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ABSTRACT: Background: Immunotherapy strategies have demonstrated promising
efficacy in treating various cancers. However, cancer cells often evade immune
surveillance by reducing their immunogenicity, which limits immune cell infiltration into
the tumor microenvironment. Pyroptosis, a proinflammatory form of programmed cell
death, is characterized by the formation of plasma membrane pores that lead to the
release of intracellular contents and stimulate a robust immune response. Results: To
exploit this mechanism, we developed hematoporphyrin monomethyl ether (HMME)-
loaded nanoliposomes capable of efficiently accumulating at the tumor site. Upon
ultrasound irradiation, these nanomedicines generate reactive oxygen species (ROS) that
activate Caspase-3, which cleaves Gasdermin E (GSDME) and induces tumor cell
pyroptosis. Notably, this sonodynamic therapy (SDT) based on nanosonosensitizers
enhanced the targeted enrichment of chimeric antigen receptor (CAR)-engineered
natural killer (NK) cells at the ultrasound-irradiated tumor site, significantly improved
the tumor immune response, and effectively inhibited the growth and proliferation of oral squamous cell carcinoma (OSCC) cells
both in vivo and in vitro. Conclusions: Given that NK cell immunotherapy has an excellent safety profile with minimal risks of
cytokine release syndrome and neurotoxicity, this approach holds promise as an adjunct to various NK cell-based immunotherapies
through SDT-induced pyroptosis.
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1. INTRODUCTION
According to the American Cancer Society, head and neck
squamous cell carcinoma (HNSCC) ranks as the eighth most
common cancer globally and remains the leading cause of
death among head and neck tumors.1,2 Oral squamous cell
carcinoma (OSCC) is the most prevalent cancer within this
group, and its incidence has been steadily increasing. Clinically,
treatment options for HNSCC, including OSCC, primarily
involve surgery, often combined with traditional modalities
such as radiotherapy, chemotherapy, or chemoradiotherapy.
Traditional systemic chemotherapy and the use of cetuximab
in treating recurrent cases are associated with significant long-
term side effects, including drug toxicity. As a result, the five-
year survival rate for these patients remains suboptimal,3

underscoring the need for multidisciplinary treatment strat-
egies to identify safer and more effective therapeutic
alternatives.4

The combination of checkpoint blockade with emerging
therapeutic strategies has demonstrated synergistic effects in
cancer treatment, enhancing the immune-mediated cytotox-
icity of CD8+ T lymphocytes.5 Unlike T cells, natural killer
(NK) cells possess the unique ability to detect discrepancies in
inhibitory signaling pathways in an antigen-independent
manner.6,7 This allows NK cells to distinguish malignant
cells from healthy host cells, with a particular affinity for

targeting and eliminating stem-like cancer cells, which exhibit
increased tumorigenic potential and resistance to conventional
therapies8 Moreover, NK cell-based immunotherapy is
characterized by a favorable safety profile, notably in the
absence of severe complications such as cytokine release
syndrome or graft-versus-host disease, as evidenced by clinical
trials in various hematologic malignancies, including leukemia,
lymphoma, and myeloma.9,10 Despite these promising findings,
the clinical application of NK cell-based therapies in solid
tumors remains limited. For NK cells to exert effective
antitumor activity, efficient recruitment and infiltration into the
tumor microenvironment (TME) are essential.11 However, the
TME poses significant challenges, including a dense physical
stromal barrier and disrupted chemokine gradients,12,13 which
hinder NK cell infiltration and, consequently, the overall
efficacy of immunotherapy.14 Identifying strategies to safely
and effectively enhance NK cell infiltration into solid tumors
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Figure 1. (a) Schematic illustration of the construction of HMME@Lip nanosonosensitizers and the US-triggered 1O2 production assisted by
HMME@Lip. (b) TEM image showed the quasi-spherical morphology of HMME@Lip with high dispersity (scale bar = 500 nm). (c) Time-
dependent changes in particle size and PDI of HMME@Lip in PBS at 4 °C. (d) Zeta potential of liposomes (Lip) and HMME@Lip (n = 3). (e)
Hydrodynamic diameters of HMME@Lip nanosonosensitizers in PBS, measured by DLS. (f) ESR spectra of HMME@Lip with or without US
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represents a critical and ongoing challenge for optimizing
therapeutic outcomes.

