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Abstract

Solid tumor treatment relies heavily upon chemotherapies, radiation, surgical resection, and/or
immunotherapies. Although many alternative non-invasive solid tumor therapies have been
proposed through the years and continue to be tested in various contexts, tumor cell eradication
remains a daunting task for the current cancer armamentarium. Indeed, solid tumors exhibit
physically and biochemically heterogenous microenvironments, allowing them to easily acquire
resistance mechanisms. Progress in sonodynamic therapy (SDT), a treatment modality capable
of controlling tumor growth while limiting off-target effects and toxicities, has accelerated in
recent years. SDT combines “sonosensitizing” agents with the non-invasive application of focused
acoustic energy [i.e. focused ultrasound (FUS)] to drive highly localized formation of tumor
cell-killing reactive oxygen species (ROS). Sonosensitizers selectively accumulate in tumor cells,
after which FUS radiation eliminates the tumor by forcing the tumor cells to undergo cell death.
In this article, we comprehensively review recent studies wherein SDT has been applied to treat
primary and metastatic tumors. We discuss sonosensitizers, combination therapies with SDT,
developments in defining the mechanism of SDT-induced cell cytotoxicity, and the promise SDT
offers as a modulator of anti-tumor immunity.
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Introduction

Anticancer therapies continue to progress, but highly effective treatments for many cancers
remain elusive as cancer cells adapt and acquire resistance to therapy. Furthermore, solid
tumors are often immunologically “cold”, or marked by an immunosuppressive environment
preventing immune cell infiltration, expansion, and function. Thus, driving immunologically
“cold” tumors into “hot” tumors while limiting off-target effects represents an attractive
therapeutic approach.

Sonodynamic therapy (SDT) is a noninvasive anticancer modality derived from
photodynamic therapy (PDT), which elicits tumor cell killing through activation of

a photosensitive compound via localized light delivery [1]. Photosensitizers, which
accumulate with high specificity in tumor cells, release energy upon activation and generate
reactive oxygen species (ROS) in the presence of oxygen [2,3], resulting in cancer cell
toxicity [3]. Cancer cells are especially reliant on antioxidants, making them particularly
vulnerable to excessive ROS [3]. Nonetheless, one disadvantage of PDT is that light is
significantly attenuated by intervening tissue, so the treatment success depends on tumor
depth, composition, and position within the body.

SDT overcomes this limitation because the tumor is exposed to focused ultrasound (FUS),
which offers improved tissue penetration, reducing potential off-target effects [1]. Compared
to light, in some applications, FUS may provide a more diverse set of application options
with regard to focusing and tumor coverage [1]. FUS activates “sonosensitizers”, which like
photosensitizers, selectively accumulate in tumor cells and generate ROS. Additionally, SDT
can be easily integrated with other FUS approaches. For example, FUS may be deployed
with i.v.-injected contrast agent microbubbles (MBs) to permeabilize cell membranes and
enhance drug delivery via transient opening of blood-brain and/or blood-tumor barriers [4].
Furthermore, sonosensitizer accumulation in tumors cells may be enriched by the enhanced
permeability and retention (EPR) effect [5]. Mitochondria are especially vulnerable to ROS
since they control activation of intrinsic apoptosis, autophagy, and ferroptosis, all of which
can be triggered by excessive ROS [3]. However, tumor microenvironments (TMES) are
often devoid of oxygen (i.e. hypoxic) due to dysfunctional tumor vasculature [4], resulting
in high glutathione levels (GSH) in the TME, which absorbs the ROS generated by SDT [6].
Therefore, alleviating tumor hypoxia is an important barrier for establishing the efficacy of
SDT.

This review will examine SDT application to treat cancers including, but not limited to,
breast, glioblastoma, pancreatic, lung, and leukemia. We first introduce sonosensitizers
used over the last eight years, focusing on nanoparticle modifications that improve
mitochondrial targeting, selective cancer cell accumulation, improved drug delivery, and
alleviating tumor hypoxia. Details outlining tumor models and FUS parameters applied
with the sonosensitizers discussed in this review are outlined in Table 1. We then discuss
SDT combination therapies that may promote tumor control such as PDT-SDT, anti-tumor
drug delivery, and immunotherapy-SDT. We conclude with an in-depth characterization of
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mechanisms driving SDT-induced tumor cell death and how SDT may stimulate an adaptive
anti-tumor immune response. This information is summarized in Table 2.

2.0 Sonosensitizers

Sonosensitizers have unique chemical and physical properties that are critical for defining
their utility in certain applications. Discussion of these chemical and physical features is
beyond the scope of this review; however, excellent review articles focusing on these aspects
of sonosensitizers are available [7-12].

2.1 Chlorin e6

Chlorin e6 (Ce6) is a chlorophyll derivative initially used as a photosensitizer. Ce6-based
SDT of liver cancer showed potent sonosensitizer capacity with high tumor affinity and
quick clearance from non-tumor tissues [13]. Ce6 has high affinity for non-small cell lung
cancer (NSCLC) [14], as it accumulates specifically in SPCAL lung tumor tissue, peaking
at 18h and barely detectable by 72h. Furthermore, SDT-treated cells had a much higher rate
of tumor cell necrosis relative to FUS and Ce6 alone. Interestingly, tumor cell apoptosis
remained unaffected among the treatment groups, suggesting that Ce6 SDT predominately
induces necrosis [14].

2.2 Sinoporphyrin sodium (DVDMS)

2.3

IR-780

Porphyrin derivatives, including sinoporphyrin sodium (DVDMS), are effective photo- and
sonosensitizers [15]. DVDMS accumulation in K562 leukemia cell mitochondria is seen as
early as 1h post-SDT treatment, peaking at 2h [16]. Similar results were reported for human
colorectal cancer [17], including increased intracellular ROS confirmation. Treating CT26
colorectal cancer with DVDMS and MBs decreased cell viability by 50% 4h after treatment
compared to FUS+MBs without DVDMS. DVDMS+FUS+MBs increased apoptosis and
necrosis rates by roughly 2-fold compared to FUS+MBs alone. These results corresponded
with higher /in vivo tumor growth control, leading the authors to conclude that MBs can
improve DVDMS-mediated SDT’s antitumor effect. The investigators then hypothesized
that DVDMS-loaded liposome-MB complexes (DLMBs) would further improve therapeutic
efficacy [18]. DVDMS accumulation was indeed improved in human breast cancer MDA-
MB-231 cells with FUS+DLMBs relative to DVDMS and DVDMS-liposome complexes
alone. By 24h post-treatment, only 50% of the SDT-treated cells remained viable, compared
to 30% with DVDMS treatment. /n7 vivo, 4T1 mouse breast cancer treated with FUS+DLMB
had significant growth inhibition (68%) relative to DVDMS-liposome and DVDMS alone
groups (30% and 35%, respectively). In conclusion, a significant sonodynamic effect is
observed in breast cancer models applying DVDMS-liposome-MB complexes combined
with FUS.

