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Purpose: Glioblastoma is a highly aggressive brain tumor with universally poor outcomes. Recent progress in immune checkpoint
inhibitors has led to increased interest in their application in glioblastoma. Nonetheless, the unique immune milieu in the brain has
posed remarkable challenges to the efficacy of immunotherapy. We aimed to leverage the radiation-induced immunogenic cell death to
overcome the immunosuppressive network in glioblastoma.

Methods: We developed a novel approach using the gold-core silica-shell nanoparticles (Au@SiO, NPs) in combination with low-
dose radiation to enhance the therapeutic efficacy of the immune checkpoint inhibitor (atezolizumab) in brain tumors. The biocompat-
ibility, immune cell recruitment, and antitumor ability of the combinatorial strategy were determined using in vitro assays and in vivo
models.

Results: Our approach successfully induced the migration of macrophages towards brain tumors and promoted cancer cell apoptosis.
Subcutaneous tumor models demonstrated favorable safety profiles and significantly enhanced anticancer effects. In orthotopic brain
tumor models, the multimodal therapy yielded substantial prognostic benefits over any individual modalities, achieving an impressive
40% survival rate.

Conclusion: In summary, the combination of Au@SiO, NPs and low-dose radiation holds the potential to improve the clinical
efficacy of immune checkpoint inhibitors. The synergetic strategy modulates tumor microenvironments and enhances systemic
antitumor immunity, paving a novel way for glioblastoma treatment.
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Introduction
Glioblastoma, formerly known as glioblastoma multiforme (GBM), is the most aggressive and prevalent brain tumor
primarily affecting adults. More than 50% of patients experience mortality within 3 months of diagnosis, and the median
survival is only 14-16 months."? The standard of treatment involves maximal surgical resection followed by radiation
and temozolomide.>> However, their infiltrative nature presents challenges in achieving complete eradication.’®
Additionally, the blood-brain barrier hinders the effectiveness of systemic delivery route.”” These difficulties have
prompted extensive research to explore innovative treatment strategies.

Immune checkpoint inhibitors (ICIs), such as monoclonal antibodies targeting programmed cell death-1 (PD-1) and
programmed cell death ligand-1 (PD-L1), have emerged as a promising avenue in cancer treatment.'”'" These agents

block inhibitory pathways exploited by cancer cells to evade the immunosurveillance, restoring the immune system to
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mount a more potent attack against cancer cells.'>'* While ICIs have shown promise in various cancers,'* '’

they remain
limited for brain tumors due to the blood-brain barrier, the low immunogenic characteristics, and the immunosuppressive
networks.”* > To address these challenges, researchers are actively investigating the combination of different treatment
modalities, such as photothermal therapy, sonodynamic therapy, and radiotherapy.®* These treatments have been
suggested to induce cell damage, potentially triggering the release of damage-associated molecular patterns (DAMPs)
and tumor-associated antigens.?>° These molecules can either function as stress signals to alert the immune system or be
recognized by antigen-presenting cells, which are responsible for capturing antigens and presenting them to cytotoxic
T cells.’” % Recent breakthroughs in nanomaterials have opened up new possibilities to amplify the synergistic effects
between ICIs and these treatments.’*>> For example, a biomimetic cancer cell membrane-coated TiO, nanoshell,
developed by Ning et al, has shown effective tumor targeting and therapeutic efficiency through a combinatorial
approach.>® Various emerging nanomaterials have been implemented in the photothermal therapy and sonodynamic
therapy for glioblastoma.’”*® Additionally, the application of nanomedicine in radiotherapy adds another dimension to
this innovative landscape.®> The integration of these nanotechnologies presents a promising avenue for advancing
effective and targeted cancer therapies.*!

Given the disappointing clinical trials combining immunotherapy with radiotherapy in glioblastoma to date,****

we
propose a strategy of nanomedicine-assisted radiation to enhance the efficacy of immune checkpoint blockade on brain
tumors. Radiation is known to induce intracellular damage by generating ROS through water ionization, and incorpora-
tion of gold nanoparticles (Au NPs) has been found to enhance radiation-induced ROS.*** When Au NPs are exposed to
radiation, they tend to generate more secondary electrons due to their high electron density (high atomic number) and
photoelectric absorption.*® The secondary electrons (Auger electrons) and photons, emitted from photoelectric effects,
are expected to cause secondary water ionization, thereby producing additional ROS and leading to sensitizing effects.*’
Au NPs can enhance water radiolysis upon irradiation in both intracellular and extracellular settings.*******° To further
amplify the immunogenic effects, we encapsulated the Au NPs with a silicon dioxide (SiO,) shell. Biodegradable
materials like poly(lactic-co-glycolic acid) (PLGA) and SiO, have been suggested to possess immune-stimulatory
capabilities.’® The addition of a SiO, shell serves a dual purpose—enhancing the immune stimulation while also acting
as a structural barrier, preventing particle aggregation and ensuring sustained radio-sensitization effects. Such a novel
treatment strategy has not yet been applied to brain cancer and warrants further investigation.