Ultrasound (US) is one of the most widely recognized
noninvasive physical irradiation techniques, playing a crucial
role not only in clinical diagnosis but also in therapeutic
applications.15 Sonodynamic therapy (SDT), an emerging
noninvasive treatment modality, offers several advantages,
including high tissue penetration, nonionizing radiation,
excellent controllability, and cost-effectiveness.16 In the typical
SDT process, US activates sonosensitizers, which subsequently
generate reactive oxygen species (ROS) that induce cancer cell
death through the apoptotic pathway.17,18 Preclinical animal
models have shown that the tumor cell debris resulting from
SDT can serve as a source of tumor-associated antigens,
triggering host immune responses that enhance antitumor
immunity. However, apoptosis is often a “silent” cell death
process, and cancer cells frequently develop resistance to
apoptosis, which presents a significant challenge for achieving
effective therapeutic outcomes.19 In contrast to apoptosis,
which typically does not provoke a strong immune response,
inflammasome-driven pyroptosis has emerged as an alternative
form of programmed cell death that induces potent immune
activation. Pyroptosis is an inflammatory cell death process
that activates the innate immune system. In tumor cells
expressing gasdermin E (GSDME),20 caspase-3 cleaves
GSDME into two fragments: the C-terminal (GSDME-C)
and the N-terminal (GSDME-N).21 This cleavage converts the
noninflammatory apoptotic process into an inflammatory
pyroptotic response, thereby enhancing antitumor immunity.
This transition from apoptosis to pyroptosis provides a
promising strategy to improve the therapeutic efficacy of
SDT by not only inducing cancer cell death but also triggering
a robust immune response22

Inspired by the therapeutic properties of SDT and the
immune response triggered by pyroptosis, we developed a
combined therapeutic strategy that integrates SDT, pyroptosis
induction in tumor cells, and CAR-NK cell therapy. This
approach was successfully implemented using a nanoliposome
platform loaded with an acoustic sensitizer. The key
components of the nanosonosensitizer include FDA-approved
drugs, such as liposomes to encapsulate therapeutic agents and
hematoporphyrin monomethyl ether (HMME) as an ultra-
sound-responsive sonosensitizer.5 Upon US stimulation, ROS
are generated, which induce GSDME-dependent pyroptosis in
tumor cells, release proinflammatory cytokines, recruit NK
cells, trigger a systemic immune response, and facilitate tumor
cell death, while also inhibiting distant metastasis. The
antitumor effects of pyroptosis, mediated by ROS generation
and the Caspase-3/GSDME pathway, were thoroughly
validated through RNA sequencing, morphological analysis,
and Western blotting. Notably, in a severe immunodeficiency
mouse (NSG) model, the combined adoptive transfer of CAR-
NK cells led to a significant accumulation of CAR-NK cells at
the orthotopic tumor site, greatly enhancing the efficacy of

CAR-NK immunotherapy. These promising results offer new
avenues for improving CAR-NK-based targeted therapy for
solid tumors via the integration of SDT.

2. RESULTS AND DISCUSSION
2.1. Design, Synthesis, and Characterization of

HMME@Lip. The synthesis of the nanosonosensitizer
HMME@Lip is illustrated in Figure 1a. A highly biocompatible
liposome was selected as the nanoplatform for encapsulating
the sonosensitizer HMME using a reverse evaporation method.
The resulting HMME-loaded liposomes (HMME@Lip) were
then homogenized by high-pressure nitrogen extrusion,
followed by ultracentrifugation filtration to remove any free
drug and ensure the purity of the formulation.5

As shown in Figure 1b, the transmission electron microscopy
(TEM) image revealed that HMME@Lip exhibited a
monodispersed, uniform particle morphology. Long-term
monitoring (14 days) demonstrated the good structural
stability of HMME@Lip under physiological conditions, with
minimal changes in particle size and a low polydispersity index
(PDI) (Figure 1c). The rigidity of the lipid membrane
contributed to its stability. The average hydrodynamic
diameter of the nanosonosensitizer was approximately 135.5
nm, as measured by a Malvern laser particle size analyzer, and
the surface Zeta potential was −43.7 mV, indicating strong
electrostatic repulsion, which prevented aggregation and
enhanced stability (Figure 1d,e). Electron spin resonance
(ESR) and 1, 3-diphenylisobenzofuran (DPBF) assays (Figure
1g) were employed to qualitatively and quantitatively assess
ROS generation. It was found that singlet oxygen (1O2) was
generated by HMME@Lip under US irradiation, as evidenced
by the characteristic ESR peak. When coincubated with CAL27
cells, the DCFH-DA probe emitted intense green fluorescence
upon US excitation, confirming ROS production (Figure 1j).
The UV−vis absorption spectrum of HMME@Lip displayed a
distinct absorption peak around 398 nm (Figure 1i),
confirming the successful encapsulation of HMME into the
nanoparticles. The encapsulation efficiency and drug loading of
the liposomes measured according to the standard curve were
38.3 and 6.5%, respectively. To evaluate the cell viability and
toxicity of HMME@Lip, CCK-8 assays were performed on
CAL27 cells coincubated with varying concentrations of
HMME@Lip under US excitation. Representative inverted
fluorescence images demonstrated the significant toxicity of
HMME@Lip to tumor cells upon US stimulation (Figures 1h
and S1). In contrast, in the absence of US stimulation,
HMME@Lip exhibited excellent biological safety. These
findings supported the potential of SDT-based tumor treat-
ment.

