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Background: Inducing the immunogenic cell death of tumour cells can mediate the occurrence
of antitumour immune responses and make the therapeutic effect more significant. Therefore, the
development of treatments that can induce ICD to destroy tumour cells most effectively is
promising. Previously, a new type of pH-sensitive polymersome was designed for the treatment
of glioblastoma which represents a promising nanoplatform for future translational research in
glioblastoma therapy. In this study, the aim of this work was to analyse whether chemoradiother-
apy of the novel pH-sensitive cargo-loaded polymersomes can induce ICD.

Methods: Cell death in U87-MG and G422 cells was induced by Au-DOX@PO-ANG, and
cell death was analysed by CCK-8 and flow cytometry. The release of CRT was determined
by using laser scanning confocal microscopy and flow cytometry. ELISA kits were used to
detect the release of HMGBI1 and ATP. The dying cancer cells treated with different
treatments were cocultured with bone-marrow-derived dendritic cells (BMDCs), and then
flow cytometry was used to determine the maturation rate of BMDCs (CD11¢c+CD86+CD80
+) to analyse the in vitro immunogenicity. Tumour vaccination experiments were used to
evaluate the ability of Au-DOX@PO-ANG to induce ICD in vivo.

Results: We determined the optimal treatment strategy to evaluate the ability of chemother-
apy combined with radiotherapy to induce ICD and dying cancer cells induced by Au-
DOX@PO-ANG+RT could induce calreticulin eversion to the cell membrane, promote the
release of HMGB1 and ATP, and induce the maturation of BMDCs. Using dying cancer cells
induced by Au-DOX@PO-ANG+RT, we demonstrate the efficient vaccination potential of
ICD in vivo.

Conclusion: These results identify Au-DOX@PO-ANG as a novel immunogenic cell death
inducer in vitro and in vivo that could be effectively combined with RT in cancer therapy.
Keywords: immunogenic cell death, ICD, glioblastoma, radiotherapy, polymersomes,
nanodrug delivery system

Introduction

Glioblastoma (GBM) is the most aggressive primary intracranial tumour and one of the
most severe challenges facing oncology.'” The current clinical treatment is mainly
surgery supplemented by chemotherapy and radiotherapy and many treatment strategies
have been developed for the treatment of GBM.>’ In recent years, significant progress
has been made in antitumour immunotherapy research. Some emerging immunotherapy
methods have made major breakthroughs in the treatment of various types of tumours,

such as the application of immune checkpoint blocker anti-PD-1 antibodies, which can
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restore the killing effect of the immune system on tumour
cells.® However, the low immunogenicity of glioblastoma
cells and the existence of a tumour inhibitory immune micro-
environment can hinder the application of these methods.’ The
induction of immunogenic cell death (ICD) may be a promis-
ing strategy. The concept of ICD suggests that some treatments
can enhance the immunogenicity of tumour cells through
multiple mechanisms when nonspecifically killing tumour
cells and generate strong and long-lasting anticancer immunity
by releasing tumour-associated antigens and damage-asso-
ciated molecular patterns (DAMPs), such as exposure to cal-
reticulin (CRT) at the cell surface and the release of HMGBI1
and ATP.'®'* The release of DAMPs promotes the maturation
and migration of dendritic cells (DCs). Activated DCs can
present tumour antigens to T cells and initiate T cell immune
responses.' >

Intracellular reactive oxygen species (ROS) might be
one of the key factors for the induction of ICD, which
could result in oxidative stress in organelles, including the
endoplasmic reticulum.'” Radiation therapy (RT) gener-
ates hydroxyl radicals (*OH) by using X-rays to damage
tumour cellular components.'® Consequently, RT could
potentially induce ICD and prime the immune system.'’
However, the RT-mediated ICD effect is very weak, which
may be due to insufficient ROS production. Tumour tis-
sues would result in insufficient X-ray deposition and *OH
generation because of low-Z elements.”’ According to
recent studies, gold nanoparticles have been widely proven
to be a radiosensitizer.”' **> The absorption coefficient of
gold nanoparticles for radiation is significantly higher than
that of soft tissue, which can increase the absorbed dose of
cells around the particles and the dose of X-ray deposition
in the tumour area. The interaction of high atomic number
gold atoms with kilovolt-level X-rays will produce sec-
ondary electronic levels and then promote the production
of ROS.** Therefore, gold nanoparticles might have the
ability to increase the RT-mediated ICD effect.