In this study, we devised a novel approach for glioblastoma using gold-mesoporous silica nanoparticles (nanoparticles
with Au core-SiO; shell structure; Au@SiO, NPs) together with X-ray irradiation (XR) to enhance the efficacy of anti-
PD-L1 antibody (a-PD-L1) in brain tumors (Scheme 1). We investigated the effects of Au@SiO, NPs in augmenting
radiation-mediated oxidative stress, recruiting immune cells and eliciting immunogenic cell death using in vitro cell
models. We further validated the ability of Au@SiO, NPs in potentiating the synergy of low-dose radiation and a-PD-L1
using in vivo subcutaneous and orthotopic brain tumor models. In summary, the strategy involving Au@SiO, NPs-
assisted radiation therapy displays a powerful ability for antitumor immune activation, presenting a new direction in the
exploration of effective treatment modalities for glioblastoma.

Materials and Methods
Synthesis of Au@SiO, NPs

Hexadecyl trimethyl ammonium bromide (CTAB) and tetracthoxysilane (TEOS) were obtained from Sigma-Aldrich.
Hydrogen tetrachloroaurate(Ill) trihydrate (HAuCly-3H,0) was purchased from Alfa Aesar. Au@SiO, NPs were
prepared using a one-step synthesis method. First, 250 mg CTAB was dissolved in deionized water (120 mL), followed
by the addition of 3 mL NaOH (0.5 M) while stirring at 80 °C for 15 min. Subsequently, a mixture of 5 mL of 3.7 wt.%
formaldehyde solution and 4 mL of HAuCl,-3H,O (0.05 M) was rapidly added, resulting in a color change from pale
yellow to red. The pH of the solution was adjusted to 10, followed by the addition of 1 mL of TEOS and 3350 pL of
ethanol (ETOH). The mixture was stirred for 1 h, and incubated at room temperature. The product was collected and

washed several times with deionized water and ETOH.
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Scheme | Schematic illustration of our synergistic strategy for glioblastoma treatment.

Following centrifugation, the NPs were dissolved in a solvent composed of 7.5% (v/v) HCI-EtOH, subjected to
ultrasonic oscillation, and then collected after ETOH washes. The final product was obtained by dissolving in a 5% (v/v)
acetic acid-EtOH solvent to remove CTAB, followed by additional ultrasonic oscillation and ETOH washes.

Characterization of Au@SiO, NPs

The morphologies and crystalline phase of Au@SiO, NPs were analyzed using transmission electron microscopy (TEM,
JEOL, JEM-2000 EX II, Japan), high-resolution TEM (HRTEM, JEOL, JEM-2010, Japan), and X-ray diffraction (XRD,
Bruker D8-Advance X-ray powder diffractometer with Cu Ka radiation [A=1.5406 A]). The particle size distribution of
the samples was determined using dynamic light scattering (DLS) at a scattering angle of 90° with a Zetasizer nano ZS90
(Malvern Instruments, Worcestershire, UK) at 25 °C.

Cell Lines

The Bioware Brite Cell Line GL261 Red-FLuc, a mouse glioma cell line, was obtained from PerkinElmer. The GL261
cell line was sourced from Deutsche Sammlung von Mikroorganismen und Zellkulturen. C8D1A (ATCC CRL-2541)
murine type 1 astrocytes, C8S (ATCC CRL-2535) murine type 2 astrocytes, and b.end3 (ATCC CRL-2299) murine brain
endothelial cells were purchased from the American Type Culture Collection (ATCC). RAW 264.7 (BCRC 60001)
murine macrophages were obtained from the Bioresource Collection and Research Center (Taiwan). These cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, GE Healthcare, USA) supplemented with 10% fetal bovine
serum (FBS, Hyclone) and maintained at 37 °C in a 5% CO, humidified incubator.

Biological Safety Evaluation of Au@SiO, NPs: In vitro and in vivo Testing
The cell viability was evaluated using the MTT assay. The cells were co-cultured with various concentrations of
Au@SiO, NPs (50, 100, 200, and 400 pg/mL) for 24 h in a serum-based culture medium. Following PBS washing,
20x diluted PrestoBlue®™ reagent was added and incubated for 20 min at 37 °C to evaluate the cell viability. The
supernatant was then transferred to a 96-well plate, and the absorbance was measured using a TECAN Sunrise ELISA
Reader with excitation/emission set at 560/590 nm.

For in vivo acute toxicity assays, the mice were intra-peritoneally injected with Au@SiO, NPs at different
concentrations (2, 10, and 25 mg/kg) for eight consecutive days. The control group received PBS injections. The mice
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were sacrificed on the ninth day, and their liver, spleen, kidneys, lungs, and brains were harvested and fixed in 10%
formalin solution for subsequent histopathological examination.

Intracellular ROS Measurement

The intracellular ROS production was determined using a fluorometric assay. Briefly, GL261 murine glioma cells were
seeded in Ultra-Low Attachment Surface 6-well plates at a density of 1x10° cells per well. The cells were treated with
Au@SiO, NPs (100 pg/mL) for 24 h and then exposed to XR (ie, X-ray irradiation with a single fraction of 6 MeV
photons at a dose of 2 Gray). Following the treatments, the cells were labeled with CellROX®™ Deep Red Reagent (5 1M,
excitation/emission at 640/665 nm), H33342/DAPI (excitation/emission at 358/461 nm), and Alexa Fluor® 488 (excita-
tion/emission at 493/519 nm). Stained cells were visualized using a confocal fluorescence microscope (Zeiss LSM 880).

