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Background: Radiation therapy (RT) is commonly used to treat glioblastoma, but its immunomodulatory effect on tumors, through
mechanisms such as immunogenic cell death (ICD), is relatively weak. Gold nanoparticles (AuNPs) have been suggested as potential
radio-sensitizers, but it is unclear if they can enhance radiation-induced ICD. This study aimed to investigate the potential of AuNPs to
improve the effectiveness of radiation-induced ICD.

Methods: G422 cells were treated with a combination of AuNPs and RT to induce cell death. Various assays were conducted to assess
cell death, surface expression of CRT, and release of HMGB1 and ATP. In vitro co-culture experiments with bone marrow-derived
dendritic cells (BMDCs) were performed to analyze the immunogenicity of dying cancer cells. Flow cytometry was used to measure
the maturation rate of BMDCs. An in vivo mouse tumor prophylactic vaccination model was employed to assess immunogenicity.
Results: The study findings presented here confirm that the combination of radiotherapy (RT) with AuNPs can induce a stronger ICD
effect on glioblastoma cells compared to using RT alone. Specifically, treatment with AuNPs combined with RT resulted in the
emission of crucial damage-associated molecular patterns (DAMPs) such as CRT, HMGB1 (479.41+165.34pg/mL vs 216.04+178.16
pg/mL, *P<0.05) and ATP (The release of ATP in the AuNPs + RT group was 1.2 times higher than in the RT group, *P<0.05). The
proportion of BMDC maturation rate was higher in the group treated with AuNPs and RT compared to the group treated with RT alone.
(32.53+0.52% vs 25.03+0.28%,***P < 0.001). In the tumor vaccine experiment, dying tumor cells treated with AuNPs and RT
effectively inhibited tumor growth in mice when exposed to living tumor cells.

Conclusion: These results indicate that AuNPs have the ability to enhance RT-induced ICD.

Keywords: Immunogenic cell death, Gold nanoparticles, Radiation therapy, Glioblastoma

Introduction

Glioblastoma (GBM) is the most aggressive primary intracranial tumor and one of the most challenging conditions in the
field of oncology.l’2 Radiation therapy (RT) is a common treatment method for glioblastoma.3’4 The main determinant of
the radiobiological effects in RT is DNA, and the therapeutic rationale is that high-energy ionizing radiations directly
cause DNA damage.”® Alternatively, they may indirectly induce cell apoptosis by generating ROS.”

Recent studies have demonstrated that radiation therapy (RT) can induce tumor immune regulation through mechan-
isms such as immunogenic cell death (ICD).* ' When ICD occurs in tumor cells, calreticulin (CRT) is exposed on the
surface of the tumor cell membrane. Furthermore, high mobility group box 1 (HMGBI1) and adenosine triphosphate
(ATP) are released from the nucleus.®''"'* CRT serves as an “eat me” signal for phagocytes, leading to dendritic cells
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(DC) engulfing dying tumor cells. Additionally, HMGBI1 binds to toll-like receptor 4 (TLR4), promoting DC maturation
and antigen presentation to cytotoxic T lymphocytes (CTLs). ATP stimulates CTL infiltration in tumor tissue.'"'3!7
Thus, RT has the potential to convert irradiated dead tumor cells into in situ vaccines, thereby enhancing the
immunogenicity of the tumor microenvironment and inducing anti-tumor immunity. However, the ICD effect induced
by RT may be weak due to the low sensitivity of glioblastoma cells to radiation therapy.'®'® The weak induction of
immunogenic cell death (ICD) by radiotherapy may be attributed to the following reasons: 1) Immune evasion
mechanisms of tumor cells: Tumor cells can employ various mechanisms to evade the immune system, such as
downregulation of tumor-associated antigens and upregulation of immune inhibitory molecules. These mechanisms
can weaken the ICD induction caused by radiotherapy. 2) Immunosuppression: Radiotherapy triggers inflammation
and immune responses, but it can also lead to immunosuppression by reducing the number or function of immune cells.
These factors can contribute to the weakened ICD induction by radiotherapy. In conclusion, the weak induction of ICD
by radiotherapy may be attributed to a combination of factors including immune evasion mechanisms of tumor cells, and
immunosuppression caused by radiotherapy. Enhancing the ICD effect induced by RT could greatly enhance the value of
RT in tumor therapy. Previous studies have suggested that gold nanoparticles (AuNPs) have radio-sensitization
effects.”**! However, it remains unclear whether the increase in radiation dose mediated by AuNPs can also improve
the ability of radiation-induced ICD. Therefore, in this study, we aimed to investigate whether AuNPs have the potential
to enhance the ability of radiation-induced ICD using G422 cells. We prepared AuNPs and assessed their radiation
sensitization ability. Subsequently, we evaluated whether combining AuNPs with radiotherapy would lead to increased
release of damage-related molecular patterns (DAMPs), including calreticulin expression, HMGBI1 release, and ATP
release. In addition, in this study, we evaluated whether nanogold combined with radiotherapy can further induce the
maturation of BMDCs (Scheme 1).

