
REVIEW ARTICLE OPEN

Translational Therapeutics

The abscopal effects of sonodynamic therapy in cancer
Victoria G. Collins1,2, Dana Hutton3, Kismet Hossain-Ibrahim1, James Joseph4✉ and Sourav Banerjee 5✉

© The Author(s) 2024

The abscopal effect is a phenomenon wherein localised therapy on the primary tumour leads to regression of distal metastatic
growths. Interestingly, various pre-clinical studies utilising sonodynamic therapy (SDT) have reported significant abscopal effects,
however, the mechanism remains largely enigmatic. SDT is an emerging non-invasive cancer treatment that uses focussed
ultrasound (FUS) and a sonosensitiser to induce tumour cell death. To expand our understanding of abscopal effects of SDT, we
have summarised the preclinical studies that have found SDT-induced abscopal responses across various cancer models, using
diverse combination strategies with nanomaterials, microbubbles, chemotherapy, and immune checkpoint inhibitors. Additionally,
we shed light on the molecular and immunological mechanisms underpinning SDT-induced primary and metastatic tumour cell
death, as well as the role and efficacy of different sonosensitisers. Notably, the observed abscopal effects underscore the need for
continued investigation into the SDT-induced ‘vaccine-effect’ as a potential strategy for enhancing systemic anti-tumour immunity
and combating metastatic disease. The results of the first SDT human clinical trials are much awaited and are hoped to enable the
further evaluation of the safety and efficacy of SDT, paving the way for future studies specifically designed to explore the potential
of translating SDT-induced abscopal effects into clinical reality.
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INTRODUCTION
Sonodynamic therapy (SDT) is an emerging cancer therapy that uses
the interaction between low intensity ultrasound and a chemical
agent (termed a sonosensitiser) to produce reactive oxygen species
(ROS) which triggers cancer cell death [1, 2]. It has gained attention
over recent years as a promising non-invasive cancer treatment
modality with the ability to target deep tumours with limited side
effects [3–5]. An intriguing and unexpected observation during
application of SDT has been the abscopal or ‘vaccine-like’ effect of
the intervention. The abscopal effect is a phenomenon where
localised therapy causes the regression of distant secondary/
metastatic tumours. While the abscopal effect induced by radiation
therapy has been studied extensively, the ability of SDT to generate
an abscopal effect is largely unexplored [6, 7]. Preclinical evidence
hints at its immunostimulatory potential, yet definitive clinical cases
demonstrating SDT-driven abscopal effects in humans have not yet
been recorded. This review looks to examine the mechanisms of SDT
and its potential to cause an abscopal effect. We critically examine
in vitro, preclinical, and clinical evidence for the abscopal effect in
SDT, identifying opportunities and challenges for future research.

Sonodynamic therapy as an upcoming therapeutic
intervention
SDT can be traced back to the development of photodynamic
therapy (PDT) over 30 years ago. PDT utilises a photosensitising

agent, selectively absorbed by malignant cells, which is activated by
specific wavelengths of light to induce localised cell death [8]. The
mechanism of cell death via PDT is debated although the
overarching idea is, like SDT, through PDT-induced ROS. Activated
photosensitisers release singlet oxygen which affects mitochondrial
function, oxidation of pro-apoptotic protein Bcl2 and consequential
caspase activation leading to apoptosis [9, 10]. Although effective
in vitro, PDT suffers from limited tissue penetration which restricts
the efficacy of PDT for targeting deeper tissue tumours [11]. Hence
PDT finds its primary clinical relevance as a dermatological
intervention. SDT, by comparison, uses low intensity focussed
ultrasound (LIFU) and sonosensitisers to target tumours [2].
Compared to light, LIFU has improved tissue penetration and fewer
off-target effects and hence SDT has been piped as a deep tissue
non-invasive intervention although further preclinical and clinical
understandings are essential [2, 12]. Intriguingly, SDT can have
functions beyond a direct therapeutic intervention. At lower
ultrasound intensities, SDT can also enhance drug delivery. Using
microbubbles as transport vehicles, focussed SDT improves tumour-
specific chemotherapy drug delivery [13]. This targeted approach
has the potential to reduce dose-limiting side effects associated with
conventional chemotherapy [14]. Furthermore, SDT has shown
potential to overcome the limitations of conventional therapies for
solid tumours including pancreatic, breast, lung, prostate, and liver
cancers [15–20].
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Mechanisms of cell death in SDT
SDT has proven to be effective in both in vitro and in vivo settings,
although the mechanisms underlying sonoactivation and cell
death are still unclear [2]. There are currently two well-described
mechanisms of action proposed. The first mechanism is through
direct disruption of the integrity of the targeted cell while the
second mechanism is through the indirect activation of apoptosis
through the production of ROS [12, 13]. The current under-
standing posits that these biological consequences of SDT
primarily arise from the acoustic cavitation phenomenon induced
by the pulsatile LIFU waves, and the interaction with the chosen
sonosensitising agent [2, 21].