IR-780 is another PDT compound that may be repurposed for SDT. Mouse 4T1 breast
cancer cells treated with IR-780 had reduced viability, corresponding to higher apoptosis
and necrosis [19], and more O, and H» O; levels compared to controls. /n vivo imaging
of 4T1 tumor-bearing mice showed maximum intratumoral IR-780 concentration after 1h.
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Additionally, SDT-treated mice experienced tumor growth delay, suggesting that IR-780
may be a promising tumor-treating sonosensitizer.

One limitation of SDT is rapid metabolism of fat-soluble sonosensitizers, an obstacle
avoided by integrating the compound into water-soluble carriers [20]. IR780 has been
encapsulated in a polyethylene glycol (PEG) lipid-based carrier and delivered with Ce6
[20]. PEG-IR780@Ce6 produced more & and OH'than free Ce6 and PEG-IR780 alone.
Additionally, cancer cell invasion and migration after SDT treatment decreased, further
supported by MMP-2 and MMP-9 metalloproteinase suppression which are critical for
cell migration and invasion [20]. Thus, PEG-IR780@Ce6 offers better tumor control by
generating multiple ROS compared to PEG-IR780 or Ce6 alone.

2.4 Rose Bengal

Sonosensitizer carriers often have low loading efficacy [20], previously addressed by using
amphiphilic rose bengal (ARB) bound to MBs (RB-MBs) [4]. Singlet oxygen levels
increased in response to RB-MBs+FUS treatment relative to controls, correlating with
reduced HT-29 colorectal adenocarcinoma cell viability. Following /n vivo treatment with
RB-MBs+FUS, tumor growth was inhibited up to 76% compared to 24% growth inhibition
by MBs+FUS, demonstrating that RB-MBs effectively induce tumor-specific cell death, thus
improving tumor growth control.

2.5 Metal-based Sonosensitizers

While porphyrin and chlorophyll derivatives are well-studied for SDT, they often

have low chemical and biological stability and poor tumor accumulation [21]. To

overcome this, nanomaterials have been employed to prolong sonosensitizer circulation
time, immunogenicity, and tissue penetration. Copper-cysteamine (Cu-Cy) metal-based
nanoparticles have been applied to MCF-7, 4T1, and MDA-MB-231 breast cancer cells
[15,16]. Following /in vitro Cu-Cy+FUS treatment, cell viability decreased to 45%. Cu-
Cy+FUS reduced 4T1 breast tumors to 74% of their starting volume, compared to Cu-Cy
(26%) and FUS alone (37%), with reduced tumor burden corresponding with increased ROS
levels [21].

A recent advance in metal-based sonosensitizers application employs Ag, S quantum dots
(QD) encapsulated in red blood cell (RBC) vesicle membranes. RBCs possess catalase,

an enzyme that oxidizes H, O, into H>Oand O,, thereby alleviating tumor hypoxia [23].
RBC membrane-coated Ag, S QDs were deployed to treat CT26 colorectal cancer cells
[5], wherein they produced high amounts of &, even under hypoxic conditions. /n7 vivo
analysis revealed high Ag> S QD accumulation in tumors between 6-9h post-injection,
with dissipation after 24h. Polyglutamate (PGA), another common nanoparticle coating,

is digested by cathepsin-B, a lysosomal protease often overexpressed in the TME [24].
This polymer coat has been used to generate PGA-tyrosine hematoporphyrin nanoparticles
(HPNPs) for SDT treatment of prostate cancer [24]. When HPNPs were applied with
FUS, LNCaP and PC3 prostate cancer cell viability was reduced by ~90%. LNCaP tumors
were reduced in size by 36% at 24h post-SDT. These results suggest that cathepsin B-
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overexpressing tumors can be exploited to generate PGATyr-digested nanoparticles that can
sonodynamically control prostate cancer.

3.0 Combination Treatments Employing SDT

3.1 PDT-SDT

It has been suggested that SDT with PDT (i.e. SPDT) may improve therapeutic effect. In
SPDT, an agent with both photochemical and sonochemical activity is administered, then
activated with light and sound [25]. This approach could allow for both lower sensitizer
dosage and decreased total energy deposition, preventing potential negative side effects [26].
Applying Ce6 for SPDT to breast cancer cells reduced cell viability to 50-60% compared to
a 30% viability reduction after PDT alone [1]. Peak Ce6 breast cancer cell uptake occurred
at 2h, with a sustained signal until 6h. SPDT significantly increased ROS levels and
inhibited breast cancer metastasis to the lungs. VEGF and MMP-9, which promote breast
cancer invasion and metastases, exhibited reduced expression, suggesting that Ce6-mediated
SPDT can inhibit cancer cell metastasis [1].

Metal nanoparticles are becoming more common sonosensitizers in SDT due to their
improved biocompatibility [6]. For instance, SPDT with gold/MnO, nanomaterials reduce
intratumoral A, Oy, alleviating tumor hypoxia [27]. Upon concurrent application of laser and
FUS radiation with Au/MnO, nanocomposites, B16/F10 melanoma cell viability declined
more than with PDT alone. SPDT-treated melanoma tumors exhibit increased necrosis,
supporting this photo- and sono-sensitizer for use in cancer treatment. Similar to Aw/

MnO, nanocomposites, MnfFe, O,/ C nanocomposites have also been used to treat B16/F10
melanoma, eliciting reduced cell viability and increased tumor necrosis, further suggesting a
synergistic effect of SDT-PDT combination treatment [28].

3.2 Antitumor Drug Delivery and SDT

Chemotherapies are the standard of care for most cancers. A quintessential example

is glioblastoma treatment with Temozolomide (TMZ). TMZ has many known forms of
intrinsic and acquired resistance, so it has often been a candidate for combination therapies
[29]. Overexpression of sodium-hydrogen exchanger isoform 1 (NHE1) is one such mode
of resistance which can enhance tumor cells’ invasive capacity [23,24]. Hematoporphyrin
monomethyl ether (HMME)-mediated SDT alters NHE1 expression in TMZ-resistant
glioma cells, preventing cancer cell proliferation and invasion, as well as potentially re-
sensitizing the cells to TMZ. Following SDT and TMZ, C6 glioma cells showed reduced
capacity to migrate and invade. Furthermore, caspase-3, cleaved caspase-3, Bcl-2, and Cyt-c
were increased following TMZ+SDT treatment, suggesting mitochondrial apoptotic pathway
induction.

Gemcitabine (Gem), the most widely used chemotherapeutic to treat pancreatic cancer, is an
antimetabolite drug that can synergize with SDT- and FUS-targeted microbubble destruction
(UTMD) [31]. UTMD occurs when FUS facilitates MB cavitation and collapse, driving
increased uptake of chemotherapeutics at the target site and improved treatment efficacy
[32]. Chemo-sonodynamic treatment of pancreatic cancer using Gem-O, MB+RB-O, MB
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decreased pancreatic cancer cell metabolic activity [31]. Treatment also reduced expression
of pro-angiogenic factors, VEGF-C and IL-8, and HIF1a, VHL, and RUNX2 expression,
suggesting a less hypoxic tumor microenvironment. Thus, chemo-SDT using Gem-G, MB
and RB- O, MB successfully increases drug delivery to the tumor cells, limiting tumor
growth.