Materials and Methods

Preparation and Characterization of AuNPs
AuNPs were prepared by sodium citrate reduction method.?* The details could be find in Supplemental Materials.
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Scheme | Schematic Diagram of ICD induced by AuNPs combined with radiotherapy.
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Cell Death Assay

We used flow cytometry and CCKS kit to evaluate the ability of AuNPs combined with radiotherapy to induce cell death.
G422 cells used in this study were purchased from National Collection of Authenticated Cell Cultures. The details could
be find in Supplemental Materials.

Analysis of CRT Exposure

G422 cells were stimulated with different groups. Laser confocal microscopy and flow cytometry were used to evaluate
the expression of CRT on the surface of cell membranes treated with different groups. The details could be find in
Supplemental Materials.

Analysis of HMGBI Release and ATP Release

After treating tumors cells with different treatment groups, the supernatant of each group was collected at a designated
time point and dying tumor cells were removed from the supernatant by centrifugation. Subsequently, HMGBI in the
supernatant of different treatment groups was quantified using the ELISA kit. Luminescent ATP Detection kit was used
to analyze ATP content. All measurements are carried out according to the instructions of the respective manufacturers.

Generation and Maturity Evaluation of BMDCs
The details could be find in Supplemental Materials.

In vivo Prophylactic Tumor Vaccination

Tumor vaccine experiments are the gold standard for evaluating ICD. To investigate whether tumor cells treated with
AuNPs combined with radiotherapy have potential in vivo immunogenicity, we conducted a tumor vaccine vaccination
experiment in the Male BALB-c¢ mice. The details could be find in Supplemental Materials.

Evaluation of ROS Production by AuNPs Combined with RT

The sodium terephthalate fluorescent probe was employed to examine the ROS production of the different groups.
Fluorescence microscope and flow cytometry were used in this experiment. The details could be find in Supplemental
Materials.

Statistical Analysis

The data are presented as the means + standard deviations (SD) and GraphPad Prism version 7.0 software (GraphPad
Software, Inc., San Diego, CA, USA) was used to analyze the data. The data from two groups were compared using
Student’s ¢-test. The differences between the two groups were considered statistically significant at *P < 0.05, and very
significant at **P < 0.01, ***P < 0.001 and ****P<0.0001.

Results

Preparation and Characterization of AuNPs

The sodium citrate reduction method was employed to prepare a solution of AuNPs. The solution exhibited a bright wine
red color (Figure S1A). TEM images of the AuNPs are presented in Figure S1B, showing uniformly dispersed black
spherical particles. The hydrodynamic diameter of the AuNPs was approximately 19.7 nm (Figure S1C). UV-vis
absorption spectroscopy was used to characterize the prepared AuNPs, revealing a maximum absorption peak at 520
nm (Figure S1D). The Zeta potential of the AuNPs was determined to be —35.1 = 0.66 mV (Figure S1E). The solution of
AuNPs was stored at 4 °C, and the hydration particle size was measured every 5 days over a period of 4 weeks. As
depicted in Figure S1F, no significant changes in particle size were observed. The uptake of AuNPs by G422 cells was
examined using TEM. G422 cells were co-incubated with AuNPs for 24 h. As illustrated in Figure S2, the cytoplasm of
G422 cells contained a large number of high-density staining particles, with numerous nanoparticles visible. These
particles were mostly trapped in the membrane structures or vesicles, particularly near the endoplasmic reticulum (ER)
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and mitochondria (MT). The endoplasmic reticulum (ER) and mitochondria are important cellular organelles. Through
electron microscopy, we investigated the distribution of gold nanoparticles (AuNP) within cells and their relationship
with these cellular organelles. This experimental design aimed to provide a deeper understanding of the mechanisms by
which AuNP enhance radiotherapy-induced immunogenic cell death (ICD). By utilizing electron microscopy, we could
further elucidate the localization of AuNP within cells and determine whether they interact with the endoplasmic
reticulum (ER) and mitochondria. This analysis will help to reveal the regulatory mechanisms of AuNP on ICD-
related pathways, thereby enhancing our understanding of the role of AuNP. Additionally, the morphology of G422
cells did not significantly change after co-incubation with AuNPs, indicating that the activity of G422 cells remained
unaffected. The safety of AuNPs on astrocyte and G422 cells was evaluated using the CCK-8 method. The results
presented in Figure S3 demonstrated that more than 80% of cells remained viable after treatment with AuNPs at
concentrations up to 8 nM, indicating that AuNPs exhibited low toxicity towards both astrocyte and G422 cells.

