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ABSTRACT
Immunogenic cell death (ICD) is a specific kind of cell death that stimulates the immune system to combat
cancer cells. Ultrasound (US)-controlled targeted release of drugs by liposome-microbubble complexes is a
promising approach due to its non-invasive nature and visibility through ultrasound imaging. However, it is
not known whether this approach can enhance ICD induced by drugs, such as doxorubicin. Herein, we
prepared a doxorubicin-liposome-microbubble complex (MbDox), and the resultant MbDox was then
characterized and tested for US-controlled release of Dox (MbDoxCUS treatment) to enhance the induction
of ICD in LL/2 and CT26 cancer cells and in syngeneic murine models. We found that MbDoxCUS treatment
caused more cellular uptake and nuclear accumulation of Dox in tumor cells, and more accumulation of Dox
in tumor tissues. Enhanced induction of ICD occurred both in vitro and in vivo. MbDoxCUS treatment induced
more apoptosis, stronger membrane exposure and the release of ER stress proteins and DAMPs in tumor
cells, and increased DC maturation in vitro. In addition, MbDoxCUS treatment also resulted in stronger
therapeutic effects in immunocompetent mice than in immunodeficient mice. Moreover, MbDoxCUS
enhancement of ICD was also evidenced by a higher proportion of activated CD8C T-lymphocytes but lower
Treg in tumor tissues. Taken together, our results demonstrate that US-controlled release of ICD inducers into
nuclei using liposome-microbubble complexes may be an effective approach to enhance the induction of ICD
for tumor treatment.
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Introduction

Immunogenic cell death (ICD) is a specific form of cell death that
can activate dendritic cells (DCs) or other immune cells to induce
effective immune responses against targeted cells.1-6 ICD renders
tumor cells ‘visible’ to the immune system and, in particular, to
DCs that phagocytose dying tumor cells and then initiate a strong
antitumor immune response.7-12 Cancer cells undergoing ICD
generally experience endoplasmic reticulum stress (ER stress),
which results in the translocation of the ER-associated protein
disulfide isomerase ERp57 from the ER lumen to the plasma
membrane of dying cells.13-15 In addition, cancer cells undergoing
ICD also upregulate the expression of damage-associated molec-
ular patterns (DAMPs), such as increased surface exposure of cal-
reticulin (CRT), extracellularly secreted adenosine triphosphate
(ATP), and passively released chromatin-binding protein high
mobility group B1 (HMGB1).4-6 Thus, in vitro detection of these
DAMPs can help confirm ICD. In vivo, ICD must satisfy two cri-
teria: first, subcutaneous injection with dying tumor cells that
were treated with ICD inducers in vitro must protect immuno-
competent mice against subsequent re-challenge with the same
live tumor cells; second, the antitumor effect primed by ICD
inducers on an established tumor is stronger in immunocompe-
tent mice than in immunodeficient mice.3-6 Using these criteria,

chemotherapeutics, such as doxorubicin, anthracyclines, oxalipla-
tin, cyclophosphamide, mitoxantrone, and bortezomib, have
been identified as ICD inducers over the past decade.7-12

The ultrasound (US)-controlled release of chemotherapeu-
tics by microbubbles (MBs) has become a promising therapeu-
tic approach for drug delivery to treat malignant tumors.16-21

In this strategy, chemotherapeutics are incorporated into MB
shells by hydrophobic interactions, or attached to MB shells by
various approaches, such as nanoparticles.20-24 Thereafter, the
MB-loaded chemotherapeutics are then released from MBs that
flow through the targeted tumor tissues by high-intensity
focused US. The US-controlled release of chemotherapeutics
can greatly improve the intracellular uptake of drugs at target
tumor tissues, because high-intensity US causes inertial acous-
tic cavitation effects, such as bubble implosion, shock waves,
microstreaming, and microjets.25-27 These acoustic radiation
forces cause a special sonoporation (pore forming) effect that
greatly improves the intracellular uptake of chemotherapeutics
at target tumor tissues.27-29 However, because MBs consist
of only one lipid layer, their drug-loading capacity limits effec-
tive tumor-targeted therapy.30 Liposome-microbubble com-
plexes have therefore been developed to counter this major
drawback.16-21 Although liposome-microbubble complexes
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have improved the targeted tumor delivery and accumulation
of chemotherapeutic drugs, the role of ICD in this process has
not been elucidated.16-21

In this study, we constructed a liposome-MB complex in
which doxorubicin (Dox, an ICD inducer) was encapsulated in
a liposome (Dox-liposome) and attached to the lipid shell of
MBs via avidin-biotin linkage. Thereafter, we detected the effi-
cacy of US-triggered drug delivery from these complexes in LL/
2c and CT26 tumor models, and focused on the comparative
effects of the respective drug preparations as well as the levels
of ICD that they provoked.

Materials and methods

Reagents and antibodies

Avanti Polar Lipids Inc. (Alabaster, AL, USA) provided
1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), 1,2-Distearoyl-sn-glyc-
ero-3-phosphatidylcholine (DSPC), and 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)
2000] (DSPEPEG2000-Biotin). Perfluoropropane (C3F8) was
purchased from Huahe New-technology Development Com-
pany (Tianjin, China). All of the other reagents were of analyti-
cal grade. Doxorubicin hydrochloride (DOX, > 98%), bovine
serum albumin (BSA), avidin, and 4,6-diamidino-2-phenylin-
dole (DAPI) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). RPMI 1640 and DMEM media, penicillin and
streptomycin, and fetal bovine serum (FBS) were purchased
from GIBCO (Grand Island, NY, USA). Anti-calreticulin, anti-
elF-2-a, anti-HMGB1, FITC-conjugated anti-mouse CD
80, PE-conjugated CD86, anti-CD80, anti-CD86, anti-CD8,
anti-CD25, anti-FOXP3, anti-IFN-g, GM-CSF, and IL-4 were
purchased from eBioscience (San Diego, CA, USA) or BD Bio-
sciences (Franklin Lakes, NJ, USA).

