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The tumor microenvironment (TME) plays a crucial role in tumor initiation, progression, and metastasis, and immunotherapy targeting the TME has received increasing attention. However, single-agent immunotherapy has certain limitations and often requires combination with other adjuvant strategies to enhance therapeutic efficacy. Among these, ultrasound has emerged as a promising adjunct to cancer immunotherapy. By modulating the TME, ultrasound combined with immunotherapy shows great potential in enhancing antitumor responses. This review summarizes the application of various ultrasound modalities in enhancing antitumor immunity, improving the efficacy of immunotherapy, and regulating the TME. Ultrasound can amplify the therapeutic effects of immunotherapy through multiple mechanisms, including thermal effects, mechanical effects, microbubble cavitation, and sonodynamic therapy. Thermal effects induced by high-intensity focused ultrasound (HIFU) can destroy tumor tissues, releasing tumor antigens and heat shock proteins, thereby activating systemic immune responses. Mechanical approaches such as histotripsy can liquefy tumors without thermal damage, preserving antigenic structures and enhancing immune responses within the TME. Ultrasound-mediated microbubble cavitation increases vascular permeability, facilitating the delivery of immune cells and immune checkpoint inhibitors into tumor tissues and enhancing signal transduction to convert “cold” tumors into immune-active “hot” tumors. Sonodynamic therapy generates reactive oxygen species under ultrasound stimulation, inducing immunogenic cell death and reshaping the TME. Furthermore, this review outlines the research progress of ultrasound-immunotherapy combinations in various cancers, including lung cancer, breast cancer, and melanoma, demonstrating superior efficacy compared to immunotherapy alone. Ultrasound not only enhances antitumor immune effects but also enables real-time monitoring of tumor progression and immune modulation within the TME. Finally, the review discusses current challenges and future prospects. By systematically summarizing the types of ultrasound-assisted immunotherapy, their mechanisms within the TME, and recent advances in clinical applications, this article aims to provide a theoretical foundation and technical reference for developing ultrasound-immunotherapy strategies targeting the TME.
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1 Introduction

In recent years, immunotherapy for cancer patients has attracted increasing attention. Immune signal transduction at single-cell resolution has provided new insights for the combination of immunotherapy and ultrasound in tumor treatment. The tumor microenvironment (TME) plays a critical role in tumor initiation, progression, and metastasis, particularly the immune microenvironment, whose regulatory capacity directly influences the efficacy of immunotherapy (1). In recent years, with the widespread application of tumor immunotherapies such as immune checkpoint inhibitors (ICI), the survival of patients with advanced malignancies has been significantly prolonged (2). However, not all patients benefit from these therapies. Especially in the context of critical illness, some patients exhibit a markedly suppressed TME, resulting in poor responses to immunotherapy (3). For instance, in patients with advanced melanoma and lung cancer, the overall response rate to immunotherapy is only 20%–30%, and many “immune cold tumors” fail to mount effective immune responses due to a lack of infiltrating T cells (4). Therefore, enhancing tumor immunogenicity, improving response rates to immunotherapy, and modulating the TME—particularly achieving more efficient and individualized immune interventions in critically ill cancer patients—have become key research priorities in the field of tumor immunotherapy.

Medical ultrasound technology offers unique advantages in the diagnosis and treatment of tumors in critical care settings, including real-time imaging, the absence of ionizing radiation, and its potential for physical therapy applications (5). Recent studies have demonstrated that ultrasound can be applied not only in tumor imaging diagnosis but also in modulating the TME through thermal and mechanical effects (3). For instance, physical ablation techniques such as high-intensity focused ultrasound (HIFU) can directly kill tumor cells and release tumor-associated antigens, thereby transforming lesions into “in situ vaccines” that elicit systemic immune responses (6, 7). In addition, the cavitation effect generated by ultrasound in combination with microbubble contrast agents can significantly increase local vascular permeability, facilitating the infiltration of immunotherapeutic agents and effector immune cells into tumor tissues, thereby enhancing local drug concentration (8–10). Simultaneously, ultrasound can induce immunogenic cell death (ICD) and the release of inflammatory cytokines, activating antigen-presenting cells such as dendritic cells (DCs), and enhancing T cell infiltration and immune signal transduction within the TME (11, 12). Therefore, ultrasound holds promise as a powerful adjunct to immunotherapy, facilitating the conversion of “immune cold tumors” into “immune hot tumors,” thereby improving the overall efficacy of immunotherapy in critically ill cancer patients (13, 14). (Reviewer 2 Q1) However, ultrasound combined with immunotherapy still has certain limitations. First, in clinical practice, the selection of ultrasound parameters (such as frequency, power, and pulse mode) varies widely, with different standards across regions and subjective differences among clinicians, which affects the comparability of treatment outcomes. Second, many novel materials are still in the experimental stage and generally face issues such as poor stability, insufficient biocompatibility, and challenges in clinical translation (15). Furthermore, in the field of critical care medicine, ultrasound combined with immunotherapy lacks large-scale randomized controlled trials to validate its long-term efficacy and safety (16). Therefore, future efforts in critical care should focus on optimizing clinical trial design, establishing standardized protocols, and developing new materials to further advance ultrasound-based immunotherapy.

(Reviewer 2 Q2) In the Surgical Intensive Care Unit (SICU), tumor patients are often postoperative or present with severe complications, frequently accompanied by immunodeficiency. As a noninvasive and bedside-operable technique, ultrasound can not only monitor tumor progression in real time but also reduce the inconvenience of frequent transfers between hospital departments (17). Meanwhile, addressing the immunodeficiency of SICU patients, ultrasound ablation and cavitation technologies can minimize surgical trauma while improving the immune microenvironment and promoting postoperative recovery (18). Looking forward, with the continuous development of integrated imaging and therapy, ultrasound combined with immunotherapy is expected to become an important adjunctive treatment for critically ill patients in the SICU, playing a significant role in both preoperative assessment and postoperative recovery.

Based on the aforementioned background, this review systematically summarizes the current applications and research advances of ultrasound-assisted immunotherapy in tumors from the perspective of the TME. First, we introduce the types of ultrasound-assisted immunotherapy in cancer patients, the relationship between inflammation and signal transduction in the TME, and the underlying mechanisms. Subsequently, we focus on three representative malignancies—lung cancer, breast cancer, and melanoma—to explore the specific applications of ultrasound technology in TME-related immunotherapy and the associated research progress. We then conduct a comparative analysis of current technological approaches and academic viewpoints, such as the differences between thermal and mechanical ablation in eliciting immune responses, as well as emerging explorations of sonodynamic therapy in immune activation and immune signaling (13). In addition, we evaluate the current research gaps and key technical challenges in the field. Finally, drawing on the latest research related to inflammation and signal transduction within the TME, we discuss future prospects for integrated image-guided immunotherapy, artificial intelligence (AI), targeted microbubble carriers, and sonogenetics. In summary, this review systematically outlines the categories of ultrasound-assisted immunotherapy and its mechanisms of action within the TME—including cytokine expression, immune cell modulation, and immune signal transduction—and further explores its application and progress in various tumor types. (Reviewer 5 Q1) This review will introduce the types and mechanisms of ultrasound-assisted immunotherapy, as well as its applications in various tumors, aiming to provide a theoretical basis and technical reference for advancing image-guided immunotherapeutic strategies targeting the TME.




2 Types and mechanisms of ultrasound-assisted immunotherapy



2.1 Thermal effects of ultrasound and immune activation

In the treatment of critically ill cancer patients, HIFU can generate localized hyperthermia within tumor tissues, inducing coagulative necrosis or programmed apoptosis of tumor cells while simultaneously releasing a substantial quantity of tumor-associated antigens, heat shock proteins (HSPs), and other danger-associated molecular patterns (19–22). Studies have demonstrated that maintaining moderate thermal levels (~43°C) facilitates local immune cell infiltration, reduces stromal pressure, enhances membrane permeability, and upregulates HSP expression (19). HSPs can form complexes with antigenic peptides, which are taken up by macrophages and DCs, leading to the expression of pro-inflammatory cytokines and co-stimulatory molecules, thereby activating tumor-specific adaptive immune responses (19, 23, 24). In clinical management of critical oncology cases, evidence suggests that HIFU ablation significantly enhances antitumor immune activity in peripheral blood, maintaining stable levels of CD4+ and CD8+ T cells and natural killer (NK) cells. This immunological benefit surpasses the suppressive effects often associated with traditional surgical interventions, further supporting the role of thermal ablation as an effective immune adjuvant in immunotherapy (25–27). However, thermal ablation alone presents certain limitations. Sustained high temperatures may lead to extensive protein denaturation within tumor tissues, thereby reducing the immunogenicity of released antigens and compromising the efficacy of subsequent immune responses (28, 29). To address these limitations, non-thermal ultrasound ablation technologies, primarily based on mechanical disruption, have recently emerged. These approaches offer improved safety and precision, particularly suitable for critically ill cancer patients (Figure 1).
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Figure 1 | High-intensity focused ultrasound (HIFU) acts on tumor tissue, raising the local temperature to 43°C, thereby inducing the release of tumor-associated antigens and heat shock proteins (HSPs). These HSPs form HSP-peptide complexes, which are subsequently phagocytosed by macrophages or dendritic cells (DCs), leading to the expression of inflammatory cytokines and co-stimulatory molecules, ultimately activating tumor-specific adaptive immune responses.




2.2 Mechanical effects of ultrasound and immunogenicity

The mechanical effects of ultrasound refer to tissue disruption primarily mediated by physical forces such as acoustic cavitation rather than thermal elevation. Representative technologies include emerging therapies such as histotripsy (10, 13, 30). Histotripsy utilizes high-pressure, low-duty cycle ultrasound pulses to induce rapid oscillation and collapse of cavitation microbubbles within the targeted tissue, mechanically “liquefying” tumor tissues into acellular debris (31, 32). Unlike thermal ablation, which often results in fibrotic scarring, histotripsy enables emulsification of tissue, promoting antigen exposure and presentation, and is more effective in eliciting immune responses (33). For example, Eric et al. (34) demonstrated in a murine melanoma model that following boiling histotripsy treatment of poorly infiltrated “cold” tumors, the level of tumor antigen in draining lymph nodes markedly increased within 24 hours—nearly tripling baseline levels—suggesting that this technique may help overcome immune resistance in tumors with low immunogenicity. Moreover, mechanical ablation preserves the native structure of tumor antigens by avoiding heat-induced denaturation, thereby facilitating effective dendritic cell activation and T-cell–mediated immune responses (10, 35, 36). In the context of critical oncology care, researchers have further compared the efficacy of mechanical ablation combined with immune checkpoint inhibitors (ICIs) versus ICIs alone, finding that the combination strategy significantly enhances systemic antitumor immunity and effectively suppresses distant tumor lesions (36, 37). Consequently, a key focus of current research is to optimize ultrasound parameters that favor mechanical effects while ensuring safety, in order to maximize the immunotherapeutic potential of ultrasound-mediated tissue ablation in critically ill cancer patients (32, 37, 38).

(Reviewer 5 Q3) Both mechanical and thermal effects are key mechanisms through which ultrasound acts on tumors, and they differ markedly in both their principles and duration. Mechanistically, the thermal effect primarily results from tissue absorption of ultrasonic energy and its conversion into heat, leading to local temperature elevation, protein denaturation, and the induction of ICD, whereas the mechanical effect arises mainly from acoustic pressure fluctuations and cavitation during ultrasound propagation, directly disrupting cell membranes, altering permeability, and rupturing lysosomal and mitochondrial membranes, ultimately inducing tumor cell death (22, 39). In terms of duration, the thermal effect typically exhibits a continuous, mild, and relatively stable energy release, while the mechanical effect features instantaneous and explosive energy output (40).

Moreover, under certain conditions, ultrasound-mediated mechanical and thermal effects can overlap. During prolonged ultrasound exposure, mechanical effects can induce relative motion between cells and the extracellular matrix, enhance cellular metabolism, cause microstructural damage, and increase ROS production, all of which may lead to localized temperature elevation (31). However, this heat generation is usually transient and localized, without causing widespread tissue heating. Notably, such localized thermal reactions induced by mechanical effects can further enhance ROS generation and drug release, thereby amplifying the overall antitumor efficacy of ultrasound therapy (41).




2.3 Ultrasound cavitation and microbubble-mediated immunomodulation

Ultrasound-induced cavitation refers to the oscillation, growth, and eventual collapse of microbubbles in a fluid under ultrasonic exposure, releasing high-energy physical forces (32, 42, 43). Due to the aberrant vascular architecture and elevated interstitial pressure in tumor tissues, passive drug penetration is often inefficient (44, 45). Ultrasound-targeted microbubble destruction (UTMD) utilizes microjetting and shock waves generated by cavitation to create transient and reversible pores and fissures in the vascular endothelium, thereby markedly enhancing the retention and permeability of macromolecular drugs within tumor regions (46, 47). (Reviewer 2 Q4) It is noteworthy that UTMD can act on vascular endothelial cells, enlarging the intercellular gaps and thereby facilitating the diffusion and penetration of drug molecules. However, this does not allow tumor cells to pass through these gaps into the bloodstream, preventing systemic dissemination. This is mainly because the diameter of the endothelial gaps induced by UTMD is limited, permitting only drug molecules to pass through, whereas the larger size of tumor cells prevents them from crossing the endothelial barrier into circulation (48, 49). Studies have demonstrated that UTMD not only physically disrupts tumor microvasculature and reduces local perfusion but also improves the uptake of immunotherapeutic agents within tumor tissues, particularly benefiting drug distribution in immunologically “cold” regions (4). For instance, Dong et al. (50) employed low-frequency ultrasound with microbubbles to transiently open the blood–brain barrier (BBB) in a murine glioma model, successfully delivering a CXCL10 chemokine and IL-2/anti–PD-L1 antibody complex into the tumor region. This approach enhanced CD8+ T-cell infiltration and cytotoxic activity. The phased delivery strategy, controlled via ultrasound frequency, effectively optimized immune cell activation and significantly improved the immunotherapeutic efficacy in brain tumors.

Another pivotal mechanism of cavitation lies in inducing localized tissue damage and cellular disruption, which subsequently releases tumor antigens and damage-associated molecular patterns (DAMPs), thereby activating immune cells and augmenting antitumor immune responses. Wu et al. (4), in a murine breast cancer model, demonstrated that low-intensity focused ultrasound–activated high-concentration microbubbles induced cavitation that effectively blocked intratumoral blood flow and directly lysed tumor cells, triggering ICD. Concurrently, the number of intratumoral DCs and cytotoxic T lymphocytes (CTLs) increased significantly, accompanied by elevated serum levels of immune mediators such as IL-12 and TNF-α. Notably, when combined with anti–PD-L1 therapy in this model, a synergistic enhancement in tumor suppression was observed, indicating that UTMD has the potential to amplify immune checkpoint blockade efficacy (51). In addition, nanoscale acoustically responsive carriers (e.g., nanobubbles, nanodroplets) exhibit similar immunostimulatory mechanisms. Due to their smaller size, these carriers can penetrate deeper into tumor cores via enhanced permeability and retention (EPR) effects, thereby further amplifying cavitation-mediated immune activation in poorly accessible regions (14). Collectively, ultrasound cavitation combined with microbubble technology demonstrates considerable potential in activating antitumor immunity through dual mechanisms—enhancing drug delivery efficiency and eliciting immune responses. This strategy offers promising applications in sensitizing tumors to immunotherapy and converting “immune-cold” tumors into immunologically active “hot” phenotypes (Figure 2).
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Figure 2 | Ultrasound-induced microbubble cavitation acts on brain tumors, opening the tight junctions of the blood–brain barrier (BBB) while promoting the release of drug-loaded nanoparticles and the delivery of anti–PD-L1 antibodies, CXCL10 chemokines, IL-2, and other agents to form therapeutic complexes. These drugs and cytokines bind to the surface of T cells and diffuse through the expanded BBB gaps into the tumor region to eliminate tumor cells.




