
IL-1P is a potent and quintessential pro-inflammatory cytokine with
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documented roles in cardiovascular diseases (51) and cancer (52).
Within the context of the TME, numerous pre-clinical cancer models
have demonstrated that high local concentrations of IL-1 contribute
towards immunosuppression by stimulating the recruitment of
MDSCs (53, 54), modifying regulatory T cell response (55), and
promoting angiogenesis and tumor metastasis (56). Further, elevated
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Secreted cytokine content is correlated with acoustically induced plasma membrane permeability, mostly exhibiting a negatively correlated
relationship at a given time post therapy. A snapshot ranging from 3 to 48 hours post-ultrasound of relative cytokine secretion as a function of
enhanced permeability of PBMCs (as measured by FITC-dextran uptake). Note that the selected cytokines are the same as depicted in Figure 6, and
the fold-change is with respect to the sham treatment. Cytokines involved in chemotaxis are shown at (A) 3 hours, (B) 12 hours, and (C) 48 hours,
including CCL21 and CX3CL1. Cytokines involved in inflammation are depicted at (D) 3 hours, (E) 12 hours, and (F) 48 hours, with TNF-a and IL-1f.
Cytokines involved in T-cell activation and regulation are presented at (G) 3 hours, (H) 12 hours, and (I) 48 hours, highlighting TNF-3 and soluble

CD40L. R-value was calculated using Pearson’s correlation coefficient

IL-1P levels in patient tumors (along with IL-6 and IL-8, which in
turn are regulated by IL-1f3) have been detected over a wide range of
cancers (57). Here, we highlight IL-1f secretion progressively
decreases post ultrasound at the highest acoustic pressure
employed, while approximately maintaining its native sham levels
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at the two lowest acoustic conditions (Figure 6D), with IL-6 following
a similar pattern (see Figure 5E).

Lymphotoxin-alpha (LTa), also known as TNF-f3, has complex
roles in the tumor microenvironment, similarly to TNF-o.. It shares
receptors with TNF-o,, influencing inflammation and immune cell
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function through both TNFRI and TNFR2. Its interactions with
these receptors can either promote or inhibit tumor progression,
depending on the context within the tumor microenvironment (58).
After ultrasound treatment, our data suggests that TNF-f
experiences a transient down-regulation in higher and
intermediate pressures and then returns to sham baseline levels
over time (Figure 6E). This down-regulation is larger for the highest
pressure of 563kPa (0.2-fold 3h post-ultrasound) compared to
416kPa where the cytokine levels go down 0.5-fold 3h post-
ultrasound. After 48h TNE-B3 levels raised to 0.5-fold (563kPa)
and 0.8-fold (416kPa), which is slightly lower than sham baseline.
The transient suppression might temporarily reduce the pro-
inflammatory signals within the TME, potentially decreasing the
recruitment and activation of immune cells that could otherwise
support tumor growth. However, the reduction in TNF-3 could also
temporarily impede the formation of new blood vessels
(angiogenesis), a crucial process for tumor growth and metastasis.
Understanding and manipulating the kinetics of TNF-f secretion
after therapeutic interventions like ultrasound could be beneficial
for designing treatment protocols that optimize anti-tumor
immunity and minimize tumor-promoting inflammation.

Soluble CD40 ligand (sCD40L) plays a significant role in the
tumor microenvironment (TME), particularly in modulating
immune responses and influencing tumor progression. sCD40L,
primarily expressed by activated CD4+ T cells, binds to the CD40
receptor on antigen-presenting cells (APCs). This interaction is
crucial for T-cell priming and enhances the immune system’s
ability to combat tumors by promoting cytokine production and
strengthening the innate immune response. Moreover, studies have
shown that sCD40L can directly suppress tumor cell proliferation and
induce apoptosis in certain cancer cells. This suggests a potential
therapeutic role for sCD40L in inhibiting tumor growth directly (59).
The interaction between CD40L and CD40 also has implications for
TGF-B production, which can enhance the immunosuppressive
function of cancer cells, contributing to tumor progression. Thus,
while CD40L has potential therapeutic benefits, its role in cancer is
complex, and its effects can vary depending on the context within the
TME (60). Here, we observe that focused ultrasound decreases
sCD40L over time at all acoustic pressures employed here; for
example down to 0.4-fold 48h post ultrasound at the highest
pressure condition (Figure 6F).