Preparation of biotinylated Dox-liposomes

Biotinylated Dox-liposomes (bDoxL) were prepared as
reported previously.20,31 Briefly, DPPC, cholesterol, and DSPE-
PEG-biotin were mixed in a molar ratio of 60:40:5. Organic sol-
vents in the mixture were removed through nitrogen flow until
a thin white film was formed, which was further dried for over
2 h under a vacuum. The lipid film was hydrated at 60�C in a
(NH4)2SO4 buffer (250 mM, pH 5.4), and the extra ammonium
sulfate was replaced by PBS (pH 7.4) overnight in a dialysis bag
(MWCO 3500). Next, a Dox solution in PBS (1 mg/ml) was
added to the resultant liposomes and incubated at 65�C for 4 h.
Thereafter, the liposomes were passed through a Sephadex col-
umn (Sephadex G-50, Sigma-Aldrich) and dissolved in PBS to
remove the unbound Dox. The encapsulation efficiencies (EE)
of Dox were calculated as follows: EE% D (Wi / Wtotal) £
100%, where Wi is the measured amount of Dox in the lipo-
some suspensions after passing over the Sephadex column, and
Wtotal is the measured amount of Dox in the liposome suspen-
sions before passing over the Sephadex column. The Dox con-
centration was detected by fluorescence-intensity measurement
(λex D 485 nm, λem D 550 nm). The average diameter of the

bDoxL was analyzed by a light scattering instrument (Zetasizer
Nano ZS, Malvern Instrument, UK).

Preparation of MBs and Dox-liposome-microbubble
complexes

The MBs and Dox-liposome-microbubble complexes (MbDox)
were also prepared as previously reported.20 DSPE-PEG2000,
DSPE-PEG2000-biotin, and DSPC were mixed in chloroform
at a molar ratio of 0.5:0.5:9. Then, the chloroform was removed
under nitrogen flow and dried under a vacuum as above for the
preparation of bDoxL. The dried phospholipid mixtures were
hydrated with a buffer (0.1 M Tris (pH 7.4), glycerol, and pro-
pylene glycol at a volume ratio of 80:10:10). Thereafter, air in
the vial was replaced with perfluoropropane (C3F8). MBs were
formed by mechanically vibrating the admixture for 45 s. Then,
the resultant MBs was washed with PBS three times to remove
the excess unincorporated lipids by centrifugation at 400 g, and
avidin (50 mg/108 MBs) was added to the washed MBs. After
15 min of incubation at room temperature, the MBs were
washed with PBS three times to remove the unconjugated avi-
din, and incubated with bDoxL at room temperature for
another 15 min, resulting in MbDox after the free bDoxL were
removed by washing with PBS. Morphologic characteristics,
particle size, and size distribution of MbDox were observed as
previously reported.20

Cell culture and drug administration

The Lewis lung carcinoma cell line LL/2 and colorectal carci-
noma cell line CT26 were purchased from the Cancer Institute
and Hospital, Chinese Academy of Medical Sciences (Beijing,
China), and cultured in DMEM or RPMI 1640 medium supple-
mented with 10% FBS at 37�C in a humidified atmosphere con-
taining 5% CO2. For in vitro treatment, the concentration of
Dox was 3 mM as previously reported.12 The concentrations of
Dox in cells treated with bDoxL and MbDox were adjusted to
3 mM based on the above detection.

Flow cytometry

Cell apoptosis, cell surface proteins, and cell phenotypes were
detected with a BD FACSCalibur Flow cytometer, and the
resultant data were analyzed by FlowJo software (BD Bioscien-
ces, USA). To detect apoptosis, cancer cells were seeded into
6-well plates at a density of 100,000 cells per well. After a 24-h
treatment with different drug formulations, the cells were
stained using an Annexin V-FITC Apoptosis Detection Kit
(BD Biosciences) per the manufacturer’s instructions, followed
by cytometry detection. In this study, all of the Annexin-V pos-
itive cells were calculated as apoptotic cells. In addition, the
phenotypes of lymphocytes and surface or intracellular expres-
sion of DAMPs or ER-stress proteins were detected as previ-
ously reported.32 Briefly, the respective antibodies were used to
stain the cells followed by a second antibody conjugated with
either FITC or PE. For intracellular staining, the cells were first
fixed, permeabilized, and stained with corresponding FITC- or
PE-conjugated antibodies, and then followed by cytometric
analysis.
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Immunofluorescence analysis

The surface exposure of CRT, the phagocytosis of tumor cells,
and Dox uptake were detected by immunofluorescence
(through FITC- or PE-conjugated antibodies) via confocal
microscopy (Olympus, FV3000). To detect the surface expo-
sure of CRT and phagocytosis of tumor cells, cancer cells
were seeded into 6-well plates at a density of 100,000 cells per
well and cultured with different drug formulations for 10 h.
Cells were washed at least twice with PBS and fixed in 4%
paraformaldehyde for 10 min. The fixed cells were then
stained by corresponding antibodies (1: 400) at 4�C overnight
and then washed with cold PBS at least two times. Then, the
cells were stained with secondary FITC- or PE-conjugated
antibodies (1:1000, Life technologies, USA) for 1 h at room
temperature. Nuclei were stained with DAPI (or propidium
iodide, PI) for 5 min. Images were captured by a confocal
microscope (Olympus, FV3000).

The cellular uptake and intracellular distribution of DOX in
the tumor cells were also detected by confocal microscopy as
previously reported.20 Briefly, tumor cells were seeded on cov-
erslips (round-shaped 12 mm) in 12-well plates to 70% conflu-
ence, then treated with corresponding drug formulations
containing 10 mg/ml of Dox. The cells were incubated for
another 4 h, and then washed with PBS three times. Subse-
quently, the cells were fixed with 4% paraformaldehyde solu-
tion for 30 min at room temperature and then mounted on a
glass slide using mounting medium containing DAPI (PI).
Thereafter, the cells were observed by a confocal microscope
(Olympus, FV3000) to localize the Dox relative to the cells.
Similar procedures were used to detect the intracellular reten-
tion of Dox, except that after a 4-h incubation, cells were
washed by PBS to remove uninternalized Dox, then incubated
with fresh medium for another 24 h.

