Review | Open Access

Nanomedicine Therapeutics

Liu et al. Nanomed Ther. 2026;1:2 ~ DOI:10.20517/nmt.2026.04

Nanomedicine-enabled ultrasound immunotherapy:
from immunogenic cell death to systemic immune

activation

Yifang Liu, Die Hu, Jingchao Li

Keywords:
Ultrasound-mediated
immunotherapy,
nanomedicine, immunogenic
cell death, tumor immune
microenvironment, systemic

immune activation

Citation: Liu Y, Hu D, LiJ.
Nanomedicine-enabled
ultrasound immunotherapy:
from immunogenic cell
death to systemic immune
activation. Nanomed Ther.
2026;1:2.
https://dx.doi.org/10.20517
/nmt.2026.04

Received: 23 Jun 2026
First Decision: 15 Jul 2026
Revised: 25 Jul 2026
Accepted: 29 Jul 2026
Published: 31 Jul 2026

Academic Editor:
Xiangyang Shi

Copy Editor:
Shu-Yuan Duan
Production Editor:
Shu-Yuan Duan

'.) Check for updates

Interventions & Tumor Synergistic Inmunomodulation Cascade Hot tumor & therapeutic outcome

i i ici ICD induction by sonodynamic therapy Hot tumor microenvironment

Multifunctional nanomedicine platform 0 ? R . "

Piezoelectric NP S activation
& HMGB1 exposure R e

Inorganic 3

sonosensitizers. O

& ATP exposure

(™ Organic

(%) CD8* T cell
" sonosensitizers

o Innate il
& —

M1TAMs
CD4+ T cell

Ultrasound-triggerd
Delivery systems.

®o-e
TAN reprogramming

v
> . »® 1 & sq
© Adaptive immunity activation e & 5

Tumor cell
death

®— (o

Ultrasound . Mn#  Metal ions
stimulation

Immature DC  MatureDC ~ M2TAMs M1 TAMs

Cold tumor microenvironment

MDSCs * . - .

v
ey Antigen presentation CD8* Tcell  CD4* T cell 4' A4 A ’
AEAR
A
v Tumor Tumor recurrence
regression inhibition
@ Trafficking & infiltration of effector T cells &

Immune memory

Imm;
debdritic cells

e
ature |
—_
M2 TAMS

Abstract

In recent years, ultrasound-mediated immunotherapy has drawn increasing research
interest in cancer immunotherapy due to its non-invasive nature, deep tissue penetration,
and spatiotemporal controllability. Ultrasound can induce immunogenic cell death (ICD)
through mechanical, cavitation, and sonodynamic effects, thereby promoting the release of
tumor antigens and danger-associated molecular patterns (DAMPs) and activating both
innate and adaptive immune responses. However, the immune-activating capacity of
ultrasound therapy alone remains limited. Advances in nanomedicine have opened new
opportunities for ultrasound-mediated immunotherapy. By developing sonosensitizers and
piezoelectric, ultrasound-responsive nanoplatforms, it is possible to enhance reactive
oxygen species (ROS) production, enable precise drug delivery, and remodel the tumor
immune microenvironment, thereby significantly improving antitumor immune efficacy.
This article reviews the mechanisms of ultrasound-induced antitumor immunity,
nanomedicine-enhanced strategies, regulation of the tumor immune microenvironment,
and advances in combination immunotherapy, while discussing the challenges of clinical
translation and future directions. Overall, ultrasound immunotherapy is gradually shifting
from localized tumor killing to systemic immune activation, offering new insights for
precision immunotherapy in solid tumors.

Enhanced survival

State Key Laboratory of Advanced Fiber Materials, College of Biological Science and Medical Engineering, Donghua University, Shanghai

201620, China.

Correspondence to: Prof. Jingchao Li, State Key Laboratory of Advanced Fiber Materials, College of Biological Science and Medical
Engineering, Donghua University, Shanghai 201620, China. E-mail: jcli@dhu.edu.cn

www.oaepublish.com

Submit a Manuscript: https://ucenter.oaepublish.com


https://www.oaepublish.com
https://ucenter.oaepublish.com
https://dx.doi.org/10.20517/nmt.2026.04
https://dx.doi.org/10.20517/nmt.2026.04
https://crossmark.crossref.org/dialog/?doi=10.20517/nmt.2026.04&domain=pdf

Page 2 of 24

Liu et al. Nanomed Ther. 2026;1:2

INTRODUCTION

Immunotherapy and the challenges facing solid
tumor treatment

In recent years, cancer immunotherapy has funda-
mentally transformed the landscape of traditional
cancer treatment by activating the body’s immune
system to recognize and eliminate tumor cells. In
particular, immune checkpoint blockade (ICB) thera-
pies that target programmed death receptor-1
(PD-1)"), programmed death ligand-1 (PD-L1)",
and cytotoxic T-lymphocyte-associated antigen-4
(CTLA-4)" have demonstrated significant efficacy
in treating various malignancies, including
melanoma®®, non-small cell lung cancer', and renal
cell carcinomal”. At the same time, chimeric antigen
receptor T-cell (CAR-T) therapy has demonstrated
unprecedented therapeutic potential in hematologic
malignancies" [Figure 1]. However, compared with
hematologic malignancies, the complex biological
characteristics and immunosuppressive microenvi-
ronment of solid tumors significantly limit the
efficacy of immunotherapy, making it difficult for
most patients to achieve durable clinical benefits.

Solid tumors typically exhibit a significantly
immunosuppressive tumor microenvironment
(TME), characterized by hypoxia, an acidic
metabolic environment?, abnormal vascular archi-
tecture!"), and a dense extracellular matrix (ECM)"2.,
These factors not only hinder the penetration of
drugs and immune cells into the deep layers of the
tumor but also promote the accumulation of regu-
latory T cells (Tregs)"*, myeloid-derived suppressor
cells (MDSCs)!"*), and M2-type tumor-associated
macrophages (TAMs)!"", thereby creating a persis-
tent state of immune suppression. Against this
backdrop, many solid tumors exhibit a “cold tumor”
phenotype characterized by a lack of effector T-cell
infiltration, resulting in limited response to ICB ther-
apy. Furthermore, CAR-T cells face challenges in sol-
id tumors, including tumor antigen heterogeneity,
low infiltration efficiency, and functional
exhaustion"*"*. Therefore, overcoming the immune
barriers in solid tumors and promoting tumor anti-
gen release and immune cell recruitment have
become key scientific challenges for improving the
efficacy of cancer immunotherapy.