Finally, we aim to correlate the modulation of key cytokines
involved, in a broad sense, in immunomodulation with acoustically
induced immune cell membrane permeability (Figure 7). Here, each
of the cytokines presented in Figure 6 are shown at either 3h, 12h or
48h as a function of our PMBC population study on enhanced
plasma membrane permeability (Figure 3). From this dataset, it can
be seen that, with a few exceptions, the predominate relation is one
of negative correlation; that is to say that increasing levels of
reversible plasma membrane perforation tends to result in
decreasing cytokine production at a given time-point post-focused
ultrasound therapy. Linear regression analysis highlights a few
statistically significant negative correlations, as summarized in
Table 1, with correlation coefficients ranging from 0 < |R| < 0.954.

It is important here to note that we acknowledge several study
limitations. Firstly, the use of freshly isolated PBMCs renders a
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TABLE 1 A subset of cytokine expression profiles statistically correlate
with focused ultrasound induced membrane permeability.

Cytokine

CCL21 0.151 <0.01 <0.01 0.30 0.99 0.94
CX3CL1 0.116 <0.01 0.03 0.37 0.86 0.65
IL-1B8 0.492 0.634 0.954 0.05 0.01 <0.0001
TNF-ou 0.688 0.543 0.549 <0.01 0.02 <0.02
sCD40L 0.01 0.302 0.437 0.77 0.12 0.05
TNEF-B 0.645 0.866 0.733 <0.01 <0.001 <0.01

Listed here at the p values of the linear regression analysis performed on the data from
Figure 7. Entries in red signify p<0.05. Note that the correlation coefficients ranged from 0 <
|R| < 0.954. Linear regression was analyzed using Pearson’s correlation coefficient.

detailed analysis of immune-cell specific (e.g T cell subtype)
cytokine release challenging. Further, as previously mentioned, the
interpretation of the roles of each analyte and its overall function is
context-dependent (e.g. presence of other cell types, or other
circulating factors), with many cytokines/chemokines exhibiting
paradoxical roles in anti-tumor immunity. Indeed, several cytokines
secreted by cells within the TME exhibit potent anti-immune
responses that may confound the overall effectiveness of the
ultrasound-mediated cytokine release demonstrated here, and
further in-vivo investigations are necessary to robustly characterize
this effect. We also acknowledge the conceptual limitation here that
there exist many focused-ultrasound conditions in which, despite
exerting no measurable membrane perforation, alter intracellular
calcium influx and modulate downstream NF-xB signaling (13,
61). Indeed, this avenue of membrane perforation-independent
secretome modulation warrants further investigation.

4 Conclusions

We have demonstrated here that microbubble-assisted focused
ultrasound modulates immune cells both in terms of enhanced cell
membrane permeability and the secretion of pro-immune cytokine
and chemokines. Indeed, secretome analysis revealed time-
dependent alterations in cytokine and chemokine profiles,
implicating key signaling pathways in immune response
modulation, such as NFkB and TNF pathways, and modifying the
concentrations of important analytes including IL-1f3, TNF-a,
TNEF-B, CCL21, CX3CL1, and soluble CD40L - among others.
Taken together, this data suggests that microbubble-mediated
focused ultrasound modulation of human immune cells can
change local concentrations of key secretions that may improve
the efficacy of cancer immunotherapy.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1486744
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Baez et al.

Ethics statement

The studies involving humans were approved by Concordia
University Ethics Committee. The studies were conducted in
accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

AB: Writing - review & editing, Writing - original draft,
Visualization, Validation, Methodology, Investigation, Formal
Analysis, Data curation. DS: Writing - review & editing, Writing
- original draft, Methodology. SH: Writing - review & editing,
Writing - original draft, Methodology. MH: Writing — review &
editing, Writing - original draft, Methodology. FG: Writing -
review & editing, Writing - original draft, Methodology. PD:
Writing - review & editing, Writing - original draft,
Methodology. BH: Writing - review & editing, Writing — original
draft, Supervision, Methodology, Funding acquisition, Formal
Analysis, Conceptualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Canada Research Chairs program (CRC-
2023-00137), the Cancer Research Society (CRS-1052826) and the
Canadian Institutes of Health Research (CIHR-496216). BH holds a
CASI award from the Burroughs Wellcome Fund (1018212.03).

