
O R I G I N A L  R E S E A R C H

Phase-Transformation Nanoparticle-Mediated 
Sonodynamic Therapy: An Effective Modality to 
Enhance Anti-Tumor Immune Response by Inducing 
Immunogenic Cell Death in Breast Cancer

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine

Yiran Si,1 Jian Yue,2 Zhaoyang Liu,3 

Mo Li,3 Feng Du,4 Xue Wang,2 

Zhong Dai,5 Nanlin Hu,1 Jie Ju,1 

Songlin Gao,1 Xiaobing Wang,3 

Peng Yuan2

1Department of Medical Oncology, National Cancer 
Center/National Clinical Research Center for Cancer/ 

Cancer Hospital, Chinese Academy of Medical Sciences and 

Peking Union Medical College, Beijing, 100021, People’s 

Republic of China; 2Department of VIP Medical Services, 
National Cancer Center/National Clinical Research Center 

for Cancer/Cancer Hospital, Chinese Academy of Medical 

Sciences and Peking Union Medical College, Beijing, 100021, 

People’s Republic of China; 3State Key Laboratory of 
Molecular Oncology, National Cancer Center/National 

Clinical Research Center for Cancer/Cancer Hospital, 

Chinese Academy of Medical Sciences and Peking Union 

Medical College, Beijing, 100021, People’s Republic of 
China; 4China Key Laboratory of Carcinogenesis and 

Translational Research (Ministry of Education/Beijing), The VIPII 

Gastrointestinal Cancer Division of Medical Department, 

Peking University Cancer Hospital and Institute, Beijing, 
100142, People’s Republic of China; 5Department of Medical 

Oncology, Cancer Hospital of Huanxing Chaoyang District, 

Beijing, 100005, People’s Republic of China 

Purpose: Immunologically quiescent of breast cancer cells has been recognized as the key 
impediment for the breast cancer immunotherapy. In this study, we aimed to investigate the 
role of nanoparticle-mediated sonodynamic therapy (SDT) in promoting anti-tumor immune 
of breast cancer cells and its potential immune mechanisms.
Materials and Methods: The phase-transformation nanoparticles (LIP-PFH nanoparticles) 
were in-house prepared and its physiochemical characters were detected. The CCK-8 assay, 
apoptosis analysis and Balb/c tumor model establishment were used to explore the anti-tumor 
effect of LIP-PFH nanoparticles triggered by low-intensity focused ultrasound (LIFU) both 
in vitro and in vivo. Flow cytometry and immunohistochemistry of CD4+T, CD8+T, 
CD8+PD-1+T in blood, spleen and tumor tissue were performed to represent the change of 
immune response. Detection of immunogenic cell death (ICD) markers was examined to 
study the potential mechanisms.
Results: LIP-PFH nanoparticles triggered by LIFU could inhibit the proliferation and 
promote the apoptosis of 4T1 cells both in vitro and in vivo. CD4+T and CD8+T cell subsets 
were significantly increased in blood, spleen and tumor tissue, meanwhile CD8+PD-1+T cells 
were reduced, indicating enhancement of anti-tumor immune response of breast cancer cells 
in the nanoparticle-mediated SDT group. Detection of ICD markers (ATP, high-mobility 
group box B1, and calreticulin) and flow cytometric analysis of dendritic cell (DC) maturity 
further showed that the nanoparticle-mediated SDT can promote DC maturation to increase 
the proportion of cytotoxic T cells by inducing ICD of breast cancer cells.
Conclusion: The therapy of nanoparticles-mediated SDT can effectively enhance anti-tumor 
immune response of breast cancer.
Keywords: breast cancer, immune response, phase-transformation nanoparticles, 
immunogenic cell death, DC maturation

Introduction
Breast cancer is a malignant tumor and the most common cancer in women.1 

Triple-negative breast cancer (TNBC) has the worst prognosis among breast 
cancers because of its aggressiveness and degree of malignancy.2,3 Once recur-
rence and metastasis of TNBC develop after surgery, the median survival time is 
only approximately 9 months.4 At present, chemotherapy is still the main treat-
ment for TNBC. Unfortunately, the prognosis for patients with TNBC is 
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unsatisfactory due to the inevitable drug resistance. In 
recent years, immunotherapy has shown potential thera-
peutic effects on TNBC. However, only a few patients 
benefited from immunotherapy,5,6 which is affected by 
factors such as tumor immunogenicity and the immune 
microenvironment. Therefore, exploring new treatment 
methods to improve the immune response of breast can-
cer cells is the key to improving the effect of breast 
cancer immunotherapy.