Nanomedicine for overcoming the tumor immune
barrier

Advances in nanomedicine have opened up new

opportunities for overcoming the immunosuppres-
sive microenvironment of solid tumors. Thanks to
their unique size-dependent effects and engineering
flexibility, nanocarriers can enhance drug accumula-
tion and retention at the tumor site, enabling the
precise delivery of immunomodulators, chemothera-
peutic agents, and nucleic acid drugs"***. At the
same time, by integrating tumor microenviron-
ment-responsive elements such as pH, reactive oxy-
gen species (ROS), enzymes, and hypoxia, stimu-
lus-responsive nanosystems can enable on-demand
drug release and enhance local immune
activation***!, In recent years, immuno-
nanomedicine has gradually emerged. By deeply
integrating nanotechnology with immunotherapys, it
enables tumor antigen delivery, immune cell regula-
tion, and tumor microenvironment remodeling"*,
demonstrating tremendous potential to improve
treatment efficacy and reduce systemic toxicity*.

However, relying solely on tumor-endogenous stim-
uli is often limited by tumor heterogeneity and
response efficiency, making it difficult to achieve
precise spatiotemporal control®**'. Therefore, the
development of smart nanoplatforms that integrate
exogenous stimulation strategies has become a
current research focus. Among these, ultrasound - a
noninvasive and clinically widely used form of phys-
ical stimulation - is attracting increasing attention
due to its unique advantages*.

Ultrasound as a noninvasive method of immune
modulation

Ultrasound (US) is a mechanical wave with a
frequency higher than 20 kHz that enables non-inva-
sive energy delivery to biological tissues"****). Com-
pared to exogenous stimulation methods such as
light, magnetic fields, and electric fields, ultrasound
has greater tissue penetration capability and can
precisely target tissues at the centimeter level or even
deeper, making it particularly suitable for the treat-
ment of deep-seated solid tumors"****. Furthermore,
focused ultrasound (FUS) technology can precisely
concentrate ultrasound energy on the tumor region,
providing excellent spatiotemporal controllability
and enhancing treatment specificity while mini-
mizing damage to normal tissues™ ..

At the biological level, ultrasound can induce vari-
ous physical effects, such as thermal, mechanical,
and cavitation effects, thereby enhancing tumor tis-
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Figure 1. Schematic illustration of nanomedicine-enabled ultrasound immunotherapy for systemic antitumor immune activation. CRT:
Calreticulin; DC: dendritic cell; CD8*: cluster of differentiation 8 (positive); CD4*: cluster of differentiation 4 (positive); STING: stimulator
of interferon genes; PD-1: programmed death receptor-1; PD-L1: programmed cell death ligand 1; TAN: tumor-associated neutrophil; TME:

tumor microenvironment; MDSC: myeloid-derived suppressor cell.

sue permeability, promoting drug release, and regu-
lating cellular behavior!***). Recent studies have
shown that ultrasound is not only a physical thera-
peutic modality but also an important immunomod-
ulatory tool. Ultrasound-induced cellular stress and
tumor cell death can promote the release of tumor-
associated antigens and activate the body’s immune
system!*”"*°). At the same time, ultrasound can
improve tumor vascular perfusion, reduce interstitial
pressure, and enhance immune cell infiltration,
thereby creating favorable conditions for subsequent

[50- 52

immunotherapy

It is worth noting that ultrasound is already widely
used in clinical diagnosis and treatment, including
ultrasound imaging, high-intensity focused ultra-
sound (HIFU) ablation, and ultrasound-assisted
drug delivery. This established foundation of clinical
applications provides a significant advantage for
translating ultrasound-based immunotherapy, giv-
ing it greater clinical potential than other emerging
stimulation methods.

The rise of ultrasound immunotherapy based on
nanomedicine
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Advances in nanomedicine have further driven the
evolution of ultrasound therapy from simple tumor
ablation toward immune activation and immune reg-
ulation™!. By incorporating photosensitizers, piezo-
electric materials, immunostimulants, and targeted
delivery systems, ultrasound-responsive
nanoplatforms can significantly amplify ultra-
sound-induced ROS production, tumor antigen
release, and immunogenic cell death (ICD), thereby
initiating the tumor immune cycle"**. At the same
time, these nanoplatforms enable the precise deliv-
ery of immune checkpoint inhibitors, STING agon-
ists, and cytokines, further enhancing ultrasound-in-

duced antitumor immune responses®**.,

In recent years, a large body of research has
that
nanoplatforms can not only induce local tumor

confirmed ultrasound-responsive
regression but also promote dendritic cell matura-
tion, enhance cluster of differentiation 8 (positive)
(CDsg") T-cell infiltration, and establish long-term
immune memory, thereby facilitating a transition
from local therapy to systemic antitumor
immunity®**). This shift in the research paradigm -
from “tumor ablation” to “immune activation” and
from “local treatment” to “systemic immunity” - is
propelling ultrasound immunotherapy to become
one of the most promising areas of development in

the field of nanomedicine for cancer.

THE BIOLOGICAL BASIS OF ULTRASOUND-

INDUCED ANTITUMOR IMMUNITY
Ultrasound-mediated tumor cell death
mechanisms

Tumor cell death is the initiating event by which
ultrasound immunotherapy triggers the antitumor
immune cycle. Unlike conventional therapies, which
primarily induce a single apoptotic pathway, ultra-
sound stimulation can induce multiple forms of cell
death, including apoptosis, necrosis, pyroptosis, fer-
roptosis, and necroptosis'***!l. Different modes of cell
death exhibit varying degrees of immunogenicity,
which in turn determine the intensity of subsequent
immune activation.

Apoptosis is one of the most common forms of cell
death in ultrasound therapy. Ultrasound activates
photosensitizers, generating large amounts of ROS,
which cause mitochondrial damage, the release of
cytochrome C, and the activation of the caspase

cascade, ultimately leading to programmed cell
death'*. However, classical apoptosis is typically
accompanied by the complete encapsulation and
clearance of cellular contents, resulting in a mild
inflammatory response. Therefore, its immunogenic-
ity is relatively limited.

In contrast, ultrasound-induced necrosis can disrupt
cell membrane integrity, resulting in the release of
large amounts of intracellular components into the
extracellular space. The released nucleic acids, pro-
teins, and metabolic byproducts can be recognized
by the body as danger signals, thereby inducing a
local inflammatory response and the recruitment of
immune cells!*”). Although necrosis is highly
immunogenic, its uncontrolled nature may damage
normal tissues.

Recent studies have shown that inflammatory
programmed cell death processes such as pyroptosis,
ferroptosis, and necroptosis play an increasingly
important role in ultrasound immunotherapy.
Pyroptosis is a form of programmed inflammatory
cell death mediated by Gasdermin proteins. Ultra-
sound-induced ROS can activate the NOD-like
receptor family pyrin domain containing 3 (NLRP3)
inflammasome, promoting Caspase-1-mediated
cleavage of Gasdermin D, which creates pores in the
cell membrane and ultimately leads to the massive
release of inflammatory factors such as interleukin-1
beta (IL-1p), interleukin-18 (IL-18), and ATPee-ss],
Because pyroptosis is accompanied by a strong
inflammatory response, it is considered a crucial
bridge linking tumor cell death to immune activa-
tion.