AuNPs Combined RT Induce Cell Death of Tumor Cells

In order to assess the ability of AuNPs in combination with radiotherapy (RT) to induce immunogenic cell death
(ICD), the appropriate concentration of AuNPs combined with a 6 Gy dose of RT on G422 cells was determined
using CCK-8 kits. The killing efficiency of AuNPs combined with radiotherapy on G422 cells was found to increase
as the concentration of AuNPs increased, in comparison to RT alone (Figure 1A). The concentration of IC50 was
found to be approximately 8 nM. Based on this result, a concentration of 8 nM was selected for subsequent
experiments. Annexin V/PI staining kit was used to detect cell apoptosis (Figure 1B), and the apoptosis rate of G422
cells treated with RT alone and AuNPs combined with RT were 13.43% + 3.65% and 38.53 + 2.97% respectively
(Figure 1C). These findings indicate that the combination of AuNPs with a 6 Gy dose of RT is capable of enhancing
the toxic effect of RT alone.
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Figure | Treatment effect of AuNPs combined RT in vitro. (A) Cell death assay of different AuNPs’ concentrations combined with RT on G422 cells using CCK8. (B) Cell
death assay by flow cytometry in G422 cells. (C) Apoptosis rate of G422 cells in different treatment groups. Each bar represents the mean * SD of three replicates, *P <
0.05, *P < 0.01, ¥*P < 0.001, ns means not statistically significant.
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Evaluation of ICD Induction

Despite the radio-sensitization effect, we also wondered whether AuNPs could enhance the ability of RT to trigger ICD. The
occurrence of ICD in tumor cells was accompanied by the release of DAMPs during the dying process of tumor cells. When
ICD occurs in tumor cells, CRT can be exposed on the surface of tumor cell membrane as an “eat me” signal to promote DCs or
its precursor somatic cell cells to dying tumor cells, so as to provide rich antigenic substances and promote the maturation of
DCs.* Normally, CRT is expressed in the endoplasmic reticulum. CRT can be translocated and exposed to the surface of dying
cell membrane under stress. Releasing “eat me” signals to immune cells and activating the immune response of the body.
Furthermore, HMGBI1 and ATP were released outside the tumor cells."****° To investigate the extent of treatment-induced
immunogenic cell death (ICD), we employed confocal fluorescence microscopy and immunostaining analysis to detect the
expression of cell surface calreticulin (CRT). The cell surface delineation was determined using Dil (red), while the expression
of CRT was determined using Alexa Fluor 488-CRT antibody (green). Firstly, we found no green fluorescence signal in the
AuNPs group, suggesting that AuNPs did not induce ICD. Secondly, we observed stronger CRT signals in the RT group and
the AuNPs+RT group. However, the green fluorescence signal was stronger in the AuNPs+RT group compared to the RT
group, indicating that AuNPs could enhance the ability of RT to trigger ICD (Figure 2A). Furthermore, semiquantitative
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Figure 2 Analysis of CRT exposure at the cell surface. (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 647-conjugated anti-CRT antibody staining (scale bar: 100 pm). (B) Bar graph of ROl's mean gray
value. (C) CRT exposure on the cell surface of G422 cells was assessed after the different treatments by flow cytometry analysis. Each bar represents the mean *+ SD of
three replicates, *P < 0.05, ***P < 0.001, ****P<0.0001, ns means not statistically significant.
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analysis of the fluorescence signals using ImageJ software further supported these conclusions (Figure 2B). In addition, we
used flow cytometry to analyze the expression of CRT on the dying tumor cell membrane surface. As shown in Figure 2C, the
expression rate of CRT was significantly higher in the AuNPs+RT group than in the RT alone group. These findings indicate
that combining AuNPs with RT can induce stronger ICD effects and promote the release of “eat me” signals in G422 cells.