Trans-Well Co-Culture with RAW 264.7 Macrophages

The trans-well system was utilized for both chemotaxis and caspases-3 assay. For the chemotaxis assay, RAW 264.7
(murine macrophages) were co-cultured with GL261 glioma cells using trans-well cell culture inserts with pored-filters.
GL261 cells were seeded at 5x10° cells in 12-well plates and treated with Au@SiO, NPs (100 pg/mL), followed by
exposure to XR (ie, X-ray irradiation with a single fraction of 6 MeV photons at a dose of 2 Gray) on the next day. RAW
264.7 were labeled with Vybrant™ DiD Cell-Labeling Solution (Thermo Fisher) at 37 °C for 20 min. After centrifuga-
tion, RAW 264.7 cell pellets were resuspended in PBS, and 1x10° RAW 264.7 were placed on the upper layer of each 3
um-pored trans-well membrane, co-cultured with GL261 cells for 24 h. After three PBS washes, the GL261 cells were
fixed, permeabilized, and stained with Alexa Fluor® 488 and H33342/DAPI. The samples were then observed under
a confocal microscope.

For the caspases-3 assay, the procedure was similar, but 0.4 um-pored filters were used instead. GL261 cells were
seeded at a density of 2x10° cells in six-well plates and co-cultured with RAW 264.7 cells for 2 days. The expression
levels of caspase-3 were quantified using MetaMorph.

Animal Models

The six-to-eight-week-old female C57BL/6 black mice were purchased from BioLASCO Taiwan Co., Ltd. All animal
procedures were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) of National
Yang Ming Chiao Tung University (NYCU) and approved by IACUC of NYCU (NYMU-IACUC 1060814).

Subcutaneous Heterotopic Tumor Model

In the subcutaneous tumor model, C57BL/6 mice were injected with 5x10° GL261 glioma cells on their left flanks. Once
100 mm? subcutaneous tumors were successfully induced, mice were randomly assigned to different treatments based on
their tumor sizes, ensuring that each group had comparable average tumor sizes. The treatments included atezolizumab,
Au@SiO, NPs, and XR, either administered alone or in combination. Atezolizumab was purchased from selleckchem
and administered through subcutaneous injection at a dosage of 10 mg/kg. Au@SiO, NPs (30 ug/uL) were injected
intratumorally one day before receiving XR (ie, X-ray irradiation with a single fraction of 6 MeV photons at a dose of 2
Gray). The changes in tumor sizes were monitored by measuring the surface diameters during the study, and the final
tumor volumes were assessed after sacrificing the mice.

Orthotopic Brain Tumor Model

In the orthotopic glioma model, the surgery was performed following the protocol developed by our group.”’ GL261-
Fluc-Red cells (5x10° cells/10 pL in Hank’s Balanced Salt Solution [HBSS]) were stereotactically injected into the
mouse brain at 1 mm lateral from bregma and 2 mm deep from the cortical surface. The cell suspension (7 pL) was
slowly injected into the mouse brain at a rate of 5 pL/min. After cell inoculation, successful tumor growth was confirmed
using in vivo imaging system (IVIS, IVIS Lumina II, Perkin Elmer). Once the bioluminescence signals reached 10°
photons, the mice with brain tumors were randomly divided into five treatment groups based on their tumor sizes. The
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treatment details remain as previously described, and the progression of the tumor was monitored using IVIS. Each
treatment arm consisted of 6 mice in survival analysis, and all experiments were repeated at least three times.

Histologically Assessment of Treatment Responses

To investigate the post-treatment pathological changes and tumor-infiltrating immune cells, the surviving GL261-bearing
mice were euthanized one week after the treatments. Following necropsy, major organs from each group were harvested
and fixed in 10% formalin solution. Subsequently, the samples underwent trimming, paraffin embedding, sectioning,
hematoxylin and eosin staining, and were microscopically examined by veterinary pathologists.

Statistical Analysis

Statistical analysis was conducted using Prism (Version 8, GraphPad Software, Inc., CA). All in vitro experiments were
independently repeated at least three times (n = 3 biological replicates). The data are presented as mean + SD, unless otherwise
specified. Two groups of data were analyzed using two-way ANOVA. Statistical significance was defined as p < 0.05.

Results

Synthesis and Characterization of Au@SiO, NPs

The synthesis of Au@SiO, NPs is illustrated in Figure la. First, Au NPs were formed by adding a mixture of HAuCl,
and formaldehyde into a solution of CTAB and NaOH under constant stirring. Next, TEOS was introduced to create
a silica layer around the Au NPs. Finally, the uniformly dispersed Au@SiO, NPs were obtained by removing CTAB
using an acidic solution. The average size of the Au@SiO, NPs was 70 nm, as determined by Dynamic Light Scattering
(DLS). The transmission electron microscopy (TEM) images provided clear evidence of the complete encapsulation of
Au NPs by SiO; shells, creating uniform core-shell nanostructures with strong contrast between the black cores and gray
shells. Further analysis with high-resolution TEM (HR-TEM) showed the well-defined spherical morphology of the
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Figure | Morphologies and material characterization of Au@SiO, NPs.