Gem is also radiosensitive and has been used in combination with RB-O, MBs for
chemoradiation therapy (CRT) [33]. While CRT has been combined with PDT, CRT-SDT
efficacy had not been evaluated [28,29]. Using BXxPC-3 and PSN-1 pancreatic tumors,
CRT-SDT treatment significantly delayed tumor growth in PSN-1 tumor bearing mice, but
not BxPC-3 tumor bearing mice. This differential treatment success could stem from poor
vascularization in PSN-1 tumors. As a result, RB-O, MBs may be unable to extravasate
through the vascular endothelium, leading to increased ROS generation in the vasculature
itself and SDT-mediated vascular damage.

While the CRT-SDT treatment of BxPC-3 pancreatic tumors proved unsuccessful, BxPC-3
tumor growth inhibition does occur when using magnetically-responsive oxygen MBs
(Mag O, MBs) bound to RB, in the presence of co-applied magnetic and ultrasound fields
using a magnetic-acoustic-device (MAD) [36]. It was hypothesized that the field alignment
generated by the MAD is critical to maintain the MBs in the ultrasound beam [36]. Though
a strong argument is made for the necessity of field alignment, without assessing tumor
vascularity prior to treatment, it is unknown whether the tumor response was due to a
differing ability of the MBs to enter the vasculature or the field alignment specifically.
Regardless, co-alignment and application of ultrasound and magnetic fields resulted in
greater Mag O, MBs-RB-Gem treatment efficacy in controlling tumor growth.

Another chemotherapeutic, doxorubicin (DOX), is used for treating breast cancer by forcing
apoptosis-inducing DNA strand breaks [37]. Recently, a biodegradable polydopamine
nanoparticle embedded with platinum and co-loaded with DOX and Ce6-modified with TPP,
a mitochondrial-targeting molecule (CDP@HP-T) (Figure 1), has been deployed [38]. The
CDP@HP-T nanoprobe accumulates in mitochondria and subsequently produces ROS in
4T1 breast tumor cells. /n vivo, peak intratumoral CDP@HP-T accumulation occurred ~3h
post-injection. Tumor growth rates were also diminished in the CDP@HP-T+FUS group,
supporting this nanoprobe’s application in the chemo-SDT of breast cancer.

To overcome tumor hypoxia, an oxygen nanoplatform with a perfluorocarbon (PFC)
compound, which can readily dissolve high amount of oxygen [39], has been developed.
Here, a polymer shell and PFC core shelter IR780, DOX, and oxygen (PPID-NPs) [39].
PPID-NPs+FUS decreased 4T1 and MCF-7 breast cancer cell viability under normoxic

and hypoxic conditions, and co-treatment produced significantly more ROS. 4T1 tumor
staining showed decreased Ki67 expression and increased TUNEL staining following PPID-
NPs+FUS treatment, suggesting lower cancer cell proliferation and higher levels of tumor
cell death, respectively. Additionally, chemo-SDT reduced tumor burden, leading the authors
to conclude that the treatment regimen may successfully treat hypoxic tumors.
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While we have focused primarily on chemo-sonodynamic therapies, metabolic inhibitors
have also been combined with SDT. Cancer cells rely on elevated glycolytic capacity
[34,35], which facilitates cancer cell invasion, metastasis, and apoptosis. One method to
prevent tumor growth is to sensitize cancer cells to apoptosis using the anti-glycolytic
compound 2-deoxyglucose (2-DG) [42]. 2-DG is phosphorylated by the enzyme hexokinase
I1, often overexpressed in tumors [42]. It has been hypothesized that by targeting glycolysis
with 2-DG and mitochondria with DVDMS-mediated SDT, breast cancer progression would
be significantly reduced [42]. Indeed, SDT-2DG induced breast cancer cell death and
decreased PCNA expression, implying inhibited proliferation of viable cells. Tumor growth
was inhibited up to 70% after co-treatment, supporting the idea that blocking glycolysis can
promote cell death upon SDT treatment. A follow-up study showed that SDT-2DG treatment
can also reduce breast cancer’s metastatic capacity [43].

3.3 Immunotherapy-SDT

More recently, immunotherapy-SDT combination approaches have been used to control
tumor growth and initiate antitumor immune responses. Many cancer immunotherapies
strive to improve the immune system’s capacity to control cancer by enhancing T cell
effector function [44]. For example, anti-PD-L1 blocks PD-L1 protein expressed on tumor
cells, which binds its cognate receptor PD-1 on tumor-specific T cells. Blocking anti-PD-
L1 allows tumor-specific T cells to be properly activated and drive necessary antitumor
immunity. A PD-L1 inhibitor has been recently combined with HMME-directed SDT [45],
where it augmented activated dendritic cells (DCs) and the production of proinflammatory
IL-6 and TNF-a cytokines in 4T1 breast tumors. Anti-PD-L1+SDT reduced tumor volume
and metastatic pulmonary nodules and increased the number of CD8+ T effector cells,
suggesting that anti-PD-L1 in combination with SDT can effectively drive antitumor
immune responses.

Similarly, a SDT-nanovaccine approach has been hypothesized to improve anti-PD-1
antibody efficacy against malignant melanoma [46]. The investigators constructed a
manganese porphyrin-based metal-organic frameworks (Mn-MOF) nanoplatform bound
to CpG (a TLR9 agonist) coated in the cell membrane of murine B16 melanoma cells
expressing ovalbumin (OVA), an antigen used to track tumor-specific immune responses.
This cMn-MOF@CM nanovaccine platform aimed to induce DC maturation and subsequent
T cell activation by displaying OVA via MHCII. Anti-PD-1+SDT significantly reduced
tumor growth and increased survival. The number of mature DCs and effector CD8+ T
cells within the tumor were also increased. In a bilateral B16-OVA melanoma model, both
primary and distant tumors decreased in size, suggesting that the combined anti-PD-1 and
SDT may control breast cancer tumor growth by inducing an adaptive antitumor immune
response.

Anti-PD-L1 therapy has also been applied with MB-RB-SDT to treat T110299 bilateral
pancreatic tumors [44]. The investigators showed upregulated expression of calreticulin
(CRT), an “‘eat me’ signal and marker of immunogenic cell death (ICD) expressed on the
surface of dying cells. SDT alone inhibited treated and distal tumor growth, which was
enhanced when combined with PD-L1 therapy. Treated tumor CD4+ T cells increased only
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in the anti-PD-L1 treatment group. However, at the distal tumor site, CD4+ and CD8+ T
cells increased following SDT+PD-L1 therapy, suggesting that this treatment regimen may
be a strong candidate for control of metastatic disease.