Sonodynamic therapy (SDT) focused on the ultrasound 
energy on located tumor tissue, which was considered to 
be a safer and more acceptable therapy for patients com-
pared to radiotherapy and chemotherapy.7,8 It has also 
been proved that SDT can accurately kill the cancer cells 
with minimal damages to neighboring normal tissues.9 

Low-intensity focused ultrasound (LIFU) was used to 
activate sonosensitizer to cause the damage and even the 
death of tumor cells which was widely used in SDT.10,11 In 
recent years, nanoparticles have become the best candidate 
sonosensitizer due to physicochemical stability, tunable 
pore size and biosafety of nanomaterials.12,13 According 
to previous researches, nanoparticle-mediated SDT 
showed potential tumor suppression value in pancreatic 
cancer, colon cancer and brain tumor.14–16 The anti- 
tumor effect may be related to the phase-transformation 
of the nanoparticles induced by LIFU, causing cell damage 
in situ.17 However, there were few researches to explore 
the anti-tumor effect of phase-transformation nanoparticle- 
mediated SDT in breast cancer, and it is unknown whether 
the mechanism of the killing effect was related to immune 
activation.

In this study, we prepared phase-transformation per-
fluorocarbon nanoparticles (LIP-PFH nanoparticles). We 
aimed to explore the inhibitory effect of LIP-PFH nano-
particle-mediated SDT (LIP-PFH+LIFU) on breast cancer 
cells and the potentially activated immune response.

Materials and Methods
Cell Lines and Animals
Murine breast cancer 4T1 cells were provided by the Key 
Laboratory of Cellular and Molecular Biology of Cancer 
Hospital, Chinese Academy of Medical Sciences. These 
cells were tested by a professional organization (Microread 
Genetics Co., Ltd. Beijing, China) before use to confirm 
the source and quality. The cells were cultured in RPMI 
1640 medium (Gibco, NY, USA) containing 5% fetal 
bovine serum, 1% streptomycin and 1% penicillin at 

37°C under 5%CO2. Female Balb/c mice, 6–8 weeks old, 
were provided by Huafukang Biotechnology Co., Ltd. 
(Beijing, China). The animal experiments were approved 
by the Laboratory Animal Ethics Committee of the Cancer 
Hospital, Chinese Academy of Medical Sciences and com-
plied with the ethics standards formulated by the Animal 
Ethics Committee. The ethics registration number was 
NCC2019A196.

Synthesis and Characterization of 
LIP-PFH Nanoparticles
Phosphatidylcholine (DPPC), phosphatidylethanolamine 
(DSPC), phosphatidylethanolamine-polyethylene glycol 
2000 (DSPE-PEG2000) and cholesterol (Avanti Polar 
Lipids Co., Ltd., US) were prepared as described in pre-
vious publications at a total mass ratio of 10:4:3:3 dis-
solved in 5mL of chloroform18,19 (Chemical Reagent Co., 
Ltd., China), placed in a beaker and stirred until the solu-
tion was clear. The solution was transferred to a 50mL 
round bottom flask and evaporated in a fume hood over-
night to form a uniform lipid film. PBS (2mL) was added 
to the ultrasonic bath to completely dissolve the film. 
Under ice bath conditions, the sample was emulsified 
with an ultrasonic breaker (Sonics, US; 160W, open 5s, 
stop 3s, a total of 90s) and 200μL of perfluorohexane 
(PFH) was added (BaiLingWei Technology Co., Ltd., 
China). After the emulsion was formed, the mixture was 
centrifuged and washed with PBS three times to obtain 
lipid PFH (LIP-PFH) nanoparticles, which appeared as 
a milky white liquid and could be stored at 4°C for further 
experiments. The morphology of LIP-PFH nanoparticles 
was characterized by optical microscopy (OM, Olympus, 
Japan) and transmission electron microscope (TEM, JEOL 
Co., Ltd., Japan). The distribution of particle size and zeta 
potential were detected by a nanoparticle analyzer 
(Zetasizer Nano ZS, Malvern Instruments, Malvern, UK).