Notes: (a) Schematic illustration of the preparation process and structure of Au@SiO, NPs. (b) Transmission electron microscopy (TEM) images of Au@SiO, NPs. Scale
bar: 200 nm. (c) High-resolution (HR)-TEM images of Au NPs. Scale bar: 5 nm. (d) X-ray diffraction (XRD) patterns of Au@SiO, NPs prepared in this study and Au crystals
cited from the standard JCPDS file (JCPDS No. 04-0784).
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Au@SiO, NPs. The lattice fringes of the NPs were observed with an average spacing of 0.24 nm, corresponding to the
d-spacing of the Au (111) plane. The three distinct diffraction peaks in the X-ray Diffraction (XRD) pattern of Au@SiO,
NPs corresponded to the (111), (200), and (220) crystal planes of Au. In addition, a broad peak with low intensity was
observed in the XRD pattern of Au@SiO, NPs, which was assigned to the amorphous SiO, layer. The observation in
Figure 1 confirms the successful incorporation of Au NPs into the SiO, shells.

In vitro and in vivo Safety Profile of Au@SiO, NPs

For cytotoxicity assessment, various types of cells found in brain were incubated with different concentrations of
Au@SiO, NPs (ranging from 0 to 400 pg/mL). The cell lines used in the study included GL261 (murine glioma
cells), b.end3 (murine brain endothelial cells), C8SD1A (murine type 1 astrocytes), and C8S (murine type 2 astrocytes).
The MTT assay (Figure 2a) demonstrated the selective toxicity of Au@SiO, NPs towards tumor cells. At a concentration
of 50 pg/mL, no toxicity was observed in all normal cells, whereas 7.7% tumor cells were affected. The nanoparticles
exhibited good biocompatibility for normal cells at a concentration of 100 pg/mL, in which only 78.1% of tumor cells
survived. The cell viability significantly decreased when the concentration of Au@SiO, NPs exceeded 200 pg/mL, with
only 74.4% of C8D1A (normal cells) and 39.2% of GL261 cancer cells remaining viable. Based on these findings, the
concentration of 100 pg/mL was selected for subsequent in vitro experiments.

Furthermore, the acute toxicity profile of Au@SiO, NPs was investigated using in vivo models. The mice were intra-
peritoneally injected with Au@SiO, NPs at different concentrations (0, 2, 10, and 25 mg/kg) for eight consecutive days.
The mice were sacrificed on the 14th day, and their organs, including the lungs, spleen, liver, kidneys, and brain, were
collected for histological examination. During the experiment, no adverse effects or deaths were observed in the mice.
Figure 2b shows the results of the histological examination of tissue sections from different organs. It was found that at
doses below 25 mg/kg, there were no significant pathological changes in the tissue sections of various organs. These
preliminary findings suggest the safety of the Au@SiO, NPs and their potential for clinical applications.

Enhanced Radiation-Induced ROS Production by Au@SiO, NPs

Reactive oxygen species (ROS)-mediated DNA damage is the primary mechanism of radiation-induced cell death.’*>?

To assess the capacity of Au@SiO, NPs in enhancing ROS production upon irradiation, cancer cells were co-cultured
with Au@SiO, NPs and exposed to XR (ie, X-ray irradiation with a single fraction of 6 MeV photons at a dose of 2
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Figure 2 In vitro and in vivo safety profile of Au@SiO, NPs.
Notes: (a) In vitro cytotoxicity of Au@SiO, NPs on normal cells (b.end3, C8DIA, C8S) and glioma cells (GL261) was measured using PrestoBlue Cell Viability Reagent. (b)
In vivo tissue damage induced by Au@SiO, NPs was observed through histological assessment. Scale bar: 50 pm.
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Gray). We established a 3D spheroid model using Ultra-Low Attachment Surface wells to simulate the three-dimensional
nature of in vivo tumors. As shown in Figure 3, GL261 (murine glioma cells) cells exhibited a minimal amount of ROS
when treated with Au@SiO, NPs alone (Figure 3b and f) or exposed to XR alone (Figure 3¢ and g). On the contrary, the
combination of Au@SiO, NPs and XR resulted in significantly higher levels of ROS production (Figure 3d and h). The
observation suggested that Au@SiO, NPs exhibited a powerful ability to amplify ROS production and radiation-induced
oxidative stress.

Recruitment of Macrophages by Au@SiO, NPs in Combination with Radiotherapy

To investigate whether our treatment strategy could successfully recruit macrophages towards tumor cells for antigen
presentation, which is a key mechanism in immunotherapy, an in vitro chemotaxis assay was set up as illustrated in
Figure 4a. In this assay, cancer cells were placed on the lower layer, whereas murine macrophages (RAW264.7) were
positioned above the trans-well membranes with multiple 3 pum-sized pores. These pores were designed to enable the
migration of macrophages through the membrane. The migration of macrophages was visualized using confocal microscopy.

Merged ROS
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"c”y‘to;keleton
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»
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Anu’-cleus < ROS
. (H33342) (h) (cellROX)
Au@sio, / e l
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Figure 3 The effect of Au@SiO, NPs and X-ray irradiation (XR) on intracellular production of reactive oxygen species (ROS).

