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ARTICLE INFO ABSTRACT

Keywords: Sonodynamic therapy (SDT) exploits the energy generated by ultrasound (US) to activate sound-sensitive drugs
Sonodynamic therapy (sonosensitizers), leading to the generation of reactive oxygen species (ROS) and cancer cell death. Two-
;ﬁt;a;s(;mnd dimensional (2D) and three-dimensional (3D) cultures of human pancreatic cancer BxPC-3 cells were chosen

as the models with which to investigate the therapeutic effects of the US-activated sonosensitizer IR-780 as
pancreatic cancer is still one of the most lethal types of cancer. The effects of SDT, including ROS production,
cancer cell death and immunogenic cell death (ICD), were extensively investigated. When subjected to US, IR-
780 triggered significant ROS production and caused cancer cell death after 24 h (p < 0.01). Additionally, the
activation of dendritic cells (DCs) led to an effective immune response against the cancer cells undergoing SDT-
induced death. BxPC-3 spheroids were developed and studied extensively to validate the findings observed in 2D
BxPC-3 cell cultures. An analysis of the pancreatic cancer spheroid section revealed significant SDT-induced
cancer cell death after 48 h after the treatment (p < 0.01), with this being accompanied by the presence of
SDT-induced damage-associated molecular patterns (DAMPs), such as calreticulin (CRT) and high mobility group
box 1 (HMGB1). In conclusion, the data obtained demonstrates the anticancer efficacy of SDT and its immu-
nomodulatory potential via action as an ICD-inducer.

Immunogenic cell death
cancer spheroids

1. Introduction death (ICD) is a keystone in cancer management as it elicits a massive

antitumour immune response via the release of specific damage-

Pancreatic ductal adenocarcinoma (PDAC) has a lower survival rate
than any other cancer [1,2], while progression in patient outcomes that
has basically stood still for the past forty years [3]. PDAC is often
diagnosed at advanced stages and the majority of patients (30-40%)
present diffuse metastases, for which the median survival is just 5-9
months after diagnosis [4].Furthermore, most PDAC patients undergo-
ing surgery harbour non-radiographically detectable micrometastases
that are resistant to adjuvant chemotherapy [5]. PDAC is therefore a
substantial on-going challenge for oncology with there being a burning
need for novel and effective treatment options. Although apoptosis has
long been considered a tolerogenic and non-immunogenic process, there
exists increasing amounts of evidence to show that dying apoptotic cells
can trigger an inflammatory response [6]. In fact, immunogenic cell

associated molecular patterns (DAMPs), such as adenosine triphos-
phate (ATP), calreticulin (CRT), and high mobility group box protein B1
(HMGBL1), which act as danger signals [7,8]. The interaction between
DAMPs and specific receptors stimulates the recruitment and the acti-
vation of macrophages and dendritic cells (DCs), which promote
immune-mediated elimination within the tumour microenvironment.
ICD inducers are classified into Type I and Type II, according to whether
they are able to induce endoplasmic reticulum (ER) stress indirectly
(Type I, including several chemotherapeutics used on a low-dose
regimen) [9], or directly (Type II, such as in hypericin-based photody-
namic therapy) [10-12]. Sonodynamic therapy (SDT) can also be
considered a potential ICD inducer as one of their common character-
istics is that of inducing ER stress and reactive oxygen species (ROS)
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production. SDT exploits non-toxic sonosensitizers, ultrasound (US) and
oxygen to activate a cascade of reactions that generates ROS, leading to
massive cell death, making it a promising technique for the treatment of
solid tumours [13,14]. SDT can be identified as an energy-driven cancer
therapeutic modality that displays, as its main features, non-
invasiveness, deep tissue-penetration capability, and time- and space-
selective cancer cell killing [15,16]. Indeed, the high penetrative
power of US allows deep-seated tumour regions to be precisely treated,
minimizing damage to surroundings. Moreover, SDT is able to induce
significantly stronger cytotoxic effects in cancer cells than in non-cancer
cells, thus enhancing the safety of this approach. This cancer-cell-
specific cytotoxicity has been ascribed to the greater plasma mem-
brane fluidity of cancer cells, compared to that of normal cells, sug-
gesting that cancer cells have lower stiffness resistance to US-mediated
mechanical stress [17-19].

SDT has also shown the ability to reprogram anti-inflammatory and
pro-tumoral M, tumour associated macrophages into pro-inflammatory
and anti-tumour M; macrophages, further enhancing the immune
response [20,21]. Li et al. have investigated the use of the sonosensitizer
2-[2-[2-Chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-yli-
dene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylin-
dolium iodide (IR-780), a lipophilic cationic near-infrared dye, against
4T1 breast cancer in vitro and in vivo [22], and observed marked tumour-
growth inhibition. Moreover, IR-780 exhibits high fluorescence in-
tensity and remarkable photothermal conversion efficiency, making it
both an excellent photothermal and imaging agent for in vivo tumour
tracking. We hypothesize that the combined use of US and IR-780, used
as a sonosensitizer, may synergistically reduce tumour burden and
trigger a considerable immune response, thereby providing an alterna-
tive option for PDAC treatment and further strengthening anticancer
approaches against PDAC. We describe, herein, a focused investigation
into the US-mediated cytotoxicity of IR-780 against in vitro three-
dimensional (3D) PDAC, which closely mirrors in vivo tumour cellular
architecture and will therefore support translation to future animal
studies [23,24].

2. Materials and Methods
2.1. 2D and 3D BxPC-3 Cell Cultures

The human pancreatic cancer cell line BxPC-3 was obtained from the
American Type Culture Collection (cat n. 1687, ATCC, Milano, Italy).
BxPC-3 cells were cultured as a two-dimensional (2D) monolayer in
RPMI 1640 medium (cat n. L0500-500) enriched with 10% (v/v) foetal
calf serum (cat n. 341,506), 2 mM t-glutamine (cat n. G7513), penicillin
(100 units/mL, cat n. 1,502,701) and streptomycin (100 pg/mL, cat n.
S$9137) (Sigma-Aldrich, Milano, Italy). Growing monolayers were
cultured at +37 °C in a humidified atmosphere with 5% of CO5 in a dark
incubator (Thermo Fisher Scientific, Milano, Italy) and passaged regu-
larly at sub-confluence with 0.05% trypsin-0.02% EDTA solution (cat n.
SCMO090, Sigma-Aldrich, Milano, Italy). Cells were used for experiments
in their first 12 passages from the first thawing. BxPC-3 cells were
cultured as three-dimensional (3D) spheroids using the agarose-coating
technique. Briefly, agarose (cat n. A0576, Sig-ma-Aldrich, Milano, Italy)
was resuspended in phosphate buffered saline (PBS) at 1.5%, and then
sterilized using autoclave sterilization cycles at 121 °C for 15 min.
Agarose was then maintained in a hot water bath to avoid solidification,
and 60 pL of solution was added into each well of 96-U well plates (cat n.
3474, BRAND GMBH + CO KG, Wertheim, Germany) for coating. The
plates were left to cool for 15 min and stored for 24 h under dark con-
ditions. To generate BxPC-3 spheroids, varying densities of cells (5 x
103, 8 x 10° and 12 x 10° cells/200 pL medium) were seeded on
agarose-coated plates. Spheroid growth and conformation were moni-
tored up to 6-days post seeding with a DMI4000B fluorescent micro-
scope 10x (Leica Microsystems, Milano, Italy). A density of 5 x 10> cells
did not lead to spherical conformation after 4, 5 and 6 days, whereas a
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density of 8 x 102 cells resulted in an unstable conformation after 4, 5
and 6 days. However, spheroids seeded at a density of 12 x 10° cells
formed a stable mass, which progressively compacted after 4, 5 and 6
days. In accordance with these results, the cell density chosen for the
consequent 3D experiments was 12 x 10° cells/200 pL medium.