2.4 Sonodynamic therapy and immunological effects

SDT is an emerging therapeutic strategy that employs ultrasound to activate sonosensitizers, generating large quantities of reactive oxygen species (ROS) to induce tumor cell death and stimulate antitumor immune responses (52, 53). Mechanistically similar to photodynamic therapy, SDT offers superior tissue penetration and focal targeting capabilities due to the physical properties of ultrasound. ROS generated during SDT can directly induce ICD in tumor cells and promote the release of DAMPs, including high mobility group box 1 protein (HMGB1), adenosine triphosphate (ATP), and calreticulin (CRT), thereby facilitating dendritic cell (DC) maturation and subsequent T cell–mediated cytotoxic immune responses (54). (Reviewer 5 Q2) ROS play a dual regulatory role in tumor initiation and progression. Low or sustained levels of ROS generally promote tumor formation and development, whereas high or acutely elevated levels of ROS exert significant antitumor effects (55, 56). Within the TME, moderate levels of ROS act as key signaling molecules that induce (ICD, thereby promoting the maturation and activation of antigen-presenting cells such as dendritic cells and enhancing antitumor immune responses. However, tumor cells often upregulate antioxidant factors—such as GSH—to resist oxidative damage and eliminate excessive ROS, maintaining a low ROS level conducive to their survival and proliferation, thus creating an immunosuppressive TME favorable for tumor growth (57). In contrast, ultrasound-mediated ROS release typically occurs as a short-term, high-intensity, and localized oxidative burst, capable of rapidly overcoming the tumor’s antioxidant defense barrier, disrupting the immunosuppressive microenvironment, and thereby achieving efficient tumor cell killing while enhancing the overall efficacy of immunotherapy (58, 59). Additionally, ROS can modulate the TME, for example by promoting the polarization of tumor-associated macrophages from the immunosuppressive M2 phenotype to the immunostimulatory M1 phenotype and enhancing antigen presentation, thus contributing to the reversal of local immune suppression (60–62). (Reviewer 3 Q4) In tumor therapy, inducing macrophages toward M1 polarization helps enhance antitumor effects. This is primarily because M1 macrophages can secrete various pro-inflammatory factors (e.g., TNF-α, IL-12) and generate ROS, which directly or indirectly kill tumor cells while activating the host immune system, thereby inhibiting tumor growth and metastasis (63, 64). However, excessive M1 polarization may trigger intense local immune-inflammatory responses. To address this, controlled-release strategies using biomaterials can finely regulate the degree of M1 polarization, thereby mitigating immune-mediated damage to surrounding normal tissues (65, 66). In recent years, advances in materials science have led to the development of various novel sonosensitizers, including organic agents such as porphyrins and phthalocyanines, inorganic nanomaterials such as metal oxides, and hybrid materials such as metal–organic frameworks (MOFs) (67, 68). For instance, a novel fluorinated covalent organic polymer sonosensitizer nanomaterial (PFCE@THPPpf-COPs) was developed to co-deliver perfluoroether, alleviating tumor hypoxia and enhancing SDT efficacy. This nanoplatform, when combined with anti-CD47 immunotherapy, significantly induced ICD, activated antitumor immune responses, enhanced T cell and M1 macrophage infiltration, and effectively suppressed tumor growth and recurrence (69). Another study encapsulated a sonosensitizer, the immune adjuvant R848, and tumor cell membranes within nanoparticles, enabling ultrasound-triggered ROS release and co-delivery of the adjuvant. This approach elicited potent systemic antitumor immune responses and immune memory effects, effectively eradicating both primary and metastatic lesions, thereby exhibiting a “vaccine-like” effect (70) (Figure 3).

[image: Diagram illustrating a process where ultrasound activates a sonosensitizer in tumor tissue, generating reactive oxygen species (ROS) and causing immunogenic cell death. This releases damage-associated molecular patterns (DAMPs) like ATP, HMGB1, and CRT, influencing dendritic cells (DC), which activate T cells. ROS also affect macrophages (M2 to M1). Arrows indicate process flow.]
Figure 3 | Sonodynamic therapy (SDT) applies ultrasound to tumor tissues, activating sonosensitizers that convert ultrasonic energy into reactive oxygen species (ROS). The generated ROS induce immunogenic cell death (ICD) in tumor cells and promote the release of damage-associated molecular patterns (DAMPs), including high mobility group box 1 (HMGB1), adenosine triphosphate (ATP), and calreticulin (CRT). These DAMPs facilitate the maturation of dendritic cells (DCs), thereby triggering T cell–mediated cytotoxic immune responses. Alternatively, ROS can modulate the tumor Microenvironment (TME) by promoting the polarization of macrophages from the M2 phenotype to the M1 phenotype, thus activating immune regulatory functions within the TME.

Notably, in addition to apoptosis, ROS may also induce pyroptosis—a form of programmed cell death mediated by inflammasomes and characterized by the massive release of pro-inflammatory cytokines and DAMPs, thereby eliciting a more robust immune response (71, 72). Previous studies have demonstrated that optimizing the structure of sonosensitizers or simultaneously inhibiting tumor cell antioxidant defense mechanisms—such as depleting glutathione (GSH)—can enhance ROS-induced pyroptosis, thereby significantly improving the immune activation potential of SDT (73). Currently, sonodynamic immunotherapy still faces several challenges, primarily including the limited generation of ROS due to tumor hypoxia and the suboptimal selection and delivery efficiency of sonosensitizers (73). Nevertheless, with the rapid advancement of nanocarriers, composite materials, and targeted delivery systems, SDT is expected to become an important adjunctive strategy in immunotherapy, particularly offering promising clinical potential for overcoming the immunosuppressive microenvironment of solid tumors. (Reviewer 2 Q3) Ultrasound may overcome the immunosuppression of solid tumors primarily through the following mechanisms: on one hand, sonosensitizers and nanocarriers can generate ROS under ultrasound stimulation, inducing ICD and promoting antigen release, thereby remodeling the immune microenvironment and alleviating the immunosuppressive state of the TME (74). On the other hand, ultrasound-mediated cavitation can transiently increase tumor vascular permeability, facilitating the infiltration of immune cells and ICIs into the tumor core, thereby enhancing the efficacy of immunotherapy.

In summary, ultrasound significantly enhances the responsiveness of critically ill cancer patients to immunotherapy through multiple mechanisms, including thermal effects, mechanical disruption, cavitation, and sonodynamic therapy. (Reviewer 2 Q6) These effects can act independently or synergistically. On this basis, they can also activate the endogenous immune system, thereby achieving synergistic antitumor therapy (10). For example, the combined application of ultrasound thermal and mechanical effects in tumor treatment demonstrates significantly greater efficacy than either approach alone; when this method is combined with immune stimulation, it holds promise as a key strategy for eliciting systemic and durable antitumor immunity (37). These mechanisms not only facilitate antigen release and immune cell infiltration but also improve drug delivery efficiency and remodel the immune microenvironment—particularly demonstrating translational potential in “immune-cold tumors.”

(Reviewer 5 Q1) In conclusion, ultrasound technology provides strong physical support for tumor immunotherapy and effectively promotes the clinical implementation and development of precise treatment regimens for severe tumor cases. The following sections will further explore the specific applications and efficacy of these mechanisms in specific tumor types.





3 Application of ultrasound combined with immunotherapy in lung cancer

(Reviewer 1 Q1) In the SICU, managing critically ill patients, especially those with advanced malignancies, poses significant challenges (75). Ultrasound combined with immunotherapy plays an important role in their postoperative recovery and tumor progression monitoring. This therapeutic approach not only helps assess changes in postoperative tumor burden but also modulates the TME, thereby enhancing the efficacy of immunotherapy (47). In the field of critical care, common tumor types include lung cancer and breast cancer; these critically ill cancer patients often experience rapid disease progression and poor prognosis, making ultrasound combined with immunotherapy highly valuable for improving patient outcomes.

Advanced-stage lung cancer, particularly non-small cell lung cancer (NSCLC), is one of the primary indications for ICI therapy. However, therapeutic efficacy is often limited by tumor heterogeneity and variations in immune microenvironments across metastatic sites (76–79). Among these, liver metastases—a common and prognostically unfavorable form of spread in lung cancer—exhibit poor responsiveness to immunotherapy due to the intrinsic immune tolerance of hepatic tissue (80). To overcome the immunosuppressive nature of such “immune-cold” metastatic lesions, clinical efforts have explored the use of localized ultrasound-based interventions to modulate the hepatic immune microenvironment. An ongoing phase II clinical trial is currently evaluating the efficacy of HIFU combined with PD-1 blockade in lung cancer patients with liver metastases, under ultrasound guidance (81). The therapeutic strategy involves HIFU ablation of liver metastases one week prior to the initiation of immunotherapy. This approach aims to induce tumor debulking and antigen release via localized ablation, thereby enhancing the subsequent systemic immune response to PD-1 inhibition. Concurrently, the study seeks to assess HIFU-induced immune alterations and identify potential immunological biomarkers. However, this trial remains under follow-up, and the final results are expected to be released in December 2026 (Table 1).


Table 1 | Applications of ultrasound combined with immunotherapy in different tumor types.
	Tumor type
	Ultrasound modalities
	Combined immunotherapy strategies
	Effects and advantages



	Lung Cancer
	HIFU local ablation, EBUS-TBNA biopsy, CEUS for therapeutic monitoring, and FUS-assisted BBB permeability enhancement.
	Combined with PD-1/PD-L1 inhibitors to enhance immune response against liver metastases; EBUS-TBNA + ICI for treatment evaluation.
	Tumor reduction + antigen release, modulation of the immune microenvironment, sensitivity to immunotherapy ↑; evaluation of ICI efficacy.


	Breast Cancer
	HIFU/LIFU ablation, CEUS dynamic monitoring, and SWE-based prediction of immune response.
	Neoadjuvant chemotherapy + CEUS assessment; SWE + ICI treatment.
	Induction of ICD, remodeling of TME, AI-assisted SWE to predict immune response.


	Melanoma
	CEUS for early identification of immune response, FUS to enhance immune activation, and SDT to boost antitumor activity.
	FUS + CD40 agonist + ICI to activate antitumor immunity; HDRT + LDRT + UTMD to enhance immune cell infiltration in the TME.
	Efficacy prediction; local ablation enhances T cell activation and infiltration ↑; growth of untreated distant tumors ↓, survival ↑.


	Hepatocellular Carcinoma
	Ablation techniques such as HIFU, RFA, MWA, PEI, and CRA combined with immunotherapy.
	HIFU + PD-1 inhibitor to induce ICD in HCC.
	Activation of DCs and T cells, sensitivity to anti-PD-1 agents ↑; antitumor efficacy ↑, complete tumor ablation rate ↑, local recurrence rate ↓.


	Pancreatic Cancer
	SDT to activate T cell immunity and ultrasound-based “diagnosis + therapy” integration.
	SDT + PD-L1 inhibitor to induce immune response against distant tumors.
	“Diagnosis + therapy” integration; induction of adaptive immune response, growth of distant tumors ↓.


	Glioma
	MB-FUS to assist BBB penetration; SDT combined with PDT.
	MB-FUS + ICI to facilitate BBB penetration and improve ICI delivery; SDT + PDT to induce ICD.
	Overcoming BBB barrier to drug delivery, drug delivery efficiency in the CNS ↑; intratumoral ROS ↑, antitumor efficacy ↑.


	Bladder Cancer
	Ultrasound combined with MBs for targeted drug delivery.
	Ultrasound + MBs to deliver gemcitabine targeted to tumor tissue.
	Precise drug delivery, drug side effects ↓, tumor growth ↓.





↑ means up, ↓ means down. 



On the other hand, for primary lung lesions, the application of ultrasound is limited due to the air-containing nature of pulmonary tissue, which hinders direct imaging via transthoracic ultrasound. Consequently, ultrasound in such cases is primarily employed for interventional diagnostics and monitoring of metastatic lesions. Among these, endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) has emerged as the gold standard technique for assessing hilar and mediastinal lymph node metastases and obtaining tissue specimens. Notably, specimens acquired via EBUS can be used not only for tumor staging but also for the evaluation of immune biomarkers such as PD-L1 expression, thereby providing critical guidance for immunotherapy decision-making. Thus, in the context of expanding immunotherapeutic applications, the clinical importance of EBUS is increasingly recognized: by integrating imaging navigation with molecular diagnostics, EBUS offers vital support for tailoring individualized immunotherapy strategies in patients with advanced lung cancer.

For distant metastatic lesions of lung cancer (e.g., supraclavicular lymph nodes, adrenal glands, liver), ultrasound imaging serves as an important tool for therapeutic response evaluation during immunotherapy (82–84). Given the challenges in imaging interpretation, such as pseudoprogression frequently observed with immunotherapy, multiparametric imaging modalities are required to improve diagnostic accuracy. Contrast-enhanced ultrasound (CEUS) offers real-time information on tumor perfusion and helps differentiate between true disease progression and transient enlargement caused by immune cell infiltration (85, 86). For instance, in the monitoring of liver metastases, CEUS is highly sensitive to changes in tumor blood flow: effective immunotherapy is typically indicated by reduced or absent enhancement in the lesion center, suggesting tumor necrosis; conversely, increased perfusion may raise concern for tumor progression or excessive inflammatory response. Although no dedicated studies have systematically evaluated CEUS for monitoring immunotherapy response in lung cancer, its proven utility in assessing antiangiogenic treatments, such as with tyrosine kinase inhibitors (TKIs), provides a valuable reference (87). Future advancements in CEUS may include the development of microbubbles targeted to PD-L1 or other immune-related molecules, enabling molecular visualization of immunological changes within lung cancer metastases (88). Similar explorations have been reported in other tumor models, such as the use of VEGFR2-targeted CEUS microbubbles to monitor immunotherapy-induced vascular changes in melanoma (89), an approach that could be extended to lung cancer-related research.

It is noteworthy that focused ultrasound (FUS)–mediated BBB opening combined with immunotherapy is emerging as a cutting-edge therapeutic strategy for the clinical challenge of brain metastases in critically ill patients with lung cancer (90, 91). Lung cancer is associated with a high incidence of brain metastases; however, the majority of systemic therapeutics fail to effectively penetrate the BBB, thereby limiting the distribution of immune effectors to intracranial lesions. (Reviewer 5 Q4) FUS can overcome this limitation and enhance tumor sensitivity to drugs through the following mechanisms: first, FUS can transiently open the tight junctions of the BBB via mechanical cavitation, allowing macromolecular agents such as immune checkpoint inhibitors (anti–PD-1/PD-L1 antibodies) and cell-based therapies (e.g., CAR-T cells) to cross the BBB, thereby significantly increasing the infiltration of immune effector cells into the central nervous system (92). Sabbag et al. (93) demonstrated that this technique enables safe drug delivery and induces significant tumor-suppressive effects in murine brain tumor models. Therefore, for lung cancer patients with brain metastases, FUS under image guidance holds the potential to enhance immunotherapeutic sensitivity and improve the treatment prognosis of central nervous system metastases. (Reviewer 5 Q4) It is worth noting that this BBB opening is reversible and safe, without causing permanent damage (94). Secondly, FUS can induce an increase in local ROS levels, thereby activating antigen presentation and inducing ICD, which promotes the transition of the TME from an immunosuppressive to an immune-activated state and enhances the sensitivity of tumors to immunotherapeutic agents (58). In addition, studies have shown that FUS can improve local tumor perfusion and oxygenation, thereby inhibiting hypoxia-induced overexpression of HIF-1α and the activation of its downstream drug resistance signaling pathways, such as the PI3K/AKT pathway (95). In summary, FUS suppresses tumor drug resistance and enhances the overall efficacy of immunotherapy through multiple mechanisms, including reversible regulation of BBB permeability, upregulation of ROS production, induction of ICD, and modulation of hypoxia-related signaling pathways.