Acoustic cavitation. Acoustic cavitation comes in two forms:
stable and inertial. Stable cavitation occurs when ultrasound
waves are passed through a liquid medium containing particles of
dissolved gas (microbubbles). Ultrasound excitation cause micro-
bubbles to oscillate between an expanded and contracted state
[22]. This subsequently causes fluid movement, creating shearing
stresses that can induce cellular membrane disruption—sono-
phoresis. Transient cell membrane damage induced by SDT offers
a novel non-invasive approach to drug transport and delivery
[4, 23]. Inertial cavitation, on the other hand, occurs when
microbubbles reach a critical size and violent forceful collapse
occurs. This collapse generates high-pressure, high-temperature
shock waves causing mechanical cell damage, and chemical
reactions that potentially activates sonosensitisers [24]. Addition-
ally, the forceful collapse can convert ultrasound energy into a
flash of light termed sonoluminescence [13, 23]. Sonolumines-
cence is another proposed mechanism for sonosensitiser
activation.

Generation of ROS. As stated previously, ROS generation is crucial
for tumour cell death in SDT. One proposed mechanism is through
the direct mechanical and thermal stress caused by cavitation [25].
Heat and shearing forces can induce molecular pyrolysis and the
breakdown process triggers release of free radicals that react with
endogenous substrates to generate ROS [25]. ROS are also
produced when sonosensitisers are activated by sonolumines-
cence. On excitation, the sonosensitiser transfers energy to
surrounding oxygen, resulting in cytotoxic oxidative reactions
within tumour cells [13]. SDT can therefore be limited by hypoxic
environments [13]. Additionally, activated sonosensitisers may
destabilise the cell membrane, increasing susceptibility to the
local shearing forces of ultrasound-induced cavitation [13, 26]. The
resulting ROS can effectively damage intracellular DNA and
proteins, promote cellular lipid peroxidation, and induce apoptosis
of target cells [27].

SDT-mediated death is primarily observed in tumour cells when
they preferentially take up sonosensitisers. Sonosensitisers are of
various chemical backbones.

Sonosensitisers
Sonosensitisers play a crucial role in the SDT process by
converting ultrasound energy into chemical energy directly
generating ROS. In a narrow sense, the effectiveness of SDT is
heavily influenced by the performance of the sonosensitiser and
targeted uptake of sonosensitisers make SDT a selective tumour
treatment approach [28]. There are two types of sonosensitiser:
organic and inorganic. Organic sonosensitisers show good
biodegradability, potent ROS generation, and a fixed chemical
structure compared to inorganic sonosensitisers. They also
demonstrate poorly targeted accumulation, weak solubility in
water, and have extreme phototoxicity. Advancements in targeted
delivery methods aim to optimise tumour tissue accumulation,
contributing to the ongoing refinement of organic sonosensitisers
for more effective SDT [29]. Inorganic nanostructures have been
similarly investigated and have achieved promising results over
the past few years [30]. These include carbon-based, silicon-based,
and noble metal sonosensitisers. This section will review common
organic and inorganic sonosensitisers with a focus on safety,
clinical usage, and targeted outcomes. Table 1 summarises the
various types of sonosensitisers reported for SDT applications.

Organic sonosensitisers. Porphyrin-based sonosensitisers are simi-
lar in carbon core structure and generation of 1O2 [29]. A key
benefit of porphyrin-based sonosensitisers is that their photo-
electric properties can be adjusted depending on clinical
indication or target by the coordination of the metals held within
the porphyrin ring [31]. Commonly used examples include
protoporphyrin IX (PpIX), haematoporphyrin, monomethyl ether,
and photofrin. However, porphyrin-based sonosensitisers have
associated side effects; they are often chemically unstable and
toxic to the skin. Porphyrin-based agents have also been reported
to have low-specificity and rapid metabolism—limiting their use in
SDT and clinical application [31].
5-aminolevulinic acid (5-ALA) is an endogenous, porphyrin-

based molecule that is formed in the mitochondria from succinyl-
CoA and glycine. 5-ALA is a precursor of PpIX and is implicated in
the biological synthesis of haem. PpIX is formed through the
conjugation of eight ALA molecules and is metabolised into haem
via the rate-limiting enzyme, ferrochelatase. When 5-ALA is given
exogenously (increasing its level above the biological baseline),
abundantly produced PpIX cannot be quickly converted into
haem, and therefore accumulates within cells [32]. The stepwise
metabolisation and accumulation of this pro-drug results in a

Table 1. Overview of sonosensitisers.

Sonosensitiser type Subtype Pros Cons

Organic Porphyrins (PpIX,
hematoporphyrin, etc.)

Adjustable photoelectric properties Chemically unstable, toxic to skin, low
specificity, rapid metabolism

5-Aminolevulinic Acid (5-ALA) Better bioavailability, preferential
uptake by cancer cells, especially
gliomas

Requires conversion to PpIX for ROS
generation, limited to cells with active haem
biosynthesis pathway

Xanthenes (Rose Bengal) Significant cytotoxic effects with
ultrasound, selective anti-tumour
effects

Limited studies on long-term effects

Inorganic Carbon-based materials Increasingly recognised for use in
PDT and photothermal therapy

Low charge separation rate, weak solubility

Noble metal-based (TiO2, Mn,
Pt, Ag, Au)

Adaptable properties, high stability Suboptimal tumour accumulation, potential
for increased hypoxia and GSH production
in TME

Silicon-based (nanoparticles,
nanowires)

Highly biodegradable,
biocompatible, low cytotoxicity

Limited studies on long-term effects

V.G. Collins et al.