Notes: (a—d) Merged fluorescence images of 3D cell pallets of GL261 cells receiving different treatments. ROS production, nucleus, and cytoskeleton of live cells were
labeled with CellROX Deep Red Reagent (pink), H33342 (blue), and Phalloidin (green), respectively. (e~h) Fluorescence images showing ROS (pink) produced from the 3D
cell pallets of GL261 cells receiving different treatments. The experimental groups were divided into four: (1) Control, (2) Au@SiO, NPs alone (100 pg/mL), (3) XR alone
(X-ray irradiation with a single fraction of 6 MeV photons at a dose of 2 Gray), and (4) Au@SiO, NPs + XR.
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Figure 4 The effect of GL261 cells receiving Au@SiO, NPs and X-ray irradiation (XR) on the chemotactic migration of RAW264.7 macrophages.

Notes: (a) Experimental scheme using a 3 pm trans-well, on which RAW264.7 macrophages were observed. (b) Confocal images showing RAW264.7 macrophages (labeled
in red) chemotactically migrating to GL261 cells receiving Au@SiO, NPs and/or XR. RAW264.7 macrophages, nucleus, and cytoskeleton were labeled with Cas Vybrant™
DiD Cell-Labeling Solution (red), DAPI (blue), and Phalloidin (green), respectively. Scale bars in all images were 100 um. The experimental groups were divided into four: (1)
Control, (2) Au@SiO, NPs alone (100 pug/mL), (3) XR alone (X-ray irradiation with a single fraction of 6 MeV photons at a dose of 2 Gray), and (4) Au@SiO, NPs + XR.

As shown in Figure 4b, a significant chemotactic migration of macrophages (labeled in red) was triggered by the combination
of Au@SiO, NPs and XR (ie, X-ray irradiation with a single fraction of 6 MeV photons at a dose of 2 Gray), which was not
shown in other groups (ie, control, Au@SiO, alone, and XR alone). This finding demonstrates that the treatment strategy could
effectively mobilize the macrophages towards the cancer cells, which plays a critical role in promoting macrophage-mediated
cancer cell apoptosis and recruitment of more T cells to mount a robust immune response against cancer cells.

Enhanced Caspase-3 Expression by Au@SiO, NPs in Combination with Radiotherapy
In addition to chemotaxis, we further explored the potential of Au@SiO, NPs in boosting systemic antitumor immunity through
interactions with macrophages. This investigation was significant in understanding how macrophages contribute to cancer cell
damage even when they do not make direct contact with the cancer cells, which is the most common scenario for brain tumors. To
achieve this, we set up a trans-well system where cancer cells were positioned on the lower layer and macrophages (RAW264.7)
were placed on the upper layer. Unlike the previous setup, the trans-well membrane used in this experiment has a pore size of 0.4
um, which effectively prevents the migration of macrophages to the lower layer.
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Caspase-3, an important marker of apoptosis, is commonly utilized to assess the efficacy of cancer therapy. In our
study, the caspase-3 expression served as an indicator of cell damage based on our earlier identification of apoptosis
involvement in the treatment.’' In the absence of macrophage, the caspase-3 expression did not show a significant
increase when treated with either Au@SiO, NPs or XR alone (Figure 5). The caspase-3 expression in cancer cells treated
with both Au@SiO, NPs and XR was only comparable to the sum of effects induced by individual treatments. These
findings indicate that even with elevated ROS levels, the combination of Au@SiO, NPs and XR might not effectively
boost caspase-3 in the absence of macrophages.

On the other hand, in the presence of macrophages, a substantial rise in caspase-3 expression was found when cancer
cells were treated with both Au@SiO, NPs and XR. The increase was even three times higher compared to the groups

without any of the three components, indicating a strong synergistic effect among these elements. Collectively our results

Au@Sio,
Control Au@Sio XR +
(a) (b) @sio, XR
o
|| IT)
GL261
]lill m ]IM) m 100 pm
cytoskeleton
(phalloidin)
S
23
SN
(8]
6 E llltl m Iﬂﬂm l(N]m
o
RAW 264.7 T - X
© c
ﬁ x
GL261 0] 3
- L - _I\
]Oﬂ m E Illlim 100 |ml\
(o]
© 3,
mm GL261
1 == GL261 co-culture with RAW 264.7 nucleus
o (DAPI)
— caspase-3
(PE) \

@ nucleus (DAPI)

@ cytoskeleton (phalloidin)

. caspase-3 (PE)

Relative Fluorescence of caspase-3

Control Au@SiO, XR Au@SiO,+ XR

Figure 5 The effect of RAW264.7 macrophages on the production of caspase-3 in GL261 cells receiving Au@SiO, NPs and/or X-ray irradiation (XR).