Moreover, previous studies have confirmed that che-
motherapeutic drugs such as doxorubicin, oxaliplatin,
mitoxantrone, and bortezomib can induce ICD. These che-
motherapeutic drugs could promote the release of calreti-
culin (CRT), heat shock protein, high mobility group
protein Bl (HMGBI1), and ATP through endoplasmic reti-
culum (ER) stress while inducing the apoptosis of tumour
cells.>° However, the special anatomical structure of the
brain prevents drugs from entering the brain. At the same
time, chemotherapeutics have the shortcoming of a short
half-life, which causes the weak ICD effect induced by

chemotherapy drugs.'>*’*® Many researchers are devoted
to exploring new strategies to transform ICD into effective
antitumour immunotherapy. Targeted nanocarriers are
favoured because of their large drug loading, stable che-
mical properties, low or nontoxicity, biodegradability, and
ability to target specific areas. The use of nanomaterials
combined with chemotherapy drugs could solve the above
problems.” !

Previously, a new type of pH-sensitive polymersome
was designed for the treatment of glioblastoma. (The poly-
mersomes were formed through the self-assembly of poly-
caprolactone-poly(2-ethyl-2-oxazoline) (PCL-PEOz). A
complex drug was synthesized from gold nanoparticles
and doxorubicin. This type of complex drug could ensure
that gold nanoparticles and doxorubicin were encapsulated
into the vesicles in certain proportions at the same time.
Modifying the Angiopep-2 peptide on the surface of poly-
mersomes could solve the problem of poor delivery capa-
city through the BBB.) We have also proven that
Angiopep-2-conjugated pH-sensitive polymersomes (Au-
DOX@PO-ANG) can pass through the blood—brain barrier
successfully and achieve a combination of radiotherapy
and chemotherapy. The results have been published in
the Journal of Nanobiotechnology.’? Simultaneously, we
found that the new type of nanodrug delivery system may
have the ability to induce ICD in glioblastoma because of
the existence of doxorubicin and gold nanoparticles. In
this study, we investigated the ability of a new type of
nanodrug delivery system to induce ICD. We demonstrate
that glioblastoma U87-MG and G422 cells are induced to
die by Au-DOX@PO-ANG combined with RT. These
dying cancer cells can effectively induce the maturation
of dendritic cells (Scheme 1). Using dying tumour cells
after treatment with Au-DOX@PO-ANG combined with
RT, the effective vaccination potential of ICD was demon-
strated in a mouse glioblastoma vaccination model.

Experimental Section
Cell Culture

Human glioblastoma cell line U87-MG was purchased
from National Collection of Authenticated Cell Cultures
and murine glioma cell line G422 was purchased from
Shanghai FuHeng Biology Co., Ltd. Human glioblastoma
cell line U87-MG and murine glioma cell line G422 were
cultured at 37 °C under 5% CO, in 1640 medium (contain-
ing 10% FBS and antibiotics).
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Scheme | Schematic illustration of ICD induced by chemoradiotherapy of novel pH-sensitive cargo-loaded polymersomes.

Preparation and Characterization of Au-
DOX@PO-ANG

The methods of this part have been published in the
Journal of Nanobiotechnology.*?

The Detailed Groups in Subsequent

Experiments

U87-MG and G422 cells were incubated with different
groups. The detailed groups were as follows: 1) control,
2) blank polymersomes, 3) ANG-PO, 4) RT, 5) Au-
DOX@PO-ANG, 6) Au-DOX@PO-ANGHRT. (The con-
centration of Au-DOX was 40 pg/mL in each group trea-
ted with G422 cells and 100 pg/mL in each group treated
with U87-MG cells).

Cell Death Assay by Flow Cytometry and
CCK8

The assay was performed by an ACEA NovoCyte flow
cytometer, and FlowJo software was used to analyse the
data. The CCK-8 assay was performed according to the
instructions of the CCK-8 kit.