Ferroptosis is a form of cell death that depends on
iron ions and lipid peroxidation*”. Ultrasound-in-
duced ROS promotes the accumulation of lipid per-
oxides and inhibits glutathione peroxidase 4 (GPX4)
activity, thereby triggering ferroptosis'”*”". Studies
have shown that the oxidized lipids and danger
signals released during ferroptosis promote dendrit-
ic cell maturation and CD8" T-cell infiltration,
making it a subject of widespread interest in the field
of tumor immunotherapy.

Necroptosis is a form of programmed cell death regu-
lated by the RIPK1-RIPK3-MLKL signaling axis /.
Compared with apoptosis, necroptosis releases more
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Table 1. Comparison of immunogenicity among different ultrasound-induced tumor cell death pathways

Modes of cell

death Molecular mechanism Biomarkers Immunogenicity Antitumor immune effects  Ref.
. . - Cleaved caspase-3, . Limited antigen release and weak
Apoptosis Caspase-3/8/9 activation Annexin V Low-Moderate immune stimulation [63]
. Induces inflammation but may
Necrosis Plasma membrane rupture LDH release Moderate e [65]
cause nonspecific tissue damage
. . Promotes dendritic cell activation
Necroptosis RIPK1/RIPK3/MLKL pathway p-MLKL, RIPK3 High and T-cell priming [72]
) . . IL-1B, IL-18, GSDMD- . Strong activation of innate
Pyroptosis Caspase-1/GSDMD signaling N High immune responses [74]
Ferroptosis Iron-dependent lipid peroxidation GPX4, ACSL4, MDA  High Enhances DAMP release and T- [70,75]

ER stress, DAMP emission (CRT
exposure, ATP release, HMGB1
secretion)

Immunogenic Cell

Death (ICD) HSP70/90

CRT, ATP, HMGBT,

cell recruitment

As immunogenic outcome shared
by several regulated cell-death [76]
modalities

Very High

LDH: Lactate dehydrogenase; RIPK: receptor-interacting protein kinase; MLKL: mixed lineage kinase domain-like protein; GSDMD: gasdermin D;
IL-1B: interleukin 1 beta; IL-18: interleukin 18; GPX4: glutathione peroxidase 4; ACSL4: long-chain-fatty-acid-CoA ligase 4, MDA: malondialdehyde;
DAMP: danger-associated molecular pattern; CRT: calreticulin; HMGB1: high-mobility group box protein 1; HSP70/90: heat shock protein 70/90.

danger-associated molecular patterns (DAMPs) and
induces a more intense immune response!™. A grow-
ing body of evidence suggests that ultrasound-in-
duced necroptosis may be one of the key mecha-
nisms for activating subsequent antitumor immu-
nity.

Different types of cell death exhibit significant differ-
ences in immunogenicity, and their ability to induce
antitumor immune responses varies. Recent studies
have shown that programmed cell death pathways
such as pyroptosis, necroptosis, and ferroptosis typ-
ically exhibit stronger immunostimulatory effects,
while ultrasound-induced ICD is considered a cru-
cial bridge linking localized tumor killing to sys-
temic immune activation. A summary of the main
characteristics and immunological effects of differ-
ent cell death modes is presented in Table 1.

Immunogenic cell death: the starting point of
immune activation

Among the various forms of cell death, ICD is con-
sidered a key bridge linking localized tumor killing
to systemic immune activation. Unlike conventional
forms of cell death, ICD not only eliminates tumor
cells but also transforms the dead cells into natural
“tumor vaccines,” thereby activating the body’s
immune system.

The most important feature of ICD is the exposure
and release of DAMPs. Among these, the exposure

of calreticulin (CRT) on the cell surface is an early
marker of ICD. As a typical “Eat-me signal,” CRT
promotes the recognition and phagocytosis of dead
tumor cells by dendritic cells and macrophages,
thereby enhancing antigen uptake efficiency””. At
the same time, the release of extracellular ATP con-
stitutes a “Find-me signal,” which recruits dendritic
cells, macrophages, and neutrophils to the tumor
site via purinergic receptor signaling pathways, there-
by promoting the initiation of local immune
responses’®!. High-mobility group box protein 1
(HMGB1) is an important DAMP molecule released
during the later stages of ICD"). Upon binding to
TLR4 on the surface of dendritic cells, HMGB1
promotes antigen processing and cross-presentation,
thereby enhancing the efficiency of antigen-specific
T-cell activation®. Furthermore, the exposure of
heat shock proteins heat shock protein 70(HSP70)
and HSP90 also enhances tumor antigen presenta-
tion and immune recognition™.

In recent years, a large body of research has shown
that ultrasound-responsive nanoplatforms can signif-
icantly enhance ICD through ROS bursts,
endoplasmic reticulum stress, and mitochondrial
damage. For example, the large amounts of ROS gen-
erated by sonodynamic therapy can induce an
endoplasmic reticulum stress response, promoting
CRT translocation and ATP release. Piezoelectric
nanomaterials, in turn, can further amplify DAMPs
release through sustained oxidative stress. Therefore,
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ICD is widely recognized as the core event that ini-
tiates the antitumor immune cycle in ultrasound
immunotherapy.

Activation of the innate immune system

DAMPs and tumor-associated antigens produced by
ICDs further activate the body’s innate immune sys-
tem, laying the foundation for subsequent adaptive
immune responses. Dendritic cells (DCs) serve as a
central hub linking the innate and adaptive immune
systems. Upon stimulation by DAMPs, immature
DCs gradually mature and upregulate the expression
of CD80, CD86, and major histocompatibility
complex (MHC) molecules, thereby enhancing their
ability to process and present tumor antigens!®»®.
However, DC metabolic dysregulation often leads to
the premature transport of antigens to lysosomes for
degradation, resulting in reduced antigen presenta-
tion efficiency, which severely limits the quality and
intensity of T-cell activation. To address this bottle-
neck, Chen et al. developed an ultrasound-activat-
able in situ vaccine based on a thylakoid/platelet
hybrid membrane-camouflaged nanovesicle
(TPLHZ) that co-delivers the DNA methyl-
transferase inhibitor zebularine and the sonosensitiz-
er hematoporphyrin monomethyl ether®’. Beyond
boosting ROS-mediated ICD and antigen release,
zebularine effectively reverses tumor DNA hyperme-
thylation, upregulating MHC-I expression on tumor
cells to enhance antigen self-presentation, while the
ICD-triggered DAMPs synergistically promote DC
maturation and cross-presentation. This dual-regula-
tion strategy significantly amplifies T-cell activation,
elicits potent cytotoxic CD8" T-cell responses, estab-
lishes long-term immunological memory (character-
ized by increased central and effector memory T-cell
populations), and demonstrates robust synergistic
efficacy with immune checkpoint blockade, offering
a promising approach to overcome anti-PD-1
resistance in solid tumors [Figure 2].