Notes: The production of caspase-3 protein (labeled in red) in GL26| cells was observed through immunofluorescence staining and confocal microscopic imaging. (a) Experimental
scheme using a 0.4 pm trans-well. (b) Confocal microscopic images of GL261 cells co-cultured without or with RAW264.7 macrophages. (c) Quantitative measurement of caspase-
3 protein levels in each confocal microscopic image. The experimental groups were divided into four: (I) Control, (2) Au@SiO, NPs alone (100 pg/mL), (3) XR alone (X-ray
irradiation with a single fraction of 6 MeV photons at a dose of 2 Gray), and (4) Au@SiO, NPs + XR. ¥*¥p < 0.0001.
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highlighted that the addition of nanoparticles could potentiate radiation-induced antitumor immunity through the
promotion of macrophage-mediated cancer cell damage.

Enhanced Therapeutic Efficacy in GL26|-Bearing Mice

The combination of Au@SiO, NPs and XR has been demonstrated to enhance radiation-induced oxidative stress, chemotaxis
and systemic immune response in in vitro studies. Based on these findings, we hypothesized that Au@SiO, NPs may augment
the clinical efficacy of the atezolizumab in animal models. To ensure a robust evaluation, we carefully selected the lowest dose
for each treatment component: atezolizumab (anti-PD-L1 antibody; a-PD-L1) at a dose of 10 mg/kg, Au@SiO, NPs at a dose
of 1 mg/kg, and XR with a single fraction of 6 MeV photons at a dose of 2 Gray. During our preliminary tests, these controlled
dosages were determined to have no significant acute toxicity or radiation-enhancing effects. This allowed us to assess and
understand the genuine synergistic effects of the combination therapy.

First, we assessed the anticancer effects using a subcutancous tumor model. After subcutaneous implantation of
GL261 cancer cells (day 0), successful tumor engraftment was confirmed on day 7. Following the tumor size screening,
mice with comparable tumor sizes were selected and assigned to one of the five treatment groups: (1) control; (2)
Au@SiO, NPs plus a-PD-L1; (3) XR plus a-PD-L1; (4) Au@SiO;, NPs plus XR and a-PD-L1; and (5) a-PD-L1 alone.
The experimental design is depicted in Figure 6a. Following the administration of a-PD-L1 on day 14, the tumor growth
was monitored by measuring the in vivo surface diameters of the tumors. The tumors continued to enlarge in the control
group, and were successfully inhibited by most of the treatments. Notably, the group treated with Au@SiO, NPs, XR,
and o-PD-L1 demonstrated the slowest rate of tumor growth (Figure 6b).

After sacrificing the mice on day 28 after inoculation, the final tumor volumes were reassessed through surgical
resection. Among them, the combined approach yielded the most significant decrease in tumor sizes (Figure 6¢). While
other treatment groups combining only two of the components also showed tumor reduction, the extent of reduction was
not as substantial as when all three components were combined. In conclusion, this novel combination is effective in
inhibiting tumor proliferation in animal models, providing insights into future strategies for brain tumors.

Improved Prognosis in GL261-Brain Tumor Model

To verify the in vivo therapeutic efficacy of the combined strategy against brain tumors, we established an intracranial
orthotopic mouse glioma model. The tumor growth was confirmed through in vivo imaging system (IVIS) on day 7 and day 14
after stereotactic intracranial implantation. Thirty mice with successfully induced brain tumors of similar sizes were included
and then allocated to five different treatment groups: (1) control; (2) Au@SiO, NPs plus a-PD-L1; (3) XR plus a-PD-L1; (4)
Au@SiO, NPs plus XR and a-PD-L1; and (5) a-PD-L1 alone. The experimental workflow is illustrated in Figure 7a. In the
Au@SiO, NPs plus XR and a-PD-L1 group, mice were administered a-PD-L1 (10 mg/Kg) via intraperitoneal injection on day
14, followed by intratumoral Au@SiO, NPs injection on the next day, and XR at 24 hours after the nanoparticle injection.

Figure 7b presents the IVIS images of three representative mice per treatment arm on day 14 and day 21 after tumor
implantation. The mice treated with a-PD-L1 alone exhibited minimal change in the bioluminescent signal, indicating
limited tumor response. The addition of either nanoparticles or radiation alone to the o-PD-L1 did not significantly
improve the treatment responses. However, it is noteworthy that the combination of XR with Au@SiO, NPs significantly
enhanced the therapeutic effects of a-PD-L1. The bioluminescent signal showed a marked decrease, and one tumor even
disappeared by day 21.

All mice were monitored for 50 days for Kaplan-Meier survival analysis. Our study showed that the combination of
Au@SiO, NPs, 0-PD-L1, and XR resulted in significantly improved survival compared to each treatment modality alone
(Figure 7c). Specifically, long-term survival (beyond 50 days after implantation) was observed exclusively in the
combination group, with a 40% survival rate on day 50. These results provided compelling evidence for the in vivo
synergistic effects and prognostic benefits of this combined strategy.

Activation of Systemic Antitumor Immunity
To elucidate the mechanisms underlying the treatment effects, the brains and spleens of the mice were surgically removed for
histopathological examination. The control group (Figure 8a) exhibited extensive tumor invasion and tissue destruction,
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Figure 6 In vivo therapeutic efficacy of different treatments was evaluated using mice bearing subcutaneous GL26| tumors.