Analysis of CRT Exposure at the Cell

Surface by Flow Cytometry

U87-MG and G422 cells were incubated with the “treat-
ment” for 12 h in every group. Cells in every group were
treated with radiotherapy after incubation at a dose of 6 Gy
(according to previous reports, 6 Gy is a common dose for
radiotherapy>®) and then incubated at 37 °C under 5% CO,
for 12 h. After incubation, the cells were collected and
then washed with ice-cold PBS. After centrifugation at

1500 rpm and 4 °C for 5 min, the cells were resuspended
in anti-calreticulin antibody in ice-cold PBS for 30 min at
4 °C and then washed with PBS three times. Finally, the
samples were analysed by an ACEA NovoCyte flow cyt-
ometer. Analysis was performed by FlowJo software.

Immunofluorescence Analysis

U87-MG and G422 cells were seeded at a density of 1x10°
cells per well in 6-well plates and then cultured for 24 h in
a cell culture incubator. The cells were divided into six
groups treated after attachment. The samples were washed
three times with PBS and then incubated with Alexa Fluor
488-conjugated anti-CRT antibody for 30 min without
light at 4 °C. After washing three times with ice-cold
PBS, cells were fixed with 4% paraformaldehyde for 15
min and incubated with Dil at 37 °C for 10 min. Confocal
fluorescence microscopy was used for immunofluores-
cence analysis (Nikon Al).

Evaluation of HMGB| Release

Cells were incubated with the “treatment” for 12 h in every
treatment group. Subsequently, cells were treated with
radiotherapy at a dose of 6 Gy and then incubated for
another 12 h. The supernatant of each group was collected
and cleared from dying tumour cells by centrifugation at the
indicated time points. HMGB1 quantification was measured
by an ELISA kit. All assays were performed in accordance
with the respective manufacturers’ instructions.

Evaluation of ATP Release
U87-MG and G422 cells were stimulated with different
groups as described above. Then, the supernatants were
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collected and centrifuged at the indicated time points
(15,000 rpm, 4 °C, 3 min). ATP analysis was performed
using an ATP detection kit (Beyotime, S0026) as described
by the manufacturer.

Extraction and Cultivation of Mouse

Bone-Marrow-Derived Dendritic Cells
Bone-marrow-derived dendritic cells (BMDCs) were
extracted from the femurs and tibias of C57BL/6J mice
at the age of 6—7 weeks and cultured using 1640 medium
(5% foetal calf serum, 20 ng/mL. GM-CSF and 30 ng/mL
IL-4 were contained). Fresh medium was added on Day 3,
and the medium was renewed on Day 6 and Day 9.

Analysis of BMDCs Maturation

Immature murine BMDCs were isolated and cultured as
described previously.”* BMDCs were coincubated with
dying U87-MG and G422 cells stimulated with different
groups as described above. The cells were collected after
coculture for 24 h, spun down at 400 g and 4 °C for 6 min,
and then washed once with PBS. The maturation of
BMDCs was analysed by flow cytometer immunostaining
with anti-CD11¢c-FITC (Biolegend), anti-CD86-PE-Cy7
(Biolegend), anti-CD80-APC  (Thermo  Fisher
Scientific).

and

In vivo Prophylactic Tumour Vaccination
Dying G422 cells in different groups were collected and
resuspended at the desired cell density in PBS. Mice were
subcutaneously inoculated with 5x10° dying G422 cells
into the left side. The mice were challenged subcuta-
neously in the right brain with 5x10* live G422 cells on
Day 7 after vaccination. After the challenge, tumour
growth at the challenge site was monitored using MRI
imaging for up to 4 weeks. The levels of IFN-y, TNF-aq,
and IL-12/p40 in mouse serum were measured by ELISA
kits.

Statistical Analysis

The data were analysed using GraphPad Prism version 7.0
software (GraphPad Software, Inc., San Diego, CA, USA).
Student’s #-test was used when comparing the data from
two groups. The differences between the two groups were
considered statistically significant at *P < 0.05 and very
significant at **P < 0.01 and ***P < 0.001.