References

1. Sharma P, Allison JP. The future of immune checkpoint therapy. Sci (1979).
(2015) 348:56-61. doi: 10.1126/science.aaa8172

2. Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving beyond
current vaccines. Nat Med. (2004) 10:909-15. doi: 10.1038/nm1100

3. June CH, O’connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell
immunotherapy for human cancer. Science. (2018) 359(6382):1361-5. doi: 10.1126/
science.aar6711

4. June CH, Sadelain M. Chimeric antigen receptor therapy. New Engl ] Med. (2018)
379:64-73. doi: 10.1056/NEJMral706169

5. Philip M, Schietinger A. CD8+ T cell differentiation and dysfunction in cancer.
Nat Rev Immunol. (2022) 22:209-23. doi: 10.1038/s41577-021-00574-3

6. Thommen DS. Schumacher TN. T cell dysfunction in cancer. Cancer Cell. (2018)
33:547-62. doi: 10.1016/j.ccell.2018.03.012

7. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nat Rev Immunol. (2009) 9:162-74. doi: 10.1038/nri2506

8. Oliveira G, Wu CJ. Dynamics and specificities of T cells in cancer immunotherapy.
Nat Rev Cancer. (2023) 23:295-316. doi: 10.1038/s41568-023-00560-y

9. Rafiq S, Hackett CS, Brentjens R]. Engineering strategies to overcome the current
roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. (2020) 17:147-67. doi: 10.1038/
541571-019-0297-y

10. Yusefi H, Helfield B. Ultrasound contrast imaging: fundamentals and emerging
technology. Front Phys. (2022) 10:791145. doi: 10.3389/fphy.2022.791145

Frontiers in Immunology

13

10.3389/fimmu.2024.1486744

Acknowledgments

The authors acknowledge the Genome Foundry at Concordia
University and Angela Quach for the help provided with BD
FACS Melody.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1486744/
full#supplementary-material

11. Helfield B. A review of phospholipid encapsulated ultrasound contrast agent
microbubble physics. Ultrasound Med Biol. (2019) 45:282-300. doi: 10.1016/
j.ultrasmedbio.2018.09.020

12. Helfield B, Chen X, Watkins SC, Villanueva FS. Transendothelial perforations
and the sphere of influence of single-site sonoporation. Ultrasound Med Biol. (2020)
46:1686-97. doi: 10.1016/j.ultrasmedbio.2020.02.017

13. Memari E, Hui F, Yusefi H, Helfield B. Fluid flow influences ultrasound-assisted
endothelial membrane permeabilization and calcium flux. J Controlled Release. (2023)
358:333-44. doi: 10.1016/j.jconrel.2023.05.004

14. Park ], Fan Z, Deng CX. Effects of shear stress cultivation on cell membrane
disruption and intracellular calcium concentration in sonoporation of endothelial cells.
J Biomech. (2011) 44:164-9. doi: 10.1016/j.jbiomech.2010.09.003

15. Beekers I, Mastik F, Beurskens R, Tang PY, Vegter M, van der Steen AFW, et al.
High-resolution imaging of intracellular calcium fluctuations caused by oscillating
microbubbles. Ultrasound Med Biol. (2020) 46:2017-29. doi: 10.1016/
j.ultrasmedbio.2020.03.029

16. Mcmahon D, Bendayan R, Hynynen K. Acute effects of focused ultrasound-
induced increases in blood-brain barrier permeability on rat microvascular
transcriptome. Sci Rep. (2017) 7:45657. doi: 10.1038/srep45657

17. Lee H, Guo Y, Ross JL, Schoen S, Levent Degertekin F, Arvanitis C. Spatially
targeted brain cancer immunotherapy with closed-loop controlled focused
ultrasound and immune checkpoint blockade. Sci Adv. (2022) 8:1-13. https://
www.science.org.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1486744/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1486744/full#supplementary-material
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1038/nm1100
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1056/NEJMra1706169
https://doi.org/10.1038/s41577-021-00574-3
https://doi.org/10.1016/j.ccell.2018.03.012
https://doi.org/10.1038/nri2506
https://doi.org/10.1038/s41568-023-00560-y
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.3389/fphy.2022.791145
https://doi.org/10.1016/j.ultrasmedbio.2018.09.020
https://doi.org/10.1016/j.ultrasmedbio.2018.09.020
https://doi.org/10.1016/j.ultrasmedbio.2020.02.017
https://doi.org/10.1016/j.jconrel.2023.05.004
https://doi.org/10.1016/j.jbiomech.2010.09.003
https://doi.org/10.1016/j.ultrasmedbio.2020.03.029
https://doi.org/10.1016/j.ultrasmedbio.2020.03.029
https://doi.org/10.1038/srep45657
https://www.science.org
https://www.science.org
https://doi.org/10.3389/fimmu.2024.1486744
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Baez et al.