Fluorescence Staining and Confocal Laser 
Scanning Microscope (CLSM)
For analysis of the intracellular uptake of LIP-PFH nano-
particles by 4T1 cells, at 24h, 16h, 8h, 4h, 2h and 0.5h 
before CLSM photography, 4T1 cells were cultured after 
mixing LIP-PFH nanoparticles marked by DiI (Beyotime 
Biotechnology Co., Ltd., China) with the medium. At 0h, 
dishes at different time points were removed. After the 
sample were washed with PBS, Hoechst 33342 live cell 
nuclear stain (Beyotime Biotechnology Co., Ltd., China) 
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was added to the medium at 10μL/mL, incubated at 37°C 
and 5%CO2 for 10min, washed and photographed by 
CLSM. The quantitative intracellular uptake of LIP-PFH 
nanoparticles by 4T1 cells at different times was analyzed 
by flow cytometry. Then, LIFU (Sonovitro@FUAuto 
Ultrasound system, Sx Ultrasonic Co., Ltd., China) was 
used to stimulate the LIP-PFH nanoparticles, which accu-
mulated in 4T1 cells at 1W/m2 for 1min, for 2min and for 
3min according to the Sonovitro ultrasound operation 
handbook. The bubbles were observed after the LIP-PFH 
nanoparticles underwent a liquid-gas phase-transformation 
under an OM. Similarly, we used CLSM to capture the 
ultrasound condition of the 4T1 cells under LIFU stimula-
tion after taking up LIP-PFH nanoparticles.

Cell Proliferation Analysis
Cell proliferation was evaluated by the CCK-8 assay 
(Dojindo Molecular Technologies, Inc., Japan). First, 4T1 
cells (1 × 104 cells per well, 100μL) were seeded in 96- 
well plates. After 24h of incubation, the cells were divided 
into four groups. Group I was the control group; Group II 
was treated with LIP-PFH nanoparticles alone, in which 
LIP-PFH nanoparticles were mixed with the same number 
of cells and the medium; Group III was treated with LIFU 
alone (1W/m2, 2min); Group IV was treated with LIP-PFH 
nanoparticles combined with LIFU. According to the man-
ufacturer’s instructions, a CCK-8 assay was conducted 
using a 450nm microplate reader (Thermo Fisher, US) to 
detect the OD value of the samples, and the relative cell 
proliferation rate was calculated.

Flow Cytometry
Cell apoptosis and the cell cycle were evaluated by the 
Annexin V and FITC apoptosis detection kit and cell cycle 
assay kit (Dojindo Molecular Technologies, Inc., Japan). 
First, 4T1 cells (5 × 104 cells per well, 500μL) were 
seeded in 24-well plates. After 24h of incubation, the 
cells were divided into four groups as described above to 
receive the corresponding intervention. After 24h of cul-
ture, the cells were collected to analyze cellular apoptosis 
and the percentages of the cells in the G1, S, and G2 
phases by flow cytometry. To detect immune cells in the 
peripheral blood and spleen of mice, we collected 100μL 
of blood in a heparin anticoagulation tube (50μL for 
CD4+T/CD8+T cells, 50μL for CD8+PD-1+T cells) from 
the posterior orbital venous plexus before treatment (d7), 
during treatment (d14, d21) and after treatment (d28). 
Fifty microliters of whole blood were lysed with 2mL of 

red blood cell lysate for 5min and centrifuged at 1000r/ 
min for 5min. The supernatant was discarded. Then, the 
samples were washed 3 times with PBS+1%FBS and 
stained with anti-CD3, anti-CD4, anti-CD45, anti-CD8 or 
anti-CD279 (BD Biosciences, San Jose, CA, USA) in the 
dark for 20min. PBS+1%FBS was added to wash the 
samples, and the analyses of CD4+T, CD8+T and 
CD8+PD-1+T cell subsets in peripheral blood were con-
ducted by flow cytometry. After treatment (d28), the 
spleens of the mice were removed. We cleaned the adipose 
tissue, fully ground and lysed it with erythrocyte lysis 
buffer, and then stained it with appropriate antibodies 
(anti-CD45, anti-CD80, anti-CD86, anti-CD11c, anti- 
MHC Class II, anti-F4/80, anti-CD11b, anti-CD206, anti- 
CD16/32, anti-CD25, anti-Foxp3, BD Biosciences, San 
Jose, CA, USA) to test the dendritic cells (DCs), macro-
phages and Tregs in the spleen. All flow cytometric results 
are analyzed using FlowJo 10.0 software.