Results

Preparation and Characterization of Au-
DOX@PO-ANG

The results of this section have been published in the
Journal of Nanobiotechnology.** The hydrodynamic dia-
meter of the prepared Au-DOX was approximately 25.8
nm. The diameter was slightly larger than the modified
AuNPs, but still less than 50 nm, which was conducive to
encapsulation in polymersomes. TEM results revealed that
the copolymer spontaneously assembled into polymer-
somes. The TEM images revealed a vesicle-like shape of
blank polymersomes with average diameters of approxi-
mately 200 nm, consistent with the DLS results, and the
Au-DOX complexes were located inside the polymer-
somes, suggesting that Au-DOX complexes were encapsu-
lated in the polymersomes. Additionally, the amount of
Au-DOX complexes in the polymersomes was clearly
regulated by the amount of Au-DOX complexes added.
The mean hydrodynamic diameter of blank polymersomes
was 195.5 nm. After Au-DOX loading and ANG coupling,
the mean hydrodynamic diameter increased slightly to
210.8 nm. The coupling efficiency was calculated by
dividing the amount of Angiopep-2 on the surface of
polymersomes by the weight of the Angiopep-2 input.
After the calculation, the standard concentration curve
formula for the ANG peptide was y=0.0044x-0.185 and
the coupling efficiency was 11.3£1.02%. The particle
number of polymersomes was measured using NTA and
yielded a value of 6x10"" particles/mL. The number of
ANG peptides connected to each polymersome was esti-
mated to be 236. The drug loading capacity of Au-DOX in
the polymersomes was approximately 5.3%, with an
entrapment efficiency greater than 89.5% and an Au-
DOX content of 0.725 mg/mL.

Au-DOX@PO-ANG Combined with RT

Induces Cell Death in Cancer Cells

To evaluate the ability of chemotherapy combined with
radiotherapy to induce ICD, the treatment strategy was
adjusted in this study. Cells were incubated with the “treat-
ment” for 12 h in every treatment group. Subsequently, cells
were treated with radiotherapy at a dose of 6 Gy and then
incubated for another 12 h. Cell Counting Kit-8 (CCK-8)
was used to evaluate the antitumour capability of Au-
DOX@PO-ANG in U87-MG cells. The results are shown
in Figure 1A-1. Compared with the control group, the blank
polymersomes and ANG-PO groups had no significant
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Figure | The antitumor capability of Au-DOX@PO-ANG combined with RT in vitro. Cell death assay by CCK8 (A-1) and flow cytometry (A-2) in U87-MG cells; cell
death assay by CCK8 (B-1) and flow cytometry (B-2) in G422 cells. Each bar represents the meant SD of six replicates, **P<0.01,*P<0.001.

effect on the cell survival rate of U87-MG cells. The survi-
val rates of U87-MG cells treated with RT, Au-DOX@PO-
ANG, and Au-DOX@PO-ANG+RT were 80.9+ 8.2%, 67.5
+ 6.1% and 47.8 + 3.3%, respectively. The results of the
apoptosis experiment using an Annexin-V/PI staining kit
(Figure 1A-2) show that Au-DOX-loaded polymersomes
and radiotherapy can induce U87-MG cell apoptosis, and
the viable cell ratio of the Au-DOX@PO-ANG+RT group
was significantly lower than that of the Au-DOX@PO-
ANG group and RT group. Similar results were obtained
in G422 cells (Figure 1B). These results show that the Au-
DOX@PO-ANGHRT group has stronger cytotoxicity than
the other treatment groups. To evaluate the ICD effect, the
drug concentration in the Au-DOX@PO-ANG+RT group
will be controlled at approximately the IC50.

ICD Induction

The occurrence of ICD in tumour cells is accompanied by
the release of damage-related molecular patterns (DAMPs),
such as surface exposure to CRT and the release of HMGB1
and ATP. DAMPs have a beneficial role in anticancer ther-
apy because of their interaction with the innate immune
system.'>'®3 During ICD, CRT acts as an “eat me” signal
and can be translocated from the endoplasmic reticulum
(ER) to the surface of dying cells. This signal can help to
promote the absorption of dying tumour cells by antigen-
presenting cells, activating T lymphocytes and leading to
The ICD profile
induced by different treatments was investigated by exam-

antigen-specific immune responses.>*

ining cell-surface CRT expression. We first employed

immunostaining analysis by confocal fluorescence

International Journal of Nanomedicine 2021:16

https:

7127

Dove:


https://www.dovepress.com
https://www.dovepress.com

He et al

Dove

microscopy. Cell surface delineation was determined using
Dil (Dil was used for cell membrane localization) (red), and
Alexa Fluor 488-CRT antibody was used for determination
of CRT expression (green). As shown in Figures 2A and 3A,

the two cell lines used in this study reached a similar
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+RT

conclusion. The CRT signals were found in the RT and
Au-DOX@PO-ANG groups. However, the signal of the
RT group was weak, indicating the inferior ability of
X-rays to induce ICD. Furthermore, the strongest CRT

signal was found from the Au-DOX@PO-ANG+RT
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Figure 2 (A) Confocal microscopy showing the induction of the ICD marker; CRT, in U87-MG cells after different treatments. The cell surface membrane and CRT were
detected by Dil, and Alexa Fluor 488-conjugated anti-CRT antibody staining (scale bar: 100 pm). (B) CRT exposure on the cell surface of U87-MG cells was assessed after the

different treatments by flow cytometry analysis.
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Figure 3 (A) Confocal microscopy showing the induction of the ICD marker, CRT, in G422 cells after different treatments. The cell surface membrane and CRT were
detected by Dil, and Alexa Fluor 488-conjugated anti-CRT antibody staining (scale bar: 100 um). (B) CRT exposure on the cell surface of G422 cells was assessed after the

different treatments by flow cytometry analysis.
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group, indicating that the most significant ICD could be
induced by the combination of Au-DOX@PO-ANG and
X-rays. In addition, no green fluorescence was detected in
the group of blank polymersomes or Angiopep-2 conju-
gated polymersomes, implying no ICD induced by the
nanocarriers or targeting peptides. Flow cytometry results
further confirmed that Au-DOX@PO-ANG combined with
X-ray radiation could significantly promote cell-surface
expression of CRT in U87 and G422 cells, demonstrating
the strongest ICD induced by Au-DOX@PO-ANG-
mediated RT over other groups (Figures 2B and 3B). In
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summary, these results indicate that Au-DOX@PO-ANG
combined with RT has promising potential to enhance
tumour immunogenicity.

HMGBI is a danger signal that can stimulate phago-
cytosis of dying tumour cells by DCs. HMGBI is mainly
located in the nucleus of cells.** Figure 4A and B shows
that RT, Au-DOX@PO-ANG, and Au-DOX@PO-ANG
combined with RT induced the release of HMGBI. In
contrast, HMGB1 was released the most from the nucleus
in the Au-DOX@PO-ANG combined RT group in both
U87 and G422 cells. The average concentration of

B 200+
_ kkk
£ 1504
(o))
&
.S k%
E 1004
S n.s
2 50-
8 n.s *
0-
‘60\ & ‘0 Q§ \\0 xq;\
S S < ¥ G
¢ s Ny O S
& s & b
\‘6‘ KU QO
& o @
N o’o oF
o ¥ Q
N\ $
d @
D
14-
kkok
12+
Q
0
©
o
(&)
£
ke
o
L

Figure 4 The release of HMGBI and ATP. U87-MG (A) and G422 cells (B) were recovered for 24h after different treatments and HMGBI was measured in the
supernatants; U87-MG (C) and G422 cells (D) were recovered for 24h after different treatments and ATP was measured in the supernatants. ATP values represent fold
increase relative to untreated cells and the mean values of 6 independent experiments. Each bar represents the mean+ SD of six replicates, ¥*P<0.05,%*P<0.01,***P<0.001.
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HMGBI released from U87 cells of the Au-DOX@PO-
ANG + RT group was 103.1 pg/mL, which was 4.8- and
1.7-fold higher than those of the RT and Au-DOX@PO-
ANG groups, respectively (Figure 4A). The results were
similar in G422 cells. The average concentration of
HMGBI released from G422 cells of the Au-DOX@PO-
ANG + RT group was 135.9 pg/mL, which was 5.6- and
1.6-fold higher than those of the RT and Au-DOX@PO-
ANG groups, respectively (Figure 4B).