18. Kovacs ZI, Kima S, Jikariaa N, Qureshia F, Miloa B, Lewisa BK, et al. Disrupting
the blood-brain barrier by focused ultrasound induces sterile inflammation. Proc Natl
Acad Sci U.S.A. (2017) 114:E75-84. doi: 10.1073/pnas.1614777114

19. Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. Noninvasive MR
imaging-guided focal opening of the blood-brain barrier in rabbits. Radiology. (2001)
220:640-6. doi: 10.1148/radiol.2202001804

20. Memari E, Khan D, Alkins R, Helfield B. Focused ultrasound-assisted delivery of
immunomodulating agents in brain cancer. ] Controlled Release. (2024) 367:283-99.
doi: 10.1016/j.jconrel.2024.01.034

21. Meng Y, Reilly RM, Pezo RC, Trudeau M, Sahgal A, Singnurkar A, et al. MR-
guided focused ultrasound enhances delivery of trastuzumab to Her2-positive brain
metastases. Sci Transl Med. (2021) 13(615):eabj4011. doi: 10.1126/scitranslmed.abj4011

22. Blattman JN, Greenberg PD. Cancer immunotherapy: A treatment for the
masses. Sci (1979). (2004) 305:200-5. doi: 10.1126/science.1100369

23. He S, Singh D, Yusefi H, Helfield B. Stable cavitation-mediated delivery of miR-
126 to endothelial cells. Pharmaceutics. (2022) 14(12):2656. doi: 10.3390/
pharmaceutics14122656

24. Helfield B, Black JJ, Qin B, Pacella J, Chen X, Villanueva FS. Fluid viscosity
affects the fragmentation and inertial cavitation threshold of lipid-encapsulated
microbubbles. Ultrasound Med Biol. (2016) 42:782-94. doi: 10.1016/
j.ultrasmedbio.2015.10.023

25. Datta S, Coussios C-C, Ammi AY, Mast TD, de Courten-Myers GM, Holland
CK. Ultrasound-enhanced thrombolysis using definity as a cavitation nucleation agent.
Ultrasound Med Biol. (2008) 34:1421-33. doi: 10.1016/j.ultrasmedbio.2008.01.016

26. Goertz DE, de Jong N, van der Steen AFW. Attenuation and size distribution
measurements of definity ™ and manipulated definity"™ Populations. Ultrasound Med
Biol. (2007) 33:1376-88. doi: 10.1016/j.ultrasmedbio.2007.03.009

27. Helfield BL, Huo X, Williams R, Goertz DE. The effect of preactivation vial
temperature on the acoustic properties of Definity™. Ultrasound Med Biol. (2012)
38:1298-305. doi: 10.1016/j.ultrasmedbio.2012.03.005

28. Escoffre J-M, Novell A, Piron J, Zeghimi A, Doinikov A, Bouakaz A.
Microbubble attenuation and destruction: are they involved in sonoporation
efficiency? IEEE Trans Ultrason Ferroelectr Freq Control. (2013) 60:46-52.
doi: 10.1109/TUFFC.2013.2536

29. Karshafian R, Bevan PD, Williams R, Samac S, Burns PN. Sonoporation by
ultrasound-activated microbubble contrast agents: effect of acoustic exposure
parameters on cell membrane permeability and cell viability. Ultrasound Med Biol.
(2009) 35:847-60. doi: 10.1016/j.ultrasmedbio.2008.10.013

30. Forbes MM, Steinberg RL, O’Brien WD. Examination of inertial cavitation of
optison in producing sonoporation of chinese hamster ovary cells. Ultrasound Med
Biol. (2008) 34:2009-18. doi: 10.1016/j.ultrasmedbio.2008.05.003