The phagocytosis of bone marrow-derived dendritic cells (BMDCs) on dying tumor cells can be stimulated by
HMGBI, which is predominantly located in the nucleus of tumor cells. As illustrated in Figure 3A, the group treated with
AuNPs in combination with radiation therapy (RT) exhibited the highest release of HMGBI from the nucleus in G422
cells. In this group, the average concentration of HMGBI released from G422 cells was 479.41 pg/mL, which was 2.2
times higher than that of the RT group. Additionally, ATP was released to a greater extent in the AuNPs + RT group,
being 1.2 times higher than in the RT group (Figure 3B). Subsequent Western blot analysis (Figure 3C, D) further
demonstrated that endoplasmic reticulum stress-related proteins (PERK, p-eIF2a, CHOP) were most abundantly
expressed in G422 cells treated with the AuNPs + RT group. Moreover, the combination of RT and AuNPs resulted in
markedly higher levels of reactive oxygen species (ROS) compared to radiation alone or AuNPs alone (Figure 4). The
production of ROS can also trigger endoplasmic reticulum stress, indicating that the combined treatment of AuNPs and
RT induces the strongest endoplasmic reticulum stress. Notably, endoplasmic reticulum stress is commonly considered as
a facilitator of immunogenic cell death (ICD). Overall, the aforementioned findings demonstrate that AuNPs can
effectively enhance radiation-induced ICD.

Activation and Maturation of BMDCs
Flow cytometry was used to detect the maturation rate of BMDCs (CD11¢c+CD86+CD80+)(Figure 5). After incubation
with untreated G422 cells for 24 h, the maturation rate of BMDCs was low due to the low immunogenicity of tumor
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Figure 3 (A) Detection of extracellular HMGBI by ELISA kit. (B) Detection of ATP secretion by luciferin-based ATP assay kit. (C) Western blot analysis of the expression
levels of ER stress-related proteins after different treatments. (D) Quantification analysis of the expression of ER stress-related proteins. Each bar represents the mean + SD
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cells. When BMDCs were incubated with RT-pretreated G422 cells, the maturation rate of BMDCs increased about
1.6-fold compared to that of BMDCs incubated with untreated G422 cells. G422 cells pretreated with AuNPs + RT
showed the strongest ability to induce maturation rate of BMDCs additionally. The maturation rate of BMDCs further
promoted 2.1-fold.

Tumor Cells Treated with AuNPs Combined RT are Effective Vaccines in vivo

A well-established tumor vaccination experiment was carried out in BALB-¢ mice to investigate the ability of cancer
cells treated with AuNPs combined RT to activate the adaptive immune system (Figure 6A). We immunized BALB-c
mice with G422 cells that were dying after four different treatments. Mice immunized with G422 cells treated with
AuNPs combined with RT showed strong signs of robust activation from the adaptive immune system and the strongest
protection against tumor growth. However, there was tumor growth in most of the mice immunized with PBS or AuNPs

treated alone (Figure 6B).Furthermore, some mice immunized with RT treated alone also have tumor growth, which
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Figure 5 Analysis of BMDCs maturation in vitro. (A) Representative flow cytometry of mature BMDC cells (CD80*/CD86" in CDIIc"). (B) Quantification of mature
BMDC:s following the CD80 and CD86 staining. Each bar represents the mean + SD of three replicates, **P < 0.001, ****P<0.0001, ns means not statistically significant.

points to the strong immunogenicity of tumor cells treated with AuNPs combined with RT. To investigate whether the
anti-tumor immune response of the body could be stimulated after vaccination, the spleens of mice in all groups were
harvested and examined for Cytotoxic T lymphocyte (CTL, CD3 + CD8 + CD4 —), which are more beneficial for killing
tumor tissue. As shown in Figure 6C and D, after immunized with G422 cells treated by AuNPs combined with RT, the
percentage of CTL cells in the spleen was significantly higher than that spleens from mice immunized with only RT
(32.53+0.91% vs 25.034+0.49%). Collectively, these results indicated that the combination of AuNPs and RT could
promote systemic antitumor immunity for tumor suppression. ELISA kits were also used to detect the levels of IFN-y,
TNF-a, and IL-12/p40 in the serum of mice in each group. The level of IFN-y in AuNPs+RT group is 206.29+28.45 pg/
mL, which is significantly higher than PBS group (117.52+18.82pg/mL), RT group (133.96+4.55pg/mL), and AuNPs
group (115.54+7.45pg/mL)(Figure 6E). In addition, we also measured the levels of the IL-12p40 and TNF- a in the
serum of each group. As shown in Figure 6F and G, the combination of AuNPs and RT resulted in an enhanced response
of immune (compared to the PBS group, both cytokine levels were significantly increased). These results demonstrate the
strong immune protective effect induced by the combination of AuNPs and RT.