Moreover, U87 cells treated with Au-DOX@PO-ANG
+ RT showed that the highest ATP secretion was 10.3-fold
higher than that of the control group (Figure 4C).
Similarly, the quantity of ATP secreted by the Au-
DOX@PO-ANG + RT group in G422 was 11.5-fold
higher than that of the control group (Figure 4D). In both
types of cells, the release of HMGBI1 and the secretion of
ATP were not observed in the blank polymersomes or
ANG-PO group. These results indicate that neither the
carrier nor the targeting peptide used in this study has
the ability to induce ICD.

Collectively, the CRT exposure, the release of
HMGBI1, and ATP secretion data verified that Au-
DOX@PO-ANG-based chemotherapy and RT cumula-
tively induced ICD in vitro.

Activation and Maturation of BMDCs
further
investigated by examining BMDC maturation. BMDCs

Treatment-induced antitumour immunity was

were freshly separated from C57BL/6J mice and incubated
with U87-MG and G422 cells pretreated with different
treatments. The frequency of mature BMDCs (CDl1l1c +
CD86 + CD80+) was then examined by flow cytometry.
Figure 5A shows that after 24 hours of incubation with
untreated U87-MG cells, the maturity of BMDCs was low
due to the low immunogenicity of tumour cells. A low
level of BMDC maturity was also observed in the blank
polymersomes group and ANG-PO group due to the neg-
ligible lethality of the carrier and the targeting peptide.
When BMDCs were incubated with RT- and Au-
DOX@PO-ANG-pretreated U87-MG cells, the frequency
of mature BMDCs moderately increased by 1.6- and 2.3-
fold, respectively, compared to that of BMDCs incubated
with untreated U87-MG cells. In addition, U87-MG cells
pretreated with Au-DOX@PO-ANG + RT showed the
strongest ability to induce BMDC maturation. The
BMDC maturation rate was further promoted 2.9-fold.
Similar results were observed in G422 cells (Figure 5B);
the frequency of mature BMDCs moderately increased by

1.6-, 1.8-, and 2.0-fold when the BMDCs were incubated
with RT-, Au-DOX@PO-ANG-, and Au-DOX@PO-ANG
+ RT-pretreated G422 cells, respectively, compared to
those of the BMDCs incubated with the untreated group.

Cancer Cells Treated with Au-
DOX@PO-ANG are Effective Vaccines in
vivo

A well-established in vivo mouse G422 cancer vaccination
experiment was carried out in immunocompetent C57BL/6
J mice to investigate the ability of treated cancer cells to
activate the adaptive immune system.*® C57BL/6] mice
were immunized with G422 cells that died after Au-
DOX@PO-ANGHRT treatment. Negative control mice
were injected with PBS. The mice were then challenged
with live G422 tumour cells. Changes in tumour volume at
the challenge site were observed using MRI (Figure 6A).
Tumour growth was observed in the mice immunized with
PBS. Mice immunized with G422 cells treated with RT,
Au-DOX@PO-ANG, or Au-DOX@PO-ANG+RT showed
signs of protection against tumour growth. Among them,
mice immunized with G422 cells treated with Au-
DOX@PO-ANG+RT showed the most obvious inhibition
of tumour growth. Furthermore, the tumours growing in
the PBS-vaccinated mice at the challenge site were large in
size and occurred earlier (Figure 6B), indicating that
induction of death in cancer cells by Au-DOX@PO-
ANG+RT activates an adaptive immune response. It is
one of the important properties of ICD. Finally, we note
a potential limitation of this study: these ideal in vivo data
are related to the inevitable destruction of the blood—brain
barrier when constructing orthotopic xenograft tumour
models, making it more susceptible to immunotherapy.