While anti-PD1/PD-L1 therapies are widely used in the clinic, they often lack efficacy due
to similarly functioning negative regulatory molecules. One of these molecules, indoleamine
2,3-dioxygenase (IDQ), is frequently overexpressed in tumor cells and antigen presenting
cells (APCs) [47]. IDO enhances immune tolerance due to increased regulatory T cells
(Tregs), which promote immune suppression in the TME [45, 46]. The IDO inhibitor
NLG919 has been employed in combination with Au-BMSN nanoparticles to treat 4T1
breast cancer. Au-BMSN nanoparticles contain CO-releasing molecules and are coated

in a macrophage cell membrane (N@CAuU-BMSNSs) [47]. Anti-IDO and SDT treatment
yielded decreased tumor volume and lung metastases and increased maturation and antigen-
presenting capacity of DCs in tumor draining lymph nodes. CD8+ T effector cells also
increased and levels of FOXP3+ cells declined, suggesting less immune suppression
conferred by Tregs. In conclusion, anti-IDO-SDT combination shows promise in promoting
an antitumor immune response against breast cancer.

4.0 Mechanisms of SDT

Broadly speaking, mechanisms of sonosensitizer activation with FUS include mechanical
stress, sonoporation, cavitation, and sonocytotoxicity. Some studies have suggested that PDT
drives changes in the F-actin structure of tumor cells, which subsequently affects cell shape
and adhesion characteristics [54-56]. To test whether SDT acts through similar mechanisms,
Ehrlich ascites carcinoma (EAC) cells were treated with SDT-PplIX [52]. F-Actin staining
indicated lost plasma membrane integrity due to actin cytoskeletal damage and apoptotic
chromatin fragmentation. Thus, one potential mechanism by which SDT works is by
damaging tumor cell F-actin organization, which correlates with apoptosis induction.

Before 2013, apoptosis and necrosis were well-established pathways driving SDT-induced
tumor cell death. Concurrently, the autophagy survival pathway was identified as a
mechanism by which cells can survive without sufficient nutrients by eliminating
damaged proteins and organelles [53]. Other publications also suggested cross-talk between
autophagy and apoptosis [58,59]. Against this backdrop, the role of PplX-mediated
SDT-induced autophagy was explored in L1210 leukemia cells [50,51]. Autophagosome
formation increased following SDT and ~35% of the leukemia cells underwent apoptosis.
When the cells were treated with an autophagy inhibitor, the percentage of apoptotic cells
increased to 50-60%, further supported by the inability of caspase inhibitors to prevent
cell cytotoxicity. Additionally, ROS levels increased following SDT, but were abrogated in
the presence of the ROS inhibitor N-acetyl-L-cysteine (NAC), suggesting that ROS may
be driving autophagosome formation. Collectively, these results suggest that combining
autophagy inhibitors and SDT may be more effective than SDT alone for initiating tumor
cell death.

It has been suggested that autophagy functions as a cell survival pathway, which could
lead to a resistant phenotype preventing SDT-mediated apoptosis [53]. To investigate
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this hypothesis, hydroxychloroquine sulfate (HCQ), an autophagy inhibitor that prevents
autophagosome fusion with lysosomes and facilitates vessel normalization, was deployed.
This reduced tumor hypoxia and further enhanced the SDT-mediated antitumor effect
(Figure 2). A cancer cell membrane-coated HMTNP was loaded with HCQ to treat MCF-7
breast cancer cells. Autophagy was highest in the CCM-HMTNPs/HCQ+FUS group.
Additionally, the CCM-HMTNPs/HCQ+FUS treatment significantly reduced tumor volume.
Based on these results, blocking the autophagic flux following SDT treatment is a promising
strategy to sensitize breast cancer cells to SDT-mediated apoptosis.

Once ROS have been generated by sonosensitizer activation, mitochondria are stimulated
and begin generating a secondary form of ROS, driving apoptosis and clearance of
damaged mitochondria through mitophagy [58]. To understand the role of mitophagy
following SDT in GL261 glioma cells, a nanoparticle using Ce6 and the autophagy
inhibitor HCQ encapsulated in angiopep-2 peptide-modified liposomes was developed.
Ceb6 co-localized with mitochondria. PINKZ1, a marker of depolarization, accumulated

on the outer mitochondrial membrane by 30 minutes post-SDT treatment [59]. In the
presence of NAC, this accumulation was abrogated, suggesting that ROS drives mitophagy
induction. In the future, combining SDT and autophagy inhibition may prove effective in
preventing tumor cell death escape, inhibiting mitophagy, and forcing increased tumor cell
mitochondrial damage.

The balance between sufficient tumor oxygenation for effective SDT-mediated ROS
production while limiting pro-tumorigenic angiogenesis is challenging, as more blood
vessels infiltrating a tumor provides more oxygen and nutrients to the tumor, making tumor
growth and metastasis more likely [60]. The anti-angiogenic capacity of ALA-mediated
SDT in human tongue cancer has been examined, with results showing that ALA+FUS
significantly reduces microvessel density (MVD) [60]. Decreased MVD correlated with
lower VEGF expression. These results suggest that ALA-mediated SDT drives angiogenesis
inhibition, which contributes to SDT-mediated tumor growth control.

The role of apoptosis in SDT-induced cytotoxicity after FUS has been studied in detail
[61]. Following SDT, ~18% of the leukemia cells underwent apoptosis, further supported
by increased cleaved caspase-3. Cleaved caspase-9, which functions just upstream of
caspase-3 in the intrinsic apoptosis signaling cascade, peaked at 0.5h post-SDT treatment.
Similar upregulation of apoptosis-related genes were seen in Capan-1 pancreatic cells,
including the apoptosis promoting gene BAX, cleaved caspase-3, and caspase-9 [62].
Additionally, expression of the anti-apoptotic gene Bcl-2 decreased, further supporting
apoptosis induction. Treatment of C6 and U87 glioma cells with 5-ALA+FUS significantly
increased caspase-positive cells [63]. Furthermore, staining for PARP-1, a mitochondrial
protein activated downstream of caspase-3 pathway inhibiting DNA repair and driving
apoptosis, was also significantly increased in the SDT treated cells. 5-ALA+FUS has

also been shown to significantly diminish Ki67 expression in C6 glioma tumors [64].
These data further support that 5-ALA-mediated SDT drives apoptosis induction through a
mitochondrial-mediated pathway.
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“Hyperthermotherapy” (HT) is also known to drive SDT [65]. HT destroys cell
membranes, activates lysosomes, and prevents DNA/RNA/protein synthesis [65]. 5-
ALA+HT significantly reduced glioma cell viability relative to HT alone. 5-ALA+HT also
increased rates of apoptosis, corresponding with decreased tumor volume. Furthermore,
ROS-positive glioma cells increased in the SDT-HT group. Bcl-2 protein expression
decreased, while expression of Bax and cleaved caspase-3, -8, and -9, all increased. Thus,
HT-mediated SDT successfully reduced tumor cell viability, generated ROS, and promoted
apoptosis, though further studies are necessary to establish if HT provides an increased
sonodynamic effect relative to traditional FUS.