2.2. RNA Sequencing. When CAL27 cells were incubated
with HMME@Lip and stimulated with US, we observed cell
membrane blebbing and protrusion under the microscope,
which were characteristic features of pyroptosis (Figure 3b).
However, previous studies have indicated that SDT typically

Figure 1. continued

treatment, indicating the generation of 1O2. (g) Time-dependent DPBF absorption spectra in the presence of HMME@Lip under US irradiation
for different durations. (h) CLSM images of CAL27 cells stained with DCFH-DA, Calcein-AM, and PI after various treatments: control (no
treatment), US only, HMME@Lip only, and HMME@Lip combined with US irradiation (scale bar = 100 μm). (i) UV−vis absorption spectra of
Lip and HMME@Lip, confirming the successful encapsulation of HMME into the liposome. (j) Corresponding semiquantitative analysis of relative
ROS levels (n = 5). Statistical analysis was performed by one-way ANOVA. Data are presented as mean ± standard deviation (SD), with *p < 0.05,
**p < 0.01, ***p < 0.001, and n.s.: no significant difference.
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induces apoptosis in tumor cells. To further investigate the
potential therapeutic mechanism of HMME@Lip on OSCC

cells, we conducted additional experiments on CAL27 cells.
Unsupervised hierarchical clustering of the RNA-sequencing

Figure 2. RNA sequencing of CAL27 cells after different treatments. (a) Volcano plot of DEGs from transcriptome sequencing in the CTRL and
SDT groups. (b) Expression levels of pyroptosis-related genes in the CTRL and SDT groups. (c) Multiple-protein interaction analysis of
pyroptosis-related protein in the CTRL and SDT groups. (d) Correlation analysis of pyroptosis-related genes in the CTRL and SDT groups. (e)
Correlation analysis between GSDME and CASP3 with IL1B and TNF. (f) Immune infiltration analysis of pyroptosis-related genes in the CTRL
and SDT groups.
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data revealed clear clustering of samples within the same
treatment groups, indicating the high reliability of the data
(Figure S2a). A total of 2811 differentially expressed genes
(DEGs) were identified between the SDT and CTRL groups.
Among these, 400 genes (14.23%) were downregulated, while
2411 genes (85.77%) were upregulated (Figure S2b).

To further investigate the molecular biological differences
between the CTRL and SDT groups and their relationship
with pyroptosis, we performed transcriptome sequencing
analysis (Figure 2a) and screened for differential expression
of pyroptosis-related genes. The results revealed that under
SDT treatment, several pyroptosis-related genes were upregu-
lated (Figure 2b). Protein−protein interaction analysis of these
upregulated genes using STRING revealed that Casp3 and
GSDME play central roles in the interaction network (Figure
2c). Further analysis of interacting proteins showed that
GSDME had a correlation coefficient of 0.94 with IL1B (P <
0.01, Figure 2e) and a correlation coefficient of 0.95 with TNF
(P < 0.01, Figure 2e). CASP3 showed a correlation coefficient

of 0.97 with IL1B (P < 0.01, Figure 2e) and a correlation
coefficient of 0.91 with TNF (P = 0.01, Figure 2e). These
results suggested that pyroptosis, as an inflammatory form of
cell death (Figure 2d), leads to the release of inflammatory
factors that can enhance the TME..