2.2. Evaluation of IR-780 Cytotoxicity in 2D BxPC-3 Cell Cultures

IR-780 iodide (cat n. 425,311) was purchased from Sigma-Aldrich
(Milano, Italy) and a mother stock solution of 10 mg/mL was dis-
solved in dimethyl sulfoxide (DMSO, cat n. D1435, Sigma-Aldrich,
Milano, Italy) and then stored at —20 °C. To assess IR-780 cytotoxicity
in BxPC-3 cells, 5 x 10° cells were seeded in 200 pL of culture medium at
increasing IR-780 concentrations (0.01, 0.1, 1, 10 and 100 pg/mL) in 96-
well culture plates (Corning, Milano, Italy) whit several replicates (n =
5) for each condition. Cell proliferation was examined at different time
points (24, 48 and 72 h) using a WST-1 assay (cat n. 11,465,007,001,
Roche-Applied, Milano, Italy) via the addition of 10 pL of WST-1 reagent
to 100 pL of cell culture medium in each well of the cell culture plates
and the subsequent incubation of the plates at +37 °C for 3 h. The
absorbance of each well was determined at 450 and 620 nm (reference
wavelength) using a microplate reader (Asys UV340, Biochrom, UK). IR-
780 cytotoxicity is expressed as a percentage (%), according to the
following equation: % cytotoxicity = (absorbance of untreated cells -
absorbance of treated cells)/absorbance of untreated cells x 100. IR-780
ICsp (the drug inhibitory concentration needed to inhibit 50% of cell
growth) was then calculated using CalcuSyn software, version 2.0
(Biosoft, Cambridge, UK).

2.3. Sonodynamic Treatment of 2D and 3D BxPC-3 Cell Cultures

A piezoelectric plane wave transducer (2.54 cm diameter) was used
to generate the ultrasound (US) field. This system operates at a fre-
quency of 1.505 MHz in conjunction with a power amplifier (Type AR
100A250A, Amplifier Research, Souderton, USA) and a function
generator (Type 33,250, Agilent, USA). A custom-built mechanical
adaptor was connected to the 1 cm diameter polystyrene tube containing
either the cell suspension or spheroids. The adaptor guarantees high
reproducibility when filled with ultrapure water. The in vitro sonody-
namic therapy (SDT) experiments were performed under subdued light,
and the temperature of the medium was also monitored to avoid hy-
perthermia during the experiment. BxPC-3 cells were exposed to
different US parameters for experiments on 2D (1.505 MHz, 0.63 W/
crnz, continuous wave mode for 3 min) and 3D (1.505 MHz, 1.66 W/
cm?, 60% duty cycle for 3 min) cultures. Briefly, 2D cultured BXxPC-3
cells at 80% confluence were detached with trypsin-0.02% ethyl-
enediaminetetraacetic acid (EDTA) solution (Sigma-Aldrich, Milano,
Italy), suspended in culture medium and normalized to 5 x 10° cells in
2.7 mL PBS polystyrene tubes before undergoing the following treat-
ments: control (i.e., untreated), US (1.505 MHz, 0.63 W/cmz, continuous
wave mode for 3 min), IR-780 (5 pg/mL pre-incubated for 24 h), and IR-
780 + US. Following treatment, 2 x 10° cells were seeded in culture
medium (100 pL) in replicates (n = 5) in 96-well culture plates. The
WST-1 assay (Roche-Applied, Milano, Italy) was then carried out to
evaluate the effect of the treatment on cell proliferation after 24, 48 and
72 h. For the 3D cell culture, 4 days after seeding, a total of 9 spheroids
were selected per condition and placed in 2.7 mL PBS polystyrene tubes
to undergo the following treatments: control (i.e., untreated), US (1.505
MHz, 1.66 W/cm?, 60% duty cycle for 3 min), IR-780 (20 pg/mL pre-
incubated for 24 h), and IR-780 + US. Treatment efficacy was then
evaluated after 48 h using optical microscopy imagines and flow cyto-
metric analyses, as reported below.
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2.4. Flow Cytometry

2.4.1. IR-780 Cell Uptake in 2D and 3D BxPC-3 Cell Cultures

The uptake of IR-780 by BxPC-3 2D monolayers was determined via
the cytofluorimetric evaluation of the intracellular fluorescence of IR-
780, carried out using an Accuri C6 flow cytometer (BD, Biosciences,
Milano, Italy). 1.5 x 10° cells were seeded in a 6-well plate and then
incubated with selected IR-780 concentrations (0.5 and 5 pg/mL) for 24
h. Following incubation, cells were washed with PBS, incubated with
trypsin for 5 min at +37 °C and then processed in the flow cytometer (Aex
780 nm, Ay, 807-823 nm), logging 1 x 10* events at a medium flow rate
and discarding cellular debris from the analysis. IR-780 fluorescence
was expressed as the integrated mean fluorescence intensity (iMFI), i.e.,
the product of the frequency of IR-780 positive cells and the mean
fluorescence intensity of the cells. To evaluate IR-780 uptake by BxPC-3
cells grown as 3D cultures, spheroids were grown for 4 days in the
incubator at 37 °C and, on day 4, 100 pL of the culture medium per well
was replaced with medium that contained increasing concentrations of
IR-780 (10, 20 and 30 pg/mL) for 24 h. When IR-780 incubation ended,
9 spheroids for each condition were transferred into a sterile tube,
washed in 500 pL of PBS and incubated for 15 min with trypsin (500 pL)
at 37 °C. After trypsin inactivation and cell-pellet centrifugation, cells
that dissociated from the 3D structures were washed in PBS and subse-
quently analysed via flow cytometry, with 5 x 10* events at medium
flow rate being considered and cellular debris being discarded from the
analysis. IR-780 uptake in BxPC-3 cells was then evaluated according to
the intracellular fluorescence of IR-780 (Aex 780 nm, Aey 807-823 nm)
and expressed as iMFI.