Though many of the papers herein focus on ROS from SDT promoting cell death,

excessive ROS can exert other effects on tumor cells. DNA fragmentation is induced by
DVDMS-mediated SDT in U373 glioblastoma cells [66]. Histone yH2A.X, which marks
double-strand breaks in the DNA, was significantly increased following SDT. Expression of
vYH2A. X was reduced with NAC, suggesting that ROS drives double-strand breaks glioma
cell DNA, further supporting SDT-driven apoptosis induction.

Evidence of SDT mechanisms has been shown in studies treating hepatocellular carcinoma
with DVDMS [67]. Following SDT, Hep-G2 cells had higher rates of apoptosis than wild-
type hepatocytes. SDT augmented cell number in the G2/M phase, while decreasing cells
stalled in GO/G1. Furthermore, p21 and p27 levels were elevated, suggesting decelerated
cell cycling. Meanwhile, cell cycle-promoters cyclin B1 and CDK1 were decreased [67].
The investigators also observed increased apoptosis-related pathway genes like p53, cleaved
caspase-3, and Bax. In conclusion, upregulation of p21 and p27 by SDT drives an arrest

in the G2/M phase of hepatocellular carcinoma cells, limiting proliferation and facilitating
caspase-mediated apoptosis.

Aside from ROS, mitochondrial damage and calcium overload can also initiate apoptosis.
Increases in intracellular calcium cause mitochondrial damage, release of apoptotic
promoters, and subsequent activation of caspases [71-73]. Both FUS alone and HMME-
mediated SDT can increase intracellular calcium, though underlying mechanisms have

not yet been investigated [74,75]. It has been hypothesized that release of internal

calcium stores drives ROS production, loss of mitochondrial membrane potential, and
release of cytochrome c (cyt-c) [73]. SDT of C6 glioblastoma tumor cells significantly
increased intracellular calcium, and upon treatment with nimodipine, which blocks the
L-type extracellular calcium channel [73], the SDT-mediated calcium increase was not
reduced, suggesting that internal calcium stores drive the calcium increase. Additionally,
following SDT, mitochondrial membrane permeability (MMP) significantly decreased and
cyt-c protein levels increased, indicating mitochondria-driven apoptosis. Furthermore, cells
with the highest calcium burden also corresponded with the highest rate of apoptosis. In
summary, HMME-SDT increases intracellular calcium levels, driving ROS production and
ultimately leading to MMP loss and induction of apoptosis.

As discussed previously, SDT drives both programmed cell death via apoptosis and
unprogrammed cell death via necrosis. However, other classes of cell death exist, including
programmed necrotic cell death [i.e. necroptosis]. While apoptosis is driven by caspase
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activation, resulting in membrane permeability, necroptosis does not rely on caspases and
is characterized by cell membrane rupture, which can release cellular components and

thus drive immune cell recruitment [74]. Necroptosis is initiated when RIP3 and RIP1
complex and are phosphorylated. Whether DVDMS-mediated SDT leads to necroptosis in
small-cell lung cancer has been studied [74]. In this study, RIP3 mRNA and protein levels
decreased, suggesting that SDT does not drive necroptosis induction. RIP3 levels returned
to normal after treatment with NAC, suggesting that ROS production drives decreased
RIP3 expression. After investigating the expression of cleaved caspase-3, -8, and -9, and
caspase-10, apoptosis exerted the largest impact on SDT-mediated cell death. In the presence
of the Z-VAD-FMK pan-caspase inhibitor, increased caspase activity was abrogated. In all,
these results suggest that DVDMS-mediated SDT does not drive tumor cells to undergo
necroptosis.

Ferroptosis is yet another form of regulated cell death. It is an iron-dependent regulated
form of cell death which promotes ROS accumulation and lipid peroxidation (LPO), both of
which are lethal to the tumor cell [75]. Glutathione peroxidase 4 (GPX4) acts downstream
of ferroptosis to inhibit LPO accumulation by using GSH to reduce the toxic hyperoxides.
Furthermore, GSH levels are notably high in hypoxic tumors [75]. It has been hypothesized
that Mn-MOFs, which deliver oxygen to the tumor, could alleviate hypoxia and facilitate
increased ferroptosis [75]. Reduced (i.e. up to 2-fold) GSH levels are observed in 4T1

and H22 hepatocellular tumor cells in the presence of Mn-MOF nanoparticles, suggesting
alleviated tumor hypoxia through oxygen deposition. Additionally, GPX4 activity decreased
by ~80% after Mn-MOF+FUS relative to Mn-MOF alone. These results suggest that
ferroptosis is a possible mechanism of SDT-mediated cell death. In addition, the role of
both ROS and increased ferroptosis in inducing an antitumor immune response has been
studied. Here, the investigators observed an increase in CD4+ and CD8+ T cells, as well

as CD69+ recently activated T cells, which returned to levels comparable to the controls

in the presence of UAMC-3203, a ferroptosis inhibitor. CD8+ T cells secreting IFN-y and
granzyme B were also increased, as were mature DCs. In conclusion, these data suggest
that Mn-MOF-mediated SDT can alleviate ferroptosis inhibition and can reshape the tumor
immune landscape, showing promise for eliciting an effective antitumor response.

5.0 Modulating the Tumor Immune Landscape

This final section explores SDT’s ability to modulate the TME to increase immune cell
infiltration. Figure 3 illustrates mechanisms through which SDT may elicit ICD and
damage associated molecular pattern (DAMP) expression, leading to APC (i.e. DCs and
macrophages) activation, T cell priming, and potentially triggering an adaptive immune
response. The effect of 5-ALA-mediated SDT on macrophages and DCs has been studied
in B16/F10 melanoma tumors [76], leading to the finding that both FUS alone and 5-
ALA+FUS can increase intratumoral macrophages. There was a decrease in the number
of CD163+ M2-type macrophages, which are traditionally thought of as pro-tumorigenic,
in the presence of FUS alone and SDT, suggesting that 5-ALA-mediated SDT may drive
the re-education of pro-tumorigenic macrophages into M1-type pro-inflammatory and anti-
tumorigenic macrophages. In addition, the authors saw an increase in CD80 and CD86
expression following FUS alone and SDT, indicating that FUS may drive DC activation
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and subsequent antigen presentation to T cells. Furthermore, 1L-10, IFN-vy, and TNF-a
expression also increased in the FUS and SDT groups. These cytokines facilitate immune
recruitment and are typically associated with M1 macrophages, further supporting that SDT
drives re-education of macrophages to an antitumor phenotype.