31. Chettab K, Roux S, Mathé D, Cros-Perrial E, Lafond M, Lafon C, et al. Spatial
and temporal control of cavitation allows high in vitro transfection efficiency in the
absence of transfection reagents or contrast agents. PloS One. (2015) 10(8):e0134247.
doi: 10.1371/journal.pone.0134247

32. Leung KS, Chen X, Zhong W, Yu ACH, Lee CYJ. Microbubble-mediated
sonoporation amplified lipid peroxidation of Jurkat cells. Chem Phys Lipids. (2014)
180:53-60. doi: 10.1016/j.chemphyslip.2014.02.004

33. Sun L, Su Y, Jiao A, Wang X, Zhang B. T cells in health and disease. Signal
Transduct Target Ther. (2023) 8(1):235. doi: 10.1038/s41392-023-01471-y

34. Velikkakam T, Gollob KJ, Dutra WO. Double-negative T cells: Setting the stage
for disease control or progression. Immunology. (2022) 165:371-85. doi: 10.1111/
imm.13441

35. Duan X, Lo SY, Lee JCY, Wan JMF, Yu ACH. Sonoporation of immune cells:
heterogeneous impact on lymphocytes, monocytes and granulocytes. Ultrasound Med
Biol. (2022) 48:1268-81. doi: 10.1016/j.ultrasmedbio.2022.02.022

36. Chen W-S, Matula TJ, Brayman AA, Crum LA. A comparison of the
fragmentation thresholds and inertial cavitation doses of different ultrasound
contrast agents. ] Acoust Soc Am. (2003) 113:643-51. doi: 10.1121/1.1529667

37. Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R, et al.
The STRING database in 2023: protein—protein association networks and functional
enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. (2023)
51:D638-46. doi: 10.1093/NAR/GKAC1000

38. Masola V, Greco N, Tozzo P, Caenazzo L, Onisto M. The role of SPATA2 in TNF
signaling, cancer, and spermatogenesis. Cell Death Dis. (2022) 13:1-5. doi: 10.1038/
s41419-022-05432-1

39. Taniguchi K, Karin M. NF-kB, inflammation, immunity and cancer: coming of
age. Nat Rev Immunol. (2018) 18:309-24. doi: 10.1038/nri.2017.142

Frontiers in Immunology

14

10.3389/fimmu.2024.1486744

40. Xin H, Kikuchi T, Andarini S, Ohkouchi S, Suzuki T, Nukiwa T, et al. Antitumor
immune response by CX3CL1 fractalkine gene transfer depends on both NK and T
cells. Eur ] Immunol. (2005) 35:1371-80. doi: 10.1002/¢ji.200526042

41. Lavergne E, Combadi¢ B, Bonduelle O, Iga M, Gao J-L, Maho M, et al.
Fractalkine mediates natural killer-dependent antitumor responses in vivo 1(2003).
Available online at: http://aacrjournals.org/cancerres/article-pdf/63/21/7468/2510921/
7468.pdf.

42. Okuma A, Hanyu A, Watanabe S, Hara E. P16Ink4a and p21Cipl/Wafl
promote tumour growth by enhancing myeloid-derived suppressor cells chemotaxis.
Nat Commun. (2017) 8:2050. doi: 10.1038/s41467-017-02281-x

43. Schmall A, Al-Tamari HM, Herold S, Kampschulte M, Weigert A, Wietelmann
A, et al. Macrophage and cancer cell cross-talk via CCR2 and CX3CR1 is a fundamental
mechanism driving lung cancer. Am ] Respir Crit Care Med. (2015) 191:437-47.
doi: 10.1164/rccm.201406-11370C

44. Xu W, Weng ], Xu M, Zhou Q, Liu S, Hu Z, et al. Chemokine CCL21 determines
immunotherapy response in hepatocellular carcinoma by affecting neutrophil
polarization. Cancer Immunol Immunother. (2024) 73:1-12. doi: 10.1007/S00262-
024-03650-4/FIGURES/4

45. Tutunea-Fatan E, Majumder M, Xin X, Lala PK. The role of CCL21/CCR7
chemokine axis in breast cancer-induced lymphangiogenesis. Mol Cancer. (2015) 14:1-
16. doi: 10.1186/812943-015-0306-4/FIGURES/6