Additionally, to explore whether pyroptosis is involved in
inflammatory responses and immune activation, we conducted
an immune infiltration analysis. The results showed that
GSDME or CASP3 was significantly positively correlated with
resting NK cell infiltration (Figure 2f).20 Therefore, to enhance
NK cell infiltration and boost the immune system’s attack on
the tumor through SDT, one approach may be the exogenous
infusion of NK cells, preactivated with cytokines such as IL-2
to improve their killing ability.23

2.3. HMME@Lip Induce Pyroptosis of CAL27 Cells.
Pyroptosis is characterized by inflammation and is closely
associated with the Gasdermin family of proteins, which
includes Gasdermin A, B, C, D, E, and DFNB59.24,25 To
investigate whether SDT induces pyroptosis in cancer cells, we

Figure 3. (a) Pyroptosis induced by the SDT strategy. (b) Bright-field CLSM images of CAL27 cells following different treatments. The white
arrows indicate bubble-like protrusions on the surface of the cell membrane (scale bar = 100 μm). (c,e) Western immunoblot analysis of the
expression levels of pyroptosis-related proteins (Caspase-3, cleaved-Caspase-3, GSDME, and GSDME-n) in CAL27 cells after different treatments.
(d) Release of LDH from CAL27 cells after different treatments (n = 3). (f) Annexin V-FITC and PI staining assays. (g) Corresponding
semiquantitative analysis of CAL27 cells after different treatments. Statistical analysis was conducted using one-way ANOVA. Data were presented
as mean ± SD, with *p < 0.05, **p < 0.01, ***p < 0.001, and n.s. indicating no significant difference.
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examined the morphological changes in CAL27 cells after SDT
treatment. Typical pyroptotic features, including membrane
blebbing and protrusion, were observed (Figures 3b and S3).
Since some nanomaterials have been shown to induce

pyroptosis through the Caspase-3-GSDME pathway,26 we
assessed the expression of GSDME-n through Western
blotting. After SDT, we detected the expression of cleaved-
Caspase-3 and GSDME-n (Figures 3c and S4). This process

Figure 4. (a) Treatment schedule for various modalities based on SDT. (b) In vivo imaging was used to track the spread and growth of luc-CAL27
tumor cells injected into mice after different treatments. (c) Photographs of the primary tumors. (d) Photographs of tumor-bearing mice and tumor
regions at the end point of the experiment. (e) Tumor growth curves of orthotopic tumor-bearing mice following various treatments were shown in
the figure, n = 5. (f) Digital images and H&E staining, TUNEL assay, and Ki67 immunofluorescence staining of tumor regions from orthotopic
tumor-bearing mice 14 days post-treatment. Scale bars: 100 μm (H&E, Ki67) or 50 μm (TUNEL). (g) Weight of dissected tumors from different
treatment groups after 14 days. (h) Representative photographs showing the gross appearance of tumor nodules in the lungs were presented. (i)
Survival curves of mice treated with different modalities. (j,k) Curves of body weight and body temperature of mice from different treatment
groups. Statistical significance was calculated using Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001, and n.s. for nonsignificant.
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was reversed by the pyroptosis inhibitor zVAD, suggesting that
GSDME is essential for SDT-induced pyroptosis in oral
squamous cell carcinoma cells (Figure 3e). The rapid
formation of Gasdermin pores led to cell swelling, followed
by membrane rupture and the release of intracellular contents,
including inflammatory cytokines. This was reflected in the
elevated extracellular lactate dehydrogenase (LDH) levels in
the SDT group (Figure 3d). We further investigated pyroptosis
in CAL27 cells using flow cytometric assays after different
treatments (Figure 3f,g). The ratios of pyroptosis cells in the
SDT groups were significantly higher than in the other three
groups, with pyroptosis cell populations reaching 80.9%. In
addition, we observed morphological changes in cancer cells
after SDT treatment across several other cell lines (Figure S5).
Notably, SDT induced membrane blebbing in a variety of
cancer cells, including the 4T1 cell line,22 which has low
GSDME expression. This suggested that SDT can induce
pyroptosis in cancer cells in a GSDME-independent manner.27

Given that some nanomaterials can cleave GSDMD to release
GSDMD-n,28 we evaluated the production of GSDMD-n
during SDT, and the results suggested that GSDMD may be
involved in another pathway of GSDME-independent
pyroptosis (Figure S6). Furthermore, this GSDME-independ-
ent pyroptosis may be attributed to the acoustic cavitation
effect of US. As a mechanical wave, US can induce the
nucleation, growth, or oscillation of microbubbles within tissue
fluids. When these microbubbles burst, the resulting shock

wave generates a large pressure gradient over a short period,
causing direct physical damage to the tumor. In this process,
nanoparticles can provide nucleation sites for bubble
formation, further enhancing the SDT effect.29