Like standard chemotherapeutic treatments and radiation, SDT may release tumor antigens,
facilitating better immune cell tumor recognition. Studies have employed Zn-TCPP
nanosheets loaded with CpG (a TLR9 agonist) to treat CT26 colorectal cancer [78].

The investigators evaluated whether SDT induced ICD, characterized by increased cell
membrane CRT expression on dying cancer cells, adenosine triphosphate (ATP) release,
heat shock proteins (HSPs), and high mobility group box 1 (HMBG1), all of which
facilitate immune cell recognition of dying cells. Surface CRT and ATP levels increased
following Zn-TCPP+FUS treatment, suggesting that SDT initiated ICD. DCs were more
mature following treatment with Zn-TCPP as evidenced by augmented CD80 and CD86
expression, and a significant increase in the CD8+ T cells infiltration into the tumor was
reported. Furthermore, VCAM-1 expression, which facilitates tethering of circulating T
cells to endothelial cells, was increased following treatment with both Zn-TCPP+FUS and
Zn-TCPP/CpG+FUS. Finally, generation of immunological memory was confirmed as T
effector cells increased in the re-challenged tumor bearing mice that received SDT treatment
40 days prior. Thus, SDT has the potential to reverse the immunosuppressive environment
often associated with tumors and perhaps drive an immunological memory response that
could prevent disease recurrence.

The potential for SDT to mediate ICD was also tested by designing a liposome-coated
manganese-protoporphyrin complex (MnP) with folate (Figure 4), as many folate receptors
are overexpressed on the surface of cancers [79]. Stimulation of 4T1 breast cancer cells with
FA-MnPs+FUS significantly increased CRT, HMGBL, and ATP expression, suggesting that
FA-MnP-SDT induced DAMP release and ICD. SDT treatment also led to the upregulation
of DC activation markers. Further analysis of tumor-draining lymph node (TDLN) and
tumor immune infiltrate also showed increased CRT expression and mature DCs. While the
percent of activated CD8+ T cells were not increased in the TDLN, they were increased in
the tumor. In addition, activated CD4+ T cells and NK cells increased, while the number

of Tregs decreased in both the tumor and TDLN. Interestingly, analysis of macrophage
polarization revealed a decrease in M2-type macrophages, supporting a previous study [76].
In all, these data suggest that SDT can drive ICD leading to DC maturation and subsequent
activation of T cells and NK cells, while also re-educating immunosuppressive macrophages
in the TME.

In another study, ZrO,_,/NPs (ZPR NPs) were coated with cyclic-Arg-Gly-Asp peptide,
which interacts with overexpressed a 83 integrin on tumor cells to help facilitate targeted
drug delivery [80]. While CRT and HSP90 expression increased in treated 4T1 breast cancer
cells, HMGBL1 levels were somewhat decreased. HSP90, another marker of dying cells,
interacts with CD91 on DCs leading to maturation and antigen presentation on MHCI,
driving cytotoxic T lymphocyte activation (Figure 5) [80]. Furthermore, extracellular ATP
levels, which drive inflammasome activation and recruitment of APCs, were increased
following SDT treatment [80], suggesting that ZPR-NPs promote ICD. Moreover, this
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corresponded to 4T1 tumor growth control. Of note, TNF-a and IL-6 proinflammatory
cytokines were upregulated, and MHCI expression was increased on APCs, leading to better
T cell differentiation. These data support the induction of ICD by SDT and the subsequent
release of DAMPs leading to an antitumor immune response.

Though ICD is a natural oncological immunotherapy, it is often inhibited by the
immunosuppressive TME [81]. To address this issue, a continuous ultrasound-triggered
inertial cavitation (UIC) SDT platform has been employed to continuously release carbon
dioxide, allowing for the production of enough ROS to overcome the immunosuppressive
TME and induce ICD [81]. In the presence of this treatment approach, 4T1 breast cancer
tumors showed increased CRT, HMGB1, and HSP70 expression. The number of mature DCs
and CD8+ cytotoxic T cells increased. Levels of proinflammatory cytokines IFN-vy, IL-12,
TNF-a, and IL-6 all increased as well. These data suggest that this UIC-SDT platform can
successfully overcome the immunosuppressive tumor environment and facilitate ICD and
subsequent immune cell infiltration into an otherwise immunologically “cold” tumor.

6.0 Future Directions

Throughout this review we have outlined promising SDT approaches for controlling tumor
growth. Moving forward, amelioration of SDT-immunotherapy approaches for treating solid
tumors is essential, likely facilitated by understanding the tumor immune landscape to assess
immunotherapy targets. Furthermore, it is important to keep in mind that tumor cells can
acquire resistance to immune checkpoint inhibitors (1Cls), much like chemotherapeutics.
Therefore, targeting multiple non-redundant immune checkpoint pathways in combination
with SDT may provide better therapeutic responses, and may also be necessary for long-
term tumor-specific immunological control [82].

After discussing the combination therapy approaches, we discussed mechanisms through
which SDT elicits tumor cytotoxicity. Mechanisms of apoptosis induction from SDT have
been well characterized, and some data suggests that autophagy plays a role in resisting the
cytotoxic effects of SDT through cross-talk with the apoptosis pathway [47-50], leaving
room for investigation. Additionally, ferroptosis may mediate an additional form of SDT-
induced tumor cell death [75]. More research needs to be conducted to establish if other cell
death pathways may contribute to the sonocytotoxicity of tumor cells.

Regarding SDT’s immunomodulatory capacity, it is clear that SDT can initiate ICD,
facilitating tumor cell recognition and phagocytosis [70,73]. ICD post-SDT spurs
phagocytosis of dying cells, antigen processing, and presentation of tumor antigens, critical
steps for T cell recognition and antigen-specific targeting of tumor cells. This suggests

that SDT can not only improve target cancer cells for destruction but can also elicit a

more effective antitumor immune response. Additional research is necessary to improve
ICD’s effects and determine if ICls administered concurrently with 1CD elicits enhanced
adaptive antitumor immunity. Furthermore, future research should continue to assess and
optimize the ability of SDT-mediated ICD to convert immunologically “cold” tumors into
immunologically “hot” tumors.
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Sonodynamic therapy (SDT) elicits tumor cell death through ROS production

ROS generation is the result of the activation of sonosensitizers with
ultrasound

SDT modulates the tumor immune landscape

Solid tumor treatments may combine SDT with chemo- and/or
immunotherapies

Progress to date in sonodynamic therapy is comprehensively reviewed
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Figure 1.
Schematic illustration of the synthesis route of COP@HP-T and chemo-sonodynamic

combined therapy. (a) Generation of CDP@HP-T nanoparticles. (b) I.V. injection of
nanoparticles and Ce6 sonosensitizer followed by FUS treatment of the tumor. Nanoparticles
in the blood stream extravasate into the tumor where the acidic environment prompts
destruction of the nanoparticle coat releasing DOX and platinum. FUS-driven Ce6
accumulation in the tumor cells leads to ROS generation, whereby the mitochondrial cell
death pathway is induced [38]. Reproduced with permission.
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Figure 2.
Mechanism of autophagy inhibition on SDT-mediated apoptosis of MCF-7 breast cancer

cells. (a) Nanoparticle development. (b) Nanoparticle employment with HCQ leads to vessel
normalization and improved perfusion and oxygenation of the tumor, potentiating enhanced
SDT therapeutic efficacy. (c) CD44 MCF-7 surface marker leads to directed targeting of
MCF-7 tumor cells. Application of ultrasound induces ROS generation and release of HCQ.
ROS damages tumor cell mitochondria initiating apoptosis. HCQ prevents fusion of the
autophagosome and lysosome blocking the autophagic flux and preventing the tumor cell’s
resistance to SDT-mediated apoptosis [53]. Reproduced with permission.