Western blot assay

Western blotting was performed as previously reported.32

Briefly, to evaluate the expression of elF-2-a, HMGB1, and
antibodies against tumor cells, LL/2 and CT26 cells lysates
treated with various drug formulations were separated using
12% SDS-PAGE. Gels were then transferred onto a polyvinyli-
dene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA,
USA) by a mini trans-blot system (Bio-Rad). Thereafter, the
blots were blocked at 4�C in 5% non-fat dry milk, washed, and
probed with antibodies against murine elF-2-a, HMGB1, or
IgG at 1:500 dilutions and incubated with chemiluminescent
secondary antibodies. Detection was via an enhanced chemilu-
minescence system (Amersham Biosciences, Amersham, UK).
Band density was quantitatively analyzed by ImageJ software
(https://imagej.nih.gov/ij).

ATP release assay

ATP concentrations in supernatants of variously treated cells
were detected using a chemiluminescence ATP Determination
Kit (Life Technologies, USA) according to the manufacturer’s
instructions. Briefly, supernatant samples were added into a
reaction solution containing D-luciferin and firefly luciferase

without ATP, followed by measurement of the luminescence.
The amount of ATP was then calculated according to a stan-
dard curve generated by an ATP standard solution.

Isolation and treatment of DCs

Murine DCs (mDCs) were generated from bone marrow in 12-
well cell culture plates (Corning, NY, USA) as described previ-
ously.32-34 In brief, bone marrow was extracted from female
BALB/c or C57BL/6 mice of 8–10 weeks old. Erythrocyte-
depleted mouse bone marrow cells (1 £ 105 per well) were har-
vested and seeded in respective media. Cells were then cultured
with recombinant mouse GM-CSF (100 U/ml) and IL-4 (20 ng/
ml). Thereafter, the nonadherent granulocytes were gently
removed on days 2 and 4. On day 6, the loosely adhering prolifer-
ating mDC aggregates were dislodged and replated. After cultur-
ing for another 6 days, non-adherent cells with typical
morphological characteristics of mDCs were collected for DC
maturation assays. Briefly, the resultant mDCs were cultured
with the conditioned medium of tumor cells (LL/2 or CT-26)
treated with different drug formulations for 48 h. After 24 h, the
mDCs were stained with FITC-conjugated anti-mouse CD80 and
PE-conjugated CD86 antibodies (Biolegend, CA, USA) for
30 min at room temperature, and the maturation markers for
DCs, CD80, and CD86, were evaluated by flow cytometry.

Determination of Dox uptake in tumor cells

Analysis of Dox uptake and retention in tumor cells was per-
formed as previously reported.20,21 Briefly, 5 £ 105 tumor cells
were seeded in 24-well plates and incubated overnight to allow
cell adhesion. Tumor cells were immediately subjected to US
exposure after the addition of Dox, bDoxL, or MbDox. US radi-
ation was applied for 15 s by moving a US probe (20 mm,
E1609, Valpey Fisher Inc, Hopkinton, MA, USA) over the cul-
ture plate at the following settings: 1 MHz, 20% duty cycle, and
a US intensity of 1.65 W/cm2, with a US peak intensity of
0.35 MPa. Thereafter, the US-treated cells were incubated for
15 min. Then cells were washed with PBS to remove uninter-
nalized Dox. To quantitatively determine cellular Dox, US-
treated cells were lysed with RAPI buffer (Beyotime, China),
and the Dox concentration in the cell lysates was detected using
a microplate reader (SynergyTM4, BioTek, VT, USA) at excita-
tion and emission wavelengths of 485/550 nm; the results were
normalized to total cellular protein content of the cells, which
was determined using a BCA protein assay kit (Beyotime).

Detection of Dox concentration in vivo

Dox concentrations in tumor tissues and major organs were
determined as reported previously.31 In brief, tumor-bearing
mice (n D 5 in each group) were treated with various drug for-
mulations (calculated to the same does of 3 mM Dox) via the
tail vein for 30 min, and US treatment was applied as previously
reported. After US treatment, the mice were immediately killed.
Thereafter, the tumor tissues and major organs, such as the
heart, liver, spleen, lung, and kidney, were excised, weighed,
and homogenized using a TissueLyser II (QIAGEN, Germany).
The homogenized tissues were then extracted with ethyl
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acetate, and the supernatants were evaporated by a lyophilizer
(FreeZone 4.5, Labconco, USA) to dryness and redissolved in
methanol for high-performance liquid chromatography
(HPLC; Hitachi L-2000, Japan) analyses.

US-controlled release of Dox in vivo

US-controlled release of Dox in vivo was performed using a sys-
tem containing a special hole and a capsule as described
previously.21 Briefly, the skin over each tumor on a mouse was
depilated and covered with an acoustic transmission gel (about
5-mm-thick, Pharmaceutical Innovations, Newark, NJ, USA) and
positioned under the hole and membrane capsule on the system.
The focal zone of the US transducer (diameter D 20 mm, fre-
quency D 2.25 MHz, focal length D 50 mm; Valpey Fisher
Corp., MA, USA) was positioned inside the tumor. Tumor-bear-
ing mice were slightly moved at 1-min intervals to change the
focal zone of the transducer. The acoustic pressure amplitude at
the focal point was 1.9 MPa, which was measured by a needle
hydrophone (HPM1/1, Precision Acoustics LTD, Dorchester,
UK). Pulsed focused US sonications were applied with a 10-ms
burst length, 1% duty cycle, 1 Hz pulse repetition frequency, and
10-min sonication duration.

Anti-tumor vaccination

The use of animals and animal experiment procedures were
approved by the Ethics Committee of Hainan Medical College.
Anti-tumor vaccination was performed as shown in Fig. 6A. A
total of 1£ 106 tumor cells were treated with different drug for-
mulations at the same dose (30 mM) of Dox for 48 h in vitro.
The resultant tumor cells were attenuated at dose of 50 Gy by
an X-ray irradiator (RS-2000-Pro, Rad Source, GA, USA) and
inoculated subcutaneously into the left flanks of 8-week old
female BALB/c or C57 BL/6 mice (n D 5 per group). After
7 days, the mice were re-challenged with live 1 £ 106 tumor
cells into the contralateral flank. Tumor volumes in each mouse
were detected using a handheld imaging device (TM900, Peira
Scientific Instruments, Belgium) at day 21. Thereafter, the mice
were killed and samples, such as peripheral blood, spleen, and
lymph nodes, were collected for other experiments.