Detection of Danger-Associated 
Molecular Patterns (DAMPs)
Cell supernatants were harvested at 3h, 6h, 12h, and 24h 
after the corresponding intervention in the above experi-
ments in vitro. The ATP concentration was quantified by 
the luciferin/luciferase-based ATP assay kit (Beyotime 
Biotechnology Co., Ltd., China). Bioluminescence was 
assessed by a multifunctional microplate reader (Tecan, 
Austria). The high-mobility group box B1 (HMGB1) 
level in the supernatant was determined by an HMGB1 
ELISA Kit (Shino-Test Corporation, Japan). For calreticu-
lin (CRT) detection, 1×106 cells were harvested at 24h 
after the corresponding intervention and resuspended in 
100μL of staining buffer (eBioscience, CA, USA). 
Prepared cells were incubated for 30min with anti-CRT 
(Alexa Fluor® 647) antibodies at 4°C in the dark. The 
samples were then washed and incubated with the viability 
detection/exclusion dye 7-aminoactinomycin D (7AAD) 
(Abcam, UK). Then, 7AAD-negative cells (dying cells) 
were gated, and membrane CRT rather than total CRT was 
detected. The mean fluorescent intensity (MFI) of CRT 
was calculated using FlowJo 10.0 software.

Tumor Model Establishment
For establishment of a tumor stock, 1 × 106 4T1 cells were 
injected into the flanks of Balb/c mice. After the tumor 
reached 20mm, the samples were used as a stock for tumor 
transplantation via surgery. The mice were sacrificed, and 

Dovepress                                                                                                                                                                 Si et al

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
1915

http://www.dovepress.com
http://www.dovepress.com


the tumors were harvested. Subsequently, the tumor tissue 
was cut into pieces of approximately 2mm3 and inoculated 
into the right flank of the mice. Three days after the 
establishment of the tumor model, the tumor size was 4– 
5mm, and the experimental mice were used for the follow-
ing study. All 24 experimental mice were randomly 
divided into four groups as follows: Group 1 (PBS): 
100μL of PBS was injected intraperitoneally; Group 2 
(LIFU): LIFU was used to locally stimulate the tumor 
(1w/m2, 2min); Group 3 (nab-paclitaxel, nab-P): 10mg/ 
kg of nab-P dissolved in 0.9% saline (100μL) was used 
for tail vein injection; Group 4 (LIP-PFH+LIFU): 
Multipoint injection of 100μL of LIP-PFH nanoparticles 
(containing approximately 106 nanoparticles) directly on 
the tumor tissues was performed. After 24h, stimulation 
with local LIFU was performed (1w/m2, 2min). All the 
above treatments were performed every 3 days. The tumor 
volumes were subsequently measured every 3 days and 
calculated (volume=R × r2/2, R represents the longest 
diameter and r represents the shortest diameter). After 3 
weeks of treatment, the mice were killed. We collected 
tumors, important organs of mice and the tumor weight of 
each group was recorded.

Cytokine Measurement
Serum was isolated from the blood samples according to the 
schedule of flow cytometry (d7, d14, d21, d28), and the 
serum cytokine levels were analyzed using enzyme-linked 
immunosorbent assays (ELISAs). The level of IFN-γ was 
measured using a mouse IFN-γ ELISA kit (Neobioscience 
Corp, China) according to the manufacturer’s instructions.

Immunohistochemistry (IHC)
IHC was performed using an indirect peroxidase method. 
Paraffin-embedded sections of tumor tissues on slides 
were fully dewaxed in xylene and rehydrated thoroughly 
in a decreasing graded series of ethanol concentrations. 
Endogenous peroxidase was quenched with 3% hydrogen 
peroxide, and the sections were blocked with 10% goat 
serum (ZSGB-Bio; Beijing, China) to reduce nonspecific 
antibody binding. All tissues were incubated overnight 
with primary antibody at 4°C. Antibodies against CD4, 
CD8, PD-1, CD31, CRT and HMGB1 were obtained from 
Abcam (Shanghai, China). For detection, the slides were 
returned to room temperature and incubated with horse-
radish peroxidase (HRP)-labeled goat anti-rabbit IgG 
(1:200, Proteintech, Wuhan, China). Diaminobenzidine 
(DAB, ZSGB-Bio, Beijing, China) was used as the 

chromogenic substrate. The slides were counterstained 
with hematoxylin and mounted in resin. Images were 
acquired through an Aperio pathology scanner, and the 
stained IOD value was calculated using ImageJ software.