Tumor-associated macrophages (TAMs) are among
the most abundant immune cells in the tumor
microenvironment. In most solid tumors, TAMs
primarily exhibit a pro-tumor M2 phenotype. Stud-
ies have shown that ultrasound-induced ROS and
inflammatory factors can promote the conversion of
M2 macrophages to M1 macrophages'”?. M1
macrophages secrete pro-inflammatory cytokines
such as TNF-a, IL-12, and IFN-B, which enhance
antigen presentation and promote T-cell activation.

In recent years, the role of neutrophils in ultra-
sound-mediated immunotherapy has gradually
garnered attention [Figure 3]. Tumor-associated neu-
trophils also exhibit two functional states: N1 and
N2 The ultrasound-induced inflammatory
microenvironment can promote the conversion of
N2-type neutrophils to N1-type neutrophils®!. N1-
type neutrophils can release ROS, TNF-q, and
chemokines, and promote the recruitment of CD8"
T cells, thereby enhancing the antitumor immune
response!®*”),

In addition, natural killer (NK) cells are also
involved in the early immune response induced by
ultrasound. Increased expression of stress ligands on
the surface of damaged tumor cells promotes NK
cell activation and enhances their ability to release
perforin and granzyme, thereby further eliminating
tumor cells!***.

Establishment of the adaptive immune response
The adaptive immune response is a key factor deter-
mining the long-term efficacy of ultrasound-mediat-
ed immunotherapy. Mature dendritic cells present
captured tumor antigens to naive T cells, thereby ini-
tiating an antigen-specific immune response.

CDs" cytotoxic T lymphocytes are the primary
effector cells of antitumor immunity. Under MHC-I
molecule-mediated antigen presentation, CD8" T
cells undergo clonal expansion and migrate to tumor
tissue, where they directly kill tumor cells by releas-
ing perforin and granzyme***"). Numerous studies
have confirmed that one of the key indicators of
successful ultrasound immunotherapy is a signif-
icant increase in CD8* T-cell infiltration within
tumor tissue. CD4" helper T cells support the expan-
sion and functional maintenance of CD8" T cells by
secreting cytokines such as IL-2, IFN-y, and TNF-a,
while also coordinating the joint participation of B
cells and innate immune cells in the antitumor

92-94]

response!

Notably, the massive release of tumor antigens
induced by ultrasound can also increase T-cell
receptor (TCR) repertoire diversity, enabling the
body to recognize more tumor neoantigens and
thereby reducing the risk of tumor immune
evasion"”. Furthermore, some effector T cells can
further differentiate into memory T cells, including
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cells®). These cells persist in the body for extended

periods and can rapidly mount an immune response  From local immune activation to systemic
upon tumor recurrence, ensuring long-term anti-  antitumor immunity
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The most compelling feature of ultrasound
immunotherapy lies in its ability to transform local-
ized treatment into a systemic antitumor immune
response. Although the ultrasound effect is confined
to the local lesion, the immune response it induces
can spread throughout the body via the circulatory
system.

The abscopal effect is a classic manifestation of sys-
temic immune activation. Following ultrasound
treatment of the primary tumor, large numbers of

activated tumor-specific T cells enter the circulatory
system and migrate to distant metastatic sites, there-
by inhibiting the growth of tumors that have not
been directly treated™. A growing body of research
indicates that combining ultrasound with immune
checkpoint blockade therapy can significantly
enhance the abscopal effect and improve control of

metastatic tumors.

Systemic immune activation can also effectively elim-
inate circulating tumor cells (CTCs) and
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micrometastases, thereby reducing the risk of tumor
metastasis. At the same time, the formation of mem-
ory T cells endows the body with long-term immune
surveillance capabilities, enabling it to rapidly
mount an immune response upon tumor recurrence
and prevent tumor regrowth™*'l,

Therefore, the ultimate goal of ultrasound-mediated
immunotherapy is no longer limited to localized
tumor ablation but rather involves transitioning
from localized treatment to systemic antitumor
immunity by inducing ICD, activating innate and
adaptive immunity, and establishing immune memo-
ry. This process constitutes a complete biological
chain of logic “from immunogenic cell death to sys-
temic immune activation” and provides an
important theoretical foundation for the design of
future ultrasound-mediated immunotherapy strate-
gies empowered by nanomedicine.

STRATEGIES FOR ENHANCING
ULTRASOUND-ASSISTED IMMUNOTHERAPY
USING NANOMEDICINE

Although ultrasound can induce tumor cell death
and activate antitumor immunity through mechan-
ical, cavitation, and thermal effects, its use as a
standalone therapy still faces challenges such as limit-
ed ROS production efficiency, insufficient immune
activation, and immune suppression in the tumor
microenvironment!**'*”). Advances in nanomedicine
offer new approaches to addressing these bottle-
necks. By developing functional nanoplatforms with
acoustic responsiveness, it is possible not only to sig-
nificantly improve the efficiency of ultrasound
energy utilization but also to achieve precise drug
delivery, regulation of the tumor microenvironment,
and immune enhancement, thereby transforming
ultrasound-induced localized tumor damage into a
sustained and robust systemic antitumor immune
response.

With the continuous development of ultrasound-re-
sponsive nanoplatforms, researchers have construct-
ed a variety of nanosystems, including sound-sensi-
tive platforms, piezoelectric platforms, ultra-
sound-controlled drug delivery systems, and
biomimetic platforms!**l. These platforms each
offer distinct advantages in ROS generation, drug
delivery, immune regulation, and tumor targeting,
and collectively drive the evolution of ultrasound

immunotherapy from localized tumor destruction to
systemic immune activation. A comparison of key
parameters for different ultrasound-responsive nano-
materials is presented in Table 2.

Organic sonosensitizers offer superior biocompatibil-
ity but suffer from poor stability, whereas inorganic
counterparts exhibit higher ROS efficiency yet raise
toxicity concerns. Piezoelectric platforms eliminate
the need for photosensitizers but vary substantially
in ROS yield across materials due to differences in
piezoelectric properties, and their performance
depends on poorly standardized ultrasound parame-
ters. Ultrasound-triggered drug carriers enable spa-
tiotemporal release, yet liposomes risk premature
leakage, polymeric nanoparticles suffer from attenu-
ated responsiveness in deep tumors, and hydrogels
require invasive administration. These platform-spe-
cific trade-offs underscore the need for disease-spe-
cific selection and standardized evaluation criteria,
rather than pursuing a single optimal platform.