2.4.2. Cell Death Evaluation in 2D BxPC-3 Cell Cultures

Following SDT, BxPC-3 cell death was evaluated using the Dead Cell
Apoptosis Kit with propidium iodide (PI) and Alexa Fluor® 488 annexin
V for flow cytometry (cat n. V13245, Life Technologies, Milano, Italy),
according to the manufacturer’s instructions. Briefly, 5 x 10° BxPC-3
cells, previously incubated for 24 h with IR-780 (5 pg/mL) underwent
US (0.63 W/cm?, 1.505 MHz for 3 min), were seeded in culture flasks
and incubated at 37 °C for 24 h. Following incubation, cells were
exposed to trypsin for 5 min at +37 °C and collected in a sterile poly-
styrene tube. Cells were then stained with Alexa Fluor® 488-annexin V
and PI for 15 min and the samples were then processed in the flow cy-
tometer. A total of 1 x 10* events was used to measure PI (PI, Aex 535
nm, Aem 617 nm) and Alexa Fluor® 488 annexin V (Aex 488 nm, Aery, 519
nm). Any cell debris with low forward light scatter (FSC) and side light
scatter (SSC) were excluded from the analyses. Alexa Fluor® 488
annexin V and PI staining distinguishes early apoptotic (annexin V
positive and PI negative) and late apoptotic or necrotic cells (annexin V
and PI positive) from live cells (annexin V and PI negative). All analyses
were performed using FCS Express software, version 4 (BD, Biosciences,
Milano, Italy).

2.4.3. Evaluation of Immunogenic Cell Death-Related Damage Associated
Molecular Patterns in 2D BxPC-3 Cell Cultures

For 2D cultures, calreticulin (CRT) exposure on the cell surface was
investigated 1 and 6 h post-SDT and IR-780 treatment. Briefly, BxPC-3
cells were washed with PBS, incubated with trypsin for 5 min at
+37 °C, and followed by incubation with 10 pg/mL of Alexa Fluor® 488
anti-CRT antibody (cat. n. ab196158, Abcam, Cambridge, UK) at room
temperature (RT) for 40 min, under dark conditions. Following incu-
bation, cells were washed twice with PBS and then analysed using a C6
flow cytometer (Aex 488 nm, Aey, 530 nm). High mobility group box 1
(HMGB1) occurrence was determined 24 h after treatment with SDT and
IR-780. Briefly, BxPC-3 cells were washed with PBS, incubated with
trypsin for 5 min at +37 °C and then with anti-HMGB1 antibody (cat. n.
ab77302, Abcam, Cambridge, UK) (10 pg/mL) for 30 min at RT, under
dark conditions. When incubation ended, cells were washed once with
PBS and then incubated with the anti-mouse immunoglobulin G (whole
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molecule)-fluorescein isothiocyanate (FITC) antibody (1200; cat n.
SAB4200738, Sig-ma-Aldrich, Milano, Italy) for 1 h at RT, covered from
light. Finally, cells were washed twice with PBS at the end of incubation
and then analysed using the C6 flow cytometer (Aex 488 nm, Aey 530
nm). 1 x 10* events were considered in all the cytofluorimetric analyses
with a medium flow rate, discarding cellular debris.

2.4.4. Evaluation of Reactive Oxygen Species Production

SDT-mediated intracellular ROS production was determined using
CellROX™ green (cat n. C10492, Thermo Fisher Scientific, Rodano,
Italy) for oxidative stress detection. Following treatment, BxPC-3 cells
were incubated with 500 nM CellROX™ green at 37 °C for 30 min.
Following CellROX™ green incubation, cells underwent washing with
PBS, trypsinization and normalization to 5 x 10° in 2.7 mL of PBS,
followed by US exposure. ROS production was determined via flow
cytometry (Aex 488 nm and A, 530 nm) at different time points (i.e., 1,
5, 15, 30, 60, 90 and 120 min) after US exposure; 1 x 10* events were
considered and cell debris with low SSC and low FSC were excluded
from the analyses. ROS production is expressed as iMFI ratio to highlight
the ratiometric variation in fluorescence per time point compared to
control cells (i.e., untreated cells), while the iMFI ratio was calculated
from the difference in the iMFI of treated and untreated cells over the
iMFI of untreated cells [25].

2.5. Cell Death Evaluation in 3D BxPC-3 Cell Cultures

Forty-eight hours after treatment, cellular damage on the spheroid
corona was investigated via PI staining (cat n. P4170, Sigma Aldrich,
Milano, Italy). Briefly, spheroids were washed twice with PBS to elimi-
nate excess medium, and then incubated with a solution of PI in PBS
(100 pg/mL) for 20 min in the dark at RT. Following incubation,
spheroids were washed twice with PBS to remove PI excess, and PI
fluorescence images were then acquired (Aex 540 nm and ey, 590 nm)
using a Leica DMI4000B fluorescence microscope (Leica Microsystems,
Milano, Italy). Images were then analysed using ImageJ software,
version 2.0 (Fiji, Bristol, UK) to quantify the PI fluorescence of the BxPC-
3 spheroids. The results are expressed as mean of PI intensity/pm? +
standard deviation.

2.6. Evaluation of Dendritic Cell Activation in Peripheral Blood
Mononuclear Cells and SDT-Treated BxPC-3 Cell Co-Cultures

Peripheral blood mononuclear cells (PBMCs) obtained from a
healthy volunteer were separated using a Ficoll-Paque (cat n.
GE17-1440-02, Sigma-Aldrich, Milano, Italy) gradient. In order to
isolate PBMCs, a 50 mL conical centrifuge tube was filled with 15 mL
Ficoll and an equal volume of whole blood diluted with PBS (1:1) was
layered on top. The tube was then centrifuged at 1400 rpm for 35 min at
a low acceleration speed. The PBMCs present in the Ficoll and the
plasma were gently collected via aspiration and placed in a 15 mL
conical tube. Shortly afterwards, PBMCs were washed three times with
10 mL PBS and centrifuged at 1500 rpm for 10 min. PBMCs were then
resuspended and maintained in PBS for cell count. PBMCs were co-
cultured with BxPC-3 cells in complete RPMI-1640 medium in a 1:1
proportion for subsequent SDT experiments. Forty-eight hours prior to
the co-culture, BxPC-3 cells were incubated with IR-780 (5 pg/mL) for
24 h and exposed to US (0.63 W/cm? at 1.505 MHz, continuous wave
mode for 3 min). Immediately afterwards, 4 x 10° BxPC-3 cells treated
with SDT and 4 x 10° PBMCs (1,1) were incubated for 1, 12 and 24 h at
+37 °C in a humidified atmosphere containing 5% of CO; in a dark
incubator. At the end of each time point, 10 pL/10° cells were incubated
for 1 h with anti-CD83 antibody (cat n. CPA6468, Cohesion Bioscience,
London, UK) to detect activated dendritic cells, and with anti-CD326
antibody (cat n. 326 A-100 T, Immunostep, Salamanca, Spain) to
detect tumour cells. Cells were then washed with PBS to remove excess
antibodies and data acquisition was carried out on a C6 flow cytometer,
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considering 5 x 10* events at a medium flow rate and discarding cellular
debris from the analysis. Flow cytometry data were then visualised and
gated through FCS Express 4 software (BD, Biosciences, Milano, Italy)
and the data are expressed as iMFI ratio to highlight the ratiometric
variation in fluorescence per time point compared to untreated cells.