Statistical Analysis
All experiments were carried out in triplicate, and the 
mean value of triplicate experiments was used for statis-
tical analysis. All data obtained are expressed as the mean 
± standard deviation (SD). Statistical analysis was per-
formed by two-sided Student’s t-test for two groups and 
one-way analysis of variance for multiple groups. Prism 
7.0 software (GraphPad Prism software V7.01, San Diego, 
CA, USA) was used for statistical analysis. A significant 
level of results was reported when the p value was <0.05.

Results
Physicochemical Characteristics of the 
LIP-PFH Nanoparticles and Cellular 
Uptake by 4T1 Cells
The LIP-PFH nanoparticles were composed of outer lipid 
and inner core PFH, which is a safe and nontoxic phase- 
transformation material20 (Figure 1). The prepared LIP- 
PFH nanoparticles appeared as a milky white suspension 
to the naked eye (Figure 2A). The nanoparticles were 
presented under OM and TEM (Figure 2B and C). The 
average particle size of the nanoparticles was 169.2±31.5 
nm, and the average zeta potential was 8.2±3.6 mV 
(Figure 2D and E).

To explore the peak time of cellular uptake of the LIP- 
PFH nanoparticles by 4T1 cells, we used CLSM to continu-
ously monitor multiple time points. After cocultivation of 
4T1 cells with the LIP-PFH nanoparticles in medium for 8 h, 
the orange fluorescence of the LIP-PFH nanoparticles enter-
ing the cells was observed. Over time, the fluorescence 
increased and became more pronounced. After 24h, satisfac-
tory accumulation in the cells was reached (Figure 3A). 
Additionally, the quantitative intracellular uptake of LIP- 
PFH nanoparticles at different times was analyzed with 
flow cytometry shown in Figure 3B.

Anti-Tumor Effect of LIP-PFH 
Nanoparticles Triggered by LIFU Both 
in vitro and in vivo
To confirm that LIFU triggered phase-transformation of 
the LIP-PFH nanoparticles and to evaluate the appropriate 
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ultrasound conditions, we exposed the 4T1 cells aggre-
gated with the LIP-PFH nanoparticles to LIFU stimulation 
at 1W/m2 for 1min, 2min and 3min. The results showed 
that with 1W/m2 for 2min, the nanoparticles with orange 

fluorescence that accumulated in the cells were released 
due to cell rupture and no longer showed strong orange 
fluorescence. The blue fluorescence of the nucleus also 
gradually decreased, indicating nuclear fragmentation 

Figure 2 Characteristics of LIP-PFH nanoparticles. (A) Visual appearance of prepared LIP-PFH nanoparticles; (B) OM images of LIP-PFH nanoparticles. Scale bar=5μm; (C) 
TEM images of LIP-PFH nanoparticles. Scale bar=500nm. (D) Size distribution of LIP-PFH nanoparticles. (E) The zeta potential of LIP-PFH nanoparticles.

Figure 1 Design of LIP-PFH nanoparticles and schematic illustration of phase-transition of LIP-PFH nanoparticles triggered by LIFU leading to cell damage in situ.
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(Figure 4A). Therefore, 1W/m2 for 2min was determined 
to be a suitable condition for LIFU to act on 4T1 cells. We 
designed cell proliferation, apoptosis and cell cycle experi-
ments to verify the effect of the LIFU-triggered LIP-PFH 
nanoparticle on cell damage in situ. The CCK-8 results 
showed inhibited proliferation of 4T1 cells (Figure 4B) 
and significantly promoted cell apoptosis in the LIP-PFH 
+LIFU group (Figure 4C and D). However, in the cell 
cycle experiment, no significant differences in the cell 
cycle distribution of each group were found (Figure 4E 
and F).

Before starting the experiment in vivo, we firstly clar-
ified the bio-compatibility and bio-safety of LIP-PFH nano-
particles. The hematoxylin and eosin (H&E) staining of 
major organs of mice with LIP-PFH nanoparticles showed 
no histological changes compared with saline controls, 
which demonstrated that no physiological toxicity inher-
ently existed in the LIP-PFH nanoparticles in vivo 
(Supplementary Figure S1). Next, according to the flow 
chart in Figure 4G, we established a tumor model and 
randomly divided the mouse into four groups for interven-
tion. After 3 weeks of treatment, the tumor volume in the 

