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Introduction: Radiotherapy is a widely recognized first-line clinical treatment for cancer, but its efficacy may be impeded by the
radioresistance of advanced tumors. It is urgent to improve the sensitivity of radioresistant tumors to radiotherapy. In this work,
gadolinium oxide nanocrystals (GONs) were utilized as radiosensitizers to enhance the killing effect and reinforce the immune
activation of X-ray irradiation on 4T1 breast cancer cells in vitro and in vivo.

Methods: 1.0 T small animal MR imaging (MRI) system was employed to trace GONs in vivo, while 225 kVp X-ray irradiation
equipment was utilized for investigating the radiosensitization of GONs in 4T1 breast cancer cells in vitro and in vivo. Western blot,
quantitative real-time PCR (RT-qPCR), immunohistochemistry, immunofluorescence, clonal survival assay, flow cytometry and
reactive oxygen species assay were used to explore the biological mechanism of GON sensitization.

Results: GONs exhibited exceptional utility as contrast agents for both in vivo and in vitro MRI imaging. Interestingly, a single dose
of 8.0 Gy X-rays together with GONs failed to confer superior therapeutic effects in tumor-bearing mice, while only 3.0 Gy x 3
fractions X-rays combined with GONs exhibited effective tumor growth inhibition. Moreover, fractionated X-ray irradiation with
GONs demonstrated a superior capacity to activate the cGAS-STING pathway.

Discussion: Fractionated X-ray irradiation in the presence of GONs has demonstrated the most significant activation of the anti-tumor
immune response by boosting the cGAS-STING pathway.

Keywords: gadolinium oxide nanoparticles, magnetic resonance imaging, radiosensitization, cGAS-STING pathway, 4T1 breast

cancer cells

Introduction

According to the World Health Organization, there were about 19.3 million new cancer cases worldwide in 2020. Breast
cancer ranks the first in incidence and fourth in mortality among female patients, which greatly threatens the health of
women.' Radiation therapy is one of the most important modalities in the clinical breast cancer treatment as well as
surgery and chemotherapy.” More than half of the patients need radiation therapy.® Although radiotherapy serves as
a frontline treatment for more than half of the patients with malignancies, its therapeutic effect is still limited by tumor
hypoxia, tumor immune evasion, and tumor radioresistance.* Therefore, how to develop theranostic agents to improve
the sensitivity of radioresistant tumors to radiotherapy is one of the problems to be solved urgently in clinical treatment

of tumors.>® In recent years, high-Z metal nanoparticles have emerged as a promising class of tumor radiosensitizers.”*
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These materials possess a high X-ray photon capture cross-section, which intensifies the production of secondary and
Auger electrons, leading to an increment in reactive oxygen species (ROS) productivity and ultimately enhancing the
efficacy of radiotherapy.”'° Moreover, the use of targeting biomolecules or enhanced permeability and retention (EPR)
effect allows nanomaterials containing high-Z atoms to accumulate and concentrate selectively in tumors, providing an
opportunity for their development as nano-enhancers that improve the biological effect of irradiated physical dose."’
Gold nanoparticles have demonstrated radio-enhancement effects both in vitro and in vivo and can be applied as
theranostic agents in computed tomography-guided radiotherapy.”*:'*!3

Magnetic resonance imaging (MRI)-guided radiotherapy represents a state-of-the-art image-guided radiotherapy
(IGRT) technique, providing an effective imaging modality for soft tissue as an alternative approach.'® Gadolinium-
based compounds have garnered widespread use as contrast agents in clinical MRI owing to their demonstrated efficacy
in augmenting the signal-to-noise ratio between tumorous and normal tissues.'” In recent years, gadolinium-based
nanoparticles (GANPs), with their high atomic number (Z = 64) and long relaxation time, have emerged as promising
theranostic agents.'®?* Furthermore, ultrasmall gadolinium oxide nanocrystals have been demonstrated to be an
advanced T1-weighted MRI contrast agent, characterized by high longitudinal relaxation and small r,/r; ratios.”> >’
Significantly, the Gd content of this contrast agent is notably high, at approximately 200-400 Gd ions per particle.”® In
the previous study, we found that the presence of GONs enhanced the apoptosis and autophagy of lung cancer cells
induced by ionization radiation in vitro.?>** MRI provides superior soft tissue resolution compared to CT scanning, due
to its ability to combine anatomical and functional imaging. Notably, GONs serve as both radiosensitizers and contrast
agents for MRI, making the use of GONs an optimal choice for IGRT.*" Another merit making MRI a better candidate
for IGRT is that no additional dose produced in patients by the equipment, which is desirable when considering the “as
low as reasonably achievable” (ALARA) principle.*> Amirrashedi and coworkers investigated the radiosensitization

property of GANPs, the maximum dose enhancement of GANPs ranged in 15%~24%.>* Seo and coworkers found that the

7714 " International Journal of Nanomedicine 2023:18
Dove!