410

British Journal of Cancer (2025) 132:409 – 420



better bioavailability of 5-ALA in comparison to the porphyrin-
based agents mentioned above. In normal cellular conditions,
5-ALA does not produce ROS. However, when exogenous 5-ALA is
administered and exposed to focussed ultrasound (FUS), the
accumulated PpIX metabolite is activated by the FUS to produce
ROS. This, in turn, can trigger cell death within targeted cells
through the mitochondrial apoptotic pathway [33].
5-ALA is also preferentially taken up by cancer cells and has

shown to be particularly sensitive for high-grade glioma cells and
is the most studied sonosensitiser for glioma-SDT [34, 35]. The
exact mechanism of glioma-specific uptake of 5-ALA is unclear but
there are multiple current theories. Firstly, there is varied activity
of ferrochelatase within tumour cells [36]. Additionally, the uptake
and accumulation PpIX could also be influenced by impairment of
the blood-brain barrier commonly seen with high-grade gliomas
[33]. More recent studies with advanced imaging techniques have
found significant PpIX accumulation in tumour-associated macro-
phages and extracellular spaces [37].
Xanthenes are a class of dyes that have demonstrated potential

in SDT. Notably, Rose Bengal (RB) (disodium 4,5,6,7-tetrachloro-
2ʹ,4ʹ,5ʹ,7ʹ-tetraiodofluorescein), a type of xanthene dye, has shown
a significant increase in cytotoxic effects combined with ultrasonic
irradiation [18, 38]. RB-mediated SDT has also proven in a rat
intracranial glioma model to exert selective anti-tumoral effects
without causing any damage to surrounding normal brain tissue
[18].

Inorganic sonosensitisers. Carbon-based nanomaterials, while
increasingly recognised for their roles in PDT and photothermal
therapy, face challenges as sonosensitisers in SDT due to their low
charge separation rate and weak solubility [39, 40]. Techniques
like combination therapy, grafting water-soluble molecules, and
improving tumour site accumulation are being investigated to
overcome these obstacles. However, significant further research is
necessary to achieve better SDT output with carbon-based
nanomaterials [30].

Noble metal-based sonosensitisers: Examples of noble metal-
based sonosensitisers include titanium oxide (TiO2)-, manganese
(Mn)-, platinum (Pt)-, silver (Ag)-, and gold (Au)-based nanosys-
tems. These metal complexes offer adaptable physiochemical
properties - including the ability to minimise the energy gap
between the highest occupied molecular orbital and lowest
occupied molecular orbital, and thus increasing their ’sonosensiv-
ity’ [41]. Metal-based agents show great promise as sonosensi-
tisers as they have inherent acoustic cavitation qualities and high
stability, as well as water solubility, and biocompatibility on
PEGylation and modification with hydrophilic monomers [30, 42].
However, these agents alone are limited by suboptimal accumula-
tion in tumour regions due to easy capture by the reticuloen-
dothelial system [43]. Additionally, noble metal-based agents have
been associated with increased hypoxia and overproduction of
glutathione (GSH) in the tumour microenvironment (TME). Excess
GSH significantly compromises SDT therapeutic efficiency by
continuously scavenging the newly SDT-generated ROS [30]. To
overcome these barriers, they are being combined with other
materials that improves bioavailability, and augments ROS
production through TME remodelling [30].

Silicon-based sonosensitisers: Silicon-based materials are highly
biodegradable, biocompatible, and associated with a low cyto-
toxicity. They can also be enhanced with noble metals or
biopolymers for use in SDT. Examples of silicon-based sonosensi-
tisers include silicon nanoparticles, nanowires, and nanocrystals
[43]. Fabricated silicon nanowires in combination with FUS has
shown to decrease the survival rate of targeted cancer cells to
approximately 50%, compared to FUS alone [44]. Nanoparticles
containing mesoporous silicon (MSNs) are also effective carriers of

sonosensitisers. Interfacial nanobubbles (INBs) and various sono-
sensitisers can be trapped within the mesoporous cavity of the
MSN and offers longitudinal stability. On exposure to FUS, these
INBs produce ROS secondary to molecular pyrolysis of water
during cavitation [43].

MECHANISMS OF SDT-INDUCED ABSCOPAL EFFECT
Coined in 1953, the abscopal effect describes the rare phenom-
enon of distant tumour regression induced by localised therapy
[45]. It was initially observed with radiotherapy and later with
immunotherapy [46, 47]. Subsequent research has revealed the
involvement of the immune system in the generation of the
abscopal effect. Key reviews on this topic in radiotherapy include
Rodriguez-Ruiz et al. [48] and Grass et al. [48, 49]. This mechanism
is reviewed below.
Immunogenic cell death (ICD) is any form of regulated cell