Discussion

Radiotherapy is a frequently employed anticancer treatment in clinical settings. Its primary therapeutic mechanism
involves the irradiation of the body with various rays, which ionize or excite water molecules, resulting in the
production of reactive oxygen. This subsequently leads to the disruption of molecular bonds, such as DNA and
RNA, in the cell. Ultimately, this process directly or indirectly leads to cell death.>®*” The production of reactive
oxygen species can also induce stress on the endoplasmic reticulum, leading to the release of damage-associated
molecular patterns (DAMPs) and ultimately causing immunogenic cell death in tumor cells.?®* > Gold nanoparticles
have been extensively demonstrated to be effective radiosensitizers. However, the potential of these nanoparticles to
enhance the ability of radiotherapy-induced immunogenic cell death (ICD) in tumor cells remains unreported.
Therefore, this study aims to investigate whether the combination of AuNPs with radiotherapy exhibits a stronger
ICD effect compared to the use of radiotherapy alone.
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Figure 6 Tumor cells dying after different treatments induce anti-tumor immunogenicity in vivo. (A) In vivo prophylactic tumor vaccination model. (B) The frequency of
tumor-free BALB/c mice, which were vaccinated with pretreated G422 tumor cells, and then subcutaneously rechallenged with the untreated G422 tumor cells. (C and D)
The CD4 T cells and the CD8 T cell infiltration (gated on CD3" cells) in spleens after tumor vaccination were analyzed by the flow cytometry. (E, F and G) The
proinflammatory cytokines including IFN-y, TNF-o and IL-12P40 in the serum after tumor vaccination were analyzed by the ELISA assays. Each bar represents the mean + SD
of three replicates, *P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001, ns means not statistically significant.

The findings presented in this study confirm that the combination of radiation therapy (RT) with gold nanoparticles
(AuNPs) can induce a stronger effect of immunogenic cell death (ICD) on glioblastoma cells compared to the use of RT
alone. The immunogenicity of tumor cells killed by the combination of AuNPs and RT has been demonstrated in vitro. These
tumor cells, when treated with AuNPs along with RT, result in the release of crucial damage-associated molecular patterns
(DAMPs) such as CRT, HMGBI, and ATP. In this study, we also measured the expression levels of endoplasmic reticulum
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stress-related proteins after different group treatments. We found that the addition of gold nanoparticles can further enhance
the expression levels of endoplasmic reticulum stress-related proteins. Specifically, there was no significant difference in the
expression of non-phosphorylated elF2a between the single radiotherapy group and the combined radiotherapy with gold
nanoparticles group, but the combined radiotherapy with gold nanoparticles group significantly increased the expression of
phosphorylated elF2a (p-eIF2a). This result suggests that gold nanoparticles may promote further phosphorylation of the
elF2a protein during radiotherapy. Moreover, when these dying tumor cells are co-cultured with bone marrow mesenchymal
stem cells, they are found to induce the maturation of BMDCs. Compared to the group treated with single radiotherapy, the
tumor cells treated with the combination of AuNPs and radiotherapy demonstrate a higher proportion of BMDCs maturation
rate. It is important to note that mature BMDCs play a significant role in inducing the generation of cytotoxic lymphocytes
(CTL).*'>* The results of the tumor vaccine experiment demonstrated that the application of AuNPs in combination with
radiotherapy effectively suppressed the growth of tumors in mice when the treated dying tumor cells were subsequently
attacked by living tumor cells. Additionally, the immunization of mice with G422 cells treated by AuNPs combined with RT
resulted in a higher percentage of CTL cells in the spleen compared to mice immunized with RT alone. This suggests that
AuNPs possess the capacity to enhance RT-induced ICD. Recent research has also indicated that the direct injection of dying
necroptotic tumor cells into the tumor bed leads to a more efficient control of tumor growth.** Therefore, it would be an
interesting thing to analyze whether tumor cells treated with AuNPs combined with RT can be used as a vaccine in mice with
established tumors. However, there are potential limitations in this study: we used subcutaneous vaccination model to
evaluate the ability of AuNPs combined with radiotherapy to induce ICD, making it more susceptible to immunotherapy. In
fact, due to the existence of the blood-brain barrier, a small number of cytotoxic T lymphocytes can infiltrate into intracranial
tumor tissue.”” In the future, we will focus on improving experimental methods and providing more directions for immune-

related therapy of glioblastoma.

Conclusion

The combination of AuNPs and RT could induce the eversion of calreticulin to the cell membrane in dying cells. In
addition, the combination of AuNPs and RT could promote the release of HMGB1 and ATP from tumor cells and the
maturation of BMDCs could also be promoted by AuNPs combined whit RT. Using dying cancer cells induced by
AuNPs combined with RT, the efficient vaccination potential of ICD is demonstrated in vivo. These results indicate that
AuNPs have the ability to enhance RT-induced ICD.
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