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

Dove Yu et al

enhancement of GANPs was dose-dependent with a maximum factor 1.94 in the production of ROS under photon and
proton irradiation compared with the radiation-only control.** Shen et al developed novel GONs with high biocompat-
ibility which enhanced the radiation therapy of GBM as an effective radiosensitizing agent.”> Song et al showed that
gadolinium-based nanoparticles AGulX combined with low-dose irradiation can better activate anti-tumor immune
response in vivo, and also enhance the efficacy of PD-L1 antibody.*® In the study by Zhang et al, it was found that
AGuIX was capable of enhancing macrophage polarization from M2 to M1.?” Sun et al showed that AGuIX can enhance
inhibition of triple negative breast by modulating the NRF2-GSH-GPX4 signaling pathway.**

It is well known that the generation of ROS is able to attract and activate effector cells of the innate immune system
which are triggered to mount phagocytic and cytotoxic response.’® Following radiotherapy-induced cell death, cells
released their DNA and RNA sensed by immune cells via a multitude of nucleic acid-recognition pathways. Of these, the
cyclic GMP-AMP synthase (cGAS) stimulator of interferon genes (STING) pathway is considered of key importance to
the propagation of radiotherapy-induced immune responses leading to tumor control.**** The radiosensitization of GONs
is dose and concentration dependent. Whether the radiotherapy-induced immune responses can be reinforced by GONs?
The specific impact of GONs on the intricacies of the tumor immune microenvironment needs to be elucidated. In this
work, the precise in vivo distribution and metabolism of GONs were studied, deciphering the radiosensitization effect
and the underlying biomechanisms of GONs in triple-negative breast cancer models under different radiation fractions.
Based on our investigation, it has been observed that GONs possess the capability to induce apoptosis in 4T1 breast
cancer cells by significantly augmenting the generation of ROS subsequent to irradiation, leading to heightened DNA
damage within the 4T1 breast cancer cells. Moreover, within the in vivo tumor microenvironment, the synergistic
application of fractionated X-ray irradiation and GONs can effectively trigger the activation of the cGAS-STING
pathway, consequently fostering enhanced intratumoral infiltration and activation of downstream CD8" T cells. As
a result, this combined approach exhibits superior efficacy in impeding the progression of 4T1 breast cancer. Our study
shows that GONs are a potential theranostic reagent.

Methods and Materials

Synthesis of GONs

Gadolinium(IIl) nitrate hexahydrate (Gd(NO;);*6H,0, 99%), diethylene glycol (DEG, 99%), and sodium hydroxide
(NaOH, 99%) were all purchased from Aladdin Industrial Inc. (Shanghai, China). GONs were synthesized following
a previously reported method.?® Briefly, 26 mL 0.1 g/mL Gd (NO;);+6H,0 in DEG was heated to 100 °C with vigorous
stirring. After that, 34 mg NaOH solution in 34 mL DEG was added into the Gd (NO3);°6H,0 solution drop by drop
slowly. After refluxed 60 min at 140 °C, the temperature of the mixture was raised to 175 °C for another 4 h. The GON
sample obtained was naturally cooled and purified by membrane dialysis with cut-off of 3500 Da for 72 h with Milli-Q
water. The water was replaced with a fresh one every 8 h.

High-Resolution Transmission Electron Microscopy and Elemental Energy Spectrum
Analysis

10.0 pL of the diluted dispersion of GONs was deposited on a copper carrier coated with an ultrathin layer of carbon film
(Zhongjingkeyi Films Technology Co., Ltd, Beijing, China) and then dried in an ultraclean air system. High-resolution
transmission electron microscope (TEM) image of GONs was obtained from a Tecnai F30 (FEI, the Netherlands)
instrument conducted at 300 kV. Elemental energy spectrum analysis was performed on the same apparatus by selecting
a region of interest (ROI).