2.4. In Vivo Antitumor Effect. Due to the excellent
pyroptosis-inducing effect of HMME@Lip on a variety of
malignant tumor cells in vitro, we further investigated its in
vivo tumor-suppressive effect using orthotopic Cal27 tumor-
bearing BALB/c mice. Initially, evaluating the in vivo biosafety
of the nanosonosensitizer is a critical prerequisite to ensure the
safety of subsequent experiments. Healthy male C57 mice were
randomly divided into a control group and an HMME@Lip
group (5 mg/kg, single dose, intravenous injection).
Biocompatibility was assessed through blood biochemistry
and hematoxylin-eosin (H&E) histological examination of
major organs. Statistical analysis of hematological data and
liver and renal function assessments between the control and
treated groups revealed no abnormalities in any of the
physiological function indicators tested (Figure S7). H&E
staining of the major organs from mice in each group showed
no significant organ damage (Figure S8), suggesting that
systemic side effects in the treated mice were negligible.

Subsequently, we evaluated the antitumor effects of SDT in
CAL27 tumor-bearing nude mice. Three days after inoculating
CAL27-Luc cells into the tongues of mice, 20 male mice with
tumor volumes of approximately 19 mm3 were selected and
randomly divided into four groups (n = 5): (1) PBS group, (2)

Figure 5. (a) Treatment schedule for modalities based on SDT. (b,c) Representative flow cytometry plots showing tumor-infiltrating NK cells and
quantitative statistical analysis. (d) Cytokine levels of TNF-α in sera from mice collected at 0−48 h after HMME@Lip-augmented SDT treatment.
(e) Representative immunofluorescence images showing NK cell recruitment following SDT treatment were represented. (scale bar = 100 μm). (f)
Cytokine levels of IL-1β in sera from mice collected at 0−48 h after HMME@Lip-augmented SDT treatment. Statistical significance was calculated
using Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001.
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US group, (3) HMME@Lip group (intravenous injection),
and (4) SDT group (HMME@Lip + US). Body weight and
body temperature were measured every 2 days, or daily as
appropriate, and tumor volume was measured after each in
vivo imaging, with no significant differences in body temper-
ature observed among the groups (Figure 4k). On day 7, all
groups except the SDT group showed a significant decrease in
average body weight (Figure 4j). This weight loss was
attributed to the rapid tumor growth, which occupied the
oral space and impaired the mice’ ability to eat and drink. In
contrast, SDT treatment significantly inhibited tumor growth,
and the SDT group mice experienced a slight weight gain
(Figure 4b−e). In vivo imaging showed progressive tumor
growth over time and treatment, with the SDT group
demonstrating near-complete tumor elimination by the end
of the observation period, consistent with the results of the
final tumor dissection (Figure 4c). To further assess the
immune memory effect of SDT, CAL27 cells were reinoculated
into the tail vein on day 10 to establish a lung metastasis
model. The second inoculation led to continued weight loss in
all groups except the SDT group, despite the slower tumor
growth due to the spatial constraints in the oral cavity (Figure
4e,i,j). At the end of the study, the mice were euthanized due
to severe weight loss (>20%). Gross anatomical images of the
lungs showed reduced pulmonary nodules in the SDT group,
and H&E staining confirmed fewer nodules in the lungs of the
SDT-treated mice (Figure S9), indicating that SDT induced a
long-lasting immune memory effect.

To further confirm the anticancer effect of SDT, we
performed Ki67 and TUNEL staining on tumor tissue sections.
As anticipated, US irradiation or HMME@Lip injection alone
did not significantly affect Ki67 expression, suggesting minimal
impact on tumor proliferation. In contrast, Ki67 expression was
nearly absent in the SDT group (Figure S10), indicating a
potent inhibitory effect on tumor cell proliferation. Addition-
ally, the antitumor efficacy of SDT was further corroborated by
the presence of a fluorescent green signal localized to the
nucleus in TUNEL-stained images (Figure 4f), suggesting
significant induction of tumor cell apoptosis.

2.5. Activation of the Immune System by SDT. Based
on the significant role of NK cells in solid tumors, we evaluated
the effect of SDT on NK cell recruitment in vivo using nude
mice. Representative inverted fluorescence images (Figure 5e)
showed that CD49b+ NK cells were not observed in the
control, US, or HMME@Lip groups. However, NK cell
infiltration was observed in the immunofluorescence images of
the SDT group (Figure S11). To quantify NK cell recruitment
and assess the reduction in tumor cells, we analyzed tumor
tissues from mice euthanized on day 8 (n = 6) (Figure 5a).
Flow cytometry results (Figure 5b,c) showed that the
percentage of NK cells in the tumor site of the SDT group
increased from 4.57% in the control group to 9.68%.