2.7. Evaluation of Immunogenic Cell Death-Related Damage Associated
Molecular Patterns in BxPC-3 Spheroids

At the end of each treatment, 40 spheroids per condition were
washed with PBS, fixed with paraformaldehyde 4% (cat n. 158,127,
Sigma-Aldrich, Milano, Italy) at RT for 15 min, washed with PBS, finally
embedded in Tissue-Tek® optimal cutting temperature (OCT) com-
pound (Sakura Finetek, Staufen, Germany) and preserved at —20 °C
prior to cryo-section. For the immunofluorescence staining of CRT,
cryosections (15 pm) were incubated with 10 pg/mL of Alexa Fluor®
488 anti-CRT antibody (cat. ab196158, Abcam, Cambridge, UK) at RT
for 40 min, covered form light. For the immunofluorescence staining of
HMGBI1, sections were incubated with 10 pg/mL of anti-HMGB1 anti-
body (cat. ab77302, Abcam, Cambridge, UK) at RT for 30 min, covered
form light. Slides were then washed with PBS and incubated 1for 1 h at
RT with anti-mouse immunoglobulin G (whole molecule)-FITC antibody
(1:200; Sigma-Aldrich, Milano, Italy). In the last 10 min of incubation
4’ 6-diamidino-2-phenylindole (DAPI, 1:100; cat n. 62,248, Thermo
Fisher Scientific, Milan, Italy) was added to all slides. Sections were
analysed via confocal microscopy (LSM 900, Zeiss, Milano, Italy), and
images were captured at 20x magnification using ImageJ software,
version 2.0 (Fiji, Bristol, UK).

2.8. Statistical Analysis

Data are presented as mean values + standard deviation (SD) of
three independent experiments. Prism software, version 9.2 (Graph-Pad,
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La Jolla, USA) was used to perform statistical analyses. According to the
design of the experiment, t-test, one-way, two-way ANOVA and Bon-
ferroni’s test were used to calculate the threshold of significance, which
was set at p < 0.05.

3. Results
3.1. Effect of Sonodynamic Treatment on 2D BxPC-3 Cell Cultures

Firstly, it was important to discover the optimal non-cytotoxic con-
centration of the sensitizer, i.e., IR-780, prior to ultrasound (US) expo-
sure for the subsequent sonodynamic therapy (SDT) experiments. BxPC-
3 cells were then incubated with increasing concentrations of IR-780
and cytotoxicity was observed over a 72 h period. IR-780 showed
slight cytotoxic activity at 10 pg/mL 24 h post-incubation (21.41% =+
6.87), whereas at the highest concentration tested, 100 pg/mL, IR-780
showed strong cytotoxicity over time (89.06% + 1.57 at 24 h, 93.92%
+ 0.89 at 48 h and 94.87% + 0.30 at 72 h) (Fig. 1A). On the other hand,
the lower concentrations of IR-780, 0.01, 0.1 and 1 pg/mL, did not
demonstrate significant cytotoxicity in BxPC-3 cells at any time point
(Fig. 1A). The data derived from cytotoxicity curves were used to
calculate the half maximal inhibitory concentration (ICsp), which was
calculated to be 50.25 + 12.24 pg/mL at 24 h incubation, 26.30 + 1.41
pg/mL at 48 h incubation and 25.6 + 10.40 pg/mL at 72 h incubation
(Fig. S1). Based on these results, the suitable IR-780 concentrations for
subsequent SDT experiments were calculated to be 0.5 and 5 pg/mL,
which correspond to the two-percentage inhibitory concentration (ICy2)
and the fifteen-percentage inhibitory concentration (IC;s), respectively,
following a 24 h incubation period. IR-780 uptake by BxPC-3 cells was
then investigated by flow cytometry, using the fluorescent properties of
the sonosensitizer, at these two concentrations. Since a statistically
significant higher increase in IR-780 uptake was observed in BxPC-3
cells at the higher concentration of 5 pg/mL (Fig. 1B), it was decided

10 i
0-

= - 1 Ctrl
[ IR-780 0.01 pg/mL
I IR-780 0.1 ug/mL
B 1R-780 1 ug/mL
Il IR-780 10 pg/mL
= IR-780 100 pg/mL
h S
&

*kk

[ IR-780 0.5 pg/mL
= IR-780 5 ug/mL

6h

IR-780 uptake in 2D cell cultures

T
24 h

Fig. 1. IR-780 cytotoxicity in BXxPC-3 cells and its cellular uptake. A) Cytotoxicity of BxPC-3 at increasing IR-780 concentrations (0.01, 0.1, 1, 10 and 100 pg/mL)
were carried out via WST-1 assay after 24, 48 and 72 h of incubation and results are expressed as mean =+ standard deviation (SD). Statistically significant difference
versus untreated cells (Ctrl): * p < 0.05, *** p < 0.001. B) BxPC-3 cells were incubated with 0.5 and 5 pg/mL of IR-780 for 6 and 24 h, and cellular uptake was
determined as integrated mean fluorescence intensity (iMFI) ratio values by flow cytometry and results are expressed as mean + SD. Statistically significant dif-
ference between 0.5 pg/mL treated cells and 5 pg/mL treated cells: * p < 0.05, *** p < 0.001.
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that this IR-780 concentration was to be employed for subsequent SDT
experiments on two-dimensional (2D) BxPC-3 cell cultures.