IFN-y, TNF-a, and IL-12/p40 Level in

Mouse Serum

We used ELISA kits to detect IFN-y, TNF-a, and IL-12/
p40 levels in the serum of mice in each treatment group.
The result is shown in Figure 7. In this study, the normal
group refers to healthy mice that have not been challenged
by live cells. Au-DOX@PO-ANG+RT group of IFN-y
Level is 2971.9+307.3 pg/mL, significantly higher than
PBS group (63.4£53.2 pg/mL), RT group (1775.1£220.2
pg/mL), and Au-DOX@PO-ANG group (2275.0+316.1
pg/mL)(Figure 7A). In addition, the levels of the innate/
adaptive immunity regulator interleukin 12 (IL-12p40) and
tumour necrosis factor a (TNF-a) in serum were also
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Figure 5 The analysis of BMDCs maturation in vitro. Representative flow cytometry and quantitative analysis of mature BMDC cells (CD80+/CD86+in CDI Ic+). Co-

culture of BMDCs with dying U87-MG (A)and G422 (B) cells.

measured. As demonstrated in Figure 7B and C. Au-

improved compared with the PBS group). These results

DOX@PO-ANG combined with RT led to an enhanced demonstrate the powerful immunoprotective -effect
immune response (both cytokine levels were significantly  induced by Au-DOX@PO-ANG combined with RT.
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Discussion

ICD is a method of cell death that can induce the immune
response to tumour cells. Calreticulin (CRT), HMGBI,
ATP, and other damage-associated molecular patterns
(DAMPs) are released when immunogenic cell death
occurs.'®*72® Previously, a new type of pH-sensitive
cargo-loaded polymersomes was designed. There are
many studies indicate that tumor tissue has special phy-
siological characteristics. The pH value of the tumor
microenvironment is 6.5-7.0, which is lower than that of
normal tissues (pH 7.4). The pH-sensitive nano-drug
delivery system of the tumor’s acidic environment can
increase the drug delivery in tumor tissues.>” The pH-
responsive strategies can increase the functionality of
drug delivery system.**** The pH sensitivity of the drug
has been evaluated in previous studies.** In this study, we
evaluated the ability of the previously constructed pH-
sensitive nanodrug delivery system to induce immuno-
genic cell death in tumour cells. Due to the particularity
of the immune microenvironment in the brain,43 there are
few studies on the immunotherapy of brain tumours, and
this study is a bold attempt at immune-related treatments
for brain tumours. We prove that the new pH-sensitive
nanodrug delivery system can activate the antitumour
immune response by inducing immunogenic cell death of
tumour cells and provide new strategies and directions for
brain tumour immunotherapy.

First, to evaluate the ICD effect, the effect of Au-
DOX@PO-ANG combined with RT induced in cancer
cells was evaluated, and the drug concentration was con-
trolled at approximately the IC50. The confocal laser con-
focal microscopy images show that CRT will evert to the
cell membrane when ICD occurs. CRT mainly exists in the
endoplasmic reticulum, and the eversion of CRT is related
to Au-DOX@PO-ANG combined with RT, which can
induce endoplasmic reticulum stress.'®***> At the same
time, we proved that Au-DOX@PO-ANG combined with
RT could induce the emission of HMGBI1 and ATP. Of
course, only Au-DOX@PO-ANG or radiotherapy can also
cause the release of DAMPs. Doxorubicin is a chemother-
induce ICD.*>-*¢

Radiotherapy is also a treatment that can induce ICD in

apeutic that has been shown to
tumour cells, and the presence of radiotherapy sensitizer
AuNPs may enhance this effect.*® However, the combina-
tion of the two can induce stronger ICD effects in tumour
cells and induce the activation and maturation of BMDCs.
Tumour vaccine experiment results have shown that the
injection of dying necroptotic cancer cells directly leads to

more effective control of tumour growth in mice.
However, there is a potential limitation of this study:
these ideal in vivo data are related to the inevitable
destruction of the blood—brain barrier when constructing
orthotopic xenograft tumour models, making them more
susceptible to immunotherapy. In the future, our work will
focus on improving experimental methods to provide more
directions for immune-related treatment of glioblastoma.

Conclusion

Dying cancer cells induced by Au-DOX@PO-ANG+RT
could induce calreticulin eversion to the cell membrane,
promote the release of HMGB1 and ATP, and induce the
maturation of BMDCs. Using dying cancer cells induced
by Au-DOX@PO-ANG+RT, we demonstrate the efficient
vaccination potential of ICD in vivo. These results identify
Au-DOX@PO-ANG as a novel immunogenic cell death
inducer in vitro and in vivo that can be effectively com-
bined with RT in cancer therapy.
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