death that leads to the activation of an immune response by the
release or exposure of danger-associated molecular patterns
(DAMPs) and tumour-associated antigens (TAAs) [50–52]. Tumours
possess sophisticated mechanisms to evade immune detection
involving reduced immune recognition through absence of strong
tumour antigens and downregulation of MHC molecules [53–55].
Additionally, they develop an immunosuppressive tumour micro-
environment by the generation of immunosuppressive factors
such as TGF-β and VEGF [53–55]. The generation of large amounts
of DAMPs by SDT-induced ICD increases the likelihood of an
effective immune response [56]. Depending on the exact
mechanism of cell death, different types and volumes of DAMPs
are generated. These include calreticulin exposure, phosphatidyl-
serine (PS) externalisation, ATP release, and passive high motility
group box 1 (HMGB1) protein release [50, 51]. Once on the cell
surface, calreticulin and PS increase the antigenicity of the dying
cancer cells by driving a pro-phagocytic response [57]. Extra-
cellular ATP also acts as a ‘find me’ signal that recruits monocytes
as well as activating purinergic P2X7 receptors from dendritic cells
which leads to the subsequent activation of the NOD-like receptor
family, pyrin domain containing-3 protein (NLRP3)-dependent
caspase-1 activation complex (‘inflammasome’) and ultimately
driving the secretion of IL-1β [52, 58]. Extracellular HMGB1 is
generally agreed to induce inflammation by binding to pattern
recognition receptors (PRRs) including Toll-like receptor 4 (TLR4),
Toll-like receptor 2 (TLR2), and the receptor for advanced
glycosylation end products (RAGE) of immune cells in the tissue
surrounding the dying cells and generating further strong pro-
inflammatory cytokine release as well as stimulation of antigen-
presenting functions within dendritic cells (DCs) [51, 52, 59, 60].
Another important category of DAMPs in SDT-induced cell

death are heat shock proteins (HSPs). HSPs are normally
intracellular anti-apoptotic chaperones generated in reaction to
cellular stress to the endoplasmic reticulum that act to remodel
proteins [61, 62]. In ICD, however, intracellular HSPs can be shifted
onto the cellular membrane. In particular, HSP70 and HSP90 in the
dying cells become exposed on the surface membrane, interact
with receptors on immature dendritic cells (iDCs), CD40 and CD91
respectively, and contribute to the activation of DCs [62–64].
These processes are shown in Fig. 1 and Fig. 2.
Entire cells or cell fragments from tumour cells that have

undergone a form of programmed cell death are then taken up by
antigen-presenting cells (APCs). This SDT-induced tumour antigen
shedding results in phagocytosed fragments being digested into
smaller peptides that contain the epitopes then presented by the
major histocompability complex (MHCs) on the surface of APCs.
The DAMPs released during the initiation of ICD drive increased
recruitment of cells, increased recognition and phagocytosis.
Additionally, they contribute to the upregulation of co-stimulatory
molecules (such as CD80, CD40, PD-1, and CTLA-4) which lead to
the activation of the iDCs by intracellular upregulation of the
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expression of MHC class II molecules [65, 66]. These iDCs then
undergo transformation into mature dendritic cells (mDCs) via a
complex biochemical pathway involving the complete uptake of
antigens and initiation of their migration to adjacent lymph nodes
or the spleen (secondary lymphoid organs) to continue immune
activation [65–67]. A fully mature dendritic cell is then able to
activate the adaptive immune system.

Upon reaching a secondary lymphoid organ, antigen-loaded
mDCs encounter naive T cells (Th0) where the tumour antigens of
the mDCs bind to the T cell antigen receptor of the Th0. This
process triggers clonal expansion and differentiation of Th0 into
effector T cells. This begins with the triggering of a cascade of
intracellular signalling events orchestrated by cytokines, such as
interleukin-2 (IL-2), which promotes proliferation of activated
T cells and cell cycle progression into a group of antigen-specific
effector T cells, including cytotoxic T lymphocytes (CTLs) [68]. This
process also involves stringent selection mechanisms which
ensure that only T cells with high-affinity receptors and
appropriate co-stimulation undergo clonal expansion [68]. Addi-
tionally, some activated T cells differentiate into memory T cells,
ensuring the establishment of immunological memory towards
the tumour neoantigen [68]. This process is summarised in Fig. 3.
CTLs are then disseminated throughout the body and able to

reach metastatic tumour sites. Here, they recognise tumour cells
expressing cognate antigens and initiate a cascade of effector
functions, including the release of cytotoxic granules containing
perforin and granzymes, as well as the expression of death ligands
such as Fas ligand (FasL) and tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL) [69–71]. These effector mole-
cules then induce apoptosis in target tumour cells. CTLs also
produce cytokines such as interferon-gamma (IFN-γ) and tumour
necrosis factor-alpha (TNF-α), which further promote antitumour
immune responses by enhancing the activation of other immune
cells and modulating the tumour microenvironment [69, 72].
Additionally, the recognition and killing of tumour cells by CTLs
lead to the release of additional TAAs and DAMPs, which further
amplify the immune response and facilitate the recruitment and
activation of additional effector cells, including macrophages and
natural killer (NK) cells [50, 52]. This coordinated immune response
(Fig. 4) ultimately results in the regression of not only the primary
treated tumour but also distant metastatic lesions, thereby
eliciting the abscopal effect. This contribution to systemic
antitumour immunity is SDT – induced vaccine effect.

IFN�

TNF�

Cell lysis

TAAs

DAMPs

Cancer cell

ROS

Focused
ultrasound

Fig. 1 Effect of sonosensitiser activation. Through various
mechanisms, low intensity focussed ultrasound activates sonosensi-
tisers causing cellular stress in cancer cells through increased
mechanical disruption and generation of reactive oxygen species
(ROS). Mechanical disruption itself can precipitate cell lysis and in
response, release of interferon-gamma (IFN-γ) and tumour necrosis
factor alpha (TNF-α). Build-up of intracellular ROS can trigger
immunogenic cell death leading to release of tumour associated
antigens (TAAs) and damage-associated molecular patterns
(DAMPs).