Overall, in the context of critical care for patients with lung cancer, ultrasound functions as a “behind-the-scenes hero” by indirectly enhancing the efficacy and personalization of immunotherapy through tumor debulking via ablation, guiding diagnostic sampling, and dynamically monitoring metastatic lesions (36). Although its direct application to primary pulmonary lesions remains challenging due to the air-containing anatomy of lung tissue, ultrasound is gradually demonstrating significant potential in managing metastatic sites, modulating the immune microenvironment, and activating systemic immune responses (76, 96). This is particularly important in critically ill lung cancer patients, where achieving rapid diagnosis and effective treatment under safe conditions is paramount. In such complex clinical scenarios, the multifaceted value of ultrasound is especially prominent. With the advancement of clinical and translational research, ultrasound is expected to become an indispensable component of the comprehensive immunotherapeutic framework for lung cancer.




4 Ultrasound-assisted immunotherapy in breast cancer

Breast cancer, particularly triple-negative breast cancer (TNBC), exhibits a generally low response rate to immunotherapy due to the absence of specific molecular targets, prompting increasing interest in combination strategies to enhance immune efficacy (97, 98). (Reviewer 5 Q6) For example, Adams et al. found that in metastatic TNBC, the objective response rate to pembrolizumab monotherapy was 5.3% in previously treated patients and 21.4% in treatment-naïve, PD-L1–positive patients (99, 100). In recent years, ultrasound technology has been extensively applied in the diagnosis and treatment of breast cancer, including for biopsy guidance, tumor ablation, and dynamic assessment of neoadjuvant therapy responses, thereby establishing a solid foundation for its integration with immunotherapy (101). ICIs, such as PD-1/PD-L1 antibodies, have shown preliminary efficacy in breast cancer, especially in TNBC (102). For instance, a phase III clinical trial conducted by Schmid et al. (103) demonstrated that the combination of atezolizumab and paclitaxel significantly prolonged progression-free survival in PD-L1–positive TNBC patients. Although the overall sensitivity of breast cancer to immunotherapy remains limited, multiple combination strategies—such as chemotherapy, targeted therapies, and local physical interventions like ultrasound ablation—are being actively investigated to overcome the barriers of “immune cold tumors” and expand the clinical indications of immunotherapy (104, 105). In the comprehensive management of critically ill breast cancer patients, leveraging ultrasound for precise tumor localization and therapeutic monitoring, thereby enhancing the specificity and response rate of immunotherapeutic interventions, represents a critical research direction that warrants further exploration.



4.1 Ultrasound ablation and mechanical effects facilitate immune activation

Breast tumors are often located in superficial regions, making them well-suited for local physical therapies such as HIFU and radiofrequency ablation (RFA). Previous studies have demonstrated that ablation of breast tumors can induce the release of tumor-associated antigens and activate host immune responses (106). Particularly in TNBC models characterized by poor baseline immune infiltration, local thermal ablation or mechanical disruption holds the potential to convert “cold tumors” into “hot tumors,” thereby enhancing the responsiveness to immunotherapy (107, 108). Wu et al. (4) proposed a strategy combining low-intensity focused ultrasound with targeted microbubble destruction (LIFU-TMD), which was applied in combination with PD-L1 antibody in a 4T1 breast cancer model. The results showed that LIFU-TMD caused rupture of aberrant tumor vasculature and a sharp decrease in blood perfusion, creating a “starved” microenvironment favorable to immune cell infiltration while inducing ICD, such as CRT exposure. Immunological analysis revealed significantly increased levels of DCs and CD8+ T cells in both tumors and their draining lymph nodes in the treated group, accompanied by elevated levels of immune-promoting cytokines such as IL-12 and TNF-α, ultimately leading to marked tumor suppression. These findings suggest that ultrasound microbubble-mediated mechanical intervention may substantially enhance TNBC sensitivity to ICIs, offering a novel immunotherapeutic sensitization strategy for critically ill breast cancer patients. Clinically, preliminary studies have explored the use of HIFU in the treatment of advanced breast cancer. A recent review noted that HIFU combined with immunotherapy not only demonstrates favorable safety but also significantly improves peripheral immune status, including increased CTL proportions and decreased regulatory T cell (Treg) ratios (109, 110). These studies provide both theoretical foundations and preliminary evidence for the clinical application of “ultrasound ablation plus immunotherapy” strategies in the management of critically ill breast cancer patients.




4.2 Application of ultrasound imaging in efficacy monitoring and response prediction

Ultrasound examination serves as a routine tool for follow-up management in breast cancer patients, offering the advantages of real-time feedback and high repeatability. It is particularly suitable for dynamically monitoring changes in tumor volume and tissue characteristics (111). During immunotherapy, conventional B-mode ultrasound can be used in conjunction with MRI/CT to assess trends in tumor shrinkage or enlargement. Especially when dealing with immune-related radiological phenomena such as pseudoprogression, ultrasound provides high-frequency evaluations of echogenic properties and blood perfusion, aiding in the differentiation between true progression and transient increases due to inflammatory responses (111, 112). CEUS has been widely applied in assessing responses to neoadjuvant chemotherapy in breast cancer, and its potential in immunotherapy monitoring is gradually emerging (113, 114). In a comparative study by Liu et al. (115), CEUS and MRI were evaluated for their performance in determining ablation efficacy within three days post-microwave ablation in 26 breast cancer patients. The results showed that both modalities had high sensitivity and negative predictive value. While MRI exhibited slightly better specificity and overall accuracy, CEUS successfully detected residual tumors missed by MRI in some cases, indicating complementary diagnostic value. For critically ill breast cancer patients, CEUS—being non-invasive, cost-effective, and suitable for repeated examinations—offers a feasible alternative for monitoring immunotherapy efficacy, particularly in scenarios where MRI is contraindicated or not amenable to frequent follow-up.

Emerging evidence suggests that shear wave elastography (SWE) combined with immunologic response analysis is becoming a novel focus in tumor imaging (116). Tumor stiffness reflects stromal composition and immune cell infiltration; tumors with high fibrosis and abundant cancer-associated fibroblasts (CAFs) often present as immunologically “cold,” characterized by low T cell infiltration and poor response to immunotherapy. Voutouri et al. (117) conducted a study using multiple murine tumor models, including breast cancer, and demonstrated a significant inverse correlation between tumor shear modulus measured by SWE and tumor suppression following ICI therapy (e.g., PD-1 blockade). Tumors with higher baseline stiffness and poorer perfusion responded less effectively to treatment. Administration of matrix-softening agents such as Tranilast improved perfusion and enhanced immune efficacy, indicating that reducing tumor stiffness may potentiate immunotherapeutic response. Building upon these findings, researchers incorporated AI methodologies to automatically extract CAF-related features from SWE images to predict immunotherapy response in TNBC patients. A specific CAF subtype with a “wound-healing” signature was identified, highly enriched in TNBC and closely associated with increased stiffness and immunosuppression. Moreover, the team developed a deep learning model trained on both murine and clinical datasets to noninvasively estimate the abundance of this CAF subtype using SWE imaging alone (118). Tumors with high CAF levels exhibited poor responses to PD-1 monotherapy; however, when combined with fibroblast growth factor receptor (FGFR) inhibitors, immune tolerance was reversed. These findings highlight the potential of AI-assisted SWE as a predictive imaging tool for immunotherapy efficacy in breast cancer, offering noninvasive, personalized decision-making support for critically ill patients and facilitating the implementation of precision immunotherapeutic strategies.

Taken together, current research in the field of breast cancer suggests that ultrasound-assisted immunotherapy exerts its impact on two critical fronts. On the therapeutic level, ultrasound combined with immunotherapy enhances tumor immunogenicity via localized physical modulation, induces ICD, and remodels the TME, thereby helping to reverse the “immune-cold” tumor phenotype. On the diagnostic and monitoring level, ultrasound imaging technologies—such as CEUS and SWE—enable dynamic evaluation of treatment responses, prognostic prediction, and support for the development of personalized therapeutic strategies, particularly suitable for the precise management of critically ill breast cancer patients. Looking ahead, with the advancement of clinical trials investigating ultrasound-immunotherapy combinations (e.g., HIFU plus PD-1 blockade in breast cancer), and the deeper integration of AI in ultrasound image analysis, ultrasound is expected to achieve clinical translational breakthroughs in the immunotherapy of treatment-resistant breast cancers, especially TNBC.





5 Application of ultrasound combined with immunotherapy in melanoma

Melanoma is one of the earliest solid tumors to achieve breakthroughs in immunotherapy, with PD-1 and CTLA-4 inhibitors significantly prolonging survival in patients with advanced disease (119–121). However, approximately 40% to 60% of patients exhibit a lack of durable responses to combined ICI therapy, particularly in “T cell–excluded” immune-cold tumors, which continue to pose a major challenge in the treatment of critical-stage malignancies (122, 123). Given that melanoma predominantly occurs in the skin or other superficial sites, it is highly amenable to ultrasound imaging and intervention, offering promising prospects for integrated application in this domain (124).

(Reviewer 5 Q5) Although the diagnosis of malignant melanoma can rely on clinical ABCDE criteria and pathological biopsy, ultrasound still plays a crucial role in its evaluation. Specifically: (1) High-frequency ultrasound can detect melanoma thickness and tumor invasion depth, which is of great importance for preoperative assessment of resection margins, surgical risk stratification, and postoperative prognostic evaluation (124). (2) Ultrasound examination can identify early lymph node metastases and guide image-assisted biopsy, thereby improving diagnostic accuracy (125). (3) During immunotherapy, ultrasound enables dynamic monitoring of disease progression with advantages of noninvasiveness and repeatability, and can be used to assess treatment response, detect recurrence, and guide subsequent therapeutic strategies. In summary, ultrasound effectively compensates for the static limitations of the ABCDE criteria and pathological biopsy, providing significant advantages in melanoma diagnosis, preoperative assessment, postoperative follow-up, and disease monitoring. Therefore, ultrasound examination is both necessary and of high clinical value for patients with melanoma.



5.1 Role of ultrasound in monitoring immunotherapeutic efficacy in melanoma

During immunotherapy, melanoma patients require frequent assessment of lesion dynamics, including primary tumors and regional lymph node metastases. Ultrasound exhibits high sensitivity in detecting subcutaneous and superficial lymph node metastases, capable of identifying early lesions with diameters of only a few millimeters (126). CEUS further enhances the visualization of tumor perfusion and neovascularization, offering critical insights for early evaluation of immunotherapeutic response. In a study conducted by Heimer et al. (89) using a B16 murine melanoma model, VEGFR2-targeted microbubbles were employed for CEUS detection. The results revealed a marked reduction in tumor perfusion five days post-treatment in the immunotherapy group, along with significantly lower VEGFR2 signal intensity at the late molecular imaging stage compared to controls. Immunohistochemical analysis demonstrated expanded areas of tumor necrosis, increased TIL infiltration, and decreased vascular density and VEGFR2 expression in the treatment group. These findings suggest that CEUS quantitative parameters, such as perfusion AUC and targeted microbubble binding intensity, may serve as non-invasive imaging biomarkers capable of reflecting therapeutic efficacy earlier than volumetric changes. CEUS has thus proven effective in differentiating between immune responses and irreversible progression in melanoma. Therefore, for melanoma patients with ultrasound-visible visceral metastases such as those in the liver or lymph nodes, CEUS can provide essential real-time efficacy monitoring, particularly suited for the individualized evaluation of immunotherapy in critically ill patients (126–128).




5.2 Ultrasound-assisted local therapy enhances systemic immune response

For unresectable melanoma lesions, physical ablation and local therapy play a pivotal role in inducing systemic antitumor immunity, exemplified by the classical “abscopal effect” (129). As a non-invasive ablation modality, FUS has demonstrated the potential to enhance immune responses in preclinical studies of melanoma. On one hand, HIFU can directly ablate melanoma tissue, leading to massive tumor cell death and antigen release, functioning as an “in situ tumor vaccine” (130). Hoogenboom et al. (131) applied HIFU mechanical ablation to a murine melanoma model and evaluated tissue fragmentation and pathological features under varying pulse numbers. The results revealed that the method effectively fragmented melanoma tissue, with residual viable cells and microvasculature in the treatment zone, and the degree of fragmentation was associated with the number of pulses and tumor density. On the other hand, cavitation-based mechanical ablation has shown unique advantages in melanoma models. Emerging techniques such as histotripsy significantly enhance local immune activity in T cell–poor “cold” tumors (10, 132). More importantly, this process is accompanied by pronounced ICD, potentially overcoming melanoma’s intrinsic low immunogenicity. Singh et al. (133), using a murine B16F10 melanoma model, implemented local boiling histotripsy combined with intratumoral injection of CD40 agonistic antibody (HT40) alongside FUS and ICI therapy to evaluate antitumor efficacy in “immune-cold” tumors. The study found that HT40 markedly enhanced the cytotoxic function of CD8+ T cells, remodeled the TME, and synergized with ICI to suppress growth of untreated distant tumors and prolong survival. These findings indicate that FUS and its derivative technique, histotripsy, exhibit considerable potential in immune activation for melanoma. Not only can they directly disrupt tumor tissue, but they also induce ICD and enhance T cell infiltration, triggering systemic antitumor immunity. Their synergistic application with immunotherapy offers a novel strategy for converting “cold” melanoma and achieving abscopal effects.




5.3 Exploration of sonodynamic therapy and other emerging technologies in melanoma

Melanoma patients often exhibit poor responsiveness to chemotherapy and a high propensity for brain metastasis, necessitating novel therapeutic approaches to complement traditional regimens (119, 121). In recent years, the application of SDT in melanoma has garnered increasing attention (38). Zheng et al. (134) developed a thermosensitive chitosan hydrogel based on CuO2 nanoparticles and buthionine sulfoximine (BSO), designed to enhance chemo-sonodynamic therapy for melanoma. The study revealed that this hydrogel promoted oxygen generation through a Fenton-like reaction, elevated ROS levels, and induced ferroptosis, thereby significantly enhancing antitumor efficacy against melanoma while concurrently accelerating the healing of infected wounds. Furthermore, considering the prominent neovascularization and lymphatic metastasis commonly associated with melanoma, emerging studies have shown that high-dose radiotherapy (HDRT), targeted ultrasound contrast microbubbles against tumor-associated antigens or angiogenic markers, and other molecular imaging–guided therapies offer promising outcomes in local control of melanoma (135). For instance, Patel et al. (136) conducted a Phase II clinical trial to evaluate the efficacy of HDRT combined with low-dose radiotherapy (LDRT) in patients with metastatic tumors, including immunotherapy-resistant melanoma. The results demonstrated that HDRT+LDRT significantly increased T cell and NK cell infiltration within tumor sites, improved the objective response rate and local control of melanoma lesions, and exhibited favorable safety profiles. Although these cutting-edge approaches remain in early-stage research, they underscore the feasibility and potential of “ultrasound plus molecular targeting” strategies in the precision treatment of melanoma.

It is worth emphasizing that immune-related adverse events (irAEs) are relatively common among melanoma patients receiving immunotherapy, and effective monitoring and mitigation of these side effects are of critical importance (137, 138). Ultrasound offers unique value in this context. For instance, in assessing organ-specific inflammation such as thyroiditis or immune-mediated hepatitis, conventional B-mode ultrasound enables noninvasive detection of parenchymal structural alterations, providing essential reference data for clinical interventions (139, 140). (Reviewer 3 Q7) Han et al. (141) reported that UTMD can enhance antitumor immune responses against melanoma by improving the local TME, promoting antigen release, and facilitating immune cell infiltration. In addition, UTMD can increase the local tissue penetration of drugs and modulate the tumor immune environment, thereby achieving a synergistic antitumor effect between ultrasound and immunotherapy, resulting in a “1 + 1>2” therapeutic outcome. Moreover, some studies have proposed that UTMD may reduce the incidence of certain immunotherapy-associated adverse effects by modulating tumor vascular permeability and enhancing immune cell infiltration; however, this hypothesis requires further validation (141).