3.2. Effects of SDT with IR-780 on Cell Proliferation, Cell Death and
Reactive Oxygen Species (ROS) Production in 2D BxPC-3 Cell Cultures

BxPC-3 cell proliferation was investigated following treatment with
IR-780 5 pg/mL, incubation for 24 h and US exposure (0.63 W/cm?,
1.505 MHz, continuous wave mode for 3 min). As shown in Fig. 2A, a
strong decrease in cell proliferation was detected when cells underwent
SDT (IR-780 + US), starting from 24 h (p < 0.05) up to 72 h after
treatment (p < 0.01). To further confirm the sonodynamic activation of
IR-780, an evaluation of cell death was performed 24 h after SDT by flow
cytometry (Fig. 2B and C). A significant increase in the percentage of late
apoptotic cells (35.21% =+ 0.65), compared to untreated cells (10.91%
+ 0.71), was only visible when cells underwent SDT (IR-780 + US),
while a significant decrease in the percentage of live cells (57.21% +
1.47) was also observed compared to untreated cells (79.77% + 0.93).
ROS production is a pivotal step in the SDT mechanism of action [26],
and SDT-mediated ROS production in BxPC-3 cells was therefore eval-
uated in a cytofluorimetric assay. Fig. 2D demonstrates that the expo-
sure of IR-780 to US led to a statistically significant increase in ROS
production, compared to untreated conditions, i.e., Ctrl, from 1 min after
the treatment (p < 0.01), followed by a slight reduction in ROS pro-
duction that was sustained for up to 120 min (p < 0.05). These data
underline IR-780’s responsiveness to US and its suitability for use as a
powerful sonosensitizer capable of exerting SDT-mediated selective
anticancer cytotoxicity. Furthermore, in order to investigate SDT’s
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particular selectivity towards cancer cells, an investigation of its effect
on a non-cancer cell line was performed. A human dermal fibroblast cell
line, HDF, was used for this purpose (for detailed information, see the
Supporting Information). Firstly, lower IR-780 uptake was observed in
HDF cells than in BxPC-3 cells at the same sensitizer concentration
(Fig. S2), and, secondly, no cytotoxicity was observed in HDF cells after
SDT (IR-780 and US) (Fig. S3). These data support the differences in
responsiveness to SDT by cancer and non-cancer cells, as has also been
described by other authors [17-19].

3.3. Induction of Immunogenic Cell Death-Related Damage Associated
Molecular Patterns by SDT on 2D BxPC-3 Cell Cultures

Calreticulin (CRT) is an important ICD-related DAMP that functions
mainly as an early “eat-me signal” produced during the ICD process
[27]. CRT exposure on the cell surface was investigated 1 h and 6 h after
SDT with IR-780 on BxPC-3 cells. As shown in Fig. 3, exposure of IR-780
to US induced a significant increase in CRT fluorescence compared to
untreated cells (Ctrl), indicated by the dashed line, 6 h after treatment
(p < 0.05). Moreover, the occurrence of HMGB1 (a late ICD-related
DAMP), another hallmark of ICD that is released from the nucleus in
the late stage sof cell death, [28] was investigated 24 h after treatment.
Fig. 3 demonstrates that a significant increase in HMGBI1 release,
compared to untreated condition, i.e., Ctrl, was detected after SDT with
IR-780 (p < 0.05).
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Fig. 2. Effect of IR-780 sonodynamic activity on BxPC-3 two-dimensional cell cultures. BxPC-3 cells were incubated for 24 h with IR-780 (5 pg/mL) and subsequently
exposed to US (0.63 W/cm?, 1.505 MHz, continuous wave mode for 3 min). A) Cell proliferation was measured at 24, 48 and 72 h after treatment by WST-1 assay and
results are expressed as absorbance mean + standard deviation (SD). B) Cell death induced by sonodynamic therapy (SDT, IR-780 + US) was determined by flow
cytometry after 24 h and results are expressed as cell percentage mean + SD. C) Representative cytofluorimetric dot plots of cell death. D) The production of reactive
oxygen species (ROS) in BxPC-3 cells was determined by flow cytometry up to 120 min from treatments as integrated mean fluorescence intensity (iMFI) ratio and
results are expressed as mean + SD. Statistically significant difference versus untreated cells (Ctrl): * p < 0.05, ** p < 0.01, *** p < 0.001; statistically significant
difference between IR-780 + US and IR-780: * p < 0.05, *# p < 0.01 and statistically significant difference between IR-780 + US and US: " p < 0.05,  p <0.01,  p

< 0.001.
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Fig. 3. Evaluation of calreticulin (CRT) and high mobility group box 1 (HMGB1) after sonodynamic therapy (SDT) with IR-780 in two-dimensional BxPC-3 cell
cultures. BXxPC-3 cells were incubated for 24 h with IR-780 (5 pg/mL) and were then exposed to US (0.63 W/cmz, 1.505 MHz, continuous wave mode for 3 min). The
presence of CRT and HMBG1 was detected 1 and 6 h after the treatment as integrated mean fluorescence intensity (iMFI) ratio and results are expressed as mean +
standard deviation (dashed line representing untreated cells, Ctrl). Statistically significant difference versus untreated cells: * p < 0.05; statistically significant dif-
ference between IR-780 + US and IR-780: # p < 0.05, and statistically significant difference between IR-780 + US and US: " p < 0.05.

3.4. Dendritic Cell Activation as Induced by SDT with IR-780 in BxPC-3
Cells Co-Cultured with Peripheral Blood Mononuclear Cells

Invitro co-cultures of tumour cells and peripheral blood mononuclear
cells (PBMCs) enable the immune system and its response to changes in
the tumour microenvironment to be explored [29]. Dendritic cells (DCs)
are contained in the PBMC infiltrate from most cancer types and have a
protective role in antitumor immunity. Within tumours, infiltrating DCs
are heterogeneous in terms of their maturation, differentiation and state
of activation, which are controlled and regulated by several microen-
vironmental signals [30]. CD83 is a member of the immunoglobulin
superfamily, and has been identified as being expressed on mature and
activated DCs [31]. Therefore, at this stage, our aim was to identify the
possible occurrence of activated DCs in the presence of SDT-treated
BxPC-3 cells. Possible DC activation was then investigated by co-
culturing PBMCs with BxPC-3 cells, which had previously been treated
with SDT for 1, 12 and 24 h. Specifically, the DC activation marker
(CD83™) was monitored over time by quantifying fluorescence signals
for all conditions and by relating them to untreated cells (Ctrl) at each
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Fig. 4. Evaluation of dendritic cells activation (CD83™" cells). BxPC-3 cells were
incubated for 24 h with IR-780 (5 pg/mL) and then exposed to US (0.63 W/ cm?,
1.505 MHz, continuous wave mode for 3 min). One hour after treatment, BxPC-
3 cells were co-cultured with peripheral blood mononuclear cells (PBMCs, 1:1)
for 1, 12 and 24 h. The presence of CD83" cells was detected as mean fluo-
rescence intensity (iMFI) ratio by flow cytometry and results are expressed as
mean + SD (dashed line representing untreated cells, Ctrl). Statistically sig-
nificant difference between treated cells and Ctrl: ** p < 0.01; statistically
significant difference between IR-780 + US and IR-780: ## p < 0.01 and sta-
tistically significant difference between IR-780 + US and US: ~ p < 0.01.

time point (Fig. 4). A significant increase in DC activation in PBMCs
(increase in CD83" cells) in co-culture with SDT-treated BxPC-3 cells
was detected after 1 h of co-culturing (p < 0.01). Furthermore, levels of
PBMC activation were similar to those of untreated cells after 12 and 24
h of co-culturing; this maybe due to the allogenic nature of the two
different cell lines. Moreover, no significant decrease in tumour cell
population (CD326" cells) was detected at any time point (data not
shown).