Figure 3 Cellular uptake of LIP-PFH nanoparticles by 4T1 cells at continuously multiple time points. (A) Images of CLSM; (B) quantitative analysis of flow analysis.
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Figure 4 Antitumor effect of LIP-PFH nanoparticles triggered by LIFU both in vitro and in vivo. (A) OM images and CLSM image of LIP-PFH nanoparticles before and after 
LIFU irradiation under different conditions (1W/m2, 1min, 2min, 3min); (B) cell proliferation assay of LIP-PFH nanoparticles incubated with 4T1 cells with LIFU irradiation 
(1W/m2, 2min); (C, D) flow analysis of apoptosis and the quantitative analysis of apoptosis; (E, F) cell cycle test for 4T1 cells with different intervention for 24h and the 
quantitative analysis of cells in the G0G1, S, and G2M phase, respectively; (G) schematic illustration of the in vivo experiment; (H) changes of tumor volume in each group 
over time (measured once every 3 days with a vernier caliper); (I) representative photographs of tumors (d28); (J) tumor weight in each group. n=6, *p<0.05, **p<0.01.
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LIP-PFH+LIFU group was significantly smaller than that in 
the control (PBS) group (Figure 4H) and was also obviously 
different from that in the nab-P group. The tumors were 
harvested after the mice were sacrificed (Figure 4I). The 
tumor weight in the LIP-PFH+LIFU group was smaller than 
that in the control group and the nab-P group (Figure 4J). 
Furthermore, we also collected important organs including 
liver, lung and kidney. The H&E staining of these organs 
showed that distant metastases occurred on lung, not on 
liver and kidney and the lung metastases in the LIP-PFH 
+LIFU group were significantly better than that of the other 
groups (Supplementary Figure S2).

A Changed Immune Response of T-Cells 
After the LIP-PFH Nanoparticles 
Triggered by LIFU
To probe whether the LIP-PFH nanoparticles combined 
with LIFU could activate the immune response, we dyna-
mically monitored the CD4+T, CD8+T and CD8+PD-1-
+T cell subsets in the peripheral blood of the mice. The 
LIP-PFH nanoparticles triggered by LIFU significantly 
increased the CD4+T and CD8+T cells in the peripheral 
blood compared with those in the control group and the 
nab-P group (Figure 5A and B) and CD8+PD-1+T cells 
were reduced in the LIP-PFH+LIFU group (Figure 5C). In 
addition, we synchronously monitored the IFN-γ released 
by peripheral blood (Figure 5D). We also analyzed the 
subsets of T cells in the spleen. The results showed that 
the expression trend in the spleen was the same as that in 
the peripheral blood. The CD4+T and CD8+T cells in the 
LIP-PFH+LIFU group were obviously higher than those in 
the control group and the nab-P group (Figure 5E and F), 
while the CD8+PD-1+T cells decreased (Figure 5G). We 
also preliminarily explored the expression of Tregs and 
macrophages in spleen. The results showed that the Tregs 
in the LIP-PFH+LIFU group were significantly lower than 
those in the control group and the nab-P group 
(Supplementary Figure S3A and B) and the M2-type 
macrophages in the LIP-PFH+LIFU group were also 
reduced than those in the other groups (Supplementary 
Figure S3C-G). The staining of CD31 in tumor tissues 
showed that the blood vessel density of the LIP-PFH 
+LIFU group was significantly decreased (Supplementary 
Figure S3H and I).

The H&E staining of the tumor tissue showed large 
areas of cell necrosis, nuclear fragmentation or lysis in the 
LIP-PFH+LIFU group (Figure 6A, black arrow) 

accompanied by high levels of lymphocyte infiltration 
(Figure 6A, red arrow). The tumor tissue of the LIP-PFH 
+LIFU group showed strong infiltration of CD4+T and 
CD8+T cells (Figure 6B, C, E and F), and reduced PD-1 
expression on tumor-infiltrating T cells (Figure 6D and G). 
Based on the above results, LIP-PFH nanoparticle- 
mediated SDT effectively increased the proportion of lym-
phocytes infiltrating in the tumor microenvironment.

The LIP-PFH Nanoparticles Triggered by 
LIFU Enhanced the Immune Response by 
Inducing Immunogenic Cell Death (ICD) 
in 4T1 Cells to Promote DC Maturation
Dying cells release “danger signals” which alert the 
immune system to initiate immune responses. We investi-
gated the mode of cell death induced by the LIFU- 
triggered LIP-PFH nanoparticle phase-transformation, 
which causes cell damage. We detected CRT exposure on 
dying cells and the release of ATP and HMGB1, which are 
validated DAMPs. LIFU combined with the LIP-PFH 
nanoparticles induced significant CRT exposure on the 
surface of dying cells after 24h (Figure 7A). 
Additionally, the release of ATP (Figure 7B) and 
HMGB1 (Figure 7C) peaked at 6 and 3h, respectively. 
The expression of CRT and HMGB1 on the cell membrane 
and in the extracellular space in the tumor tissue was also 
higher in the LIP-PFH+LIFU group than in the other 
groups (Figure 7D and E). These findings suggested that 
LIP-PFH nanoparticles-mediated SDT could effectively 
induce ICD to release endogenous entities in 4T1 breast 
cancer cells.