Cytotoxicity assay

Splenic monocytes against tumor cells were isolated to perform
cytotoxicity assays using a CytoTox 96 cytotoxicity assay kit
(Promega, Madison, WI, USA) according to the manufacturer’s
instructions and as previously reported.32 In brief, target cancer
cells were plated on 96-well plates, and splenic monocytes as
effector cells were added to a final volume of 100 ml in various
ratios (5–40:1). The plates were then incubated for 5 h in a
humidified 5% CO2 atmosphere at 37�C. Aliquots (50 ml) and
reconstituted substrate mix (50 ml) were mixed and then trans-
ferred to another 96-well flat-bottom plate. Thereafter, the
plates were incubated in the dark at room temperature for
50 min. Stop solution (50 ml) was added to each well, and the
optical density (OD) was measured at 492 nm using a micro-
plate reader (ELX808IU, Bio-Tek, USA). The percentage of tar-
get tumor cell death at each E:T ratio was calculated by the

following formula: percentage of cell death D (OD [experimen-
tal] – OD[effector spontaneous] – OD[target spontaneous]) £
100/(OD [target maximum] – OD[target spontaneous]).

Enzyme-linked immunospot assay

The number of splenic B cells that secreted antibodies against
tumor cell lysates was detected using enzyme-linked immuno-
spot (ELISPOT) assays as we reported previously.32 In brief,
PVDF-bottomed 96-well Filtration Plates (Millipore, Billerica,
MA, USA) were coated with 25 mg/ml of tumor lysate as anti-
gens. Mononuclear cells prepared from spleens immunized
with different drug formulations were incubated on the plates
at 37�C and 5% CO2 in an incubator for 6 h. IgG bound to
the membrane was stained with a chemiluminescent antibody.
The results were detected using an enhanced chemilumines-
cence system (Amersham Biosciences).

Phenotypic analysis of tumor-infiltrating lymphocytes

Tumor-infiltrating lymphocytes (TILs) were generated from
different tumor masses.32 In brief, tumor masses were removed
from mice using forceps and cut into about 1-mm3 pieces
before being treated with DMEM containing collagenase
(1 mg/ml, Sigma) and DNase I (1 U/ml, Sigma) for 3 h at 37�C.
The resulting cell suspension was treated with Lysing Buffer
((BD Biosciences, Franklin Lakes, NJ) and passed through a
70-mm cell strainer. Thereafter, the cells were resuspended in
33% Percoll (5 ml) and centrifuged at 2,500 rpm for 20 min.
Phenotypic markers (CD8, CD25, FOXP3, and IFN-g) of the
resultant TILs were further analyzed with flow cytometry as
described previously.

Observation of anti-tumor effect in vivo

LL/2 and CT26 tumor models were established in immunocom-
petent female C57BL/6, BALB/c mice or immunodeficient nude
(Nu/Nu) mice at 6 to 8 weeks of age. The mice were injected
with 1 £ 106 corresponding tumor cells (10 mice in each group).
When the tumor volume was palpable (»50 mm3), different
drug formulations (adjusted to equal doses of Dox at 50 mg/
mice) were injected through the tail vein every 3 days, and US-
controlled release of Dox was performed 1 min after injection.
Treatment was continued for 6 total treatments (18 days), and
mice were observed to 28 days. The tumor volumes were moni-
tored every 3 days using a handheld imaging device (TM900,
Peira, Belgium).

Statistical analyses

Data are presented as means § SEM of at least triplicate meas-
urements. The statistical significance between two groups was
determined with unpaired Student’s t test, and comparisons of
multiple groups were carried out by one-way or two-way
ANOVA followed by Bonferroni’s post-test using GraphPad
Prism software (San Diego, CA, USA). Nonlinear-regression
analysis of inhibitor vs. normalized response and statistical
analysis for Kaplan-Meier survival curves (log-rank test) were
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also performed using GraphPad Prism software. A probability
value of �P < 0.05 was considered to be significant.

Results

Preparation and characterization of liposomes
and microbubble complexes

A schematic diagram of the construction of the Dox-loaded
liposome-microbubble complexes (MbDox) is presented in
Fig. 1A. Typical fluorescent (Fig. 1B) and corresponding trans-
mission (Fig. 1C) images of MbDox were observed under a
confocal microscope and are merged in Fig. 1D. Due to the
presence of biotinylated Dox-liposomes (bDoxL), the surface of
the MbDox showed red under a fluorescent microscope, sug-
gesting the successful conjugation of the bDoxL onto the sur-
face of the MBs. The average diameter of bDoxL was 89.08 nm
and the polydensity index (PDI) was 0.114 (Fig. 1E). About
64.25% of bDoxL, with 92.31 § 1.89% of Dox encapsulation
efficiency, was attached to the biotinylated MBs, which resulted
in a slightly lager mean size of MbDox (2.12 § 0.32 mm) com-
pared to the non-liposome-conjugated plain MBs (1.59 §
0.27 mm). Fig. 1F shows the size distribution of plain MBs and
MbDox.

Increased ER stress response and CRT translocation
by MbDoxCUS treatment

LL/2 and CT26 tumor cells were treated with Dox, bDoxL,
bDoxLCUS, Mb, MbCUS, MbDox, and MbDoxCUS, respec-
tively. Compared to the cells treated with Mb or MbCUS,

significant apoptosis was observed in cells treated with Dox,
bDoxL, bDoxLCUS, and MbDox, respectively, but was highest in
the cells treated with MbDoxCUS (Fig. 2A and B). Pre-apoptotic
translocation of calreticulin (CRT) and ER-associated protein
disulfide isomerase ERp57 onto the plasma membrane are two
major markers of ICD progress.13-15 Tumor cells treated with Mb
or MbCUS did not show induced translocation of CRT (Fig. 2C-
F) or ERp57 (Fig. 2G and H), but they were slightly increased in
cells treated with Dox, bDoxL, or bDoxLCUS, and significantly
increased for CRT (Fig. 2C-F) and ERp57 (Fig. 2G and H) in cells
treated with MbDox or MbDoxCUS. As expected, the transloca-
tions of CRT (Fig. 2C-F) and ERp57 (Fig. 2G and H) were high-
est in tumor cells treated with MbDoxCUS. Moreover, we also
used (propidium iodide, PI) to detect whether CRT and ERp57
are expressed on the death cells. We found that Dox, MbDox or
MbDoxCUS induced expression of CRT and ERp57 were mainly
on the PI-negative staining cells (Data no shown). To see if the
translocation of CRT and ERp57 was a consequence of ER stress
response, the phosphorylation of the translation initiation factor
eIF2-a (p-eIF2-a) was detected by Western blot.35 Consistently,
although significantly increased expression of p-eIF2-a was
detected in tumor cells treated with Dox, bDoxL, bDoxLCUS, or
MbDox, more significantly increased expression of p-eIF2-a was
found in tumor cells treated with MbDoxCUS (Fig. 3A and B).