3.5. IR-780 Uptake in BxPC-3 Spheroids

Since spheroids are characterized by several more layers of cells than
the classic distribution in 2D cell cultures [23,32], the internalization of
IR-780 by BxPC-3 spheroids was properly determined. For this purpose,
flow cytometry and confocal microscopy were performed using higher
IR-780 concentrations than those used in 2D cell cultures (Fig. 1B), ac-
cording to the fluorescent properties of the sonosensitizer. Fig. 5A
demonstrates that a statistically significant increase in IR-780 fluores-
cence was detected in spheroids incubated for 24 h at increasing IR-780
concentrations (20 and 30 pg/mL). However, it is important to underline
that a reduction in cell viability was observed (data not shown) when
spheroids were incubated with IR-780 at 30 pg/mL. Therefore, an IR-
780 concentration of 20 pg/mL was used for further SDT experiments
on 3D BxPC-3 structures. IR-780 internalization in BXPC-3 spheroids was
also confirmed via confocal microscopy investigation (Fig. 5B), where a
higher IR-780 fluorescent signal can be observed in the crown of the
spheroids and a lower signal in the inner core of the 3D structures.

3.6. Effects of Sonodynamic Treatment on BxPC-3 Spheroids

The use of tissue-engineered 3D models of cancer has grown, in
recent years, with advances in the field of cancer research and 3D
models, which are a more biomimetic platform than 2D cell monolayers
grown on tissue-culture plastic [33]. After observing the considerable
effect that IR-780 has on 2D cell cultures under US exposure, it was of
interest to investigate SDT activity in 3D cell cultures. BxPC-3 spheroids
were incubated at a suitable sonosensitizer concentration (IR-780 20 pg/
mL) for 24 h prior to US exposure. This was followed by the acquisition
of microscopy imagines to detect possible alterations in spheroidal
structure and to ascertain spheroid volumes. Under both conditions sets,
US alone and SDT (IR-780 + US), spheroids exhibited slight changes in
morphology with the sloughing of outer layers possibly being due US-
mediated damage, which was more apparent under the SDT condi-
tions after 24 h (data not shown). To evaluate the possible effects of SDT
on spheroid growth, spheroid volume was also measured at 24 and 48 h
post-treatment. SDT was able to significantly reduce spheroid volume
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Fig. 5. Uptake of IR-780 by BxPC-3 spheroids. A) BxPC-3 spheroids were incubated with increasing concentrations of IR-780 (10, 20 and 30 pg/mL) for 24 h and the
uptake was determined as integrated mean fluorescence intensity (iMFI) ratio by flow cytometry and results are expressed as mean =+ standard deviation. Statistically
significant difference versus untreated spheroids (Ctrl): * p < 0.05. B) Representative confocal imagines of IR-780 (20 pg/mL) distribution in a BxPC-3 spheroid

section. Magnification: 20x. Scale bars: 100 pm.

compared to untreated spheroids (p < 0.05) and IR-780-treated spher-
oids (p < 0.05) 24 h after the treatment, and compared to untreated
spheroids (p < 0.01), IR-780-treated spheroids (p < 0.05) and US-treated
spheroids (p < 0.05) 48 h after the treatment (Fig. 6).

As investigation into the SDT-mediated effect against BxPC-3
spheroids and analyses of the cell death induced by the treatment are
of great interest, spheroids were stained with propidium iodide (PI) and
analysed 48 h post-treatment. Fig. 7 shows an increased PI fluorescence
in spheroids incubated with IR-780 and subsequently exposed to US,
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Fig. 6. Effect of sonodynamic therapy with IR-780 on BxPC-3 spheroid volume.
BxPC-3 spheroids were incubated with IR-780 (20 pg/mL) for 24 h and then
exposed to US (1.66 W/cmz, 1.505 MHz, 60% duty cycle for 3 min). Spheroid
volumes were calculated 24 and 48 h after US exposure and results are
expressed as mean + standard deviation. Statistically significant difference
versus untreated spheroids (Ctrl): * p < 0.05, ** p < 0.01; statistically significant
difference between IR-780 + US and IR-780: # p < 0.05 and statistically sig-
nificant difference between IR-780 + US and US: * p < 0.05.

which essentially highlights an increase in dead cells. To support the
results obtained in fluorescence analysis, PI fluorescence intensity was
also evaluated, and a significant increase in PI intensity was observed in
the spheroids treated with SDT (p < 0.01), compared to the untreated
spheroids (Fig. 7). Furthermore, these data were confirmed by an assay
used to discriminate live from dead cells in spheroid sections (for
detailed information, see the Supporting Information), where an
increased PI signal was observed up to the core of spheroids, treated
with IR-780 and US, has been observed (Fig. S4), along with a disor-
ganization of spheroid compactness.

3.7. Induction of Immunogenic Cell Death-Related Damage Associated
Molecular Patterns by SDT on BxPC-3 Spheroids

To gain insights into the therapeutic potential of SDT, it is imperative
to explore the SDT-mediated ICD in a 3D model. As far as we know, this
experiment represents the first immunofluorescence investigation of
ICD-related DAMPs directly on spheroid sections. Fig. 8A displays the
homogenous distribution of the CRT signal in the untreated, US alone
and IR-780 alone conditions. Forty-eight hours post-SDT-mediated
treatment (IR-780 + US), the translocation of CRT clusters can be
observed into several parts of the spheroid section. At the same time,
HMGBI1 also showed a different fluorescence pattern upon treatment
with SDT, with this pattern being slightly different to those observed in
the untreated, US alone and IR-780 alone treatment conditions (Fig. 8B).

4. Discussion

Pancreatic cancer is the third leading cause of cancer-related deaths
worldwide and is showing increased incidence [34]. Pancreatic ductal
adenocarcinoma (PDAC) represents 90% of all pancreatic tumours and is
considered one of the most difficult to treat, with a five-year survival
rate of <10% [35]. The only potentially curative treatment is repre-
sented by surgical resection, however only a limited number of patients
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Fig. 7. Fluorescence images of BxPC-3 spheroids after sonodynamic therapy (SDT). BxPC-3 spheroids were incubated with IR-780 (20 pg/mL) for 24 h and then
exposed to US (1.66 W/cm?, 1.505 MHz, 60% duty cycle for 3 min). After 24 h, spheroids were stained with propidium iodide (PI, 100 pg/mL). Magnification: 10x.
Scale bars: 25 pm. PI fluorescence was also calculated, and results are expressed as the mean of percentage of PI intensity/ym? + standard deviation. Statistically
significant difference versus untreated spheroids (Ctrl): ** p < 0.01; statistically significant difference between IR-780 + US and IR-780: °° p < 0.01; statistically

significant between IR-780 + US and US: °° p < 0.01.