Immature
dendritic cell

Mature
dendritic cell

Tumour
Antigen

Response

Maturation

IL-1�

HMGB1 release

Calreticulin
exposure

ATP

Phosphatidylserine
externalisation

Heat shock proteins

P2×7
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Cancer cell
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Sonosensitiser

Co-stimulatory molecules
(CD80, CD40, PD-L1, CTLA-4)

Activation

PRR
MHC

TAAROS

Fig. 2 Process of immunogenic cell death. Once immunogenic cell death is activated, damage-associated molecular patterns (DAMPs) are
released. Calreticulin exposure and externalisation of phosphatidylserine on the surface of the stressed cell act as to signal local immature
dendritic cells. High motility group box 1 (HMGB1) protein release binds to pattern recognition receptors (PRRs) to increase inflammation.
Extracellular ATP simultaneously acts as a ‘find-me’ signal itself and also activates purinergic P2X7 receptors on dendritic cells. Heat shock
proteins generated secondary to cellular stress also contribute to the activation of dendritic cells. Once the immature dendritic cells are
activated and phagocytose cellular fragments, tumour associated antigens (TAAs) become present on the major histocompatibility complexes
leading to antigen presentation, maturation and tumour antigen response.
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Fig. 3 Immune cascade. The activation and maturation of dendritic cells are the first step in the immune cascade that causes the abscopal
effect. Immature dendritic cells (iDCs) migrate to primary lymphoid organs where they mature. Following this, they prime naive T cells and
trigger clonal expansion.
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Fig. 4 Immune stimulation by SDT. The ultrasound activated sonosensitiser triggers cell death both from mechanical disruption and
generation of ROS. This triggers multiple pathways of immune cell activation to generate a coordinated and targeted immune response
sensitive to both the primary tumour and metastatic lesions.
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Conversion of immunologically cold tumours
Glioblastoma multiforme (GBM) has an immunologically “cold”
TME created by a lack of strong TAAs, secretion of immunosup-
pressive factors, and occasionally downregulated MHCs [73–75].
This is defined by the degree of T cell infiltration. In comparison, a
“hot” tumour is T cell-infiltrated and susceptible to T cell-mediated
attack [76, 77]. However, GBMs also have an immunosuppressed
myeloid landscape that works to control immune response while
allowing tumour cell proliferation [78–81]. These mechanisms
mean that immunotherapy has little effect on GBM [82].
One study investigating this showed that a combined Rutherrin-

PDT increased CD8+ T-cells in a rat glioma model [83]. The
immune-modulating effect on the TME would therefore convert
the initially cold tumour to a hot tumour that would have higher
susceptibility to immunological treatments. The identification of
the exact immunological response to SDT and subsequent effects
of this on the TME is therefore needed to further assess the clinical
role of SDT in cancer treatment both as an individual and
combined therapy [84, 85].

SDT in brain cancers
Beyond this, gliomas represent a category of primary malignant
brain tumours characterised by their genetic heterogeneity, as
well as their inherently aggressive and invasive behaviour. Even
with optimal treatment, often recur locally with an associated poor
prognosis [86]. Alongside combatting chemo- and immuno-
escape in immunological conversion, the tissue depth penetration
is also advantageous for deep unresectable brain tumours
[3, 87, 88]. Additionally, the specificity for glioma cells without
damaging healthy tissue decreases post-procedural morbidity
with this preservation of surrounding normal brain tissue
confirmed in in vivo studies [12, 34, 88]. SDT with 5-ALA is being
investigated in an ongoing phase 1–2 study of diffuse intrinsic
pontine glioma (DIPG)—an aggressive paediatric high-grade
glioma [88]. These tumours are located within the brainstem
and cannot be fully resected surgically. Chemotherapy shows
limited effectiveness, and targeted radiotherapy is still largely
palliative [89, 90]. Therefore, a minimally invasive glioma-specific
therapy such as SDT may be an option in the future for these
children.

PRECLINICAL EVIDENCE OF THE ABSCOPAL EFFECTS OF SDT
IN CANCER
This section overviews the preclinical evidence of the abscopal
effects of SDT in cancer—with simple sonosensitisers, more novel
methods of sonosensitiser delivery (nanoparticles and microbub-
bles), and in conjunction with chemotherapy and immunomodu-
lating agents. Most studies in the literature are not specifically
targeted at the abscopal effect, but a small number of pre-clinical
studies primarily aimed at the study of novel sonosensitiser
models mention findings demonstrating the ability of SDT to
induce distant tumour effects in metastatic cancer mouse models
(Table 2).
There is limited comparability of these studies due to the range

of different methodologies and sonosensitisers used. However,
most use bilateral mouse tumour models with injection of the
selected cancer cell line being studied into both the right and left
flanks of mice prior to exposure to the sonosensitising system, SDT
and/or any adjuvants being used. SDT is applied only to one flank
(the primary tumour). If any tumour regression is seen in the
contralateral tumour (the off-target tumour), this models the
abscopal effect – and represents that there is a degree of immune
recognition of a tumour outside the sonicated field.