Increased HMGB1 release and ATP secretion
by MbDoxCUS treatment in vitro

Except CRT (Fig. 2C-F), other ICD-related DAMPs such as
HMGB1 and ATP were detected in this study. Western blot

Figure 1. Preparation and characterization of biotinylated Dox-liposomes (bDoxL) and Dox-microbubble complexes (MbDox). A. Schematic diagram of a liposome-micro-
bubble complex constructed for controlled release of Dox by ultrasound. bDoxL is attached to the surface of biotinylated gas-filled MB through biotin-avidin linkage. B-D.
Fluorescent micrograph of MbDox using the fluorescence of the bound Dox (B) was merged with its corresponding transmission image (C) for the resultant image (D). E.
Size distribution of bDoxL. F. Size distribution of MbDox and non-loaded Mb. Dox, doxorubicin.
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analysis showed that none of the drug formulations caused
increased expression of HMGB1 (C-HMGB1), but there was a
slight release of HMGB1 into the supernatants of the cells
treated with Dox, bDoxL, bDoxLCUS, and MbDox (Fig. 3C
and D). As expected, HMGB1 release into the supernatant was
higher in cells treated with MbDoxCUS compared with other

drug formulations (Fig. 3C and D). Consistently, similar results
related to ATP secretion were found in cells treated with
MbDoxCUS (Fig. 3E and F). ATP secretion was not signifi-
cantly different in cells treated with Dox, bDoxL, bDoxLCUS,
and MbDox, respectively, but in the cells treated with
MbDoxCUS, ATP was dramatically enhanced over those

Figure 2. Increased ER stress response and CRT translocation by MbDoxCUS treatment. LL/2 and CT26 cells were treated with indicated formulations, and tests were per-
formed at 4 h after treatment. A and B. Apoptotic cells after treatment were stained by PI/Annexin-V followed by flow cytometry detection. C and D. Cells after treatment
were stained with an antibody against CRT followed by PE-conjugated secondary antibodies (Red) and DAPI (blue) counterstain to detect CRT translocation to cell surfa-
ces. Images were observed by a confocal microscope (C, scale bar D 5 mm), and CRT-positive cells were quantified from three independent experiments (D). E and F. Cells
after treatment were stained as in C and D to detect CRT-positive cells by flow cytometry. G and H. Cells after treatment were stained with FITC-conjugated antibody
against ERp57 to detect ERp57-positive cells by flow cytometry. Data are expressed as mean § SEM, � indicates P < 0.05, �� indicates P < 0.001, NS, no significance.
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treated with MbDox and other drug formulations, with
increases of about 3-fold in ATP secretion (Fig. 3E and F).

Increased maturation and activation of mDCs
by MbDoxCUS treatment

Not all released DAMPs can induce ICD.36 To test whether the
US-controlled release of Dox in cells treated with MbDox can
induce stronger immune responses, mDCmaturation markers
(CD80 and CD86) and active marker (INF-g) were detected by
flow cytometry. The mDCs were incubated with conditioned
supernatants from tumor cells treated with different drug

formulations for another 24 h. Compared with non-Dox-con-
taining formulations (Mb and MbCUS), the cell culture media
from cells treated with Dox, bDoxL, bDoxLCUS, MbDox, and
MbDoxCUS, respectively, induced increased expression of
both CD80 and CD86 on mDCs, and the highest expressions
of CD80 and CD86 were found on mDCs that were cocultured
with supernatants from tumor cells treated with MbDoxCUS
(Fig. 4A and B). Similarly, conditioned supernatants from
tumor cells treated with Dox, bDoxL, bDoxLCUS, MbDox,
and MbDoxCUS, respectively, caused an increased secretion
of IFN-g in mDCs, but a greater secretion of IFN-g in mDCs
was found with coculturing of supernatants from tumor cells
treated with MbDoxCUS, indicating that more mDCs were

Figure 3. Increased HMGB1 release and ATP secretion by MbDoxCUS treatment in vitro. LL/2 and CT26 cells were treated with indicated formulations, and tests were per-
formed at 4 h after treatment. A. eIF2-a and its phosphorylated counterpart (indicator of ER stress response) were analyzed by Western blot. B. The densitometry of p-
eIF2-a normalized to total eIF2-a from three independent Western blot analyses was quantified by ImageJ software. C. HMGB1 released from treated cells to the superna-
tant (S-HMGB1) and in whole cell lysates (C-HMGB1) was detected by Western blot. D. The densitometry of S-HMGB1 from three independent Western blot analyses was
quantified by ImageJ software. E and F. ATP secretion from LL/2 (E) and CT26 (F) cells, respectively, was quantified by a chemiluminescent ATP Determination Kit. Data
are expressed as mean § SEM, � indicates P < 0.05, �� indicates P < 0.001, NS, no significance.

ONCOIMMUNOLOGY e1446720-7



activated by supernatants from tumor cells treated with
MbDoxCUS (Fig. 5C and D).

Increased intracellular uptake and tissue accumulation
of Dox by MbDoxCUS treatment

Since we found that tumor cells treated with bDoxL or
bDoxLCUS were similar to those treated with Dox, similar to
results we previously reported,31 we omitted these two groups
from subsequent experiments to simplify procedures and save
resources. As shown in Fig. 5A, although Dox was significantly
distributed in tumor cells treated with Dox and MbDox when
compared to those treated with Mb or MbCUS, tumor cells
treated with MbDoxCUS had more intracellular uptake of Dox
(Fig. 5A and B). In addition, the concentrations of Dox in
tumor tissues and major organs (heart, liver, spleen, lung, and
kidney) were detected using HPLC. As expected, Dox was
widely distributed in tumor tissues and normal organs, and the
concentrations of Dox were relatively high in the liver and kid-
neys, moderate in tumor tissues, and relatively low in heart,
lung, and spleen (Fig. 5C). However, when compared to Dox
and MbDox treatments, MbDoxCUS significantly increased
the concentration of Dox in tumor tissues (Fig. 5C).