are eligible due to the advanced stage of disease upon diagnosis [36].
Despite chemotherapy’s place as a mainstay therapeutic option for
PDAC in increasing survival and palliating cancer-related symptoms
[35], therapeutic resistance remains a persistent challenge. A deep un-
derstanding of the mechanisms of therapeutic resistance and an explo-
ration of new therapeutic approaches are therefore essential [35].
Sonodynamic therapy (SDT) possesses the feature of non-
invasiveness, while presenting limited side-effects and the potential
for improved therapeutic outcomes in clinical cancer treatment,
compared to traditional chemotherapy and radiotherapy. SDT is a
stimulus-responsive approach for the treatment of solid tumours and is
based on the use of a relatively harmless chemical agent, called a
sonosensitizer, which becomes cytotoxic only upon the application of
low-intensity ultrasound (US) [37]. The synergic activity of a sono-
sensitizer and US culminates in ROS-mediated cytotoxicity, whilst
avoiding damage to adjacent healthy tissue. The discovery and devel-
opment of novel sonosensitizers has attracted wide-spread attention as it
is one of the most essential factors for successful SDT outcomes
[22,38-41]. For instance, IR-780 dye has been investigated as a

sonosensitizer agent that results in effective tumour treatment with
minimal side effects [42]. Li and colleagues have investigated IR-780 for
use as a SDT sensitizer in breast cancer treatment, and demonstrated its
remarkable toxicity against 4 T1 breast cancer in vitro after 24 h, at
various IR-780 concentrations. After being internalized by tumour cells,
thanks to the function of the organic anion transporting polypeptide 1B3
(OATP1B3) [43-45]. IR-780 absorbs US energy and becomes activated
from a ground-state into an excited state. After returning to the ground-
state, the released energy can generate singlet molecular oxygen and
hydrogen peroxide, which can cause tumour cell apoptosis and necrosis
[22].

In agreement with these results, the aim of this work is that of
exploring US efficacy in activating IR-780 in two-dimensional (2D) and
three-dimensional (3D) models of human pancreatic cancer. Further-
more, the feasibility of SDT as a trigger for immunogenic cell death
(ICD), thus promoting antitumor immunity, has been specifically
evaluated.

Considering the capacity of BxPC-3 cells to internalize IR-780 after
24 h of incubation, SDT effectiveness in reducing cell proliferation was
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Fig. 8. Representative confocal images of BxPC-3 spheroids after sonodynamic therapy. BxPC-3 spheroids were incubated with IR-780 (20 pg/mL) and then exposed
to US (1.66 W/cm?, 1.505 MHz, 60% duty cycle for 3 min). After 48 h, spheroids labelled with calreticulin (CRT) antibody (panel A) and the high mobility group box
1 (HMGB1) antibody (panel B) were analysed via confocal acquisition. Magnification: 20x. Scale bars: 100 pm.

determined at 24, 48 and 72 h, with a significant reduction in cell
proliferation being observed 72 h after SDT with a non-cytotoxic con-
centration of IR-780 5 pg/mL, thus suggesting that a synergistic effect
between US and the sonosensitizer is at work. These data are also sup-
ported by the identification of a significant increase in late apoptotic
cells along with a significant reduction in live cells 48 h after treatment.

The SDT mechanism of action is still under debate and different
mechanisms have been suggested: i) sonomechanical effects leading to

membrane disruption; ii) sonochemical effects leading to lipid peroxi-
dation; and iii) sonoluminescence leading to ROS generation [16]. In our
opinion, the pivotal SDT mechanism is based on the occurrence of
acoustic cavitation-induced sonoluminescence, subsequent sonosensi-
tizer activation and reactive oxygen species (ROS) production [46]. The
exposure of IR-780 to US in BxPC-3 cells led to significant ROS pro-
duction, as was also highlighted in breast cancer cells by Li et al. [22].
Moreover, several studies have identified that not only can ROS directly
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kill cancer cells, but that ROS may also be responsible for the induction
of ICD and the related release of tumour-associated antigens and damage
associated molecular patterns (DAMPs), which strengthens local tumour
immunogenicity [47]. In this way, dying cancer cells, which can act as a
tumour vaccine, induce a tumour-specific immune response that can
target live cancer cells and residual tumour tissue [48]. Indeed, ICD
leads to the release of DAMPs, which can activate a specific immune
response, from dying cell [27]. This immune response resembles
something similar to immunotherapy, which, at present, is a promising
therapeutic strategy for cancer treatment as its goal is to generate a
robust immune response to eradicate tumour cells and ultimately ach-
ieve long-term anticancer immunity [49].

Zhang and colleagues [42] have investigated a therapeutic strategy
to assess whether SDT can induce ICD, in association with the sono-
sensitizer HiPorfin, in a human liver cancer cell line. Calreticulin (CRT)

10

is a distinct DAMP that can be observed on the surface of cells under-
going ICD, and, in fact, the authors detected significant CRT expression
after SDT, indicating that SDT can, indeed, induce ICD. Their results also
showed that SDT promotes the secretion of pro-inflammatory cytokines
(like IFN-y and IL-2) and the switch from Th2 to Th1 cells, which acti-
vate the immune system to elicit anticancer effects, in tumours [42]. An
additional study conducted within our research group identified that
CRT exposure and the presence of high mobility group box 1 (HMGB1), a
late ICD inducer, can be caused by the US stimulation of hypericin in the
human HT-29 colon cancer cell line [50].

Taking these results into consideration, we can state that IR-780-
mediated SDT treatment against BxPC-3 cells triggers a significant in-
crease in cell surface exposure of CRT after 6 h and HMGB1 after 48 h.
This suggests that the US-mediated activation of IR-780 can not only
lead to a synergistic anticancer effect but also to ICD. The induction of
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ICD can stimulate dying cancer cells to enhance anticancer immunity
through the maturation of dendritic cells and the activation of cytotoxic
T lymphocytes, as well as by increasing the cytotoxic function of NK cells
[27]. Specifically, DC maturation is triggered by DAMPs and allows DCs
to migrate from peripheral tissues to secondary lymphoid organs, where
the antigen presentation of activating T lymphocytes may take place.
The interaction between antigen-specific T cells and mature DCs rep-
resents the elicitation of antigen-specific immune responses [51]. Wang
and colleagues have reported that the use of 5-aminolevulinic acid, in
combination with low-intensity US, suppresses the proliferation, adhe-
sion and migration of murine melanoma B16F10 cells. They showed that
the expression levels of the markers for DC maturation, CD68 and CD80,
were significantly higher in mice treated with SDT than those in the
control group, suggesting that SDT may promote the maturation of DCs,
and thus enhance anti-tumour immunity [52].