SDT on its own
A recent study has shown SDT to induce abscopal effects in
bilateral orthogonal liver cancer mouse models [91]. The research

group used FUS (frequency = 1 MHz, power intensity = 1.0 W/
cm2, duty cycle (DC)= 50%, exposure time = 2 h per cycle (n= 3))
in combination with the sonosensitiser HiPorfin (HPD). HPD alone
did not significantly inhibit distant tumour growth compared to
the control (tumours injected with PBS). However, the combina-
tion of HPD+ FUS caused a significant delay in distant tumour
growth (P < 0.001 vs control)—with 20% of the mice treated with
HPD+ FUS achieving complete abscopal responses [91]. Further-
more, re-inoculation of liver cancer cells 30 days later into the
flanks of the 20% of mice who achieved a cure with SDT, resulted
in no new cancer growth (compared to primary and metastatic
tumour growth in naïve control mice and death within 60 days)
(Fig. 5). This suggests that SDT has the potential to be developed
into a novel cancer vaccine therapy.

Nanomaterials and SDT
Nanomaterials, including nanoparticles and nanosheets, have
been used by multiple groups as a method of delivering
sonosensitisers and anti-tumour therapies to enhance and work
in synergy with SDT respectively [47, 92]. Many nanomaterials
specifically are adapted and engineered to counteract the barrier
that tumour hypoxia poses.
pH-sensitive polymethacrylate-coated CaO2 nanoparticles con-

taining RB (RBcNPs) are nanoparticles capable of transiently
alleviating tumour hypoxia through in situ generation of oxygen
in response to the low pH in hypoxic tumours [93]. The RBcNPs
were injected into bilateral murine tumour models of pancreatic
cancer. Ultrasound was delivered within 5 min of administering
RBcNPs (1 MHz, 3 W/cm2; DC= 30%; pulse repetition frequency
(PRF)= 100 Hz for 3.5 min (n= 1)). RBcNP-mediated SDT delivered
a potent abscopal effect accompanied by an increase in tumour
cytotoxic T cells and a decrease in immunosuppressive tumour
regulatory T-cells in both target and off-target tumours [93].
Black phosphorus nanosheets (BPNS) that are poly(ethylene

glycol) (PEG)-modified and loaded with 3-Pyridinyl)-1-(4-pyridinyl)-
2-propen-1-one (3PO) (termed BO) have also been developed in
attempt to boost the efficacy of SDT [94]. Under FUS, BO can
produce ROS leading to further hypoxia and nutrient block. 3PO
also inhibits tumour glycolysis and lactate accumulation. Both can
cut off the source of lactic acid and achieve anti-tumour starvation
therapy. This lactate depletion in combination with SDT facilitates
DC maturation, antigen presentation, and ultimately anti-tumour
immunity and inhibition of distant tumour growth [94]. The above
mechanism for the abscopal effect of SDT with BO was proven in
bilateral breast cancer tumour mouse models. Tumour-bearing
mice were divided randomly into 5 groups (1) PBS; (2) US; (3) BO;
(4) BP+ US (5) BO+ US. In the relevant groups, SDT was carried
out 12 h after of intravenous injection (0.75 W/cm2, 1 MHz,
DC= 30%, 10 min), every 4 days for 13 days. The combined
treatment of BO+ SDT profoundly reduced both the treated
primary and untreated distant tumour volumes compared to
control. As well as this profound immune response, the
combination therapy achieved good biological safety [94].
The use of a multifunctional nano-sonosensitiser system (FA-

MnPs) to activate an SDT-mediated response in bilateral triple-
negative breast cancer mouse models has also shown the
abscopal effect [95]. The designed system encapsulates
manganese-protoporphyrin (MnP) into folate-liposomes (correlat-
ing to folic acid (FA) receptors overexpressed in many cancers)
and incorporates the photosensitiser protoporphyrin IX chloride. A
single exposure of FUS was delivered to the primary tumours at
1 MHz over 5 mins (2 W/cm2, DC= 50%). The FA-MnPs+US group
is broken down into two subgroups: the FA-MnPs+US(s) group
which only treated the right-sided tumour and the FA-MnPs
+US(d) group which used depth-penetrating ultrasound from the
right tumour to the left. Compared with the rapid growth in
the control (PBS) group, PBS+ US and FA-MNPs group, both
primary and distant growth was most effectively inhibited in the
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FA-MnPs+US groups with (s) group showing abscopal distant
tumour shrinkage (p < 0.01 for primary growth in both subgroups,
p < 0.05 in (s) distant growth, p < 0.001 in (d) distant growth) [95].
A nanoparticulate formation (HPNP) based on a cathepsin

B-degradable glutamate-tyrosine co-polymer that carries hemato-
porphyrin was showed the abscopal effect when used for SDT-
based treatment of bilateral pancreatic tumours in immunocom-
petent (KPC) mice [96]. The animals were in the following
treatment groups: no treatment, HPNP, US and HPNP+ US. Target
tumours were exposed to a FUS for 3.5 mins (3.5 W/cm2, 1 MHz,
PRF= 100 Hz, DC= 50%) SDT treatment in combination with
HPNP resulted in 21% and 27% reductions in target and off-target
tumour volumes within 24 h, respectively—illustrating both direct
tumoral and abscopal effects [96].