Stronger antitumor immune responses by MbDoxCUS
treatment in vivo

Syngeneic C57BL/6 or BALB/c mice were subcutaneously inoc-
ulated with irradiated tumor cells (105) treated with the differ-
ent drug formulations. The tumor cells were then inoculated

into the left flank as a tumor vaccine, and the opposite flanks
were injected with the same untreated-tumor cells (106) after
7 days to establish tumor models for observation (Fig. 6A). As
shown in Fig. 6B and C, vaccination with tumor cells treated
with Dox, MbDox, and MbDoxCUS, respectively, induced sig-
nificant antitumor effects when compared to Mb or MbCUS
treatment. However, vaccination with tumor cells treated with
MbDox or MbDoxCUS induced more significant antitumor
effects, the highest being with MbDoxCUS (Fig. 6B and C).

To test if the antitumor effects were related to the
immune response, cytotoxic T-lymphocyte (CTL) responses
against LL/2 and CT26 tumor cells were evaluated using
splenic monocytes from mice injected with Dox, Mb,
MbCUS, MbDox, and MbDoxCUS as effector cells, respec-
tively. As shown in Fig. 6D and E, splenic monocytes from
mice vaccinated with MbDoxCUS-treated tumor cells
showed obviously increased cytotoxicity against LL/2 and
CT26 cells, respectively, although splenic monocytes from
mice vaccinated with Dox- or MbDox-treated tumor cells
also showed moderate cytotoxicity compared with those
from mice vaccinated with Mb- or MbCUS-treated tumor
cells. In addition, active CD8C T cell responses were detected
by intracellular staining of IFN-g followed by flow cytome-
try. The percentage of CD8C T cells expressing IFN-g was
the highest in mice vaccinated with MbDoxCUS-treated
tumor cells, although it was slightly increased in mice treated
with Dox or MbDox compared with mice vaccinated with
control microspheres in all four tumor models; however, the
percentages of IFN-g-producing CD8C cells were more
highly significant than IFN-g-producing CD4C cells (Fig. 7A
and B). Moreover, humoral immunity induced by different

Figure 4. Increased maturation and activation of mDCs by MbDoxCUS treatment. mDCs were stimulated with conditioned culture media from the indicated formulations
for 24 h. A and B. The proportion of CD80C and CD86C double-positive cells was determined by flow cytometry. C and D. Cells secreting IFN-g were detected by flow
cytometry. Data are expressed as mean § SEM, � indicates P < 0.05, �� indicates P < 0.001, NS, no significance.

e1446720-8 F.-Y. HUANG ET AL.



drug formulations was examined by detection of specific
antibodies and antibody-secreting B lymphocytes. Sera from
mice vaccinated with Dox-, MbDox- or MbDoxCUS-treated
cells contained antibodies against corresponding tumor cells
compared with sera from mice vaccinated with Mb- or
MbCUS-treated tumor cells, but a stronger antibody
response was found in sera from mice vaccinated with

MbDox- and MbDoxCUS-treated cells, with the latter being
the strongest (Fig. 6F). Similarly, the number of tumor-spe-
cific antibody-secreting B lymphocytes was slightly increased
in the mice vaccinated with Dox-treated tumor cells, but
moderately increased in those with MbDox-treated cells and
highly increased in those with MbDoxCUS-treated tumor
cells (Fig. 6G and H).

Figure 5. Increased intracellular uptake and tissue accumulation of Dox by MbDoxCUS treatment. A. LL/2 and CT26 cells were treated with indicated formulations at 4 h
after treatment. Images of intracellular Dox distribution were collected by confocal microscopy. Dox is indicated by red fluorescence and the nucleus is stained with DAPI
(blue, scale bar D 10 mm). B. The intracellular concentration of Dox in LL/2 and CT26 cells after treatment with the indicated formulations was quantified by a microplate
reader. C. Tumor-bearing mice were treated with indicated formulations, and tumor tissues and major organs were collected to analyze the Dox concentration by HPLC.
Data are expressed as mean § SEM, � indicates P < 0.05, �� indicates P < 0.001, NS, no significance.
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Increased reversion of the immunosuppressive
microenvironment by MbDoxCUS treatment

The immunosuppressive microenvironment established by
tumors is the major reason for tumor immune escape and

development.37 Therefore, we investigated whether immune
modulation by MbDoxCUS treatment was increased in
both LL/2 and CT26 tumor models. We isolated tumor-
infiltrating lymphocytes (TILs) from tumor tissues of both
LL/2 and CT26 and analyzed them by flow cytometry. As

Figure 6. Stronger antitumor immune responses by MbDoxCUS treatment in vivo. A. Schematic illustration of in vivo experiments to evaluate the tumor vaccine potential of
different formulations. B and C. Images of tumor masses (B) and tumor volumes (C) from right lower flanks (5 in each group) at day 21 were collected by a handheld imag-
ing device (TM900). D and E. Cytotoxic T-lymphocyte (CTLs) responses against LL/2 (D) and CT26 (E) tumor cells (target cells) were performed using splenic monocytes from
mice treated with indicated formulations. F. Production of antibodies against CT26 tumor lysates in sera from mice injected with indicated formulations was detected by
Western blot. G. Splenic monocytes from mice treated with indicated formulations were isolated, and the B cells that secreted antibodies against LL/2 or CT26 lysates (APBCs)
among these splenic monocytes were detected by ELISPOT assay. Representative images are shown. H. The average number of APBCs in 1 £ 105 spleenic monocytes in trip-
licate experiments was recorded from LL/2 and CT26 tumor models. Data are expressed as mean § SEM, � indicates P < 0.05, �� indicates P < 0.001.
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shown in Fig. 7C and D, the percentage of IFN-g-producing
CD8C T cells was significantly higher in tumor tissues from
mice vaccinated with MbDoxCUS-treated tumor cells com-
pared with mice vaccinated with Mb- or MbCUS-treated
cells. In addition, CD4CCD25CFOXP3C regulatory T (Treg)
cells were also analyzed by flow cytometry. In contrast to
IFN-g-secreting CD8C T cells, the percentage of Tregs was
obviously lower in tumor tissues from the mice vaccinated
with MbDoxCUS-treated tumor cells than in the mice vac-
cinated with other drug formulations (Fig. 7E and F).