REMODELING OF THE TUMOR IMMUNE
MICROENVIRONMENT

The tumor immune microenvironment (TIME)
comprises a diverse array of components, including
tumor cells, immune cells, stromal cells such as can-
cer-associated fibroblasts (CAFs), vascular networks,
and the extracellular matrix (ECM). Its dynamic
changes directly determine tumor progression and
the efficacy of immunotherapy. In most solid
tumors, the TIME typically exhibits a highly
immunosuppressive state, characterized by the
accumulation of pro-tumor immune cells, insuf-

109

ficient infiltration of effector T cells!**!, abnormal

110

vascular structure!''®!, and excessive ECM
deposition"""!. Notably, CAFs mediate significant
immune evasion and physical barrier effects through
the secretion of cytokines and the construction of a
dense ECM barrier. These factors not only limit
drug delivery efficiency but also weaken the body’s
antitumor immune response. Recent studies have
shown that ultrasound-responsive nanotechnology
platforms can not only induce tumor cell death but
also reprogram the tumor microenvironment by reg-
ulating immune cell function, improving vascular
structure, and remodeling the stromal barrier, there-
by creating favorable conditions for establishing a
systemic antitumor immune response.
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Table 2. Representative nanomedicine strategies for enhancing ultrasound immunotherapy and their immune-regulatory functions

Nanoplatform Representative Ultrasound-
P pres A . Immune Effects Advantages Ref.
category materials responsive mechanism
Organic . . . ICD induction, DCs . . S
conosensitizers Ce6, HMME, porphyrins ~ Sonodynamic ROS generation maturation High biocompatibility [21]
i TiO,, M Black T~ i i
Inorgamc' ‘ i0,, MnOx, Blac Sonocatalytic ROS production !Enljanged CD8* T-cell ngh ROS generation [101]
sonosensitizers Phosphorus infiltration efficiency
‘ P'orphyn'n—based Sonocatalytic ROS generation ICD mdgchon, DC High pgroytynstr‘uctural
Metal-organic bimetallic MOFs (Mn-Fe via ordered confinement or maturation, tunability, minimized n-nt [102]
frameworks (MOFs) TCPP), D-A structured D-A architecture ferroptosis, cGAS- aggregation, dual-metal
MOFs (BTP) STING activation synergistic effects
Ferroptosis induction, Narrow bandgap. high
MXene@MnO,-TPP Schottky heterojunction- mtDNA release, cGAS- charge se arftig;w =
MXenes Schottky heterojunctions enhanced electron-hole STING activation, arge separ . [103]
. ) ) . efficiency, mitochondria-
(Ti,C,T.@MnO,) separation under ultrasound  systemic antitumor ) o
; . targeting capability
immunity
Piezoelectric BaTiO,, ZnO, BiOCl, E|ezoelectr|c polarization- ICD mduf:hon, Mi No exogenous sensitizer
induced electron-hole polarization, DC X [107]
nanoplatforms KNN . R required
separation activation
. . . s . Enhanced .
Ultrasound-triggered Liposomes, hydrogels, Acoustic cavitation-triggered . Spatiotemporal
B A ; immunomodulator o [108]
drug delivery systems  polymeric nanoparticles  payload release delivery controllability
Tumor cell membrane, Improved antigen
Biomimetic DC membrane, Biomimetic targeting and presentation and Prolonged circulation and [99]

nanoplatforms macrophage membrane, immune evasion

neutrophil membrane

tumor homing targeting capability

HMME: Hematoporphyrin monomethyl ether; ICD: immunogenic cell death; DC: dendritic cell; CD8*: cluster of differentiation 8 (positive); ROS:
reactive oxygen species; TPP: tetra(pentafluorophenyl)porphyrin; TCPP: tetra(4-carboxyphenyl)porphyrin; BTP: bis(tetraphenylporphyrinato) or
Bi(porphyrin-tetracarboxylic acid) based MOF; mtDNA: mitochondrial DNA; cGAS: cyclic GMP-AMP synthase; STING: stimulator of interferon
genes; KNN: kalium natrium niobate; M1: M1 tumor-associated macrophages.

The remodeling of the tumor immune microenviron-
ment does not depend on a single type of immune
cell but involves dynamic, coordinated regulation
among multiple cell populations, including tumor-
associated macrophages, tumor-associated neu-
trophils, myeloid suppressor cells, dendritic cells,
effector T cells, and CAFs"""?. The ultrasound-respon-
sive nanoplatform facilitates the transition from an
immunosuppressive microenvironment to an
immune-activating state by simultaneously acting on
these key immune components. The relevant regu-
latory mechanisms are summarized in Table 3.

The immunomodulatory effects of these
nanoplatforms involve coordinated regulation of
multiple immune populations, yet their relative con-
tributions vary across tumor models. While TAM
polarization and DC maturation are consistently
observed, neutrophil phenotype switching appears
more microenvironment-dependent. This hetero-
geneity underscores the need for comprehensive
immune profiling to guide rational combination
strategies.

COMBINED TREATMENT STRATEGIES FOR
SYSTEMIC IMMUNE ACTIVATION

Although ultrasound immunotherapy can activate
antitumor immune responses by inducing ICD,
monotherapy often struggles to overcome the
complex immunosuppressive microenvironment
and maintain long-term, effective immune
surveillance. Recent studies have shown that ultra-
sound therapy is better suited to serve as a “trigger”
for the Cancer-Immunity Cycle. Crucially, the
efficacy of this trigger in synergizing with immune
checkpoint blockade (ICB) depends on the precise
calibration of ultrasound parameters and the result-
ing ICD intensity. Optimal outcomes are typically
achieved within a defined “therapeutic window,”
such as acoustic pressures of 1.0-1.5 MPa and duty
cycles of ~ 50%"""*. Within this range, ultrasound
induces a moderate-to-high level of ICD - character-
ized by robust CRT exposure, HMGB1 transloca-
tion, and ATP secretion - which effectively converts
“cold” tumors into “hot” ones by enhancing dendrit-
ic cell maturation and T-cell priming. Conversely,
overtreatment leading to massive necrosis may
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Table 3. Regulation of major immune cell populations during ultrasound-mediated tumor microenvironment remodeling

Pro-tumor Anti-tumor Ultrasound-mediated .
Immune component . Immunological outcome  Ref.

phenotype phenotype regulation
Tumor-associated ROS generation, inflammatory enhanced antigen

M2 M1 > ‘. presentation and T-cell [21]
macrophages (TAMs) cytokine production o

activation
Tumor-associated . . USRI increased tumor cytotoxicity
neutrophils (TANs) N2 NT ROS signaling and TGF-f inhibition and immune recruitment (84]
Myeloid-derived reduced
suppressor cells immunosuppressive STAT3/TGF-B pathway inhibition  relief of immunosuppression  [14]
abundance
(MDSCs)
. . . - enhanced antigen uptake and
Dendritic cells (DCs) immature mature DAMP-mediated activation I [83]
cross-presentation
Natural killer cells (NK dysfunctional ctivated stres§ Ilgaqd uprggulatlon and mcreasgq innate immune [89]
Cells) cytokine stimulation cytotoxicity
Tumor vasculature abnormal normalized lmproyed perfusion and reduced 'enhanc'ed immune-cell [110]
hypoxia infiltration
Extracellular matrix . remodeled mechanical disruption and . )
(ECM) dense barrier matrix enzyme-assisted degradation improved T-cell penetration [111]
. ultrasound-induced mechanical reduced ECM dens!ty, .