Notes: (a) Scheme of experimental design. (b) Exterior observation of tumor growth (Day 14 to 26 after implantation) and the final resected tumor volume (Day 28) from
mice receiving different treatments. Four representative mice were selected from each treatment arm. Red circles mark the inoculated tumors. (c) Relative tumor volume
measurements in mice receiving different treatments, with day 14 volume (VO0) as the reference point. a-PD-L| at a dose of 10 mg/kg, Au@SiO, NPs at a dose of | mg/kg,
and X-ray irradiation (XR) with a single fraction of 6 MeV photons at a dose of 2 Gray. *p < 0.05.

whereas the mice receiving Au@sSiO, NPs plus a-PD-L1 (Figure 8b) showed a diffuse decrease in neoplasm cell density, with
few residual tumor cells at the inferior frontal lobe. Notably, the regenerative process was evident at the initial tumor site, along
with increased CD8" cells infiltration. On the other hand, the XR plus a-PD-L1 group (Figure 8c) showed persistent
hypercellular infiltrative lesions spreading throughout the frontal lobe.

The most significant improvement was observed in the group receiving all three components (Au@SiO, NPs plus XR and
a-PD-L1; Figure 8d), where most tumor cells were eliminated. The synergistic benefits led to higher levels of both CD8" and
CD4" cell infiltration compared to the groups using only two components (Table S1 and Figure S1). Moreover, the combined
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Figure 7 In vivo therapeutic efficacy of different treatments in mice bearing intracranial GL26|-Fluc-red tumors.

Notes: (a) Scheme of experimental design. (b) IVIS images showing the growth of GL261-Fluc-red tumors on Day |4 (treatment initiation) and Day 2| after tumor
inoculation. (c) Kaplan-Meier survival curves of mice receiving different treatments. a-PD-L1 at a dose of 10 mg/kg, Au@SiO, NPs at a dose of | mg/kg, and X-ray irradiation
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Figure 8 Hematoxylin and eosin (H&E) staining of whole brain sagittal sections obtained from mice receiving different treatments.

Notes: (a) Control; (b) Au@SiO, NPs + 0-PD-LI; (c) XR+ 0-PD-LI; (d) Au@SiO, NPs + XR + a-PD-LI; (e) a-PD-LI. a-PD-LI at a dose of 10 mg/kg, Au@SiO, NPs at
a dose of | mg/kg, and X-ray irradiation (XR) with a single fraction of 6 MeV photons at a dose of 2 Gray. Black boxes magnify the inoculation sites in forebrains, and red
arrows denote the residual tumor cells. Scale bar: 250 um.

strategy also triggered a substantial increase in CD8" T cells infiltration within the spleens of mice (Figure S2). This
observation suggests that the systemic influx of CD8" effector T cells plays a central role in the treatment effects. In contrast,
the group treated with a-PD-L1 alone (Figure 8e) showed persistent tumor invasion without significant tissue healing and
immune cell infiltration.

In summary, the introduction of Au@SiO, NPs (Figure 8b and d) markedly reduced tumor density and promoted
regenerative processes and immune activity. Our combinatorial approach has shown promise as a novel treatment
strategy to stimulate systemic immune response against brain tumors and improve clinical outcomes.

Discussion

Glioblastoma is a highly devastating cancer with unfavorable prognosis. While immunotherapy has revolutionized the
treatment landscape of various types of cancer, their effectiveness in glioblastoma is hindered by the unique immune
microenvironment. Radiotherapy holds promise in inducing immunogenic cell death and altering the blood-brain

54,55

barrier, making it a potential partner for immunotherapy in glioblastoma treatment.?*>® Moreover, recent evidence

challenging the traditional concept of central nervous system (CNS) immune privilege has opened up avenues for
enhancing the immunological activities within the brain through radiation to effectively combat glioblastoma.>”->®

In this study, we developed an innovative strategy aiming to synergistically enhance the immunogenic effects of radiation
by combining the Au NP core with a SiO, shell. Our approach has effectively strengthened radiation-induced damage in
glioblastoma cells through robust ROS production. Our preliminary in vitro experiment has shown that the combination of
Au@SiO2 NPs and XR can enhance DNA damage in glioblastoma cells,”" aligning with Joh et al’s finding.>® The pronounced
cell damage coupled with the release of tumor antigens can serve as stress signals to reprogram the tumor microenvironment
and elicit a robust systemic immune response against tumors. It has been suggested that ROS play a role in activating microglia
and evoking inflammatory reactions, facilitating the trafficking of immune cells across the blood-brain barrier.®>®! In line with
these findings, our study revealed that tumor cells treated with Au@SiO, NPs and XR exhibit an enhanced ability to attract
macrophages more effectively compared to any single modality arm. These infiltrating macrophages can be polarized into
either M1 (pro-inflammatory) or M2 (anti-inflammatory, tumor-associated macrophages) phenotypes.(’z’63 M1-macrophages
are known for their roles in orchestrating the cancer cell apoptosis and anti-tumor properties. Our study revealed that the
combination of Au@SiO, NPs and XR significantly boosts caspase-3 expression in the presence of macrophages. This
suggested that the combined approach synergistically drives the polarization of macrophages towards the M1 phenotype,
thereby promoting macrophage-mediated clearance of cancer cells.