Cancer Lett. Author manuscript; available in PMC 2023 April 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Nowak et al. Page 22

o, Sonosensitizer

© { DAMPs

Immunogenici
Cell Death :

Activated Dendritic Cell

Phagocytoses tumor cell

Nucleus

ﬁ--
(9]
5
N

DNA double-

Permeabilit

‘....'........ SEssssSSEEEEEEES

' ax e sCyTach CE strand breaks : Presents antigen to CD4+  }
§  eRaKLylochrome C; YVEGF i  andCD8+Tcelsinthe i
E Apoptosome E L T T T T T T Y § Iymph nOde E
: Formation & : l :
Caspase-9 | ADAPTIVE
: : : ANTITUMOR .
E CaS[J;lSG-:i E E IMMUNE g
E‘I‘Membrane Apoptosis E :"-““"_"B-E“s.?_?”ﬁ_E““""““E

Figure 3.
Proposed mechanism of SDT inducing ICD and release of DAMPs. The administered

sonosensitizer accumulates specifically in the tumor. FUS administration activates the
sensitizer to generate ROS and induce mitochondrial-mediated apoptosis. Bax and Bak form
a pore on the outer mitochondrial membrane for release of cyt-c. Cyt-c complexes with
adaptor proteins to form the apoptosome which cleaves caspase-9. Caspase-3 is then cleaved
and functions as the executioner caspase to induce apoptotic cell death. In addition, ROS
generation leads to increased yH2A.X [66], which marks DNA double-strand breaks, and
decreased HIF1a, which reduces VEGF expression [77], in the nucleus. Finally, DAMPs
including HSP90, calreticulin, HMGB1, and ATP are upregulated [78]-[81]. These DAMPs
are then recognized by DCs which drives their activation leading to phagocytosis of the
tumor cell and an adaptive antitumor immune response.
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Figure 4.
Schematic of immune activation by FA-MnPs for tumor suppression. FA-MnPs accumulate

in bilateral tumors in mice which are activated by FUS. The activation generates

O, triggering ICD, DAMP release, M1 macrophage polarization, DC maturation, and
subsequent activation of an adaptive antitumor immunity inhibiting tumor growth [79].
Reproduced with permission.
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Figure 5.
Diagram of ICD promoting cytotoxic T lymphocyte (CTL)-directed tumor targeting. Release

of HMGB1 and ATP and surface expression of CRT and HSP90 signal to DCs and CTLs for
tumor destruction [80]. Reproduced with permission.
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Table 1.
Sonosensitizers with corresponding FUS parameters and models.
FUS Parameters
f = frequency; dc = duty cycle; PRF = pulse repetition frequency; PNP = peak
Sonosensitizers negative pressure; Ml = mean Intensity; | = Intensity; Isara = spatial average Cancer Model Reference
temporal average I ntensity; | spra = Spatial peak temporal average I ntensity; t =
time
£=1.90 MHZ, Isaza= 1.6 W/en?; t=3 min 4T1 Breast [1]
/=15 W/en?; t=5 min 4T1 Breast [38]
Ceb f=1.56 MHz /=0, 2, 4 W/en?; t=3 min H22 Liver [13]
f=1.0 MHz, Is474 = 0.4, 0.8, 1.6 W/en?; t=2 min SPCAL1 Lung [14]
f=1.0 MHz, duty cycle = 20%; Power=1 W, burst interval=1 s, t=60 s GL261 Glioma [57]
_ _ e e K562 & U937
f=1.1 MHz Power=1,2,4W, t=60 s Leukemia [16]
_ _ . _ _ p HCT116 & RKO
=0.970 MHz, duty cycle = 30%; Power= 3.45 W; t=3 min Colorectal [17]
f=1.0 MHz, duty cycle=30%; /= 0.4 W/cn?; t=90 s 4T1 Breast [18]
DVDMS
F=1.9 MHz, Isaza =2 W/en?; t=2 min (1 min on, 1 min off, 1 min on) 4T1 Breast [42]
f=1.0 MHz, 1=0.45 W/en?; t= 1 min U373 Glioma [65]
f=1.1 MHz, duty cycle= 10%; PRF= 100 Hz, /=1 W/cnP? Hep-G2 Liver [66]
f=1.1 MHz, duty cycle= 10%; PRF= 100 Hz, /= 0.5 W/cn?; t=5 min H446 Lung [73]
f=1.0 MHz, duty cycle=50%; PRF=1 Hz, Isaza =2 W/cn?; t=4 min 4T1 Breast [19]
IR-780 f= 1.0 MHz, duty cycle=50%; /= 0.6 W/cn?; t=3 min MDAB}'Q’;E{ZM [20]
f=1.0 MHz, =2 W/n?;, t=5 min 4T1 Breast [39]
7=1.0 MHz, duty cycle=50%; /= 1.5 W/en?, t=5 min HT-29 Colorectal [4]
f=1.0 MHz, duty cycle = 30%; PRF= 100 Hz, PNP=0.48 MPa;, MI=0.48; /= MIA PaCa-2 [31]
3.5 W/en?; t=3.5 min Pancreatic
f= 1.0 MHz, duty cycle = 30%; PRF= 100 Hz, PNP= 880 kPa, /= 3.5 W/cn?; t=  PSN-1 & BxPC-3 [33]
Rose Bengal 3.5 min Pancreatic
f=1.17 MHz, duty cycle= 30%; PRF=100 Hz, PNP= 0.7 MPa, ; t=3.5 min BxPC-3 36]
' ’ ’ ! ’ i ’ Pancreatic
f=1.0 MHz, duty cycle = 30%; PRF= 100 Hz, PNP=0.48 MPa, MI/=0.48; /= T110299 [44]
3.5 W/en?; t=3.5 min Pancreatic
f=1.0 MHz, Power=2 W t=3 min 4T1 Breast [21]
f=1.0 MHz, duty cycle=50%; /=2 W/cn?;, t=5 min 4T1 Breast [78]
7=1.0 MHz, duty cycle=50%; /= 0.5 W/cn?, t =2 min 4T1 Breast [79]
f=1.0 MHz, 1= 1.5 W/en?; t=5 min CT26 Colorectal [5]
Metal-based =40 kHz, 1= 2 W/er?; t= 30 min CT26 Colorectal [77]
Sensitizers
_ _ = o p B16/F10
f=1.0 MHz, duty cycle=100%; /= 0.5, 1 W/en?; t= 1 min Melanoma [28]
_ - L= . : B16-OVA
f=1.0 MHz, duty cycle=50%; /=1 W/en?, t=10 min Melanoma [46]
f=1.0 MHz, duty cycle=50%; /=1 W/en?, t=5, 10 min H22 Liver [74]
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FUS Parameters
f = frequency; dc = duty cycle; PRF = pulse repetition frequency; PNP = peak