In summary, melanoma, as one of the most rapidly advancing solid tumors in the field of immunotherapy, is emerging as a critical experimental platform for ultrasound–immunotherapy combination strategies. From therapeutic monitoring—such as early detection of immune responses via CEUS molecular imaging—to local interventions like FUS or histotripsy for inducing systemic antitumor immunity, and to novel technologies including SDT and targeted microbubble therapy, various ultrasound-based approaches have demonstrated promising results in melanoma. As these strategies continue to progress toward clinical implementation, ultrasound-assisted immunotherapy holds great promise for improving long-term survival and prognosis in the management of refractory melanoma within critical care settings.





6 Ultrasound-assisted immunotherapy in other tumor types

Beyond lung cancer, breast cancer, and melanoma, the concept of ultrasound-assisted immunotherapy is gradually being explored in other solid tumors, demonstrating distinct therapeutic advantages and mechanistic features.



6.1 Hepatocellular carcinoma

HCC is the most common form of primary liver cancer and represents the fifth leading cause of cancer-related death and the third leading cause of all-cause mortality worldwide (142, 143). The response rate of HCC to monotherapy with ICIs remains limited, while physical ablation is one of the current standard local treatment modalities for HCC (144). In recent years, studies have attempted to combine HIFU or percutaneous RFA with immunotherapy for the comprehensive management of intermediate to advanced HCC (145, 146). Luo et al. (147) conducted a comparative analysis of RFA with several other ablation techniques for liver cancer, including microwave ablation (MWA), percutaneous ethanol injection (PEI), and cryoablation (CRA), to evaluate therapeutic efficacy and safety. The results demonstrated that MWA and CRA achieved similar overall outcomes to RFA but offered higher complete ablation rates and lower local recurrence for larger tumors. Additionally, PEI combined with RFA further enhanced therapeutic efficacy, although it was associated with increased complication risk, thereby reasonably suggesting that combining HIFU with RFA may reduce the incidence of treatment-related complications. Yang et al. (148) developed a mechanical high-intensity focused ultrasound (mHIFU) system enhanced with perfluorohexane nanodroplets (NDs-PFH) and applied it in an HCC model to lower the cavitation threshold and induce ICD. The results revealed that this strategy not only significantly inhibited the growth of primary and distant tumors but also enhanced antitumor immune responses by activating DCs and T cells, and synergistically improved the efficacy of immune checkpoint blockade (e.g., PD-1 inhibitors). In conclusion, combining local ablation with immunotherapy may provide a synergistic treatment strategy for patients with intermediate to advanced HCC, improving response rates and long-term survival benefits.




6.2 Pancreatic cancer

(Reviewer 1 Q3) Pancreatic cancer is considered one of the most challenging “immune-cold tumors” due to its poor response to ICIs, which is not only related to its highly dense stromal architecture and immunosuppressive TME (149–151), but also to its inherent biological characteristics, such as rapid tumor proliferation, early distant metastasis, and resistance to conventional chemotherapy. These factors collectively contribute to the limited curative outcomes and poor prognosis of advanced pancreatic cancer (152, 153). In the critical care management of pancreatic cancer, ultrasound technologies have primarily been applied in local ablation and enhanced drug delivery. A study conducted by Nesbitt et al. (154) employed a bilateral pancreatic cancer mouse model to evaluate whether microbubble-mediated SDT could induce adaptive immune responses, and further examined its synergistic effects with anti-PD-L1 therapy on untreated distant tumors. The results demonstrated that SDT combined with anti-PD-L1 significantly inhibited distal tumor growth and increased infiltration of CD4+ and CD8+ T cells, suggesting that this strategy could activate systemic immune responses and improve checkpoint inhibitor efficacy. In another investigation, Delaney et al. (155) developed ultrasound contrast agent microbubbles composed of poly(lactic acid) (PLA) and PEG-PLA shells, encapsulating gemcitabine for both therapy and imaging of pancreatic ductal adenocarcinoma (PDAC). The results showed that the microbubbles exhibited excellent imaging performance and some antitumor potential. In this system, ultrasound functioned both as a diagnostic modality and a therapeutic trigger, enabling a theranostic approach to tumor management. These findings indicate that although pancreatic cancer remains a formidable challenge for immunotherapy, ultrasound, as a multifunctional tool, is offering novel strategies to overcome immune resistance and achieve integrated diagnosis and treatment.




6.3 Glioma

Gliomas represent one of the most challenging types of neuro-oncology tumors, with poor responsiveness to immunotherapy primarily due to the presence of the BBB and the “immune-privileged” status of the brain (156, 157). In recent years, FUS combined with microbubble technology has entered the clinical trial stage, aiming to repeatedly and controllably open the BBB in glioma regions to facilitate the delivery and therapeutic efficacy of immunoactive agents such as anti-PD-1 antibodies and CAR-T cells. Arvanitis et al. (158) developed and validated a closed-loop controlled microbubble-enhanced FUS (MB-FUS) system in a murine glioblastoma model, combining this modality with PD-1 immune checkpoint inhibition. The study demonstrated that the system enhanced intratumoral delivery and immunostimulatory activity of anti-PD-1, significantly prolonged survival, and induced the formation of memory T cells, resulting in protective immunity upon tumor rechallenge. This line of investigation is rapidly advancing and may offer a novel combinatorial strategy for immunotherapy of critical central nervous system malignancies. Additionally, photodynamic and sonodynamic therapies (PDT/SDT) for glioma are under preliminary exploration. These approaches utilize sonosensitizers and ultrasound to generate ROS within tumor tissues, thereby eliciting immune responses and eliminating residual tumor cells (159). These emerging technologies hold promise for overcoming current therapeutic limitations and providing new hope for refractory glioma.




6.4 Urologic and gynecologic malignancies

Urologic and gynecologic malignancies also exhibit promising potential for the integration of ultrasound with immunotherapy. Renal cell carcinoma (RCC) is relatively responsive to immunotherapy; however, for some patients who are ineligible for surgery due to tumor burden or anatomical constraints, non-invasive ablative modalities such as HIFU can serve as a bridging therapy (160, 161). In a murine model of muscle-invasive bladder cancer (MIBC), ultrasound combined with microbubble-mediated targeted delivery of gemcitabine, alongside radiotherapy, was evaluated for therapeutic efficacy and toxicity. The results demonstrated that this approach effectively delayed tumor progression while significantly reducing acute intestinal toxicity commonly associated with conventional chemoradiotherapy, highlighting its potential to enhance the safety profile of MIBC treatment (162). In the field of gynecologic oncology, advanced cervical and ovarian cancers are entering the era of immunotherapy investigation, with ultrasound microbubble-assisted drug or gene delivery emerging as a novel adjunctive strategy. For instance, targeted ultrasound molecular imaging (USMI) of VEGFR2 has been shown to effectively evaluate early-stage cervical cancer (FIGO stage IA1/IA2), accurately distinguishing lesions <3 mm from normal tissue. The imaging signal correlated well with microvessel density, indicating the potential of USMI for early, noninvasive screening and laying the groundwork for subsequent integration with immunotherapy (163).

(Reviewer 2 Q5) Furthermore, in addition to the aforementioned common solid tumors, ultrasound combined with immunotherapy also plays a significant role in hematologic malignancies. Gonzalo et al. (164) reported that using endobronchial ultrasound with transbronchial needle aspiration (EBUS-TBNA) for newly diagnosed lymphoma demonstrated moderate sensitivity and very high specificity, with even higher sensitivity for detecting lymphoma relapse. Diagnostic efficiency could be further improved through rapid on-site evaluation, increased sample volume, and flow cytometry. As a minimally invasive approach, this technique provides a reliable diagnostic tool for patients with suspected mediastinal lymph nodes or masses. (Reviewer 2 Q3) Compared with hematologic malignancies, ultrasound combined with immunotherapy demonstrates greater advantages in solid tumors. First, ultrasound can clearly assess tumor volume, blood flow, and histological characteristics, which is challenging in hematologic malignancies. Second, ultrasound-mediated ablation and cavitation effects can directly act on solid tumors, promoting antigen release and immune cell infiltration, thereby improving the local immune microenvironment. Finally, ultrasound combined with nanoparticles offers higher precision and targeting in solid tumors (165). Therefore, from the perspective of ultrasound-assisted immunotherapy, its application in solid tumors appears more promising than in hematologic malignancies and holds potential as an important strategy to overcome immune tolerance.

Overall, the integration of ultrasound and immunotherapy across various solid tumors remains in the exploratory stage, yet research efforts are commonly focused on enhancing immune infiltration, promoting antigen release, and overcoming both structural and functional barriers. In the future, as the biological characteristics of different cancer types are more deeply elucidated, ultrasound technologies are expected to be precisely optimized according to tumor-specific features. For instance, in highly fibrotic tumors (e.g., pancreatic and biliary cancers), mechanical forces may be applied to disrupt the stromal barrier; in tumors with prominent anatomical barriers (e.g., gliomas and bladder cancer), localized cavitation may enable targeted drug delivery; and in tumors with potential for abscopal effects, ultrasound ablation could be used to trigger systemic immune responses. These strategies are anticipated to continually expand the clinical boundaries of ultrasound-mediated tumor immunotherapy and intervention.





7 Discussion

Ultrasound-mediated immunotherapy represents a multidisciplinary integration of acoustics, bioengineering, and immunology. Divergences in research focus and technical approaches among different investigative teams have led to several contentious directions. Overall, the current discrepancies in scientific perspectives and technological strategies can be summarized into the following major aspects (1) The debate between thermal and mechanical ablation: The conventional view holds that HIFU-based thermal ablation effectively reduces tumor burden and releases tumor-associated antigens, thereby exerting a certain degree of immune activation. However, recent studies have indicated that high-temperature ablation may denature antigenic structures, induce localized hypoxia, and exacerbate the immunosuppressive microenvironment, making it suboptimal from an immunoactivation standpoint (96). In contrast, mechanical ablation techniques such as histotripsy, which avoid thermal effects, better preserve the native conformation of tumor antigens and generate tissue fragments that are more readily internalized and processed by immune cells such as DCs, thus being considered more favorable for eliciting systemic immune responses (166). In summary, each modality has distinct advantages: thermal ablation is clinically mature and widely applied, especially suitable for severe patients with heavy tumor burden, whereas mechanical ablation shows superior immunogenic effects but still requires further standardization in terms of device parameters and operational protocols. Future research may focus on exploring “thermal-mechanical synergy” strategies, wherein moderate heating is first employed to improve tumor permeability and perfusion, followed by mechanical pulses to enhance antigen release, ultimately achieving complementary effects and optimized immune activation (2). Technical divergence in cavitation microbubble applications: Some studies emphasize the use of conventional ultrasound contrast agent microbubbles for UTMD, which leverage cavitation effects to induce local blood flow disruption, enhance drug delivery, and stimulate localized immune activation; these systems are user-friendly and amenable to clinical translation (4). Alternatively, other researchers focus on the development of functionalized or targeted microbubbles, and even acoustically responsive nanocarriers capable of delivering checkpoint inhibitors such as anti–PD-1/PD-L1 and anti–CTLA-4 antibodies (47). Although functional microbubbles offer higher targeting specificity and therapeutic efficacy, they are hindered by high production costs, poor stability, and translational barriers. There is currently no consensus on which approach is superior. A tiered strategy may be feasible, wherein conventional UTMD is prioritized for rapid intervention in patients with complex immune states or severe disease, while functional microbubbles are reserved for specific indications or precision medicine scenarios, contingent upon data from large-scale clinical trials (3). Positioning and future prospects of SDT: Some studies suggest that SDT may serve as an alternative modality for deep-seated or phototherapy-insensitive tumors (e.g., brain tumors, pancreatic cancer), given its potential to induce ICD and function as an immune-activating tool. Critics, however, point out the limitations of SDT, including tumor hypoxia, the scarcity of effective sonosensitizers, and the limited penetration depth of acoustic energy, all of which contribute to inconsistent therapeutic efficacy (167). Notably, advances in materials science are gradually addressing these bottlenecks, with the introduction of novel platforms such as oxygen-carrying nanoparticles and MOF-based sonosensitizers (46, 68). In the future, SDT may be utilized in combination with immunotherapy to control multifocal or disseminated lesions in critically ill patients who are unsuitable for ablation-based interventions. (Reviewer 1 Q2) Furthermore, it is important to note that improper application of ultrasound—such as inappropriate parameter settings, excessive energy, or prolonged exposure—may negatively affect tumor treatment. Therefore, the careful selection of ultrasound frequency and intensity, combined with prior clinical experience, is crucial for balancing the therapeutic effects of ultrasound in tumor management.

(Reviewer 1 Q4) Conventional treatments such as surgery, radiotherapy, chemotherapy, and targeted therapy are often limited in efficacy due to the immunosuppressive characteristics of tumors, drug resistance, and the influence of the TME (168). Addressing these challenges, ultrasound combined with immunotherapy demonstrates distinct advantages: on one hand, ultrasound can improve the local TME and inhibit tumor growth through thermal and mechanical effects (51); on the other hand, ultrasound combined with immunotherapy can enhance the infiltration and distribution of drugs or immune cells within the tumor, thereby improving the efficacy of immunotherapy (169). Therefore, ultrasound combined with immunotherapy not only exerts local effects on tumors such as lung cancer and breast cancer but also produces systemic synergistic effects, playing a crucial role in enhancing overall therapeutic outcomes. (Reviewer 3 Q2) Compared with other imaging modalities, ultrasound offers several advantages over techniques such as radiofrequency ablation, Gamma Knife, cryoablation, or image-guided interventions like TACE. It enables real-time imaging, is noninvasive or minimally invasive, and provides high soft-tissue resolution. During examinations, ultrasound allows clear visualization of tumor morphology and surrounding tissue changes, which is important for assessing local tumor structures (170, 171). Moreover, ultrasound is not only a diagnostic tool but can also be used therapeutically, directly acting on tumor tissue through thermal and mechanical effects, modulating the local TME, enhancing immunotherapy efficacy, and promoting drug diffusion by increasing endothelial cell gap permeability to improve antitumor effects (48, 49). However, ultrasound has limitations, including limited penetration depth, lower energy concentration, operator-dependent variability, and certain constraints in treating deep-seated tumors (172, 173).

Overall, the current technological approaches in ultrasound-mediated immunotherapy are not mutually exclusive; rather, they each demonstrate distinct advantages depending on the biological characteristics of different tumors and specific clinical application scenarios. (Reviewer 1 Q5) In the field of critical care medicine, ultrasound combined with immunotherapy demonstrates significant clinical potential in critically ill cancer patients, particularly those with complex immune status. Ultrasound can noninvasively modulate the TME locally, enhancing drug penetration and immune cell infiltration (18). Moreover, as a noninvasive technique, ultrasound allows real-time monitoring of tumor progression, facilitating personalized treatment strategies for critically ill cancer patients (17). This approach helps improve the overall efficacy of immunotherapy and plays an important role in postoperative recovery. Future research should focus on delineating the appropriate indications for each technique while exploring the synergistic potential of their combinatory use. For patients undergoing cancer immunotherapy, ultrasound may emerge as a powerful tool for personalized intervention, facilitating the advancement of tumor treatment toward a new era of precision and efficiency.

Nevertheless, this field still faces notable research gaps and technical bottlenecks. Although ultrasound-immunotherapy strategies show promising potential, their clinical translation is challenged by multiple factors, including gaps in fundamental mechanistic understanding, limitations in material development, the need for robust clinical validation, and the establishment of comprehensive regulatory frameworks.