Induction of stronger anti-tumor effects in
immunocompetent mice by MbDoxCUS treatment

LL/2 and CT26 cells were subcutaneously implanted into
immunocompetent (syngeneic C57BL/6 or BALB/c) and
immunodeficient (BALB/c Nu/Nu) mice, respectively. When

tumor masses were palpable (about 50 mm3), the mice were
treated with different drug formulations in an interval of
3 days for 6 total treatments and observed to 28 days. As
shown in Fig. 8A, compared to the Mb and MBCUS groups,
the tumors in Dox, MbDox, and MbDoxCUS groups grew
significantly slower, and the MbDoxCUS group grew the
slowest, in both the immunocompetent and immunodeficient
mice, respectively. However, the tumor growth was not sig-
nificantly different between the MbDox and MbDoxCUS
groups in the immunodeficient mice (Fig. 8A). Fig. 8B shows
images of tumor masses (10 in each group) that were col-
lected from CT26 models at day 25 in immunocompetent
and immunodeficient mice. In addition, Fig. 8B also showed
that no significant difference between immunocompetent
and inmmunodeficient mice treated with Dox, indicating
that Dox works in a non-immunogenic fashion. However, we
compared the tumor volume between the immunocompetent
and inmmunodeficient mice at day 28 in CT26 model

Figure 7. Increased reversion of the immunosuppressive microenvironment by MbDoxCUS treatment. A. Splenic monocytes from mice injected with indicated formula-
tions were stained with anti-CD8 antibody and an anti-IFN-g (intracellular) antibody, and then analyzed with flow cytometry. Representative images are shown. B. Percen-
tages of IFN-g-expressing CD8C T cells analyzed by flow cytometry in LL/2 and CT26 tumor models. C. Tumor-infiltrating lymphocytes (TILs) from tumor tissues of both LL/
2 and CT26 were analyzed by flow cytometry. Representative images the IFN-g-producing CD8CT cells are shown. D. Percentage of the IFN-g-producing CD8C T cells in
TILs from mice of LL/2 and CT26 models. E. CD4C T cells in TILs were gated out and detected as CD25C and FOXP3C double-positive Treg cells by flow cytometry. Repre-
sentative images of the CD4CCD25CFOXP3C Treg cells are shown. F. Percentage of CD4CCD25CFOXP3C Treg cells in TILs from mice of LL/2 and CT26 models. Data are
expressed as mean § SEM, � indicates P < 0.05, �� indicates P < 0.001.
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(Fig. 8C). We found that the tumor growth was a little faster
in the inmmunodeficient mice than in immunocompetent
mice at the not Dox-treated groups (Mb and MbCUS), and
there were significant difference (P D 0.051) between immu-
nocompetent and inmmunodeficient mice treated with Mb
(Fig. 8C). If adjusts this difference, there are significant dif-
ference in all the Dox-treated groups between immunocom-
petent and inmmunodeficient mice.

Discussion

Growing evidence indicates that the US-controlled release of
drugs or other molecules for targeted therapy by microbubbles
or complexes is a promising approach for cancer therapy.38-42

Sonoporation can generate transient pores on cell membranes
that result in the entry of extracellular drugs (such as Dox) into
the cytoplasm.25 However, there are no reports exploring the
roles of ICD in treatments with MB complexes, although MB

Figure 8. Induction of stronger anti-tumor effects in immunocompetent mice by MbDoxCUS treatment. Murine LL/2 and CT26 tumor cells were injected into the right
flanks of syngeneic C57BL/6 and BALB/c (10 mice/group) or Nu/Nu mice (10 mice/group). When tumor volumes reached 50 mm3, mice were treated with indicated for-
mulations every 3 days for 6 total treatments. A. Tumor volumes at different time points in immunocompetent and in immunodeficient (Nu/Nu) mice, respectively. B.
Tumor images of CT26 model at end points from immunocompetent and immunodeficient (Nu/Nu) mice, respectively. Data are expressed as mean § SEM, � indicates
P < 0.05, �� indicates P < 0.001.
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complexes are known to improve targeted tumor delivery and
the accumulation of chemotherapeutic drugs.20,21,40-42 In this
study, we prepared liposome-microbubble complexes (MbDox)
containing Dox (an ICD inducer) in liposomes. We found that
the US-controlled release of Dox (MbDoxCUS) increased the
concentration of Dox in tumor tissues and strongly induced
ICD in two different tumor models (LL/2 and CT26). Our
results showed that MbDoxCUS treatment induced more ER
stress-related exposure or secretion of DAMPs, including CRT,
ATP, and HMGB1 (Figs. 2 and 3). In addition, the subcutane-
ous injection of attenuated LL/2 and CT26 cells treated with
MbDoxCUS as vaccines also induced stronger protection
against subsequent re-challenge with the same live tumor cells
in syngeneic immunocompetent mice (Fig. 6). Moreover, anti-
tumor effects by MbDoxCUS treatment were stronger in
immunocompetent mice than in immunodeficient mice
(Fig. 8). These data strongly indicate that the US-controlled
release of Dox by liposome-microbubble complexes induces
enhanced ICD in LL/2 and CT26 tumor models.