Next, we further explored how ICD can increase T cell 
expression. Some studies have shown that ICD had potential 
stimulatory effect on DC maturation.21 Our results found that 
the surface markers of mature DCs, such as CD80, MHCII and 
CD86, were improved in the LIP-PFH+LIFU group (Figure 
7F–K). In addition, ICD also stimulated the release of IFN-γ 
(Figure 7L). DC maturation can further induce antigen- 
specific cytotoxic T lymphocyte (CTL) responses and IFN-γ 
release has been confirmed in previous studies.22,23 Therefore, 
our research results finally confirmed that LIP-PFH nanopar-
ticles-mediated SDT can promote DC maturation by inducing 
the ICD of tumor cells to release endogenous signaling mole-
cules, thereby increasing the expression of CTL and stimulat-
ing IFN-γ release, which significantly improved the anti-tumor 
immune response of breast cancer cells. (Figure 8)
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Discussion
Exploring new treatment methods is an effective way to 
improve the cure rate of breast cancer and improve patient 
survival. In recent years, immunotherapy for melanoma, 
renal cell carcinoma and lung cancer has developed 
rapidly, but progress in the treatment of breast cancer has 
been very limited.24,25 Only the IMpassion130 study has 
obtained promising results in advanced TNBC.26 The main 
reason is that breast cancer itself was a tumor with low 
immunogenicity and lacks effective immune responses to 
immunotherapy. Although a previous study found that 
TNBC had relatively strong immunogenicity, it was still 
a “cold tumor” compared with melanoma or lung cancer, 
with few tumor infiltrating lymphocytes (TILs), inhibitory 
tumor microenvironment and low expression of immune 

markers.27,28 It is usually impossible to obtain an effective 
antitumor immune response through single-agent immu-
notherapy. Therefore, identification of new treatment tech-
niques to transform “cold tumors” into “hot tumors” is 
a new direction to improve the effect of immunotherapy 
in breast cancer.

Induction of ICD of cells is an effective way to achieve 
the above objectives, which can overcome the problems of 
poor tumor immunogenicity, low antigen sensitivity and 
enhance antitumor immunity.29 When ICD occurs in tumor 
cells, the following changes are observed: intracellular 
CRT is exposed on the cell membrane, ATP is secreted, 
and HMGB1 is released. Previous studies have shown that 
the release of ATP can recruit and activate antigen- 
presenting cells (APCs) represented by DCs. CRT on the 

Figure 5 LIP-PFH nanoparticles triggered by LIFU activated the immune response of T-cells in blood and spleen. (A–C) Dynamic changes of CD4+T, CD8+T and CD8+PD- 
1+T cells in the peripheral blood; (D) changes of IFN-γ released by peripheral blood; (E, F) the proportion of CD3+CD4+T and CD3+CD8+T cells in spleens; (G) the ratio of 
CD8+PD-1+T-cells in CD3+T cells; n=3, *p<0.05, **p<0.01, ***p<0.001.
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cell membrane can send out “eat me” signals and increase 
the phagocytosis of tumor cells by APCs, and HMGB1 can 
promote the antigen extraction presented to T cells, which 
effectively activates the cytotoxic function of CD8+T cells 
and also promotes the release of IL-2, IFN-γ and other 
cytokines, reversing the tumor-suppressive immune 
microenvironment.30,31 Current drugs or treatments that 
induce ICD include some special chemotherapy drugs 
(such as doxorubicin, oxaliplatin, etc.) or physical 

stimulation such as radiotherapy. This study is the first to 
prove that LIP-PFH nanoparticles-mediated SDT can 
increase the expression of CD4+T and CD8+T cells by 
inducing ICD in breast cancer cells. In addition, this mod-
ality can reduce the expression of PD-1 on CD8+T cells. 
The combination of PD-1 on the surface of T cells and PD- 
L1 on the surface of tumor cells leads to immune escape of 
tumor cells,32 and a large number of CD8+T cells with low 
PD-1 expression can effectively alter immune-suppression 