In vivo, our nanoparticles have demonstrated efficacy in both subcutaneous and in situ brain tumor models. In this study,
we used a-PD-L1 (atezolizumab) in view of the prominent expression of PD-L1 in glioblastoma.®* ®° This combined approach
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effectively reduced tumor size, necrotic area, and prevented tumor infiltration into normal brain tissue in mice. The
improvement was remarkably pronounced than other treatment groups that combined only two of the three components.
Pathologically, the antitumor response is mainly mediated by the systemic expansion of the cytotoxic CD8" T cell population.
These findings unveiled the potential of our strategy to amplify systemic antitumor immunity against CNS neoplasms,
overcoming the immunosuppressive environment of the tumor. Upon reviewing the H&E stains (Figure S1), some tumor cells
did exhibit characteristics of necrosis. This suggests that the involvement of systemic immunity, which are absent in in vitro
studies, significantly impacts cell death pathways, involving not only apoptosis but also other cell death pathways.®’

In preclinical murine glioma models, various radiation doses and fractionations have been integrated with multimodal
immunotherapy.®® Zeng et al observed that focal stereotactic radiotherapy (10-Gray single-fraction) combined with PD-1
blockade resulted in long-term survival and increased cytotoxic T cell infiltration.®® Similarly, Belcaid et al demonstrated
that combining stereotactic radiotherapy (10-Gray single-fraction) with anti-CTLA-4 antibody and 4-1BB agonist
significantly improved the prognosis.”® Combining stereotactic radiotherapy (10-Gray single-fraction) with PD-1 block-
ade and TIM-3 blockade also achieved significantly superior overall survival.”' On the other hand, the combination of
radio-enhancers, radiation (12 Gray per fraction, 3 fractions in total) and PD-1 blockade has enhanced immunogenic cell
death in several solid cancer models,’>’* but its efficacy in brain tumors remains unexplored. It is worth noting that these
investigations primarily relied on high-dose radiation (10-12 Gray per fraction), which may be cytotoxic to infiltrating
immune cells.’>’* On the contrary, low-dose radiation offers several advantages as it avoids the production of
immunosuppressive factors that can harm immune cells and polarize M2 macrophages.’*”> While low dose radiation
as a standalone treatment may not be fully sufficient for tumor eradication, it can incite danger signaling by releasing
tumor-associated antigens.”® This process can reactivate the immune system and sensitize cold tumors, rendering them
more responsive to immune checkpoint inhibitors.”” Our study also found that low-dose radiation could induce a shift
towards M1 macrophages, aligned with the findings by Klug et al.”®

However, the combination of low-dose radiation with immunotherapy remains largely unexplored to date, possibly due to
concerns of risk of local recurrence. To intensify local control while harnessing the benefits of low-dose radiation, we
incorporated Au@SiO, NPs as radio-enhancers into our combinatorial approach. We demonstrated that this proposed strategy
is technically feasible with a favorable safety profile and encouraging antitumor ability. The selective toxicity of Au@SiO,
NPs to tumor cells is consistent with our earlier observations of their preferential accumulation within glioblastoma cells.’' In
clinical practice, the intratumoral administration can serve as part of adjuvant therapy in combination with radiotherapy and
immunotherapy following surgical resection.” By delivering these nanoparticles to the surgical bed (the areas with the highest
recurrence risk), we can ensure the effective accumulation within the target and reduce systemic adverse events. Moreover,
this approach can also achieve distant cell injury through activation of a systemic anti-tumor immunity, without the necessity
of direct nanoparticle delivery to individual tumor cells. Instead, these nanoparticles can act as sensitizing signals spreading
throughout the body, effectively priming the immune cells to target and eliminate cancer cells. This innovative strategy shows
great promise in glioblastoma and warrants further investigation in both preclinical and clinical studies.

Several limitations should be acknowledged. First, as the isolation and primary microglia culture is viable to variable
processing issues, we utilized macrophages in our study to minimize potential confounding factors. Considering the micro-
environment of glioblastoma is influenced by both resident microglia and recruited macrophages, studying these macrophages
would provide additional insights into the impact of our strategy on circulating immune cells. Secondly, since the preliminary
experiments has revealed suboptimal synergy between Au@SiO, NPs and XR in the absence of immunotherapy, further animal
studies with this combination were not pursued in view of animal welfare. Thirdly, in this study, we selected caspase-3 expression
as an indicator of cell damage based on prior discovery of apoptosis involvement in our treatment.”' While various forms of cell
injuries may be activated upon irradiation in vivo,”® our focus was not on emphasizing specific cell death pathways. Instead, we
aimed to demonstrate that our combined approach can enhance cell damage and elicit anti-tumor immune responses against brain
tumors. Future research is needed to clarify the dominant cell death pathways involved.

Conclusion
In summary, our study demonstrated that combining low-dose XR, Au@SiO, NPs and PD-L1 blockade presents a feasible and
well-tolerated approach in glioblastoma treatments with prognostic benefits. The synergistic effects significantly enhanced
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radiation-induced oxidative stress, macrophage chemotaxis, reactivated the immune microenvironment and promoted effec-
tive immune responses against cancer cells, which was not achieved in any single modality. The combinatorial strategy offers
valuable insights for developing novel and effective treatments against this devastating cancer.
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