In vitro experimental models, such as co-cultures between tumour
cells and peripheral blood mononuclear cells (PBMCs) that include
lymphocytes, monocytes, NK cells and DCs, are therefore useful methods
with which to characterize tumour-immune system interplay. Doumba
and colleagues performed an in vitro co-culture model to study cell-to-
cell interactions between primary hepatocellular carcinoma cancer
cells (HCC) and autologous PBMCs; they observed that this direct
interaction leads to increased antigen-presenting ability of HCC, PBMC
activation and the subsequent apoptosis of activated CD8" T cells [53].

To further investigate whether our sonodynamic approach is able to
promote ICD and subsequent DC activation, the effect of co-culturing
PBMCs with BxPC-3 cells that had previously been exposed to SDT
was explored at different time points (1, 12 and 24 h), according to the
timing of DAMP exposure. Indeed, CRT favours the uptake of dying
tumour cells by DCs, while HMGB1 can be sensed by DCs through Toll-
like receptor 4, thereby promoting the efficient processing and cross-
presentation of tumour-associated antigens derived from dying cancer
cells [54]. Recent studies have focused on CD83 as a potential target for
therapeutic intervention, since high-density CD83 expression is
considered a marker for human DC maturation; it has been reported that
high levels of surface CD83 have been expressed by freshly isolated
blood DCs within 6 h of in vitro culture [55].

After co-culturing PBMCs with BxPC-3 cells, for 1, 12, 24 h, a small
percentage of mature CD83" DCs was detected in untreated tumour
cells, with this probably being due to the heterologous nature of tumour
cells and PBMCs. Interestingly, under the co-culture conditions in which
BxPC-3 cells had previously been treated with IR-780 + US, a significant
increase in CD83" DCs, compared to results in the co-culture between
PBMCs and untreated tumour cells, was observed after 1 h. This increase
was calculated by considering the normalized iMFI values relative to the
corresponding untreated conditions. In terms of tumour cell population,
BxPC-3 CD326" cells were detected at each time point, and no signifi-
cant reduction in their cellular percentage was observed in the PBMC co-
culture. These findings are consistent with the results of IR-780 cyto-
toxicity under US exposure, which demonstrated a significant effect on
tumour cells as early as 24 h post-treatment.

The results obtained from 2D cell cultures provided a foundation for
investigating the effects of SDT on 3D cell cultures. In recent years, an
increasing number of techniques have been developed to facilitate the
growth of spheroids in vitro, as these models closely resemble the
structure and functionality of physiological tissues [23]. Spheroids
exhibit tissue-like architecture and exhibit limited drug penetration
through tissue, since drugs are mainly confined to the outer cell layers.
Spheroids are therefore a better model for drug evaluation compared to
classic monolayer cultures [56]. To assess the cellular uptake of IR-780
in spheroids, different concentrations of IR-780 were initially examined,
followed by a confocal evaluation of IR-780 distribution within spheroid
sections. The confocal analysis, revealed the presence of IR-780 within
the inner regions of the spheroidal structure, suggesting that the sono-
sensitizer was able to deeply penetrate the spheroidal structure.

Based on this knowledge, BxPC-3 spheroids were incubated with IR-
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780 at a concentration of 20 pg/mL and treated with US after 24 h.
Remarkably, a significant reduction in the volume of SDT-treated
spheroids, compared to the volume of untreated spheroids, was
observed. This reduction in volume was further confirmed in a cell death
analysis using PI staining 48 h after treatment; an increase in the number
of dead cells was noted. Recent studies have highlighted the relevance of
investigating US as a triggering agent for sonosensitizers in specific
target sites within 3D models. This approach offers the advantage of
easily regulating the physical parameters of US [57,58]. In our study, it
was necessary to modify US intensity and the insonation mode when
transitioning from 2D to 3D cell cultures in order to achieve a sonody-
namic anticancer effect. This adjustment was necessary to ensure
optimal US energy release in a way that was tailored to the geometry of
the target area.

To further investigate the effect of SDT on 3D structures, an evalu-
ation of ICD was conducted BxPC-3 spheroids. To the best of our
knowledge, our data are the first attempt to demonstrate ICD induction
within the inner layers of 3D cell cultures. This novel approach allows us
to highlight the connection between SDT and ICD in more complex
structures compared to classic monolayer cell cultures. Under SDT
conditions, we visually observed the presence of CRT in spheroid sec-
tions. Compared to the control group, single spots of CRT were clearly
visible, whilst the treated and untreated conditions led to an evident, but
slight, difference in HMGB1 occurrence. These data highlight a variation
in the signalling of ICD-related DAMPs in 3D sections, compared to data
obtained from 2D models. This disparity may be influenced by the
different time points used to detect CRT in the 2D and 3D models.
Therefore, in 3D models, where the cellular architecture is more com-
plex than 2D cell culture, we can hypothesize that the CRT signal finds a
richer microenvironment within which to propagate across cell layers,
allowing it to persist for longer. This ICD-related DAMP, therefore,
serves as both a primitive pro-phagocytic signalling protein and an a
“eat-me” signal for immune cell recognition, as emphasized by Zhang
[59].

5. Conclusions

The exposure of IR-780 to ultrasound (US) successfully provoked a
significant anticancer effect by triggering the sonosensitizer cytotoxicity
as well as inducing immunogenic cell death (ICD) induction not only in
two-dimensional (2D), but also in three-dimensional (3D) pancreatic
cancer cell cultures. The efficacy of sonodynamic therapy (SDT) with IR-
780 on BxPC-3 spheroids confirms the anticancer potential observed in
the 2D BxPC-3 model, albeit with notable differences in US parameters.
This highlights the importance of investigating in vitro 3D cancer models
before proceeding to in vivo studies. Moreover, SDT’s observed lower
effect on the growth of 3D cancer cultures, compared to that 2D cancer
cultures, indicates that further studies into different treatment schedules
that allow for multiple US exposures should be performed. These results
also suggest that SDT may be feasibility investigated for use in combi-
nation with chemotherapy and immunotherapy, thanks to its intrinsic
selectivity, which hinders systemic toxicity.

The evaluation of ICD in 3D BxPC-3 cell cultures highlighted the
presence of ICD-related damage associated molecular patterns, mirror-
ing observations in 2D BxPC-3 cell cultures. Additionally, the activation
of the immune system was confirmed in co-cultures of SDT-treated Bx-
PC3 cells and peripheral blood mononuclear cells. This type of cell death
leads to an adaptive immune response that is specific to antigens derived
from dead cells. However, it should be emphasized the need for
confirmation of SDT immunomodulatory effect in relevant in vivo
models. Despite the challenges associated with selecting appropriate US
parameters to achieve therapeutic efficacy in SDT, this approach de-
serves further preclinical studies to enable the decision to engage clin-
ical studies as a promising anticancer strategy, particularly for tumours
with low responsiveness to conventional drug treatments. Finally, SDT-
induced ICD has the potential to evoke long-lasting protective antitumor
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immunity that may combat the issue of tumour relapse which remains a
significant challenge in cancer treatment.
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