Sonosensitizers negative pressure; MI = mean Intensity; | = Intensity; Isata = spatial average Cancer Model  Reference
temporal average | ntensity; | spra = Spatial peak temporal average I ntensity; t =
time
f=1.0 MHz, =1 W/cn?; t=0-24 hrs C6 Glioma [29]
f=0-1.0 MHz, 1=1 W/en?; t=60 s C6 Glioma [72]
f=1.0 MHz, duty cycle= 30%; PRF= 100 Hz, /= 3.5 W/cn?; t=3.5 min LNCaP Prostate [24]
HMME £= 1.0 MHz, duty cycle=50%; /= 1.5 W/en?; t="5 min 4T Breast & [45]
_ _ o Ehrlich ascites

7=1.34 MHz, I=1 W/en?; t=15-60 s carcinoma (EAC) [52]

f=11MHz, I1=1,3,5 W/cn?; t=60 s L1210 Leukemia [50, 51]

PpIX
f=1.1 MHz, duty cycle=50%; /=2 W/cn?, t=5 min SAS Tongue [60]
_ _ L L . Capan-1
f=1.0 MHz, duty cycle=60%; /=2 W/en?, t=5 min Pancreatic [61]
f=1.1 MHz, duty cycle=10%; PNP=500 kPa, lsp74 =10 W/en?; t=3 min C6 & U87 Glioma [62]
ALA f=1.06 MHz, PNP= 420 kPA; Power = 0.3_2 W, /sp74=2.8,5.5, 11, 22 Wien?; t= C6 Glioma [63]
20 min
f=1.0 MHz, d 1= 2 W/en?; t= 10 min U251 Glioma [64]
f=1.1 MHz, duty cycle=10%; PRF=100 Hz, =2 W/cn?, t=5 min B16/F10 [75]
o » auly cycie= ' - T T Melanoma
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Sensitizers with known modes of action and immunomodulation.
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Sonosensitizers Mode of Action Immunomodulation Reference
ROS-driven apoptosis
| VEGF & MMP Unknown (1l
Necrosis . .
S phase cell cycle arrest No change in white blood cell counts [14]
Apoptosis & necrosis
* intracellular ROS Unknown [17]
Ceb * intracellular ROS, caspase-3, Bax, & cyt-C
| Bel-2 & MMP-2 Unknown [29]
ROS-driven apoptosis No change in white blood cell counts [38]
ROS-driven mitophagy promoting tumor cell death escape Unknown [58]
Apoptosis
1 cleaved caspase 3 & 9 Unknown [61]
I MMP
ROS-driven apoptosis & necrosis
| PCNA expression Unknown (18]
ROS-driven apoptosis & necrosis
1 cleaved caspase-3 Unknown [42]
| ATP production, MMP, & PCNA
DVDMS :
Necrosis
ROS-driven DNA double-strand breaks inducing apoptosis Unknown [66]
Apoptosis & necrosis
1 cleaved caspase-3, 8, & 9
! reduced Bcl-2, MMP, & VEGF T TNFa [74]
| RIP3 suggesting a lack of necroptotic cell death
Apoptosis & necrosis
1 0, & HyO, Unknown [19]
Apoptosis & necrosis
IR-780 O, OH, & H, O, Unknown [20]
I MMP-2 & 9
ROS-driven apoptosis
L HIFla & Ki67 Unknown [39]
I cell viability
1 singlet oxygen production Unknown (4]
| cellular metabolic activity
| angiogenic (VEGFC, IL-8, SMADA4), hypoxic (HIFla,
Rose Bengal VHL, RUNX2), & cancer stem cell (NANOG, EPCAM) Unknown (31]
factors
1 calreticulin indicative of ICD 1 tumor infiltrati2§|§D4+ & CD8+T [44]
ROS-driven apoptosis & necrosis Unknown [21]
1O 1 DC maturation & CD8+ effector T
1 calreticulin & extracellular ATP indicating ICD cells [46]
GSH
Metal-based ]
Sensitizers Ferroptosis { M2 macrophages
0 * DC maturation & activated CD8+ T [75]
V HIFla cells
1 calreticulin & extracellular ATP indicative of ICD 1 DC maturation & CD8+ T cells [78]

T VCAM-1 expression
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Sonosensitizers Mode of Action Immunomodulation Reference
P * DC maturation & NK cell activity
| cell viability
ot AR 1 CD4+ & CD8+ effector T cells [79]
T HMGB1, ATP, & calreticulin indicating ICD \ Tregs & M2-macrophages
Apoptosis & necrosis
T HMGB1, HSP90, extracellular ATP, and calreticulin
indicating ICD T TNFa, IL-6, & IFN-y [80]
o Ki67 expression
Apoptotic chromatin fragmentation Damaged F-actin
driving apoptosis Unknown (52]
ROS-driven autophagy promoting tumor cell death escape Unknown [56]
PpIX Apoptosis & necrosis
G2/M phase cell cycle arrest
| CDK1 & Cyclin B1 Unknown [67]
T p21 & p27
T ROS-driven p53 expression
T DC maturation & activated CD8+ T
: cells
Apoptosis ? TNFa, IL-6, & IL-12p70 [45]
| reduced Tregs
Apoptosis
1 intracellular C2* Unknown [72]
HMME 1 cleaved caspase-3 and cytochrome-c
1 C&* induced apoptosis
L MMP Unknown [73]
Apoptosis & necrosis .
T HMGBL1, calreticulin, & HSP90 expression indicative of tbc mggjéitl{_)ncji:ffector 181]
ICD : ; :
L Ki67 expression 1 pro-inflammatory cytokine production
| tumor cell migration, invasion, & proliferation
I microvessel density Unknown (60]
Apoptosis
I MMP & Bcl-2 Unknown [62]
1 caspase-9, cleaved caspase-3, & Bax
1 caspase-3 & PARP-1 suggesting apoptotic cell death Unknown [63]
ALA Apoptosis
| Ki67 Unknown [64]
Apoptosis & necrosis
I MMP & Bcl-2 Unknown [65]
1 Bax & cleaved caspase 3 & 9
* DC maturation
Necrosis | M2 TAMs [76]

T TNFa, IFN-y, & IL-10
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