First, at the mechanistic level, numerous uncertainties remain. For example, what are the key mediators of immune responses induced by ultrasound? The mechanisms by which different ultrasound parameters—such as frequency, power, and duty cycle—affect immune activation are still poorly understood (37). Currently, no unified theory exists to guide the precise optimization of ultrasound settings specifically for enhancing immune responses, and the lack of standardized parameterization contributes to significant variability in results across studies (3). Establishing a standardized ultrasound immunotherapy parameter system is an urgent task in basic research and requires extensive validation through animal models and acoustic field simulations. Second, the development of sonosensitizers and nanocarrier materials remains at an early stage. Most current sonosensitizers are derived from photosensitizer structures and exhibit limitations such as high hydrophobicity, poor targeting, and low biocompatibility (174). Meanwhile, the design and scalable production of targeted microbubbles are also constrained. Future efforts should focus on developing “sonoimmunotherapeutic nanomedicines” that possess intelligent responsiveness and immune-targeting capabilities, such as nanoparticles or multifunctional microbubble systems capable of precise localization and immune activation. These advances will impose higher demands on materials science, pharmaceutics, and tumor immunology (175). Third, insufficient clinical validation remains a major bottleneck for broader implementation. Most current evidence is derived from small animal xenograft models, while clinical studies are still in early exploratory stages. The immune status and tumor heterogeneity in human patients, especially those in critical care settings, are far more complex than in animal models, limiting the translational applicability of preclinical findings. Finally, regulatory oversight and equipment compatibility also require concurrent improvement. Ultrasound-immunotherapy spans both medical imaging and oncology, and traditional departmental divisions may impede technological integration and blur responsibility boundaries. In response to the comprehensive management needs of critically ill cancer patients, it is essential to establish interdisciplinary collaborative mechanisms in clinical practice at an early stage, involving oncology, radiology, intensive care, pharmacy, and engineering teams (176).

In summary, the clinical translation of ultrasound immunotherapy hinges on resolving mechanistic uncertainties, overcoming material limitations, expanding clinical validation, and establishing a comprehensive interdisciplinary platform and technological ecosystem. For patients with complex tumors and those in critical care settings, this strategy holds promise as a pivotal enabling technology for future precision immunotherapy.

Looking ahead, we anticipate that the integration of ultrasound and immunotherapy in critically ill oncology patients will gradually progress from experimental exploration to clinical application, with several key trends warranting close attention (1) Imaging-immunotherapy integration: With the advancement of precision medicine, tumor treatment increasingly emphasizes real-time imaging surveillance and individualized feedback modulation (177). Ultrasound is expected to evolve into a therapeutic platform integrating both diagnosis and intervention. For instance, during ultrasound ablation or UTMD, real-time ultrasound imaging can monitor changes in tumor perfusion, tissue stiffness, and lesion margins; post-treatment, CEUS can noninvasively assess local immune responses and TME changes, thus aiding efficacy evaluation and refinement of immunotherapeutic regimens (3). This closed-loop model integrating imaging and therapy will improve decision-making accuracy, especially for dynamic monitoring and individualized immune interventions in critically ill patients with solid tumors (2). AI-assisted systems: AI technology will serve as a major driver in ultrasound-immunotherapy convergence by significantly enhancing image processing and clinical decision-making efficiency. (Reviewer 2 Q7) In recent years, artificial intelligence (AI) has rapidly advanced and, in combination with medical imaging technologies such as ultrasound, has achieved significant progress in disease diagnosis and treatment. Studies have shown that AI can extract features from baseline ultrasound images, such as elastography, to predict immune phenotypes and treatment responses in TNBC patients (118). (Reviewer 2 Q7) The study by Wang et al. (178) demonstrated that AI-assisted ultrasound imaging exhibited high sensitivity (0.88), specificity (0.75), and area under the curve (AUC 0.89) in predicting lymph node metastasis in breast cancer, significantly outperforming conventional non-AI ultrasound imaging. Similarly, Ji et al. (179) showed that deep learning–based models analyzing EBUS images, when combined with regions of interest, lymph node size on CT, and PET-CT results, significantly improved the diagnostic accuracy for mediastinal lymph node metastasis. Notably, the integration of PET-CT data yielded the most substantial improvement in model performance, highlighting the potential of AI-assisted ultrasound for precise detection in lung cancer. Future development may include AI-driven decision support systems that incorporate ultrasound imaging and clinical parameters to recommend ultrasound treatment settings, immunotherapy strategies, and potential efficacy assessments (180). Such systems could provide intelligent therapeutic planning for clinicians, particularly in screening and managing patients with high immune resistance or heavy tumor burden, thereby improving therapeutic efficacy and safety (181) (3). Targeted microbubbles and sonogenetics: Targeted microbubble technologies are advancing toward multifunctionality. Next-generation microbubbles may not only serve for molecular imaging but also act as carriers for delivering CRISPR-Cas9 gene editing tools or mRNA vaccines to tumor sites, enabling ultrasound-triggered, site-specific release and precise regulation (182). Additionally, sonogenetics—a burgeoning interdisciplinary field—is expanding ultrasound’s capacity to modulate cellular function. This approach leverages genetic engineering to express mechanosensitive receptors [e.g., Piezo channels (183)] in specific cells such as T or NK cells, allowing FUS to remotely activate cytotoxic functions (184). This strategy holds particular promise in critical care settings by achieving spatiotemporal control of immune cell activation and reducing systemic toxicity and adverse effects. While most sonogenetics research currently focuses on neuromodulation, its principles are fully extensible to immunotherapy and may offer revolutionary advances in future cell-based therapies (159).




8 Conclusion

In conclusion, this review systematically summarizes the research progress and clinical potential of ultrasound combined with immunotherapy across various tumor types. Through mechanisms such as thermal effects, mechanical forces, cavitation, and sonodynamic therapy, ultrasound modulates the TME and significantly enhances antitumor immune responses. When integrated with imaging-based monitoring, targeted delivery, and AI-assisted technologies, ultrasound-immunotherapy is gradually demonstrating its advantages of personalization, precision, and non-invasiveness in the treatment of cancers including lung cancer, breast cancer, and melanoma. Compared to monotherapy with ICIs, ultrasound-guided immunotherapy allows real-time monitoring of tumor progression and immune modulation at the TME level, thereby amplifying therapeutic efficacy. However, standardized treatment parameters and large-scale clinical validation remain lacking. Future directions will focus on the establishment of standardized protocols, extensive clinical trials, and the integration of emerging technologies such as AI to further advance the application of ultrasound-assisted immunotherapy in oncology.





Author contributions

YW: Funding acquisition, Writing – review & editing. CL: Writing – original draft. RL: Formal analysis, Methodology, Writing – review & editing. YZ: Investigation, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, and/or publication of this article.




Acknowledgments

The authors expressed their profound gratitude to Johns Hopkins University School of Medicine and Yantaishan Hospital affiliated to Binzhou Medical College.





Conflict of interest

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





Generative AI statement

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

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Pitt JM, Marabelle A, Eggermont A, Soria J-C, Kroemer G, Zitvogel L. Targeting the tumor microenvironment: removing obstruction to anticancer immune responses and immunotherapy. Ann Oncol. (2016) 27:1482–92. doi: 10.1093/annonc/mdw168, PMID: 27069014


	 Heinhuis KM, Ros W, Kok M, Steeghs N, Beijnen JH, Schellens JHM. Enhancing antitumor response by combining immune checkpoint inhibitors with chemotherapy in solid tumors. Ann Oncol. (2019) 30:219–35. doi: 10.1093/annonc/mdy551, PMID: 30608567


	 Cai X, Liu Y, Luo G, Yu Z, Jiang C, Xu C. Ultrasound-assisted immunotherapy for malignant tumour. Front Immunol. (2025) 16:1547594. doi: 10.3389/fimmu.2025.1547594, PMID: 40433381


	 Wu N, Cao Y, Liu Y, Zhou Y, He H, Tang R, et al. Low-intensity focused ultrasound targeted microbubble destruction reduces tumor blood supply and sensitizes anti-PD-L1 immunotherapy. Front Bioeng Biotechnol. (2023) 11:1173381. doi: 10.3389/fbioe.2023.1173381, PMID: 37139047


	 Deshpande N, Pysz MA, Willmann JK. Molecular ultrasound assessment of tumor angiogenesis. Angiogenesis. (2010) 13:175–88. doi: 10.1007/s10456-010-9175-z, PMID: 20549555


	 Al-Bataineh O, Jenne J, Huber P. Clinical and future applications of high intensity focused ultrasound in cancer. Cancer Treat Rev. (2012) 38:346–53. doi: 10.1016/j.ctrv.2011.08.004, PMID: 21924838


	 Sellars MC, Wu CJ, Fritsch EF. Cancer vaccines: Building a bridge over troubled waters. Cell. (2022) 185:2770–88. doi: 10.1016/j.cell.2022.06.035, PMID: 35835100


	 Padilla F, Brenner J, Prada F, Klibanov AL. Theranostics in the vasculature: bioeffects of ultrasound and microbubbles to induce vascular shutdown. Theranostics. (2023) 13:4079–101. doi: 10.7150/thno.70372, PMID: 37554276


	 Klibanov AL. Ultrasound Contrast: Gas Microbubbles in the Vasculature. Invest Radiol. (2021) 56:50–61. doi: 10.1097/RLI.0000000000000733, PMID: 33181574


	 O’Reilly MA. Exploiting the mechanical effects of ultrasound for noninvasive therapy. Science. (2024) 385:eadp7206. doi: 10.1126/science.adp7206, PMID: 39265013


	 Dong L, Liu D, Zhang J, Ling Y, Li X, Ou J, et al. Ultrasound-Triggered NPC1L1-Targeting Nanobubbles for Remodeling the Tumor Microenvironment in Pancreatic Cancer Chemoimmunotherapy. ACS Appl Mater Interfaces. (2025) 17:34965–81. doi: 10.1021/acsami.5c01194, PMID: 40478203


	 Liu D, Ling Y, Dong L, Zhang J, Li X, Chen X, et al. Ultrasound-triggered drug-loaded nanobubbles for enhanced T cell recruitment in cancer chemoimmunotherapy. Biomaterials. (2025) 317:123086. doi: 10.1016/j.biomaterials.2025.123086, PMID: 39805187


	 An J, Hong H, Won M, Rha H, Ding Q, Kang N, et al. Mechanical stimuli-driven cancer therapeutics. Chem Soc Rev. (2023) 52:30–46. doi: 10.1039/d2cs00546h, PMID: 36511945


	 Wang M, Yu F, Zhang Y. Present and future of cancer nano-immunotherapy: opportunities, obstacles and challenges. Mol Cancer. (2025) 24:26. doi: 10.1186/s12943-024-02214-5, PMID: 39827147


	 Soares S, Sousa J, Pais A, Vitorino C. Nanomedicine: Principles, Properties, and Regulatory Issues. Front Chem. (2018) 6:360. doi: 10.3389/fchem.2018.00360, PMID: 30177965


	 Hoppmann R, Karakitsos D. Ultrasound applications in critical care medicine. Crit Care Res Pract. (2012) 2012:382615. doi: 10.1155/2012/382615, PMID: 22844586


	 Sharma D, Sannachi L, Osapoetra LO, Cartar H, Cui W, Giles A, et al. Noninvasive Evaluation of Breast Tumor Response to Combined Ultrasound-Stimulated Microbubbles and Hyperthermia Therapy Using Quantitative Ultrasound-Based Texture Analysis Method. J Ultrasound Med. (2024) 43:137–50. doi: 10.1002/jum.16347, PMID: 37873733


	 Liu B, Du F, Feng Z, Xiang X, Guo R, Ma L, et al. Ultrasound-augmented cancer immunotherapy. J Mater Chem B. (2024) 12:3636–58. doi: 10.1039/d3tb02705h, PMID: 38529593


	 Seasons GM, Pellow C, Kuipers HF, Pike GB. Ultrasound and neuroinflammation: immune modulation via the heat shock response. Theranostics. (2024) 14:3150–77. doi: 10.7150/thno.96270, PMID: 38855178


	 Valle LF, Lehrer EJ, Markovic D, Elashoff D, Levin-Epstein R, Karnes RJ, et al. A Systematic Review and Meta-analysis of Local Salvage Therapies After Radiotherapy for Prostate Cancer (MASTER). Eur Urol. (2021) 80:280–92. doi: 10.1016/j.eururo.2020.11.010, PMID: 33309278


	 Dubinsky TJ, Cuevas C, Dighe MK, Kolokythas O, Hwang JH. High-intensity focused ultrasound: current potential and oncologic applications. AJR Am J Roentgenol. (2008) 190:191–9. doi: 10.2214/AJR.07.2671, PMID: 18094311


	 Ashar H, Ranjan A. Immunomodulation and targeted drug delivery with high intensity focused ultrasound (HIFU): Principles and mechanisms. Pharmacol Ther. (2023) 244:108393. doi: 10.1016/j.pharmthera.2023.108393, PMID: 36965581


	 Kaneko K, Acharya CR, Nagata H, Yang X, Hartman ZC, Hobeika A, et al. Combination of a novel heat shock protein 90-targeted photodynamic therapy with PD-1/PD-L1 blockade induces potent systemic antitumor efficacy and abscopal effect against breast cancers. J Immunother Cancer. (2022) 10:e004793. doi: 10.1136/jitc-2022-004793, PMID: 36171008


	 Tydings C, Sharma KV, Kim A, Yarmolenko PS. Emerging hyperthermia applications for pediatric oncology. Adv Drug Delivery Rev. (2020) 163–164:157–67. doi: 10.1016/j.addr.2020.10.016, PMID: 33203538


	 Payen T, Crouzet S, Guillen N, Chen Y, Chapelon J-Y, Lafon C, et al. Passive Elastography for Clinical HIFU Lesion Detection. IEEE Trans Med Imaging. (2024) 43:1594–604. doi: 10.1109/TMI.2023.3344182, PMID: 38109239


	 Eranki A, Srinivasan P, Ries M, Kim A, Lazarski CA, Rossi CT, et al. High-Intensity Focused Ultrasound (HIFU) Triggers Immune Sensitization of Refractory Murine Neuroblastoma to Checkpoint Inhibitor Therapy. Clin Cancer Res. (2020) 26:1152–61. doi: 10.1158/1078-0432.CCR-19-1604, PMID: 31615935


	 Wang X, Qin J, Chen J, Wang L, Chen W, Tang L. The effect of high-intensity focused ultrasound treatment on immune function in patients with uterine fibroids. Int J Hyperthermia. (2013) 29:225–33. doi: 10.3109/02656736.2013.775672, PMID: 23537008


	 Testoni SGG, Healey AJ, Dietrich CF, Arcidiacono PG. Systematic review of endoscopy ultrasound-guided thermal ablation treatment for pancreatic cancer. Endosc Ultrasound. (2020) 9:83–100. doi: 10.4103/eus.eus_74_19, PMID: 32295966


	 Takahashi H, Berber E. Role of thermal ablation in the management of colorectal liver metastasis. Hepatobiliary Surg Nutr. (2020) 9:49–58. doi: 10.21037/hbsn.2019.06.08, PMID: 32140478


	 Imran KM, Ganguly A, Paul T, Powar M, Vlaisavljevich E, Cho CS, et al. Magic bubbles: utilizing histotripsy to modulate the tumor microenvironment and improve systemic anti-tumor immune responses. Int J Hyperthermia. (2023) 40:2244206. doi: 10.1080/02656736.2023.2244206, PMID: 37580047


	 Qin P, Han T, Yu ACH, Xu L. Mechanistic understanding the bioeffects of ultrasound-driven microbubbles to enhance macromolecule delivery. J Control Release. (2018) 272:169–81. doi: 10.1016/j.jconrel.2018.01.001, PMID: 29305924


	 Xu Z, Khokhlova TD, Cho CS, Khokhlova VA. Histotripsy: A Method for Mechanical Tissue Ablation with Ultrasound. Annu Rev BioMed Eng. (2024) 26:141–67. doi: 10.1146/annurev-bioeng-073123-022334, PMID: 38346277