Cancer-associated Activated CAFs inactivated/ forces, CAF-targeted sonodynamic enhanced T-cell infiltration,

(secrete TGF-B, IL-6, ! improved drug/immune cell [M2]

fibroblasts (CAFs)

CXCL12, collagen)

depleted CAFs

therapy (SDT), ECM softening and
stromal depletion

penetration, relief of

immunosuppression

ROS: Reactive oxygen species; TGF: transforming growth factor; STAT3: signal transducer and activator of transcription 3; DAMP: danger-
associated molecular pattern; N1/N2: N1/N2 tumor-associated neutrophils; M1/M2: M1/M2 tumor-associated macrophages; IL-6: interleukin-6.

exacerbate immunosuppression via HIF-1a stabiliza-
tion and adenosine accumulation, thereby compro-
mising ICB efficacy. Thus, combining ultrasound
with other immunotherapy strategies not only ampli-
fies the immune response but also establishes persis-
tent systemic antitumor immunity"'*. Consequently,
developing combination therapy regimens centered
on strategies such as immune checkpoint blockade,
STING activation, ferroptosis, adoptive cell therapy,
and tumor vaccines has become the most active area
of research in the field of ultrasound immunothera-

py-

Ultrasound-guided immunotherapy combined
with immune checkpoint inhibition
Ultrasound-induced SDT can lead to massive tumor
cell death, accompanied by ICD hallmarks such as
CRT exposure, ATP release, and HMGB1 secretion.
When tumor-associated antigens and DAMPs are
taken up by dendritic cells, they promote dendritic
cell maturation and enhance their ability to cross-p-
resent antigens, ultimately inducing the expansion of
tumor-specific CD8" T cells. However, once activat-
ed T cells enter tumor tissue, they are often sup-
pressed by immune checkpoint signaling, such as
PD-1/PD-L1 and CTLA-4.

PD-1 is a negative regulatory receptor expressed on
the surface of activated T cells. Upon binding to PD-
L1 on the surface of tumor cells, it inhibits TCR
signaling, reduces the release of cytotoxic molecules
(granzyme B and perforin), and induces T-cell
exhaustion. At the same time, the ultrasound-in-
duced inflammatory response and IFN-y release
may, conversely, further promote PD-L1 expression,
leading to adaptive immune tolerance.

The sound-activated semiconductor polymer nano-
feedback system (SPNy,) developed by Yu et al. takes
advantage of this mechanism: Upon ultrasonic acti-
vation, the H,O, generated by SPNs not only medi-
ates ICD induced by sonodynamic therapy but also
cleaves the linker to release the loaded aPD-L1,
precisely blocking the upregulated PD-L1
pathway!'?). This acts synergistically with antigen
release induced by SDT, achieving simultaneous sup-
pression of primary and distant tumors in a bilateral
4T1 tumor model"'*. In addition to PD-L1, the
adenosine/A2AR pathway is also a key immunosup-
pressive feedback mechanism following ICD. By
using SPN, to simultaneously release the A2AR
antagonist SCH58261, the research team achieved
dual-pathway blockade, which further amplified the
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antitumor immune response [Figure 4].

CTLA-4 primarily acts during the T-cell activation
phase by competitively binding to CD80/CD86
molecules on the surface of dendritic cells, thereby
inhibiting the formation of co-stimulatory signals
and limiting initial T-cell activation. The massive
release of tumor antigens induced by ultrasound pro-
vides the foundation for T-cell activation, while
CTLA-4 blockade further enhances T-cell clonal
expansion!"'”. In the future, therapeutic strategies
combining ultrasound immunotherapy with
CTLA-4 blockade are expected to be developed. By
enhancing T-cell priming and clonal expansion,
these strategies can effectively reverse the tumor-sup-
pressive immune microenvironment, thereby fur-
ther enhancing the level of antitumor immune
response'”. The combination of these two approach-
es not only enhances local tumor killing but also
promotes the formation of memory T cells, thereby
establishing long-term immune surveillance.

Ultrasound-assisted immunotherapy combined
with STING activation

The cGAS-STING pathway is a key signaling axis
through which the body recognizes cytoplasmic
DNA and initiates innate immune responses,
playing a central role in linking innate and adaptive
immunity. Ultrasound-induced ROS-mediated dam-
age and cell death can lead to the release of nuclear
and mitochondrial DNA from tumor cells into the
cytoplasm!"'*/. Upon recognition of cytoplasmic
DNA by cyclic GMP-AMP synthase (cGAS), cGAS
catalyzes the production of the second messenger
cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP), which subsequently acti-
vates the STING protein on the endoplasmic reticu-
lum. Activated STING recruits TANK-binding
kinase 1 (TBK1) and promotes the phosphorylation
of IRF3, thereby inducing the production of large
amounts of type I interferons (IFN-a/p). Type I
interferons not only promote dendritic cell matura-
tion but also enhance their ability to cross-present
antigens and induce the expression of chemokines
such as CXCL9 and CXCL10, thereby facilitating the
recruitment of CD8* T cells to tumor tissues.
Consequently, the STING pathway is considered a
key switch for initiating the immune response in
“cold tumors”.

However, because some tumor cells exhibit STING

signaling defects or insufficient accumulation of
cytoplasmic DNA, relying solely on ultrasound-in-
duced endogenous DNA release often fails to fully
activate the cGAS-STING pathway. To address this
issue, Lei et al. developed a mitochondria-targeted
sonodynamic nanoplatform, TPP@CoTCPP, which
enhances ultrasound-induced ROS production
through TPP-mediated mitochondrial targeting**.
Abundant ROS induce mitochondrial damage and
mitochondrial permeability transition pore (mPTP)
opening, promoting the release of mtDNA into the
cytoplasm and thereby activating the cGAS-ST-
ING-TBK1-IRF3 signaling axis [Figure 5]. Further
studies have shown that this strategy not only signif-
icantly enhances the expression of STING-related
signaling molecules but also promotes the transition
of macrophages to a pro-inflammatory phenotype.
Together with sonodynamic therapy-induced
immunogenic cell death, it amplifies the antitumor
immune response, providing a new design approach
for utilizing ultrasound to activate the innate
immune system.