Following the demonstration of SDT’s efficacy in tumor
treatment and NK cell recruitment in vivo, we subsequently
investigated its association with the activation of pyroptosis.
Previous correlation analyses between pyroptosis-related
proteins, including GSDME and Caspase-3, and inflammatory
cytokines TNF-α and IL-1β, guided our focus on evaluating
the changes in TNF-α and IL-1β levels in the serum of CAL27
tumor-bearing mice following SDT treatment. IL-1β is also a
potent proinflammatory regulator for neutrophil recruitment,
macrophage activation, and T-cell expansion. The results
showed that, after 1 day of SDT, there was a significant

increase in the secretion of proinflammatory cytokines, which
likely contributed to the activation of antitumor immune
responses and the recruitment of immune cells. However, the
levels of TNF-α and IL-1β rapidly declined to near baseline
through 48 h post-SDT treatment, indicating that the
inflammation induced by SDT was an acute response without
inducing a cytokine storm-like phenomenon. Furthermore, the
elevated expression of GSDME-N and inflammatory cell
infiltration induced by SDT (Figures S12 and S13) further
confirmed the occurrence of pyroptosis during cancer cell
death in vivo.

2.6. SDT Recruits CAR-NK Cells To Synergistically
Inhibit Tumor Growth. An increasing number of researchers
have suggested that NK cells, either autologous or allogeneic,
may be more suitable than T cells for targeted cancer therapy.7

Additionally, the availability of expanding NK cell lines offers a
potentially unlimited source of effector cells for genetic
engineering studies, with NK-92 cells being the most
extensively studied and already reaching clinical trial stages.30

In this context, CAR-engineered NK-92 cells could serve as a
cost-effective and efficient alternative to primary CAR-NK or T
cells.13 OSCC expresses various tumor-associated antigens,
which can be targeted for immune intervention. Among these,
the epidermal growth factor receptor (EGFR) is particularly
notable,31 as its expression level distinguishes between normal
and cancerous epithelial tissues and correlates with the
malignancy grade. Furthermore, the EGFR is upregulated in
a variety of solid tumors, making it a widely studied and
promising target for cancer immunotherapy.32

To investigate how SDT-induced recruitment of immune
cells influences CAR-NK cell activity, we constructed a second-
generation EGFR-targeting CAR in a lentiviral vector back-
bone. This construct included a CD8α signal peptide (SP), a
heavy-chain variable region (VH), a linker, a light-chain
variable region (VL), an IgG1 Fc hinge, CD28 transmembrane
and intracellular domains, and a CD3ζ signaling domain. The
VH and VL sequences were derived from the commercial
antibody cetuximab (Figures S14 and S15).33,34 Redirecting
NK-92 cells with an EGFR-specific CAR significantly enhanced
their ability to target tumors (Figure S15b). We performed
flow cytometry using an anti-F(ab′)2 antibody, which
recognizes the scFv region of anti-EGFR.35 The data in Figure
S15d show that EGFR-CAR expression was significantly higher
on EGFR-CAR-transfected NK-92 cells compared to primary
NK-92 cells, which showed undetectable levels of EGFR-CAR.

In vitro, we measured the luminescence intensity of CAL27-
Luc cells and observed that gene-edited CAR-NK-92 cells were
significantly more efficient at lysing CAL27 cells compared to
parental NK-92 cells (Figure S15c). One mechanism by which
NK cells kill tumor cells is through the secretion of granzyme B
(GzmB),36 which can cleave GSDME and activate pyropto-
sis,37 further enhancing antitumor immune responses and
inhibiting tumor growth. This process may also synergize with
the pyroptosis activation induced by SDT. To assess whether
the enhanced cytolytic activity of CAR-NK cells was associated
with increased GzmB secretion,38 we cocultured EGFR-CAR-
NK-92 cells with CAL27 cells at various E/T ratios for 24 h
and measured GzmB production by ELISA. As shown in
Figure S16, NK-92 cells produced low levels of GzmB, whereas
CAR-NK cells secreted significantly more GzmB at each E/T
ratio. These findings are consistent with the cytotoxicity data
and collectively indicate that EGFR-CAR modification
significantly enhances the effector function of NK cells against
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CAL27 cells. Besides, we next simulated the effect of SDT on
the recruitment of CAR-NK cells using an in vitro transwell
model (Figure S15e). The quantitative analysis results of the
lower compartment cells by flow cytometry showed (Figure
S15f,g) that compared with the other three groups, the SDT
group greatly increased the number of CAR-NK cell migration,
which encouraged us to further investigate the recruitment of
SDT to exogenously infused NK cells in vivo.