	 Qu S, Worlikar T, Felsted AE, Ganguly A, Beems MV, Hubbard R, et al. Non-thermal histotripsy tumor ablation promotes abscopal immune responses that enhance cancer immunotherapy. J Immunother Cancer. (2020) 8:e000200. doi: 10.1136/jitc-2019-000200, PMID: 31940590


	 Thim EA, Kitelinger LE, Rivera-Escalera F, Mathew AS, Elliott MR, Bullock TNJ, et al. Focused ultrasound ablation of melanoma with boiling histotripsy yields abscopal tumor control and antigen-dependent dendritic cell activation. Theranostics. (2024) 14:1647–61. doi: 10.7150/thno.92089, PMID: 38389838


	 van den Bijgaart RJE, Mekers VE, Schuurmans F, Raaijmakers TK, Wassink M, Veltien A, et al. Mechanical high-intensity focused ultrasound creates unique tumor debris enhancing dendritic cell-induced T cell activation. Front Immunol. (2022) 13:1038347. doi: 10.3389/fimmu.2022.1038347, PMID: 36569907


	 Yj H, Jp L, Ch F, Hl L, Ck Y. Ultrasound in tumor immunotherapy: Current status and future developments. J Controlled Release. (2020) 323. doi: 10.1016/j.jconrel.2020.04.023, PMID: 32302759


	 van den Bijgaart RJE, Eikelenboom DC, Hoogenboom M, Fütterer JJ, den Brok MH, Adema GJ. Thermal and mechanical high-intensity focused ultrasound: perspectives on tumor ablation, immune effects and combination strategies. Cancer Immunol Immunother. (2017) 66:247–58. doi: 10.1007/s00262-016-1891-9, PMID: 27585790


	 Rix A, Heinrichs H, Porte C, Leenaars C, Bleich A, Kiessling F. Ultrasound-induced immune responses in tumors: A systematic review and meta-analysis. J Control Release. (2024) 371:146–57. doi: 10.1016/j.jconrel.2024.05.030, PMID: 38777126


	 Pahk KJ, Shin C-H, Bae IY, Yang Y, Kim S-H, Pahk K, et al. Boiling Histotripsy-induced Partial Mechanical Ablation Modulates Tumour Microenvironment by Promoting Immunogenic Cell Death of Cancers. Sci Rep. (2019) 9:9050. doi: 10.1038/s41598-019-45542-z, PMID: 31227775


	 Xu Z, Hall TL, Vlaisavljevich E, Lee FT. Histotripsy: the first noninvasive, non-ionizing, non-thermal ablation technique based on ultrasound. Int J Hyperthermia. (2021) 38:561–75. doi: 10.1080/02656736.2021.1905189, PMID: 33827375


	 Bahutair WN, Abuwatfa WH, Husseini GA. Ultrasound Triggering of Liposomal Nanodrugs for Cancer Therapy: A Review. Nanomater (Basel). (2022) 12:3051. doi: 10.3390/nano12173051, PMID: 36080088


	 Ibsen S, Schutt CE, Esener S. Microbubble-mediated ultrasound therapy: a review of its potential in cancer treatment. Drug Des Devel Ther. (2013) 7:375–88. doi: 10.2147/DDDT.S31564, PMID: 23667309


	 Li J, Xi A, Qiao H, Liu Z. Ultrasound-mediated diagnostic imaging and advanced treatment with multifunctional micro/nanobubbles. Cancer Lett. (2020) 475:92–8. doi: 10.1016/j.canlet.2020.01.028, PMID: 32032678


	 Chowdhury SM, Abou-Elkacem L, Lee T, Dahl J, Lutz AM. Ultrasound and microbubble mediated therapeutic delivery: Underlying mechanisms and future outlook. J Control Release. (2020) 326:75–90. doi: 10.1016/j.jconrel.2020.06.008, PMID: 32554041


	 He J, Liu Z, Zhu X, Xia H, Gao H, Lu J. Ultrasonic Microbubble Cavitation Enhanced Tissue Permeability and Drug Diffusion in Solid Tumor Therapy. Pharmaceutics. (2022) 14:1642. doi: 10.3390/pharmaceutics14081642, PMID: 36015267


	 Xiang X, Pang H, Ma T, Du F, Li L, Huang J, et al. Ultrasound targeted microbubble destruction combined with Fe-MOF based bio-/enzyme-mimics nanoparticles for treating of cancer. J Nanobiotechnol. (2021) 19:92. doi: 10.1186/s12951-021-00835-2, PMID: 33789692


	 Liu S, Zhang Y, Liu Y, Wang W, Gao S, Yuan W, et al. Ultrasound-targeted microbubble destruction remodels tumour microenvironment to improve immunotherapeutic effect. Br J Cancer. (2023) 128:715–25. doi: 10.1038/s41416-022-02076-y, PMID: 36463323


	 Chen H, Hwang JH. Ultrasound-targeted microbubble destruction for chemotherapeutic drug delivery to solid tumors. J Ther Ultrasound. (2013) 1:10. doi: 10.1186/2050-5736-1-10, PMID: 25512858


	 Li H, Zhang Y, Shu H, Lv W, Su C, Nie F. Highlights in ultrasound-targeted microbubble destruction-mediated gene/drug delivery strategy for treatment of malignancies. Int J Pharm. (2022) 613:121412. doi: 10.1016/j.ijpharm.2021.121412, PMID: 34942327


	 Dong L, Zhu Y, Zhang H, Gao L, Zhang Z, Xu X, et al. Open-Source Throttling of CD8+ T Cells in Brain with Low-Intensity Focused Ultrasound-Guided Sequential Delivery of CXCL10, IL-2, and aPD-L1 for Glioblastoma Immunotherapy. Adv Mater. (2024) 36:e2407235. doi: 10.1002/adma.202407235, PMID: 39264011


	 Abe S, Nagata H, Crosby EJ, Inoue Y, Kaneko K, Liu C-X, et al. Combination of ultrasound-based mechanical disruption of tumor with immune checkpoint blockade modifies tumor microenvironment and augments systemic antitumor immunity. J Immunother Cancer. (2022) 10:e003717. doi: 10.1136/jitc-2021-003717, PMID: 35039461


	 Liang S, Deng X, Ma P, Cheng Z, Lin J. Recent Advances in Nanomaterial-Assisted Combinational Sonodynamic Cancer Therapy. Adv Mater. (2020) 32:e2003214. doi: 10.1002/adma.202003214, PMID: 33064322


	 Xu M, Zhou L, Zheng L, Zhou Q, Liu K, Mao Y, et al. Sonodynamic therapy-derived multimodal synergistic cancer therapy. Cancer Lett. (2021) 497:229–42. doi: 10.1016/j.canlet.2020.10.037, PMID: 33122099


	 Xu Z, Xu J, Sun S, Lin W, Li Y, Lu Q, et al. Mecheliolide elicits ROS-mediated ERS driven immunogenic cell death in hepatocellular carcinoma. Redox Biol. (2022) 54:102351. doi: 10.1016/j.redox.2022.102351, PMID: 35671636


	 Perillo B, Di Donato M, Pezone A, Di Zazzo E, Giovannelli P, Galasso G, et al. ROS in cancer therapy: the bright side of the moon. Exp Mol Med. (2020) 52:192–203. doi: 10.1038/s12276-020-0384-2, PMID: 32060354


	 Reczek CR, Chandel NS. The Two Faces of Reactive Oxygen Species in Cancer. Annu Rev Cancer Biol. (2017) 1:79–98. doi: 10.1146/annurev-cancerbio-041916-065808, PMID: 40034143


	 Wang J, Liu N, Jiang H, Li Q, Xing D. Reactive Oxygen Species in Anticancer Immunity: A Double-Edged Sword. Front Bioeng Biotechnol. (2021) 9:784612. doi: 10.3389/fbioe.2021.784612, PMID: 34869295


	 Wang T, Peng W, Du M, Chen Z. Immunogenic sonodynamic therapy for inducing immunogenic cell death and activating antitumor immunity. Front Oncol. (2023) 13:1167105. doi: 10.3389/fonc.2023.1167105, PMID: 37168380


	 Cheng D, Wang X, Zhou X, Li J. Nanosonosensitizers With Ultrasound-Induced Reactive Oxygen Species Generation for Cancer Sonodynamic Immunotherapy. Front Bioeng Biotechnol. (2021) 9:761218. doi: 10.3389/fbioe.2021.761218, PMID: 34660560


	 Kennel KB, Greten FR. Immune cell - produced ROS and their impact on tumor growth and metastasis. Redox Biol. (2021) 42:101891. doi: 10.1016/j.redox.2021.101891, PMID: 33583736


	 Kuo C-L, Ponneri Babuharisankar A, Lin Y-C, Lien H-W, Lo YK, Chou H-Y, et al. Mitochondrial oxidative stress in the tumor microenvironment and cancer immunoescape: foe or friend? J BioMed Sci. (2022) 29:74. doi: 10.1186/s12929-022-00859-2, PMID: 36154922


	 Kuo C-L, Chou H-Y, Chiu Y-C, Cheng AN, Fan C-C, Chang Y-N, et al. Mitochondrial oxidative stress by Lon-PYCR1 maintains an immunosuppressive tumor microenvironment that promotes cancer progression and metastasis. Cancer Lett. (2020) 474:138–50. doi: 10.1016/j.canlet.2020.01.019, PMID: 31987921


	 Saeed AF. Tumor-Associated Macrophages: Polarization, Immunoregulation, and Immunotherapy. Cells. (2025) 14:741. doi: 10.3390/cells14100741, PMID: 40422244


	 Zhang W, Wang M, Ji C, Liu X, Gu B, Dong T. Macrophage polarization in the tumor microenvironment: Emerging roles and therapeutic potentials. BioMed Pharmacother. (2024) 177:116930. doi: 10.1016/j.biopha.2024.116930, PMID: 38878638


	 Zhao C, Pang X, Yang Z, Wang S, Deng H, Chen X. Nanomaterials targeting tumor associated macrophages for cancer immunotherapy. J Control Release. (2022) 341:272–84. doi: 10.1016/j.jconrel.2021.11.028, PMID: 34813877


	 Tang J, Zhang R, Guo M, Zhou H, Zhao Y, Liu Y, et al. Gd-metallofullerenol drug delivery system mediated macrophage polarization enhances the efficiency of chemotherapy. J Control Release. (2020) 320:293–303. doi: 10.1016/j.jconrel.2020.01.053, PMID: 32004584


	 Della Rocca J, Liu D, Lin W. Nanoscale metal-organic frameworks for biomedical imaging and drug delivery. Acc Chem Res. (2011) 44:957–68. doi: 10.1021/ar200028a, PMID: 21648429


	 Shait Mohammed MR, Ahmad V, Ahmad A, Tabrez S, Choudhry H, Zamzami MA, et al. Prospective of nanoscale metal organic frameworks [NMOFs] for cancer therapy. Semin Cancer Biol. (2021) 69:129–39. doi: 10.1016/j.semcancer.2019.12.015, PMID: 31866477


	 Yang Z, Tao D, Zhong W, Liu Z, Feng L, Chen M. Perfluorocarbon loaded fluorinated covalent organic polymers with effective sonosensitization and tumor hypoxia relief enable synergistic sonodynamic-immunotherapy. Biomaterials. (2022) 280:121250. doi: 10.1016/j.biomaterials.2021.121250, PMID: 34823883


	 Wang Y, Li G, Su J, Liu Y, Zhang X, Zhang G, et al. Spatiotemporal Controllable Sono-Nanovaccines Driven by Free-Field Based Whole-Body Ultrasound for Personalized Cancer Therapy. Adv Sci. (2024) 11:2307920. doi: 10.1002/advs.202307920, PMID: 38308196


	 Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an intricate game of cell death. Cell Mol Immunol. (2021) 18:1106–21. doi: 10.1038/s41423-020-00630-3, PMID: 33785842


	 Du G, Healy LB, David L, Walker C, El-Baba TJ, Lutomski CA, et al. ROS-dependent S-palmitoylation activates cleaved and intact gasdermin D. Nature. (2024) 630:437–46. doi: 10.1038/s41586-024-07373-5, PMID: 38599239


	 Sun Y, Chen Y, Wu B, Li H, Wang Y, Wang X, et al. Synergistic SDT/cuproptosis therapy for liver hepatocellular carcinoma: enhanced antitumor efficacy and specific mechanisms. J Nanobiotechnol. (2024) 22:762. doi: 10.1186/s12951-024-02995-3, PMID: 39696275


	 Zheng J, Zhao F, Pariente E, Xu X, Zhang X, Shabiti S, et al. Tumor-Targeted Glutamine Metabolism Blocker Synergizes with TiO2-Au Janus Nanoparticles for Enhanced Sono-Metabolic Antitumor Therapy. Adv Mater. (2025) 37:e2418800. doi: 10.1002/adma.202418800, PMID: 39950402


	 Guo R, Lu G, Qin B, Fei B. Ultrasound Imaging Technologies for Breast Cancer Detection and Management: A Review. Ultrasound Med Biol. (2018) 44:37–70. doi: 10.1016/j.ultrasmedbio.2017.09.012, PMID: 29107353


	 Thai AA, Solomon BJ, Sequist LV, Gainor JF, Heist RS. Lung cancer. Lancet. (2021) 398:535–54. doi: 10.1016/S0140-6736(21)00312-3, PMID: 34273294


	 Altorki NK, Markowitz GJ, Gao D, Port JL, Saxena A, Stiles B, et al. The lung microenvironment: an important regulator of tumour growth and metastasis. Nat Rev Cancer. (2019) 19:9–31. doi: 10.1038/s41568-018-0081-9, PMID: 30532012


	 Schneider JL, Rowe JH, Garcia-de-Alba C, Kim CF, Sharpe AH, Haigis MC. The aging lung: Physiology, disease, and immunity. Cell. (2021) 184:1990–2019. doi: 10.1016/j.cell.2021.03.005, PMID: 33811810


	 Li T, Qiao T. Unraveling tumor microenvironment of small-cell lung cancer: Implications for immunotherapy. Semin Cancer Biol. (2022) 86:117–25. doi: 10.1016/j.semcancer.2022.09.005, PMID: 36183998


	 Xie M, Li N, Xu X, Xu Y, Li H, Zhu L, et al. The Efficacy of PD-1/PD-L1 Inhibitors in Patients with Liver Metastasis of Non-Small Cell Lung Cancer: A Real-World Study. Cancers (Basel). (2022) 14:4333. doi: 10.3390/cancers14174333, PMID: 36077868


	 Hu C, Fu Q, Gao FF, Zeng J, Xiao W, Li H, et al. Ultrasound-Guided High-Intensity Focused Ultrasound Combined With PD-1 Blockade in Patients With Liver Metastases From Lung Cancer: Protocol for a Single-Arm Phase 2 Trial. JMIR Res Protoc. (2024) 13:e59152. doi: 10.2196/59152, PMID: 39612480


	 Zhou L-Q, Li P, Cui X-W, Dietrich CF. Ultrasound nanotheranostics in fighting cancer: Advances and prospects. Cancer Lett. (2020) 470:204–19. doi: 10.1016/j.canlet.2019.11.034, PMID: 31790760


	 Megyesfalvi Z, Gay CM, Popper H, Pirker R, Ostoros G, Heeke S, et al. Clinical insights into small cell lung cancer: Tumor heterogeneity, diagnosis, therapy, and future directions. CA Cancer J Clin. (2023) 73:620–52. doi: 10.3322/caac.21785, PMID: 37329269


	 Kim SY, Park HS, Chiang AC. Small Cell Lung Cancer: A Review. JAMA. (2025) 333:1906–17. doi: 10.1001/jama.2025.0560, PMID: 40163214


	 Sperandeo M, Rea G, Grimaldi MA, Trovato F, Dimitri LMC, Carnevale V. Contrast-enhanced ultrasound does not discriminate between community acquired pneumonia and lung cancer. Thorax. (2017) 72:178–80. doi: 10.1136/thoraxjnl-2016-208913, PMID: 27742872