Microbubbles and SDT
Microbubble mediated SDT has been found to generate an
abscopal response in a bilateral pancreatic cancer mouse model
[47]. This group also used RB as a sonosensitising agent – but
instead used a systemic microbubble-RB conjugate (MB-RB).
Ultrasound irradiation (3.5 W/cm2, 1 MHz, DC= 30%, PRF= 100 Hz,
3.5 mins) was applied to the target tumour in two exposures -
during, and immediately after MB-RB administration. At 11 days
post-SDT treatment, irradiated mice were observed to have an
average decrease in tumour volume of 287% (average volume
between both bilateral tumours) [47].

Combined SDT with an Immune-Checkpoint Inhibitor (ICI)
Multiple studies suggest that both the primary effect and abscopal
effect of SDT is significantly enhanced when combined with an
adjuvant immunotherapeutic agent such as anti-PD-L1 [47].
Additionally, mice receiving SDT+anti-PD-L1 therapy to their
primary tumour have been observed to have significantly higher
levels of infiltrating CD4+ and CD8+ T-cells in any residual off-
target tumour tissue, compared to those who did not receive SDT
+anti-PD-L1 therapy. These results suggest SDT treatment elicits
an adaptive immune response that is further potentiated by anti-
PD-L1 ICI therapy in this model of pancreatic cancer [47].
Research studies also showed the immune modulatory effects

of SDT in combination with anti-PD-L1 therapy where an SDT-
mediated nanovaccine model for potentiating anti-PD-L1 anti-
body therapy in malignant melanoma was created [97]. The
nanoplatform was synthesised from binding Mn-MOF with
immune adjuvant CpG oligonucleotide, and then coating this
system with cell membranes derived from melanoma B16 cells
that overexpress ovalbumin (OVA) antigen. Together with CpG,
the tumour-associated antigens derived from SDT and OVA
elicited a strong tumour-specific immune response [97]. In a
bilateral melanoma tumour model (using B16-OVA cells),

combination of anti-PD-L1 antibody and Mn-MOF/CpG nanoplat-
form with US irradiation (1 MHz, 1 W/cm2, DC= 50%, for 10mins
(n= 3; five-day intervals)) significantly delayed the growth of both
irradiated primary tumours and non-irradiated distant tumours.
Two of eight mice were tumour free of primary tumours after
combination of anti-PD-L1 antibody plus nanoplatform with US
irradiation-treated group, resulting in longer survival time. Thus,
the nanoplatform showed strong systemic antitumour responses
upon FUS and improved the therapeutic effects of anti-PD-L1
antibody [97].
PEG-modified manganese-doping titanium disulphide

nanosheets (PEG-MnTiS NSs) have been fabricated as a cascade
bioreactor for sequential gas therapy (GT)-enhanced SDT. In this
nano-system, titanium disulphide acted as an efficient sonosensi-
tiser. In vitro and in vivo results illustrated outstanding outcomes
of sequential GT-SDT alone showing an increase in ROS
generation (US parameters: 3 W/cm2, 30 kHz, for 10 min (n= 3;
two-day intervals)) [98]. The responsible group also considered
possible immune tolerance and therefore used sequential anti-PD-
L1 antibodies. They found that this combination elicited excellent
responses on primary and distant tumours compared to that
achieved in the control, anti-PD-L1 only, and the MnTiS-PEG+ US
groups [98].
An abscopal response to SDT+anti-PD-L1 antibody therapy has

been reported in a murine mouse cancer model using PEGylated
CoFe2O4 nanoflowers (CFP) – a novel sonosensitiser – to augment
combined SDT + chemodynamic therapy (CDT) where in vivo
suppression of both primary and distant tumour growth was
achieved [99]. BALB/c mice bearing bilateral 4T1 tumours were
assigned to four groups (1) saline, (2) US, (3) CFP, (4) CFP+ US. On
days 1 and 3 post IV injection of CFP, the tumour regions of the
relevant groups were exposed to US irradiation (1 MHz, 0.5 W/cm3,
DC= 20%, for 3 min (n= 2; days 1 and 3)). Compared with the
saline, CFP resulted in slight tumour inhibition due to the CDT
effect, but the best primary tumour elimination was in mice
receiving CFP+ US. Using a synergy of additional PD-L1 check-
point blockade achieved the most significant abscopal effect –
with treatments of “CFP+anti-PD-L1” and “CFP+ US+anti-PD-L1”
resulting in an outstanding suppression on primary tumour
growth, with a tumour growth inhibition of 46.7% and 66.3%,
respectively. In contrast, administration of US+anti-PD-L1 exhib-
ited insignificant inhibitory effect on the growth of both primary
and distant tumours [99].
Another ICI+ SDT achieving abscopal effects in vivo studies are

anti-CTLA-4 antibodies. PEG-modified oxygen-deficient molybde-
num oxide (MoOx) nanoparticles have been developed and used
in combination with SDT (40 kHz, 3 W/cm2, for 15 mins (n= 3)) and
anti-CTLA-4 in mice bearing bilateral breast cancer tumours [92].
Distant tumour growth from SDT treatment was partially inhibited;
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however, MoOx-triggered SDT plus anti-CTLA-4 significantly
decreased distant tumour growth. Additionally, the survival of
these mice was extended 2-fold compared to control and anti-
CTLA-4 alone—with no significant side effects. The group also
proceeded to perform lung metastasis assays on the 4T1 tumour-
bearing mice. This revealed fewer pulmonary lesions to be
observed in the MoOx+SDT and MoOx+SDT+anti-CTLA-4 groups
(compared to control and anti-CTLA-4 alone) – particularly in the
MoOx+SDT+anti-CTLA-4 group [92].