We established orthotopic OSCC and right axillary-
stimulated metastatic tumor models in NSG mice. The
experimental procedure is shown in Figure 6a. Three days
after the initial CAL27-Luc tumor was inoculated into the
orthotopic tongue, a second tumor was subcutaneously
implanted in the right axillary region to simulate metastasis.
In vivo imaging was then employed to monitor the
biodistribution of HMME@Lip at specific time points (Figure
S17). Twenty-four h after intratumoral injection, mice were
euthanized. The results indicate that HMME@Lip efficiently
accumulated in both primary and distant tumors within 2 h
after injection, likely due to its prolonged blood circulation and
high stability, which favor the EPR effect. Ex vivo imaging
further showed that HMME@Lip was still retained at the
tumor site after 24 h, providing a sufficient therapeutic window
for US-mediated treatment of malignant tumors. These

findings suggested that the prepared HMME@Lip formulation
is biocompatible and holds promise for further in vivo
therapies and clinical translation.

Tumor-bearing mice were irradiated with US immediately
following each intravenous injection of the nanosonosensitizer,
and CAR-NK cells were injected intravenously on the second
day post-SDT. The treatment timeline is outlined in Figure 6a.
The treatment outcomes for primary and mock distal tumors
across different experimental groups are summarized in Figure
6f,g and Figure S18. CAR-NK cell therapy alone exhibited
inhibitory effects on both primary and distal tumors. However,
the growth of tongue tumors was gradually constrained by the
limited oral space, leading to poor blood supply, which
hindered CAR-NK cell enrichment in the tumor compared to
subcutaneous tumors. The in vivo imaging data also showed a
more pronounced signal in the subcutaneous tumor (Figure
6e), a hypothesis supported by immunofluorescence analysis
showing positive CD56 expression (Figure 6c). SDT alone had
a modest inhibitory effect on the growth of the primary tumor,
likely due to the severe immunodeficiency of NSG mice, which
limited the immune activation or vaccine-like effects of SDT.
As a result, its efficacy was reduced, with tumor cell elimination
primarily due to physical destruction rather than immune-
mediated effects, leading to minimal impact on distant

Figure 6. (a) Schematic representation of the treatment protocol and treatment duration in NSG mice for the ex vivo analysis. (b) In vivo
bioluminescence imaging tracking the spread and growth of Luc-CAL27 tumor cells in mice following different treatments (n = 5). (c)
Representative immunofluorescence images illustrated the infiltration of CAR-NK cells in both primary and distant subcutaneous tumors after
various treatments (scale bar = 100 μm, n = 5). (d) Photographs of primary and distant tumors post-treatment (n = 5). (e) In vivo imaging revealed
targeted enrichment of Zsgreen labeled CAR-NK cells in NSG mice (n = 6). (f) Tumor growth curves for different groups of orthotopic tumor-
bearing mice after various treatments were indicated in the figure. (Error bars represent SD, n = 5). (g) Weight of dissected primary tumors from
different treatment groups after 12 days of treatment (n = 5). Statistical significance was determined using Student’s t test: *p < 0.05, **p < 0.01,
***p < 0.001, and n.s. for nonsignificant differences.
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metastatic tumors (Figure 6d−f). Notably, the combination of
SDT and CAR-NK cells almost completely eradicated the
primary tumor and significantly enhanced CAR-NK cell
infiltration into the primary tumor (Figure 6c). Additionally,
SDT’s recruitment effect on CAR-NK cells potentially induced
a “competition” between the primary tumor and distant
metastatic tumors. While the primary tumor responded better
to the treatment, the volume of distant metastatic tumors
increased (Figure S18a,b), likely due to a reduced infiltration
of CAR-NK cells in the metastatic sites, as shown in Figure 6e,
the fluorescence signal in the tongue was enhanced, and the
subcutaneous signal was weakened in the SDT combined with
the CAR-NK group. NK cells can easily reach hematopoietic
tumors in peripheral blood; however, infiltrating solid tumors
is more challenging due to several biological barriers. To reach
the solid tumor bed, NK cells must first extravasate from the
blood, traverse the tumor extracellular matrix (ECM), and
degrade ECM components.39 Some studies have suggested
that tumor vasodilators can alleviate tumor hypoxia, reverse
immunosuppression, and promote tumor invasion, survival,
and the directed effector functions of CAR-NK cells.40 The
abnormal development and structural disorganization of tumor
vasculature, along with the formation of a high-pressure
microenvironment, hinder the recruitment of CAR-NK cells.
In our study, we observed that the advanced tongue tumors in
mice were compressed by the oral space, which further
impaired the blood supply to the tongue and restricted
immune cell infiltration. However, after SDT treatment, the
tumor volume decreased, relieving compression and improving
immune cell recruitment. This may explain why SDT
demonstrated better efficacy in nude mice and NSG mice
treated with adoptive immunotherapy.