	 Piscaglia F, Sansone V, Tovoli F. Contrast-enhanced ultrasound of the liver in colorectal cancer: A useful tool in the right patient. J Hepatol. (2021) 74:272–3. doi: 10.1016/j.jhep.2020.11.044, PMID: 33309113


	 McCarville MB, Coleman JL, Guo J, Li Y, Li X, Honnoll PJ, et al. Use of Quantitative Dynamic Contrast-Enhanced Ultrasound to Assess Response to Antiangiogenic Therapy in Children and Adolescents With Solid Malignancies: A Pilot Study. AJR Am J Roentgenol. (2016) 206:933–9. doi: 10.2214/AJR.15.15789, PMID: 26999488


	 Tang J, Tang J, Li H, Zhou J, Tang N, Zhu Q, et al. Mechanical destruction using a minimally invasive Ultrasound Needle induces anti-tumor immune responses and synergizes with the anti-PD-L1 blockade. Cancer Lett. (2023) 554:216009. doi: 10.1016/j.canlet.2022.216009, PMID: 36400312


	 Herr FL, Antons MJ, Blume LV, Hirner-Eppeneder H, Kloiber-Langhorst S, Cimic A, et al. Contrast-enhanced ultrasound with VEGFR2-targeted microbubbles for monitoring combined anti-PD-L1/anti-CTLA-4 immunotherapy effects in a murine melanoma model with immunohistochemical validation. PloS One. (2025) 20:e0326675. doi: 10.1371/journal.pone.0326675, PMID: 40591551


	 López-Aguirre M, Castillo-Ortiz M, Viña-González A, Blesa J, Pineda-Pardo JA. The road ahead to successful BBB opening and drug-delivery with focused ultrasound. J Control Release. (2024) 372:901–13. doi: 10.1016/j.jconrel.2024.07.006, PMID: 38971426


	 Ogawa K, Kato N, Yoshida M, Hiu T, Matsuo T, Mizukami S, et al. Focused ultrasound/microbubbles-assisted BBB opening enhances LNP-mediated mRNA delivery to brain. J Control Release. (2022) 348:34–41. doi: 10.1016/j.jconrel.2022.05.042, PMID: 35640764


	 Arrieta VA, Gould A, Kim K-S, Habashy KJ, Dmello C, Vázquez-Cervantes GI, et al. Ultrasound-mediated delivery of doxorubicin to the brain results in immune modulation and improved responses to PD-1 blockade in gliomas. Nat Commun. (2024) 15:4698. doi: 10.1038/s41467-024-48326-w, PMID: 38844770


	 Sabbagh A, Beccaria K, Ling X, Marisetty A, Ott M, Caruso H, et al. Opening of the Blood-Brain Barrier Using Low-Intensity Pulsed Ultrasound Enhances Responses to Immunotherapy in Preclinical Glioma Models. Clin Cancer Res. (2021) 27:4325–37. doi: 10.1158/1078-0432.CCR-20-3760, PMID: 34031054


	 Wei H-J, Upadhyayula PS, Pouliopoulos AN, Englander ZK, Zhang X, Jan C-I, et al. Focused Ultrasound-Mediated Blood-Brain Barrier Opening Increases Delivery and Efficacy of Etoposide for Glioblastoma Treatment. Int J Radiat Oncol Biol Phys. (2021) 110:539–50. doi: 10.1016/j.ijrobp.2020.12.019, PMID: 33346092


	 Song B, Queen H, Ferris SF, McGinnis R, Karanam C, Gatteno N, et al. Histotripsy-Focused Ultrasound Treatment Abrogates Tumor Hypoxia Responses and Stimulates Antitumor Immune Responses in Melanoma. Mol Cancer Ther. (2025) 24:1088–98. doi: 10.1158/1535-7163.MCT-24-0715, PMID: 40105625


	 Joiner JB, Pylayeva-Gupta Y, Dayton PA. Focused Ultrasound for Immunomodulation of the Tumor Microenvironment. J Immunol. (2020) 205:2327–41. doi: 10.4049/jimmunol.1901430, PMID: 33077668


	 Mittendorf EA, Zhang H, Barrios CH, Saji S, Jung KH, Hegg R, et al. Neoadjuvant atezolizumab in combination with sequential nab-paclitaxel and anthracycline-based chemotherapy versus placebo and chemotherapy in patients with early-stage triple-negative breast cancer (IMpassion031): a randomised, double-blind, phase 3 trial. Lancet. (2020) 396:1090–100. doi: 10.1016/S0140-6736(20)31953-X, PMID: 32966830


	 Harbeck N, Gnant M. Breast cancer. Lancet. (2017) 389:1134–50. doi: 10.1016/S0140-6736(16)31891-8, PMID: 27865536


	 Adams S, Loi S, Toppmeyer D, Cescon DW, De Laurentiis M, Nanda R, et al. Pembrolizumab monotherapy for previously untreated, PD-L1-positive, metastatic triple-negative breast cancer: cohort B of the phase II KEYNOTE-086 study. Ann Oncol. (2019) 30:405–11. doi: 10.1093/annonc/mdy518, PMID: 30475947


	 Adams S, Schmid P, Rugo HS, Winer EP, Loirat D, Awada A, et al. Pembrolizumab monotherapy for previously treated metastatic triple-negative breast cancer: cohort A of the phase II KEYNOTE-086 study. Ann Oncol. (2019) 30:397–404. doi: 10.1093/annonc/mdy517, PMID: 30475950


	 Preventive Services Task Force US, Nicholson WK, Silverstein M, Wong JB, Barry MJ, Chelmow D, et al. Screening for Breast Cancer: US Preventive Services Task Force Recommendation Statement. JAMA. (2024) 331:1918–30. doi: 10.1001/jama.2024.5534, PMID: 38687503


	 Duchnowska R, Pęksa R, Radecka B, Mandat T, Trojanowski T, Jarosz B, et al. Immune response in breast cancer brain metastases and their microenvironment: the role of the PD-1/PD-L axis. Breast Cancer Res. (2016) 18:43. doi: 10.1186/s13058-016-0702-8, PMID: 27117582


	 Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al. Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N Engl J Med. (2018) 379:2108–21. doi: 10.1056/NEJMoa1809615, PMID: 30345906


	 Ye F, Dewanjee S, Li Y, Jha NK, Chen Z-S, Kumar A, et al. Advancements in clinical aspects of targeted therapy and immunotherapy in breast cancer. Mol Cancer. (2023) 22:105. doi: 10.1186/s12943-023-01805-y, PMID: 37415164


	 Jahangiri S, Yu F. Fundamentals and Applications of Focused Ultrasound-Assisted Cancer Immune Checkpoint Inhibition for Solid Tumors. Pharmaceutics. (2024) 16:411. doi: 10.3390/pharmaceutics16030411, PMID: 38543305


	 Toi M, Kinoshita T, Benson JR, Jatoi I, Kataoka M, Han W, et al. Non-surgical ablation for breast cancer: an emerging therapeutic option. Lancet Oncol. (2024) 25:e114–25. doi: 10.1016/S1470-2045(23)00615-0, PMID: 38423057


	 Jia H, Truica CI, Wang B, Wang Y, Ren X, Harvey HA, et al. Immunotherapy for triple-negative breast cancer: Existing challenges and exciting prospects. Drug Resist Update. (2017) 32:1–15. doi: 10.1016/j.drup.2017.07.002, PMID: 29145974


	 Revuri V, Rajendrakumar SK, Park M-S, Mohapatra A, Uthaman S, Mondal J, et al. Heat-Confined Tumor-Docking Reversible Thermogel Potentiates Systemic Antitumor Immune Response During Near-Infrared Photothermal Ablation in Triple-Negative Breast Cancer. Adv Healthc Mater. (2021) 10:e2100907. doi: 10.1002/adhm.202100907, PMID: 34541833


	 Shi G, Zhong M, Ye F, Zhang X. Low-frequency HIFU induced cancer immunotherapy: tempting challenges and potential opportunities. Cancer Biol Med. (2019) 16:714–28. doi: 10.20892/j.issn.2095-3941.2019.0232, PMID: 31908890


	 Jiang M, Fiering S, Shao Q. Combining energy-based focal ablation and immune checkpoint inhibitors: preclinical research and clinical trials. Front Oncol. (2023) 13:1153066. doi: 10.3389/fonc.2023.1153066, PMID: 37251920


	 Demir ZEF, Sheybani ND. Therapeutic Ultrasound for Multimodal Cancer Treatment: A Spotlight on Breast Cancer. Annu Rev BioMed Eng. (2025) 27:371–402. doi: 10.1146/annurev-bioeng-103023-111151, PMID: 39971377


	 Ma Y, Wang Q, Dong Q, Zhan L, Zhang J. How to differentiate pseudoprogression from true progression in cancer patients treated with immunotherapy. Am J Cancer Res. (2019) 9:1546–53.


	 Fang J, Tan J, Lin L, Cao Y, Xu R, Lin C, et al. Bioactive Nanotherapeutic Ultrasound Contrast Agent for Concurrent Breast Cancer Ultrasound Imaging and Treatment. Adv Healthc Mater. (2024) 13:e2401436. doi: 10.1002/adhm.202401436, PMID: 38923231


	 Chen Q, Xiao H, Hu L, Huang Y, Cao Z, Shuai X, et al. 19F MRI/CEUS Dual Imaging-Guided Sonodynamic Therapy Enhances Immune Checkpoint Blockade in Triple-Negative Breast Cancer. Adv Sci (Weinh). (2024) 11:e2401182. doi: 10.1002/advs.202401182, PMID: 39051482


	 Liu S, Cai W, Luo Y, Dou J, Wu J, Wu H, et al. CEUS Versus MRI in Evaluation of the Effect of Microwave Ablation of Breast Cancer. Ultrasound Med Biol. (2022) 48:617–25. doi: 10.1016/j.ultrasmedbio.2021.11.012, PMID: 35063290


	 Carlsen J, Ewertsen C, Sletting S, Vejborg I, Schäfer FKW, Cosgrove D, et al. Ultrasound Elastography in Breast Cancer Diagnosis. Ultraschall Med. (2015) 36:550–562; quiz 563–565. doi: 10.1055/s-0035-1553293, PMID: 26274379


	 Voutouri C, Mpekris F, Panagi M, Krolak C, Michael C, Martin JD, et al. Ultrasound stiffness and perfusion markers correlate with tumor volume responses to immunotherapy. Acta Biomater. (2023) 167:121–34. doi: 10.1016/j.actbio.2023.06.007, PMID: 37321529


	 Zhang Z, Liang S, Zheng D, Wang S, Zhou J, Wang Z, et al. Using Cancer-Associated Fibroblasts as a Shear-Wave Elastography Imaging Biomarker to Predict Anti-PD-1 Efficacy of Triple-Negative Breast Cancer. Int J Mol Sci. (2025) 26:3525. doi: 10.3390/ijms26083525, PMID: 40332007


	 Schadendorf D, van Akkooi ACJ, Berking C, Griewank KG, Gutzmer R, Hauschild A, et al. Melanoma. Lancet. (2018) 392:971–84. doi: 10.1016/S0140-6736(18)31559-9, PMID: 30238891


	 Sussman TA, Ott PA. Adjuvant immunotherapy for melanoma patients: progress and opportunities. ESMO Open. (2024) 9:102962. doi: 10.1016/j.esmoop.2024.102962, PMID: 38626633


	 Long GV, Swetter SM, Menzies AM, Gershenwald JE, Scolyer RA. Cutaneous melanoma. Lancet. (2023) 402:485–502. doi: 10.1016/S0140-6736(23)00821-8, PMID: 37499671


	 Carlino MS, Larkin J, Long GV. Immune checkpoint inhibitors in melanoma. Lancet. (2021) 398:1002–14. doi: 10.1016/S0140-6736(21)01206-X, PMID: 34509219


	 van de Donk NWCJ, Zweegman S. T-cell-engaging bispecific antibodies in cancer. Lancet. (2023) 402:142–58. doi: 10.1016/S0140-6736(23)00521-4, PMID: 37271153


	 Liu ZF, Sylivris A, Wu J, Tan D, Hong S, Lin L, et al. Ultrasound Surveillance in Melanoma Management: Bridging Diagnostic Promise with Real-World Adherence: A Systematic Review and Meta-Analysis. Am J Clin Dermatol. (2024) 25:513–25. doi: 10.1007/s40257-024-00862-3, PMID: 38635019


	 Hayes AJ, Moskovic E, O’Meara K, Smith HG, Pope RJE, Larkin J, et al. Prospective cohort study of ultrasound surveillance of regional lymph nodes in patients with intermediate-risk cutaneous melanoma. Br J Surg. (2019) 106:729–34. doi: 10.1002/bjs.11112, PMID: 30816996


	 Fischerova D, Garganese G, Reina H, Fragomeni SM, Cibula D, Nanka O, et al. Terms, definitions and measurements to describe sonographic features of lymph nodes: consensus opinion from the Vulvar International Tumor Analysis (VITA) group. Ultrasound Obstet Gynecol. (2021) 57:861–79. doi: 10.1002/uog.23617, PMID: 34077608


	 Bilimoria KY, Russell MC, Hyngstrom J. Melanoma Sentinel-Node Metastasis. N Engl J Med. (2017) 377:891. doi: 10.1056/NEJMc1708918, PMID: 28854100


	 Tsilimigras DI, Brodt P, Clavien P-A, Muschel RJ, D’Angelica MI, Endo I, et al. Liver metastases. Nat Rev Dis Primers. (2021) 7:27. doi: 10.1038/s41572-021-00261-6, PMID: 33859205


	 Nahm WJ, Sakunchotpanit G, Nambudiri VE. Abscopal Effects and Immunomodulation in Skin Cancer Therapy. Am J Clin Dermatol. (2025) 26:555–85. doi: 10.1007/s40257-025-00943-x, PMID: 40180765


	 Sheybani ND, Price RJ. Perspectives on Recent Progress in Focused Ultrasound Immunotherapy. Theranostics. (2019) 9:7749–58. doi: 10.7150/thno.37131, PMID: 31695798


	 Hoogenboom M, Eikelenboom DC, van den Bijgaart RJE, Heerschap A, Wesseling P, den Brok MH, et al. Impact of MR-guided boiling histotripsy in distinct murine tumor models. Ultrason Sonochem. (2017) 38:1–8. doi: 10.1016/j.ultsonch.2017.02.035, PMID: 28633808


	 Hendricks-Wenger A, Hutchison R, Vlaisavljevich E, Allen IC. Immunological Effects of Histotripsy for Cancer Therapy. Front Oncol. (2021) 11:681629. doi: 10.3389/fonc.2021.681629, PMID: 34136405


	 Singh MP, Sethuraman SN, Miller C, Malayer J, Ranjan A. Boiling histotripsy and in-situ CD40 stimulation improve the checkpoint blockade therapy of poorly immunogenic tumors. Theranostics. (2021) 11:540–54. doi: 10.7150/thno.49517, PMID: 33391491


	 Zheng Y, Wang W, Gao Y, Wang W, Zhang R, Wu D, et al. Nanosonosensitizers-engineered injectable thermogel for augmented chemo-sonodynamic therapy of melanoma and infected wound healing. Mater Today Bio. (2023) 20:100621. doi: 10.1016/j.mtbio.2023.100621, PMID: 37056919


	 Li KH, Cheung PC, Petrella TM, Zhang L, Poon ID, Menjak IB. Clinical outcomes of multisite moderate to high dose radiotherapy for patients with metastatic melanoma. Precis Radiat Oncol. (2024) 8:62–9. doi: 10.1002/pro6.1224, PMID: 40336647


	 Patel RR, He K, Barsoumian HB, Chang JY, Tang C, Verma V, et al. High-dose irradiation in combination with non-ablative low-dose radiation to treat metastatic disease after progression on immunotherapy: Results of a phase II trial. Radiother Oncol. (2021) 162:60–7. doi: 10.1016/j.radonc.2021.06.037, PMID: 34237343