46. Zhou S, Tao H, Zhen Z, Chen H, Chen G, Yang Y. Depletion of CD4+ CD25+
Regulatory T cells promotes CCL21-mediated antitumor immunity. PloS One. (2013) 8:
€73952. doi: 10.1371/JOURNAL.PONE.0073952

47. Thanarajasingam U, Sanz L, Diaz R, Qiao ], Sanchez-Perez L, Kottke T, et al.
Delivery of CCL21 to metastatic disease improves the efficacy of adoptive T-cell
therapy. Cancer Res. (2007) 67:300-8. doi: 10.1158/0008-5472.CAN-06-1017

48. Balkwill F. Tumor necrosis factor or tumor promoting factor? (2002) 13(2):135—
41. doi: 10.1016/S1359-6101(01)00020-X

49. Balkwill F. TNF-o in promotion and progression of cancer. Cancer Metastasis
Rev. (2006) 25:409-16. doi: 10.1007/s10555-006-9005-3

50. Szlosarek P, Balkwill F. Tumor necrosis factor alpha: a potential target for the therapy
of solid tumors. Lancet Oncol. (2003) 4:565-73. doi: 10.1016/S1470-2045(03)01196-3

51. Libby P. Interleukin-1 beta as a target for atherosclerosis therapy biological basis
of CANTOS and beyond. (2017) 70(18):2278-89. doi: 10.1016/j.jacc.2017.09.028

52. Malkova AM, Gubal AR, Petrova AL, Voronov E, Apte RN, Semenov KN, et al.
Pathogenetic role and clinical significance of interleukin-1p in cancer. Immunology.
(2023) 168:203-16. doi: 10.1111/imm.13486

53. Elkabets M, Ribeiro VSG, Dinarello CA, Ostrand-Rosenberg S, Di Santo JP, Apte
RN, et al. IL-1P regulates a novel myeloid-derived suppressor cell subset that impairs
NK cell development and function. Eur ] Immunol. (2010) 40:3347-57. doi: 10.1002/
€ji.201041037

54. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of
myeloid cells by tumours. Nat Rev Immunol. (2012) 12:253-68. doi: 10.1038/nri3175

55. Oh H, Grinberg-Bleyer Y, Liao W, Maloney D, Wang P, Wu Z, et al. An NF-xB
transcription-factor-dependent lineage-specific transcriptional program promotes
regulatory T cell identity and function. Immunity. (2017) 47:450-465.e5.
doi: 10.1016/j.immuni.2017.08.010

56. Vidal-Vanaclocha F, Amezaga C, Asumendi A, Kaplanski G, Dinarello C.
Interleukin-1 receptor blockade reduces the number and size of murine B16
melanoma hepatic metastases. Cancer Res. (1994) 54:2667-72. http://aacrjournals.
org/cancerres/article-pdf/54/10/2667/2453986/cr0540102667.pdf.

57. Rébe C, Ghiringhelli F. Interleukin-1P and cancer. Cancers (Basel). (2020) 12:1-
31. doi: 10.3390/cancers12071791

58. Fischer R, Kontermann RE, Pfizenmaier K. Selective targeting of TNF receptors
as a novel therapeutic approach. Front Cell Dev Biol. (2020) 8:401/BIBTEX.
doi: 10.3389/FCELL.2020.00401/BIBTEX

59. Ho PC, Meeth KM, Tsui YC, Srivastava B, Bosenberg MW, Kaech SM. Immune-
based antitumor effects of BRAF inhibitors rely on signaling by CD40L and IFNY.
Cancer Res. (2014) 74:3205-17. doi: 10.1158/0008-5472.CAN-13-3461/657868/AM/
IMMUNE-BASED-ANTITUMOR-EFFECTS-OF-BRAF-INHIBITORS

60. Kim H, Kim Y, Bae S, Kong JM, Choi J, Jang M, et al. Direct interaction of CD40
on tumor cells with CD40L on T cells increases the proliferation of tumor cells by
enhancing TGF-B Production and th17 differentiation. PloS One. (2015) 10:e0125742.
doi: 10.1371/JOURNAL.PONE.0125742