The change in mouse body weight exhibited an inverse
correlation with the primary tumor size, as depicted in Figure
S18d; the group treated with both SDT and CAR-NK cells
experienced the least weight reduction, while the SDT-only
and CAR-NK cell-only groups showed significant weight loss,
likely due to inadequate inhibition of the primary tumor.
Furthermore, no abnormal changes in body temperature were
observed in any of the treatment groups (Figure S18c),
suggesting that the combination of cancer SDT and
immunotherapy is associated with high therapeutic biosafety.
Importantly, CAR-NK cell infiltration was not detected in
critical organs such as the heart and liver, confirming the safety
and high targeting specificity of CAR-NK cell therapy in vivo
(Figure S19). Additionally, we analyzed CAR-NK cell
infiltration in both local and distant tumors at various
treatment stages using flow cytometry (Figure 7b). The results
demonstrated that SDT increased CAR-NK cell infiltration in
the primary tumor from 3.11 to 21.5%, while infiltration in
distant subcutaneous tumors was slightly reduced, consistent
with the previous in vivo imaging findings (Figure 6e). These
results suggested that SDT enhances immune cell recruitment
at the irradiated tumor site, thereby improving the efficacy of
the combined SDT and CAR-NK cell therapy.

3. CONCLUSIONS
We designed the HMME@Lip nanosonosensitizer as a
substrate to trigger massive ROS generation via noninvasive
US, which served as an activation signal for inflammation and
induced pyroptosis in OSCC cells. Our results demonstrated
that this inflammatory cell death is mediated by Caspase-3
activation, GSDME cleavage, and LDH release, with a marked
ability to recruit NK cells. To further enhance this effect, we

Figure 7. (a) Schematic representation of the treatment protocol and treatment duration in NSG mice for the ex vivo analysis. (b,c) Representative
flow cytometry plots showed CAR-NK cell infiltration in primary tumors, along with corresponding quantitative analysis results (n = 6). (d,e)
Representative flow cytometry plots showed CAR-NK cell infiltration in distant tumors, with corresponding quantitative analysis results (n = 6).
Statistical significance was calculated using Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001, and n.s. indicates nonsignificant differences.
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engineered CAR-NK cells targeting EGFR-positive cancer cells
and validated their antitumor activity in vitro. In an orthotopic
OSCC mouse model, we confirmed that SDT improved the
tumor-targeting and infiltration abilities of CAR-NK cells,
leading to a significantly enhanced therapeutic effect. Given
that NK cell immunotherapy has an excellent safety profile
with minimal risks of CRS and neurotoxicity, this approach
holds promise as an adjunct to various NK cell-based
immunotherapies, both in vitro and in vivo. Moreover, the
US-triggered nanosonosensitizer-induced pyroptosis exhibited
strong antimetastatic potential. Overall, this study introduced a
nanomedicine-based strategy to induce pyroptosis-mediated
cancer cell death and facilitate NK cell recruitment.

4. EXPERIMENTAL SECTION
Methods for nanomaterials synthesis and characterization, material
safety testing, cell culture, in vitro toxicity testing of SDT, RNA
sequencing, WB, in vivo imaging, CAR-NK cell construction and its
toxicity testing on tumor cells, and SDT combined with CAR-NK
treatment of NSG mice are provided in the Supporting Information.

Statistical analysis: All experimental data in this study were
measured at least three times and recorded as mean ± SD. Unpaired
two-tailed Student’s t tests and one-/two-way analysis of variance
(ANOVA) were used in this study, depending on the data type. The
details can be found in the figure legends including test used, sample
size (n), and probability (P) value. P < 0.05 was considered to be
statistically significant. All the statistical analyses were conducted by
GraphPad Prism 9.5 (GraphPad Software, CA, USA). Plots and charts
were performed using GraphPad Prism 9.5 and Origin 2021 software
(Origin Lab, MA, USA).
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