Ultrasound immunotherapy combined with
ferroptosis therapy

Ferroptosis is a form of programmed cell death driv-
en by iron-dependent lipid peroxidation, and its
progression exhibits a high degree of synergy with
ultrasound-induced ROS production. The large
amount of ROS generated during SDT continuously
attacks the polyunsaturated fatty acids in the cell
membrane, leading to the continuous accumulation
of lipid peroxides. When GPX4 activity is inhibited,
cells are unable to clear lipid peroxides in a timely
manner, ultimately inducing ferroptosis"*\. At the
same time, iron ions continuously generate hydroxyl
radicals via the Fenton reaction, further amplifying
oxidative damage.

Compared with conventional apoptosis, ferroptosis
exhibits greater immunogenicity; ferroptotic cells
release signaling molecules such as oxidized phos-
pholipids, HMGB1, and ATP, thereby promoting
dendritic cell maturation and antigen uptake. Fur-
thermore, activated CD8* T cells release IFN-y,
which downregulates solute carrier family 7 member
11 (SLC7A11) expression in tumor cells, further
enhancing sensitivity to ferroptosis'*". The continu-
ous inertial cavitation strategy developed by Yin et
al. induces the generation of large amounts of ROS
via ultrasound, which synergizes with ferroptosis
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Figure 4. Development of sono-activatable nanofeedbacks (SPN.,) for precision dual-modulation of immunosuppressive pathways and
SDT-combinational immune therapy. (A) Construction of SPN¢, via nanoprecipitation and surface modification; (B) Schematic illustration
of the mechanisms of sono-activatable SPN;, for ICD induction, dual-modulation of immunosuppressive pathways, and SDT-
combinational immunotherapy. Reproduced with permission™. Copyright 2023, Nano Today. SDT: Sonodynamic therapy; aPD-L1: anti-
programmed death-ligand 1 antibody; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1; DC: dendritic cell; ICD:

immunogenic cell death; PFODBT: poly[2,7-(9,9-di-octyl-fluorene)

-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole]; DSPE-TK-PEG: 1,2-

Distearoyl-sn-glycero-3-phosphoethanolamine-thioketal-poly(ethylene glycol); DSPE-PEG-TK-COOH: 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-poly(ethylene glycol)-thioketal-carboxylic acid; US: ultrasound.

inducers to significantly enhance lipid peroxidation
levels and ICD effects, thereby achieving highly effec-
tive tumor suppression and immune activation in a
breast cancer model!"?”!. Similarly, the dual-
programmed sonodynamic-ferroptosis nano-PRO-
TAC platform (SPNFeP) developed by Wang et al.
utilizes the synergistic amplification of oxidative
stress through ultrasound-triggered singlet oxygen
generation and hydroxyl radicals produced by the
Fenton reaction"*’. This significantly promotes lipid
peroxidation and GPX4 downregulation, inducing
intense ferroptosis and ICD responses, as evidenced

by increased CRT exposure, ATP release, and
HMGB1 secretion; This further enhances dendritic
cell maturation and CD8" T-cell infiltration while
reducing MDSC accumulation, thereby achieving
effective immune activation and complete suppres-
sion of deep-seated tumors [Figure 6].

Ultrasound immunotherapy combined with
emerging immunotherapy strategies

In addition to immune checkpoint inhibitors and
STING
immunotherapy can also work synergistically with

activators, ultrasound-mediated

emerging immunotherapeutic strategies such as
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adoptive cell therapy (ACT) and tumor vaccines.
ACT includes cell therapies such as CAR-T and
CAR-NK"**, whose efficacy in solid tumors is often
limited by the immunosuppressive tumor microenvi-
ronment and physical barriers!"”!. Ultrasound-in-
duced ICD can release large amounts of tumor anti-
gens and inflammatory signals, promoting dendritic
cell maturation, enhancing the recruitment of
effector T cells, and improving the local immune sta-
tus of the tumor, thereby creating favorable condi-

tions for ACT cell infiltration and functional exer-
tion. At the same time, some ultrasound-responsive
nanoplatforms can further enhance the antitumor
activity of cell therapy by regulating tumor
metabolism, alleviating hypoxia, and lifting immune
suppression. To address these bottlenecks, recent
research has developed a chemokine-based
injectable navigation system (CITE). This system
achieves sustained release by forming a drug reser-
voir through the peritumoral injection of a ther-
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mosensitive immunogel co-loaded with CXCL9-
conjugated particles and the PD-1 antibody (aPD1).

tumor vaccines exhibit natural synergy. Ultra-
sound-induced tumor cell death releases abundant

Simultaneously, intravenous injection of the tumor-
penetrating peptide iRGD promotes the accumula-
tion of the gel-released drug within the tumor. On
the one hand, this creates a sustained CXCL9
chemotactic gradient at the tumor site, guiding
CXCR3-expressing CAR-T/TCR-T cells to migrate
specifically to the tumor, thereby maximizing the
number of migrated T cells within the tumor. On
the other hand, aPD-1 blocks immune suppression
pathways to enhance the functional activity of infil-
trating T cells [Figure 7].

Furthermore, ultrasound immunotherapy and

tumor-associated antigens (TAAs), neoantigens, and
DAMPs such as CRT, ATP, and HMGBJ, creating
an effect similar to an “in situ vaccine” that signif-
icantly enhances antigen presentation efficiency and
T-cell activation capacity"””. In recent years, various
ultrasound-responsive nanoplatforms have been
used in combination with personalized tumor
vaccines or messenger RNA (mRNA) vaccines to
achieve a stronger systemic antitumor immune
response by simultaneously enhancing antigen
release, cross-presentation, and the formation of
immune memory.
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Tantibody; CAF: cancer-associated fibroblast.

In summary, although the target molecules and  nity, ultrasound-responsive nanoplatforms can effec-
mechanisms of action vary among different combina- tively promote tumor antigen release, enhance

tion therapy strategies, they all essentially promote  jendritic cell maturation and T-cell infiltration, and

the transition from local immune activation to sys- exert synergistic effects with immune checkpoint

temi tit i ity b isticall lat- o L. .
_emlc an ,1 tmot imuiity by synetgisticatly regtia blockade, STING activation, ferroptosis induction,
ing multiple key components of the Cancer-Immu- . )
. . and tumor vaccination. The emergence of diverse
nity Cycle [Figure 8]. ' . o '

nanoplatforms - including organic/inorganic

CHALLENGES AND OUTLOOK sonosensitizers, piezoelectric nanomaterials, ultra-

In recent years, ultrasound-based immunotherapy sound-controlled drug delivery vehicles, and

enabled by nanomedicine has advanced rapidly in biomimetic platforms - has further propelled the

cancer treatment. By harnessing ultrasound-induced field beyond localized tumor ablation toward sys-
ICD, remodeling the tumor immune microenviron-  teémic immune regulation, highlighting its consider-

ment, and systemically activating antitumor immu-  able clinical promise.
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receptor; VEGF: vascular endothelial growth factor; Lair-1: leukocyte-associated immunoglobulin-like receptor-1; b2M: beta-2
microglobulin; LAG-3: lymphocyte-activation gene 3; TIM-3: T-cell immunoglobulin and mucin-domain containing-3; TIGIT: T cell
immunoreceptor with Ig and ITIM domains; Siglec-F: sialic acid-binding Ig-like lectin F; APC: antigen-presenting cell;, PGE2: prostaglandin

E2.