	 Das S, Johnson DB. Immune-related adverse events and anti-tumor efficacy of immune checkpoint inhibitors. J Immunother Cancer. (2019) 7:306. doi: 10.1186/s40425-019-0805-8, PMID: 31730012


	 Ramos-Casals M, Brahmer JR, Callahan MK, Flores-Chávez A, Keegan N, Khamashta MA, et al. Immune-related adverse events of checkpoint inhibitors. Nat Rev Dis Primers. (2020) 6:38. doi: 10.1038/s41572-020-0160-6, PMID: 32382051


	 Dong Y, Potthoff A, Klinger C, Barreiros AP, Pietrawski D, Dietrich CF. Ultrasound findings in autoimmune hepatitis. World J Gastroenterol. (2018) 24:1583–90. doi: 10.3748/wjg.v24.i15.1583, PMID: 29686465


	 Grani G, Sponziello M, Pecce V, Ramundo V, Durante C. Contemporary Thyroid Nodule Evaluation and Management. J Clin Endocrinol Metab. (2020) 105:2869–83. doi: 10.1210/clinem/dgaa322, PMID: 32491169


	 Han Y, Sun J, Wei H, Hao J, Liu W, Wang X. Ultrasound-Targeted Microbubble Destruction: Modulation in the Tumor Microenvironment and Application in Tumor Immunotherapy. Front Immunol. (2022) 13:937344. doi: 10.3389/fimmu.2022.937344, PMID: 35844515


	 Villanueva A. Hepatocellular Carcinoma. N Engl J Med. (2019) 380:1450–62. doi: 10.1056/NEJMra1713263, PMID: 30970190


	 Vogel A, Meyer T, Sapisochin G, Salem R, Saborowski A. Hepatocellular carcinoma. Lancet. (2022) 400:1345–62. doi: 10.1016/S0140-6736(22)01200-4, PMID: 36084663


	 Izzo F, Granata V, Grassi R, Fusco R, Palaia R, Delrio P, et al. Radiofrequency Ablation and Microwave Ablation in Liver Tumors: An Update. Oncologist. (2019) 24:e990–e1005. doi: 10.1634/theoncologist.2018-0337, PMID: 31217342


	 Cheung TT, Ma KW, She WH. A review on radiofrequency, microwave and high-intensity focused ultrasound ablations for hepatocellular carcinoma with cirrhosis. Hepatobiliary Surg Nutr. (2021) 10:193–209. doi: 10.21037/hbsn.2020.03.11, PMID: 33898560


	 Kang TW, Rhim H. Recent Advances in Tumor Ablation for Hepatocellular Carcinoma. Liver Cancer. (2015) 4:176–87. doi: 10.1159/000367740, PMID: 26674766


	 Luo W, Zhang Y, He G, Yu M, Zheng M, Liu L, et al. Effects of radiofrequency ablation versus other ablating techniques on hepatocellular carcinomas: a systematic review and meta-analysis. World J Surg Oncol. (2017) 15:126. doi: 10.1186/s12957-017-1196-2, PMID: 28693505


	 Yang J, Liao M, Wu Z, Liu X, Zheng Z, Wang W, et al. Perfluorohexane nanodroplet-assisted mechanical high intensity focused ultrasound cavitation: A strategy for hepatocellular carcinoma treatment. Acta Biomater. (2025) 195:297–308. doi: 10.1016/j.actbio.2025.01.061, PMID: 39894325


	 Wood LD, Canto MI, Jaffee EM, Simeone DM. Pancreatic Cancer: Pathogenesis, Screening, Diagnosis, and Treatment. Gastroenterology. (2022) 163:386–402.e1. doi: 10.1053/j.gastro.2022.03.056, PMID: 35398344


	 Stoop TF, Javed AA, Oba A, Koerkamp BG, Seufferlein T, Wilmink JW, et al. Pancreatic cancer. Lancet. (2025) 405:1182–202. doi: 10.1016/S0140-6736(25)00261-2, PMID: 40187844


	 Halbrook CJ, Lyssiotis CA, Pasca di Magliano M, Maitra A. Pancreatic cancer: Advances and challenges. Cell. (2023) 186:1729–54. doi: 10.1016/j.cell.2023.02.014, PMID: 37059070


	 Wang S, Zheng Y, Yang F, Zhu L, Zhu X-Q, Wang Z-F, et al. The molecular biology of pancreatic adenocarcinoma: translational challenges and clinical perspectives. Signal Transduct Target Ther. (2021) 6:249. doi: 10.1038/s41392-021-00659-4, PMID: 34219130


	 Chen X, Liu F, Xue Q, Weng X, Xu F. Metastatic pancreatic cancer: Mechanisms and detection (Review). Oncol Rep. (2021) 46:231. doi: 10.3892/or.2021.8182, PMID: 34498718


	 Nesbitt H, Logan K, Thomas K, Callan B, Gao J, McKaig T, et al. Sonodynamic therapy complements PD-L1 immune checkpoint inhibition in a murine model of pancreatic cancer. Cancer Lett. (2021) 517:88–95. doi: 10.1016/j.canlet.2021.06.003, PMID: 34119606


	 Delaney LJ, Eisenbrey JR, Brown D, Brody JR, Jimbo M, Oeffinger BE, et al. Gemcitabine-loaded microbubble system for ultrasound imaging and therapy. Acta Biomater. (2021) 130:385–94. doi: 10.1016/j.actbio.2021.05.046, PMID: 34082100


	 Abels ER, Broekman MLD, Breakefield XO, Maas SLN. Glioma EVs Contribute to Immune Privilege in the Brain. Trends Cancer. (2019) 5:393–6. doi: 10.1016/j.trecan.2019.05.006, PMID: 31311653


	 van den Bent MJ, Geurts M, French PJ, Smits M, Capper D, Bromberg JEC, et al. Primary brain tumours in adults. Lancet. (2023) 402:1564–79. doi: 10.1016/S0140-6736(23)01054-1, PMID: 37738997


	 Lee H, Guo Y, Ross JL, Schoen S, Degertekin FL, Arvanitis C. Spatially targeted brain cancer immunotherapy with closed-loop controlled focused ultrasound and immune checkpoint blockade. Sci Adv. (2022) 8:eadd2288. doi: 10.1126/sciadv.add2288, PMID: 36399574


	 Wu P, Liu Z, Tao W, Lai Y, Yang G, Yuan L. The principles and promising future of sonogenetics for precision medicine. Theranostics. (2024) 14:4806–21. doi: 10.7150/thno.98476, PMID: 39239514


	 Singla N, Gahan J. New technologies in tumor ablation. Curr Opin Urol. (2016) 26:248–53. doi: 10.1097/MOU.0000000000000284, PMID: 26967263


	 Young M, Jackson-Spence F, Beltran L, Day E, Suarez C, Bex A, et al. Renal cell carcinoma. Lancet. (2024) 404:476–91. doi: 10.1016/S0140-6736(24)00917-6, PMID: 39033764


	 Ruan J-L, Browning RJ, Yildiz YO, Gray M, Bau L, Kamila S, et al. Ultrasound-Mediated Gemcitabine Delivery Reduces the Normal-Tissue Toxicity of Chemoradiation Therapy in a Muscle-Invasive Bladder Cancer Model. Int J Radiat Oncol Biol Phys. (2021) 109:1472–82. doi: 10.1016/j.ijrobp.2020.11.046, PMID: 33714528


	 Zhong J, Su M, Jiang Y, Huang L, Chen Y, Huang Z, et al. VEGFR2 targeted microbubble-based ultrasound molecular imaging improving the diagnostic sensitivity of microinvasive cervical cancer. J Nanobiotechnol. (2023) 21:220. doi: 10.1186/s12951-023-01984-2, PMID: 37438780


	 Labarca G, Sierra-Ruiz M, Kheir F, Folch E, Majid A, Mehta HJ, et al. Diagnostic Accuracy of Endobronchial Ultrasound Transbronchial Needle Aspiration in Lymphoma. A Systematic Review and Meta-Analysis. Ann Am Thorac Soc. (2019) 16:1432–9. doi: 10.1513/AnnalsATS.201902-175OC, PMID: 31291126


	 Li S, He N, Wu X, Chen F, Xue Q, Li S, et al. Characteristics of Ultrasound-Driven Barium Titanate Nanoparticles and the Mechanism of Action on Solid Tumors. Int J Nanomedicine. (2024) 19:12769–91. doi: 10.2147/IJN.S491816, PMID: 39624116


	 Pepple AL, Guy JL, McGinnis R, Felsted AE, Song B, Hubbard R, et al. Spatiotemporal local and abscopal cell death and immune responses to histotripsy focused ultrasound tumor ablation. Front Immunol. (2023) 14:1012799. doi: 10.3389/fimmu.2023.1012799, PMID: 36756111


	 Datta P, Moolayadukkam S, Chowdhury D, Rayes A, Lee NS, Sahu RP, et al. Recent Advances and Future Directions in Sonodynamic Therapy for Cancer Treatment. BME Front. (2024) 2024:80. doi: 10.34133/bmef.0080, PMID: 39735354


	 Kifle ZD, Tadele M, Alemu E, Gedamu T, Ayele AG. A recent development of new therapeutic agents and novel drug targets for cancer treatment. SAGE Open Med. (2021) 9:20503121211067083. doi: 10.1177/20503121211067083, PMID: 34992782


	 Unga J, Hashida M. Ultrasound induced cancer immunotherapy. Adv Drug Delivery Rev. (2014) 72:144–53. doi: 10.1016/j.addr.2014.03.004, PMID: 24680708


	 Cavallo Marincola B, Pediconi F, Anzidei M, Miglio E, Di Mare L, Telesca M, et al. High-intensity focused ultrasound in breast pathology: non-invasive treatment of benign and malignant lesions. Expert Rev Med Devices. (2015) 12:191–9. doi: 10.1586/17434440.2015.986096, PMID: 25418428


	 Li S, Zhou Z, Wu S, Wu W. A review of quantitative ultrasound-based approaches to thermometry and ablation zone identification over the past decade. Ultrason Imaging. (2022) 44:213–28. doi: 10.1177/01617346221120069, PMID: 35993226


	 Yang M, Wang X, Peng M, Wang F, Hou S, Xing R, et al. Nanomaterials Enhanced Sonodynamic Therapy for Multiple Tumor Treatment. Nanomicro Lett. (2025) 17:157. doi: 10.1007/s40820-025-01666-8, PMID: 39992547


	 Zhao Z, Hu Y, Xu LX, Sun J. Advancements in deep learning for image-guided tumor ablation therapies: a comprehensive review. Prog BioMed Eng (Bristol). (2025) 7. doi: 10.1088/2516-1091/adfeab, PMID: 40845893


	 He Z, Du J, Miao Y, Li Y. Recent Developments of Inorganic Nanosensitizers for Sonodynamic Therapy. Adv Healthc Mater. (2023) 12:e2300234. doi: 10.1002/adhm.202300234, PMID: 37070721


	 Li J, Luo Y, Zeng Z, Cui D, Huang J, Xu C, et al. Precision cancer sono-immunotherapy using deep-tissue activatable semiconducting polymer immunomodulatory nanoparticles. Nat Commun. (2022) 13:4032. doi: 10.1038/s41467-022-31551-6, PMID: 35821238


	 Londoño M-C, Reig M, Retoinmuno Multidisciplinary Group. Multidisciplinary Clinical Approach to Cancer Patients with Immune-Related Adverse Events Induced by Checkpoint Inhibitors. Cancers (Basel). (2020) 12:3446. doi: 10.3390/cancers12113446, PMID: 33228219


	 Zhou H, Luo Q, Wu W, Li N, Yang C, Zou L. Radiomics-guided checkpoint inhibitor immunotherapy for precision medicine in cancer: A review for clinicians. Front Immunol. (2023) 14:1088874. doi: 10.3389/fimmu.2023.1088874, PMID: 36936913


	 Wang M, Liu Z, Ma L. Application of artificial intelligence in ultrasound imaging for predicting lymph node metastasis in breast cancer: A meta-analysis. Clin Imaging. (2024) 106:110048. doi: 10.1016/j.clinimag.2023.110048, PMID: 38065024


	 Oh JE, Chung HS, Gwon HR, Park EY, Kim HY, Lee GK, et al. Prediction of Lymph Node Metastasis in Lung Cancer Using Deep Learning of Endobronchial Ultrasound Images With Size on CT and PET-CT Findings. Respirology. (2025) 30:515–22. doi: 10.1111/resp.70010, PMID: 40033122


	 Viswanathan VS, Toro P, Corredor G, Mukhopadhyay S, Madabhushi A. The state of the art for artificial intelligence in lung digital pathology. J Pathol. (2022) 257:413–29. doi: 10.1002/path.5966, PMID: 35579955


	 Bhinder B, Gilvary C, Madhukar NS, Elemento O. Artificial Intelligence in Cancer Research and Precision Medicine. Cancer Discov. (2021) 11:900–15. doi: 10.1158/2159-8290.CD-21-0090, PMID: 33811123


	 Hazel K, Singh D, He S, Guertin Z, Husser MC, Helfield B. Focused ultrasound and microbubble-mediated delivery of CRISPR-Cas9 ribonucleoprotein to human induced pluripotent stem cells. Mol Ther. (2025) 33:986–96. doi: 10.1016/j.ymthe.2025.01.013, PMID: 39797397


	 Wang Y, Yang H, Jia A, Wang Y, Yang Q, Dong Y, et al. Dendritic cell Piezo1 directs the differentiation of TH1 and Treg cells in cancer. Elife. (2022) 11:e79957. doi: 10.7554/eLife.79957, PMID: 35993548


	 Tang J, Feng M, Wang D, Zhang L, Yang K. Recent advancement of sonogenetics: A promising noninvasive cellular manipulation by ultrasound. Genes Dis. (2024) 11:101112. doi: 10.1016/j.gendis.2023.101112, PMID: 38947740








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

Copyright © 2025 Wang, Liu, Lyu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




Glossary

ICIs immune checkpoint inhibitors

TME tumor microenvironment

HIFU high-intensity focused ultrasound

ICD immunogenic cell death

DCs dendritic cells

AI artificial intelligence

EBUS endobronchial ultrasound

HSPs heat shock proteins

NK natural killer

UTMD ultrasound-targeted microbubble destruction

BBB blood–brain barrier

DAMPs damage-associated molecular patterns

CTLs cytotoxic T lymphocytes

EPR enhanced permeability and retention

ROS reactive oxygen species

SDT sonodynamic therapy

HMGB1 high mobility group box 1 protein

ATP adenosine triphosphate

CRT calreticulin

MOFs metal–organic frameworks

GSH glutathione

NSCLC non-small cell lung cancer

EBUS-TBNA endobronchial ultrasound-guided transbronchial needle aspiration

CEUS Contrast-enhanced ultrasound

FUS focused ultrasound

TNBC triple-negative breast cancer

RFA radiofrequency ablation

LIFU-TMD low-intensity focused ultrasound with targeted microbubble destruction

Treg regulatory T cell

SWE shear wave elastography

CAFs cancer-associated fibroblasts

FGFR fibroblast growth factor receptor

BSO buthionine sulfoximine

HDRT high-dose radiotherapy

LDRT low-dose radiotherapy

irAEs immune-related adverse events

HCC Hepatocellular Carcinoma

MWA microwave ablation

PEI percutaneous ethanol injection

CRA cryoablation

NDs-PFH perfluorohexane nanodroplets

PLA lactic acid

PDAC pancreatic ductal adenocarcinoma

MB-FUS microbubble-enhanced FUS

PDT/SDT photodynamic and sonodynamic therapies

RCC Renal cell carcinoma

MIBC muscle-invasive bladder cancer

USMI ultrasound molecular imaging.
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