61. McMahon D, Hynynen K. Acute inflammatory response following increased
blood-brain barrier permeability induced by focused ultrasound is dependent on
microbubble dose. Theranostics. (2017) 7:3989-4000. doi: 10.7150/thno.21630

frontiersin.org


https://doi.org/10.1073/pnas.1614777114
https://doi.org/10.1148/radiol.2202001804
https://doi.org/10.1016/j.jconrel.2024.01.034
https://doi.org/10.1126/scitranslmed.abj4011
https://doi.org/10.1126/science.1100369
https://doi.org/10.3390/pharmaceutics14122656
https://doi.org/10.3390/pharmaceutics14122656
https://doi.org/10.1016/j.ultrasmedbio.2015.10.023
https://doi.org/10.1016/j.ultrasmedbio.2015.10.023
https://doi.org/10.1016/j.ultrasmedbio.2008.01.016
https://doi.org/10.1016/j.ultrasmedbio.2007.03.009
https://doi.org/10.1016/j.ultrasmedbio.2012.03.005
https://doi.org/10.1109/TUFFC.2013.2536
https://doi.org/10.1016/j.ultrasmedbio.2008.10.013
https://doi.org/10.1016/j.ultrasmedbio.2008.05.003
https://doi.org/10.1371/journal.pone.0134247
https://doi.org/10.1016/j.chemphyslip.2014.02.004
https://doi.org/10.1038/s41392-023-01471-y
https://doi.org/10.1111/imm.13441
https://doi.org/10.1111/imm.13441
https://doi.org/10.1016/j.ultrasmedbio.2022.02.022
https://doi.org/10.1121/1.1529667
https://doi.org/10.1093/NAR/GKAC1000
https://doi.org/10.1038/s41419-022-05432-1
https://doi.org/10.1038/s41419-022-05432-1
https://doi.org/10.1038/nri.2017.142
https://doi.org/10.1002/eji.200526042
http://aacrjournals.org/cancerres/article-pdf/63/21/7468/2510921/7468.pdf
http://aacrjournals.org/cancerres/article-pdf/63/21/7468/2510921/7468.pdf
https://doi.org/10.1038/s41467-017-02281-x
https://doi.org/10.1164/rccm.201406-1137OC
https://doi.org/10.1007/S00262-024-03650-4/FIGURES/4
https://doi.org/10.1007/S00262-024-03650-4/FIGURES/4
https://doi.org/10.1186/S12943-015-0306-4/FIGURES/6
https://doi.org/10.1371/JOURNAL.PONE.0073952
https://doi.org/10.1158/0008-5472.CAN-06-1017
https://doi.org/10.1016/S1359-6101(01)00020-X
https://doi.org/10.1007/s10555-006-9005-3
https://doi.org/10.1016/S1470-2045(03)01196-3
https://doi.org/10.1016/j.jacc.2017.09.028
https://doi.org/10.1111/imm.13486
https://doi.org/10.1002/eji.201041037
https://doi.org/10.1002/eji.201041037
https://doi.org/10.1038/nri3175
https://doi.org/10.1016/j.immuni.2017.08.010
http://aacrjournals.org/cancerres/article-pdf/54/10/2667/2453986/cr0540102667.pdf
http://aacrjournals.org/cancerres/article-pdf/54/10/2667/2453986/cr0540102667.pdf
https://doi.org/10.3390/cancers12071791
https://doi.org/10.3389/FCELL.2020.00401/BIBTEX
https://doi.org/10.1158/0008-5472.CAN-13-3461/657868/AM/IMMUNE-BASED-ANTITUMOR-EFFECTS-OF-BRAF-INHIBITORS
https://doi.org/10.1158/0008-5472.CAN-13-3461/657868/AM/IMMUNE-BASED-ANTITUMOR-EFFECTS-OF-BRAF-INHIBITORS
https://doi.org/10.1371/JOURNAL.PONE.0125742
https://doi.org/10.7150/thno.21630
https://doi.org/10.3389/fimmu.2024.1486744
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunomodulation of human T cells by microbubble-mediated focused ultrasound
	1 Introduction
	2 Materials and methods
	2.1 Isolation of human peripheral blood mononuclear cells
	2.2 Cell culturing
	2.3 Ultrasound treatment and experimental procedure
	2.4 Flow cytometry analysis and staining
	2.5 Human 96-plex cytokine/chemokine profiling
	2.6 Statistical analysis
	2.7 Protein interaction map and KEGG pathway analysis

	3 Results and discussion
	4 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