Figure 6 Immune infiltration in tumor tissue. (A) H&E staining for pathological changes in tumor sections from each group. The black arrow represented cell necrosis, 
nuclear fragmentation or lysis. The red arrow represented lymphocytes infiltration; (B–D) representative images of immunochemistry staining for CD4, CD8 and PD-1 on 
T cells in different groups. Scale bar=100μm; (E) the statistical results of the IOD/Area of CD4 staining; (F) the statistical results of the IOD/Area of CD8 staining; (G) the 
statistical results of the IOD/Area of PD-1 staining; n=6, **p<0.01, ***p<0.001.
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Figure 7 LIP-PFH nanoparticles triggered by LIFU led to release of DAMPs to promote DC maturation. (A) Membrane exposure of CRT was analyzed by flow cytometry in 
uptake of LIP-PFH nanoparticles by 4T1 cells at 24h after LIFU stimulating. The mean fluorescence intensity (MFI) was calculated. (B) Extracellular release of ATP from 4T1 
cells induced by LIP-PFH nanoparticles triggered by LIFU was measured at 3, 6, 12 and 24h, respectively. (C) HMGB1 released from 4T1 cells induced by LIP-PFH 
nanoparticles combined with LIFU was measured using ELISA kit, at 3, 6, 12 and 24h, respectively. (D–E) CRT and HMGB1 immunohistochemistry representative images and 
quantifications of CRT and HMGB1 positive area of tumors (IOD/area value), Scale bar=100μm, n=6; (F–H) representative flow cytometry images of mature DC (including 
surface markers CD80/MHCII/CD86+DC); (I) the proportion of CD11c+CD80+DC in spleens. (J) The proportion of CD11c+MHCII+DC in spleens; (K) the proportion of 
CD11c+CD86+DC cells in spleens; (L) the production of IFN-γ in peripheral blood determined by ELISA; n=3, **p<0.01, ***p<0.001.
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and have the potential to transform effector T cells into 
cytotoxic T cells to present anti-tumor immunity.33,34 

Moreover, LIP-PFH nanoparticle is a safe and nontoxic 
phase- transformation material which has been demon-
strated in our previous study and other published 
researches.18–20 In our experiment, the mouse in the LIP- 
PFH+LIFU group were in good local and systemic condi-
tion, without obvious side effects after treatment.

The LIP-PFH nanoparticles triggered by LIFU also 
exerted potential regulatory effects on some inhibitory 
immune cells in the tumor microenvironment. Tregs can 
reduce the antitumor activity of CD4+T cells, which is 
closely related to the poor prognosis of tumors.35 The 
results of this study also confirmed the effect of this 
method on reducing the proportion of Tregs. 
Furthermore, M2-type macrophages promote tumor cell 
metastasis and angiogenesis and are classic immunosup-
pressive cells.36,37 In this study, the expression of M2- 
type macrophages and the blood vessel density of tumor 
tissue in the LIP-PFH+LIFU group were significantly 
reduced than those in the other groups. Therefore, 
whether the LIP-PFH nanoparticles-mediated SDT also 
had regulatory effects on immunosuppressive cells such 
as Tregs and tumor-associated macrophages (TAMs) 

should be further investigated. Although our research 
has shown that LIP-PFH nanoparticle-mediated SDT 
can effectively enhance the immunogenicity of breast 
cancer cells, the follow-up exploration of LIP-PFH 
+LIFU combined with immunotherapy is urgently 
required. Moreover, several studies have demonstrated 
that the combination of phase-transformation nanoparti-
cles and photothermal-chemotherapy has the ability to 
inhibit distant metastasis.38,39 In our study, LIP-PFH 
nanoparticles-mediated SDT also presented potential 
inhibitory effect on lung metastasis. However, more in- 
depth scientific experiments are needed to confirm that.

Conclusion
This study explored that the LIP-PFH phase- 
transformation nanoparticles-mediated SDT can increase 
anti-tumor immune response of breast cancer cells. The 
results of this study provide great potential for nanome-
dicine apply for enhancing the effectiveness of breast 
cancer immunotherapy and bring hope for the combina-
tion of nanoparticle-mediated SDT and immunotherapy 
to transform breast cancer from ‘cold tumors’ into ‘hot 
tumors’, which will have good application prospects in 
future.

Figure 8 Schematic diagram of the mechanism of the LIP-PFH nanoparticles triggered by LIFU to enhance anti-tumor immune.
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