Combined SDT with chemotherapy
Considering multi-modality approaches, PSDT has been shown to
induce systemic antitumour immunity in a bilateral syngeneic
ovarian cancer cell mouse model [100]. A study combined PDT
and SDT to decrease the dose of sensitiser as well as the amount
the energy of ultrasound/light delivered in attempt to lessen
potential side effects. A new class of sensitiser that has both the
photosensitiser indocyanine green (ICG) (a near-infrared fluores-
cent contrast agent), and oxaliplatin in their shell with oxygen at
its core was used. The nanoparticles were injected at an oxaliplatin
dose of 2 mg/kg every five days for four cycles. After 4 h, primary
tumours were exposed to 808 nm laser irradiation (1.5 W/cm2,
5 mins) combined with a single exposure of US (1 W/cm2, for
1 min) to activate the ICG and release oxaliplatin. The combined
strategy of nanoparticle-mediated PSDT and oxaliplatin induced
immunogenic cell death of the primary tumour by promoting
surface exposure of calreticulin and passive release of HMGB1. The
nanoparticles also inhibited the growth of both primary and
distant tumours. The latter was proposed to be mediated by
increased infiltration of cytotoxic T lymphocytes of the distant
tumour [100].

Animal models used in SDT research
Current published works have primarily used immunocompro-
mised mice for tumour modelling. However, this review indicates
that most studies showing the abscopal effect have been on
immunocompetent mice aligning with the likely immunological
underlying mechanism of the abscopal effect. Further work using
syngeneic murine models would be the gold standard for
immunological studies as a more clinically relevant translational
model [101].

EVIDENCE OF THE ABSCOPAL EFFECT OF PDT AND SDT IN
HUMAN CLINICAL TRIALS
PDT has previously shown evidence of producing an abscopal
effect in the treatment of GBM in humans. Deep-seated GBM was
treated with immunophotodynamic therapy (iPDT) with subse-
quent shrinkage of satellite lesions outside the treatment field
[102]. Similar distant tumour shrinkage has been observed in PDT-
treated patients both with and without an ICI adjunct [103, 104].
The compelling preclinical efficacy of SDT has led to several
clinical trials investigating its use in cancer. SDT has none of the
oedema seen in PDT [105, 106]. It is also non-invasive and more
easily repeatable than PDT. A phase 1/2a clinical trial of SDT for
GBM showed no severe adverse effects (SAEs) and the Washing-
ton Children’s Hospital had no SAEs in the clinical trial initial data
for SDT in DIPG [88, 107]. However, as the only published studies
are in early phases, it is too soon to see any abscopal effects of
SDT in a human population.

SDT AND HIFU
High intensity focussed ultrasound (HIFU) is a similar emerging
therapeutic modality that uses higher energy ultrasound sonica-
tion to cause high temperatures leading to coagulative necrosis of
the targeted tissue without the use of a sensitiser [108]. The non-
invasive nature of HIFU and precise targeting is otherwise similar

to SDT. It has been used in some solid tumours and in targeted
drug release [108]. Beyond cancer treatment, it is used in
magnetic resonance guided thalamotomy for the treatment of
movement disorders [109].
While the abscopal effect of SDT is a relatively new area of

investigation, a review of preclinical and clinical evidence
indicated that HIFU can induce various immune responses,
including increasing the activity of cytotoxic T lymphocytes and
natural killer cells [110]. These immune responses are thought to
be triggered by the release of tumour antigens and heat shock
proteins from the ablated tissue, as well as the creation of an
inflammatory environment similar to the proposed mechanism
behind the SDT-mediated abscopal effect [110–112]. Further
comparison is beyond the scope of this review.

CONCLUSIONS AND FUTURE DIRECTIONS
SDT is a promising non-invasive and targeted cancer treatment.
SDT has shown to have positive effects in human cancer therapy
but requires more systematic investigations to establish standar-
dised protocols for sonosensitiser delivery, treatment parameters,
and combination therapies. Sonosensitisers and carriers of
sonosensitisers also require continued development with a focus
in improving tumour targeting and overcoming the challenges
due to TME. Combination therapies of SDT and ICI, PSDT, and SDT
with chemotherapy also show significant promise as well.
Preclinical evidence shows that SDT can induce an abscopal

vaccine effect. This phenomenon suggests the possibility of local
targeted therapy having systemic effects in advanced or meta-
static cancers. The underlying immunological mechanisms still
require further exploration. Identifying the specific immune cell
populations and pathways involved in SDT-induced abscopal
responses would lay the groundwork for optimising treatment
strategies and identifying potential biomarkers. Investigation into
the role of tumour microenvironment modulation by SDT is also
required to understand the mechanisms underlying the promo-
tion of systemic antitumour immunity. While PDT has shown an
abscopal effect in human trials, SDT human clinical trials are only
in their early phases and focussed on GBM and DIPG. The results
of these are much awaited to evaluate the safety and efficacy of
SDT. Future human trials targeting metastatic diseases, such as
breast or pancreatic cancer, could hold the potential to translate
SDT-induced abscopal and vaccine effects into clinical reality.
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