Growing tumor cells can create an immunosuppressive
microenvironment, which has become a major barrier for
inducing effective antitumor immunity and successful tumor
immunotherapy.43-45 Tumor cells create this suppressive
microenvironment mainly through the secretion of suppres-
sive factors (such as TGF-b, IL-10, and IDO), the expres-
sion of immune inhibitory molecules (such as PD-L1 and
FasL), the inhibition of tumor-specific T-cell expansion, or
even the direct induction of T-cell apoptosis.44-47 In addi-
tion, tumor cells can also recruit and expand in situ various
types of suppressive tumor-infiltrating lymphocytes (TILs),
such as regulatory T cells (Treg), tumor-derived macro-
phages, tolerogenic DCs, and myeloid suppressor cells
(MSCs).48-52 Thus, in our present study, we also investi-
gated whether the controlled release of Dox by MbDoxCUS
could more strongly reverse the tumor immunosuppressive
microenvironment. We found that MbDoxCUS treatment
clearly increased mDC maturation and activation, as evi-
denced by the enhanced expression of mature markers
(CD80 and CD86) and the secretion of active cytokine
(INF-g), respectively (Fig. 4). In addition, we also found
that specific cellular (increased numbers of CTL- and INF-
g-secreting CD8C lymphocytes) and humoral (increased
titer of antibodies and number of antibody-secreting B lym-
phocytes) immunity against LL/2 and CT26 tumor cells was
more strongly induced in mice vaccinated with tumor cells
treated by MbDoxCUS (Figs. 6, 7A and B). Moreover, the
reversion of the tumor immunosuppressive microenviron-
ment was directly evidenced by flow cytometry detection of
INF-g-secreting CD8C and Treg (CD4CCD25CFOXP3C)
lymphocytes from tumor tissues. Our results showed that
the tumor tissues from mice inoculated with MbDoxCUS-
treated tumor cells possessed more dense IFN-g-producing
CD8C T-cell infiltration compared with tumor tissues from
the mice treated with control tumor cells (Fig. 7C and D).
In contrast, the percentage of Tregs was significantly lower
in the tumor tissues from mice inoculated with
MbDoxCUS-treated tumor cells than in the mice inoculated
with control tumor cells (Fig. 7D and F). Taken together,
these data demonstrate that the reversion of the

immunosuppressive microenvironment by increasing active
CD8C T cells and decreasing Treg cells was a major mecha-
nism involved in the enhanced immunity by MbDoxCUS
treatment.

Solid tumors with histological characteristics, such as het-
erogeneous vascular supply and high interstitial pressure (par-
ticularly in the tumor core), create challenges for systemic
therapy.21 Thus, the development of an efficient targeted
method for the delivery of antitumor drugs is urgently needed
to enhance cellular uptake, improve drug bioavailability, and
even enable the local and controlled release of drugs. Ultrasonic
MBs are a promising approach for drug delivery due to their
minimal invasiveness, local action, and proven safety record in
ultrasonic imaging applications.53,54 In addition, using US to
control the release of drugs can also combine cost-effective US
imaging with US-mediated therapy.21 In our current study, we
found that MbDoxCUS treatment induced stronger ICD and
better antitumor activities when compared with free Dox, Dox
liposomes (bDoxL), and Dox-conjugated Mbs (MbDox) treat-
ments in both LL/2 and CT26 tumor models, respectively.
Liposome-MB complexes, such as MbDox, can be used not
only for US-controlled targeted therapy, but also as acoustic
probes for imaging (although further investigation is still
needed). Thus, MbDox in this study may act as a theranostic
agent that can integrate tumor imaging and targeted chemo-
therapy for future translation into clinical settings. Moreover,
owing to the existence of acoustic MBs in MbDox, it can be
used to observe or track the position of drugs in vivo after intra-
venous administration via US imaging. The accumulation of
drug-carrying Mbs, such as MbDox, on tumors can be observed
and even destroyed under real-time observation through US
imaging, which is difficult to achieve with conventional drug
formulations.

In our current study, it did not show significant difference
between doxorubicin-treated immunocompetent and inmmu-
nodeficient mice (Fig. 8B and C). If only consider these results,
it can really indicate that Dox works in a non-immunogenic
fashion. In our study, other results indicated Dox can induce
most in vitro indicators of immunogenic cell death. We think
these results may be related to a short observation time. In our
study, we observed only 28 days, and the doxorubicin treatment
only persisted to 18 days (began at day 10). As we know, effec-
tive immune response need at least 14 days. In addition, from
the Fig. 8A, we can see that the tumor growth was a little faster
in the inmmunodeficient mice than in immunocompetent mice
at the not Dox-treated groups (Mb and MbCUS), and there
were significant difference (P D 0.051) between immunocom-
petent and inmmunodeficient mice treated with Mb at day 28
(Fig. 8C). If adjusts this difference, there are significant differ-
ence in all the Dox-treated groups between immunocompetent
and inmmunodeficient mice. Thus these results also suggest
that Dox is an ICD inducer.

Dox is a member of the anthracycline family of DNA-inter-
calating agents. After entering tumor cells, Dox may accumu-
late in the nucleus due to its small size and high affinity for
DNA.55 However, some tumor cells possess ATP-binding cas-
sette transporters, such as multidrug resistance related protein
1 and P-glycoprotein, by which Dox may be pumped out of
tumor cells, thus lowering its cytotoxicity.56 In this study, we
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found that US clearly enhanced the intracellular uptake of Dox,
resulting in much more nuclear accumulation when tumor cells
were treated with MbDoxCUS (Fig. 5). We think that the
increased accumulation of Dox in nuclei is related to the sono-
poration caused by inertial acoustic cavitation, resulting in
increased cell membrane permeability by inducing transient
pores on the cell membrane. Indeed, this phenomenon with
Dox has been reported previously.20,57 The intranuclear drug
concentration is a major contributor for the induction of ICD
in tumor cells.

In summary, compared with the free ICD inducer (Dox) or
only MB complex (MbDox), our results show that the US-con-
trolled release of Dox by liposome-MB complexes (MbDoxCUS
treatment) led not only to increased exposure or the release of
ER stress proteins and DAMPs (two major ICD-markers) in
vitro, but also a much stronger ICD effect in immunocompetent
mice. MbDoxCUS treatment was effective mainly due to its tar-
geted delivery, rapid intracellular uptake, and sustained nuclear
retention of Dox. In addition, these effects may subsequently
mediate more apoptotic damage and DAMP release into the
tumor microenvironment, which in turn provokes improved
antigen engulfment and presentation by DCs, resulting in the
activation of CTLs and reversion of the suppressive tumor micro-
environment. Our results demonstrate that the US-controlled
release of ICD inducers into nuclei using liposome-MB com-
plexes may be an effective approach to enhance the induction of
ICD for tumor treatment.
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