Despite these advances, several critical challenges

remain before clinical translation can be realized.

First, the spatiotemporal dynamics of ROS genera-

tion and the molecular determinants of ICD induc-

tion are not yet fully elucidated, particularly regard-

ing how mechanical indices and duty cycles influ-



Page 18 of 24

Liu et al. Nanomed Ther. 2026;1:2

ence immune phenotype conversion. Second, the
long-term biosafety, biodegradability, and in vivo
metabolic fate of nanomaterials require systematic
evaluation under standardized experimental condi-
tions. Third, the absence of unified ultrasonic param-
eter protocols introduces variability across preclin-
ical studies, complicating cross-study comparisons
and translational benchmarking. Importantly, the
biosafety profile of ultrasound itself warrants careful
consideration. High-intensity or prolonged ultra-
sound exposure - especially under elevated mechan-
ical indices - may provoke vascular endothelial
injury, increased vascular permeability, and even
thrombus formation. Future clinical protocols must
therefore define rigorous safety thresholds by incor-
porating vascular integrity assessments and hemo-
static function monitoring into preclinical study
designs.

Future research should focus on elucidating the bio-
logical mechanisms of ultrasound, establishing a
standardized evaluation system and a database of
treatment parameters, while simultaneously promot-
ing the development of nanotechnology platforms
toward simplicity, scalability, and clinical translation-
al feasibility"**"*”. Leveraging mature clinical equip-
ment platforms such as focused ultrasound and
combining them with existing immunotherapy regi-
mens - such as PD-1/PD-L1 antibodies - ultrasound-
-mediated immunotherapy may hold a favorable
position for early clinical exploration as a combina-
tion therapy, potentially offering new treatment
strategies for the precision treatment and long-term
immune control of solid tumors.

With the rapid development of artificial intelligence,
precision medicine, and tumor immunology, ultra-
sound-based immunotherapy is gradually evolving
from a localized tumor ablation technique into a sys-
temic immune regulation platform. In the future,
artificial intelligence and machine learning are
expected to integrate patient tumor characteristics,
tissue acoustic parameters, and treatment feedback
to enable intelligent optimization of ultrasound
parameters and personalized treatment design*"’. At
the same time, ultrasound-responsive nanoplatforms
will evolve toward multi-stimulus responsiveness,
intelligence, and precision. By integrating various
tumor microenvironment features - such as pH,
ROS, enzymes, and immune signals - these
platforms will enable on-demand drug release and

dynamic regulation of the treatment process"*'.

Beyond single-cell-population targeting, future
investigations will increasingly focus on the holistic
remodeling of the tumor immune ecosystem. Syner-
gistic regulation of diverse stromal and immune con-
stituents - including tumor-associated macrophages
(TAMs), neutrophils (TANs), cancer-associated
fibroblasts (CAFs), dendritic cells (DCs), and
effector T cells - will be essential to achieve deep and
durable immune activation. Notably, inspired by
recent advances in two-dimensional materials with
exceptional photothermal conversion efficiency, the
development of composite nanomaterials integrat-
ing near-infrared photothermal responsiveness with
sonosensitization represents a compelling frontier.
Such “photo-sono” hybrid platforms could leverage
photothermal effects to enhance tumor perfusion
and alleviate hypoxia - a major limiting factor in
ROS-mediated sonodynamic therapies - while
simultaneously amplifying ICD through mild hyper-

[132

thermia!"*?!. This dual-modality strategy holds
promise for breaking the efficacy ceiling of sin-
gle-mode ultrasound immunotherapy. Ultimately,
by integrating cutting-edge technologies such as sin-
gle-cell sequencing, multi-omics profiling, and dig-
ital pathology, it is anticipated that a precision ultra-
sound immunotherapy framework - tailored to indi-
vidual patients’ immunological and biomechanical
landscapes - will emerge. This trajectory will provide
new avenues for personalized cancer care and endur-

133-135]

ing systemic antitumor immunity"**"**,

CONCLUSIONS

Ultrasound immunotherapy is progressively extend-
ing the capabilities of conventional ultrasound
technology, shifting from a primarily local tumor
ablation modality toward a therapeutic approach
with the potential to actively modulate antitumor
immune responses. Preclinical studies indicate that
ultrasound, particularly when combined with
nanomedicine, can induce ICD, promote tumor anti-
gen release, and activate both innate and adaptive
immunity, thereby initiating a productive antitumor
immune cascade in experimental models. Advances
in nanomedicine have further conferred upon this
strategy the capacity for targeted drug delivery,
tumor microenvironment remodeling, and aug-
mentation of systemic immunity. Over recent years -
from the development of sonosensitizers and piezo-
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electric nanoplatforms to the integration with
immune checkpoint blockade, STING activation, fer-
roptosis induction, and other combinatorial strate-
gies - ultrasound-mediated immunotherapy has
demonstrated encouraging potential in preclinical
settings to address some of the key limitations of
current immunotherapies for solid tumors.

Despite these promising developments, several chal-
lenges remain to be addressed before clinical transla-
tion. Key issues include the incomplete understand-
ing of underlying mechanistic details, the paucity of
long-term biosafety and pharmacokinetic data for
nanomaterials, the lack of standardized ultrasound
parameter protocols, and the need for robust transla-
tional validation. While the deep tissue penetration,
excellent spatiotemporal controllability, and inher-
ent compatibility with existing immunotherapies
offer a strong rationale for further development,
these perceived advantages must be rigorously evalu-
ated in well-designed clinical trials. Looking ahead,
continued advances in smart nanomaterials, preci-
sion ultrasound modulation, artificial intelligence-as-
sisted treatment optimization, and personalized
immunotherapy strategies may enable more refined
regulation of the tumor immune ecosystem. Preclin-
ical evidence suggests the possibility of establishing
durable systemic antitumor immunity with memory
effects, though such outcomes remain to be
confirmed in human studies. It is important to
emphasize that current expectations regarding clin-
ical utility are largely derived from preclinical find-
ings; extensive translational research will be essential
to determine whether ultrasound-mediated
immunotherapy can ultimately provide a sound sci-
entific basis and viable clinical paradigm for the
precision management of solid tumors.
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