Relaxation Time Measurements and MRI

A small animal magnetic resonance scanner with a 1.0 T magnetic field (OPER-1.0, NingBo ChuanShanlJia Electrical and
Mechanical Co., Ltd, China) was applied to perform MRI on GONs in vitro and in vivo. OPER-1.0 was applied to
determine the T, and T, relaxation time of GONs, and the relaxation rates (r = 1/T) were then linearly fitted to the
concentration of nanoparticles.
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Cell Culture

Murine breast cancer cell-line 4T1 was purchased from the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). 4T1 cells were cultured in RPMI 1640 medium (Meilun, China) with 10% fetal bovine serum (Lanzhou
Minhai Bio-Engineering, China) in an incubator with carbon dioxide content of 5% at a constant temperature of 37 °C.

Tumor-Bearing Mice

Female Bal/bc mice with a weight of 1617 g were purchased from the experimental animal center of Lanzhou Veterinary
Research Institute, Chinese Academy of Agricultural Sciences (Lanzhou, China). All research projects that require animals in
this study were approved by the Animal Ethics Committee of the Institute of Modern Physics, Chinese Academy of Sciences
(IMP-CAS No. 2022-10). 4T1 cells were used to establish a tumor-bearing animal model. 1x10° 4T1 cells were injected into
each mouse for subcutaneous tumor bearing. Vernier calipers were used to measure the length (L) and width (W) of mouse
tumors and calculate the volume (V) of mouse tumors with the following formula:*' V = 0.5 x L x W2,

X-Ray Irradiation

All in vitro and in vivo irradiation experiments were performed on an X-RAD 225 X-ray irradiation apparatus (Precision
Co., Ltd., USA) operated at 225 kV and 13.3 mA. The source-skin distance (SSD) for radiotherapy was set to 50 cm.
Local X-ray irradiation (8.0 Gy x 1 Fr or 3.0 Gy x 3 Fr) was performed on the tumor site of each mouse. Mice in
different groups were injected intratumorally with 50 pL of sterile water or 50 uL of GONs (8 mM) 10 minutes before
irradiation.

Cell Counting Kit-8 (CCK-8) Assay

We used the previously reported method for CCK-8 experiments.’® On the first day, 4T1 cells were planted in a 96-well
plate (100 pL of medium containing 5000 cells per well) and cultured for 24 h. The next day, the culture medium was
discarded, and culture medium containing different concentrations of GONs was added to co-culture with the cells for 24
h. On the third day, the medium was discarded again, and the medium containing CCKS8 reagent (10%) was added and
incubated at 37°C. The optical density (OD) at 450 nm of the sample well of 96-well plate was detected with
a microplate reader (Tecan infinite M200 plex, Ménnedorf, Switzerland) at 0.5, 1.0 and 2.0 hours, respectively. Cell
viability is calculated using the following formula:

ODyx — OD

Cc— (1]

where ODy is OD value of wells containing cells after 24 h of co-cultivation with GONs; ODc is OD value of wells
containing cells after 24 h of co-cultivation in GONs-free medium; OD, is OD value of wells containing only CCKS8
reagent medium without cells.

Clonogenic Survival Assay

The previously published method of cloning survival assay was employed in our study.** Cells from different treatment
groups were grown in quadruplicate in a 60 mm diameter petri dish. The survival rate (SF) was calculated by comparing
the planting efficiency (PE) of the treatment group with that of the control group.

_ Number of colonies counted

PE = x 100%

Number of cells plated

PE of treated sample
F = 1009
S PE of control x 100%

The cells were digested and collected by X-ray irradiation of 225 kV with a dose of 0, 1.0, 2.0, 4.0, and 6.0 Gy,
respectively, then diluted and planted in petri dishes with a diameter of 60 mm (the number of planted cells was 200, 300,
400, 700, and 2000 cells/dish). The incubators for culturing clonally viable cells were individually dedicated. After ten
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days of culture, the medium was discarded and the residual medium was washed off with PBS, and the prepared crystal
violet solution was dyed for 20 minutes. Finally, the dye was recovered, and the residual dye was slowly washed away
with flowing water. An inverted microscope was used to observe and count the number of colonies, and a cluster of blue-
staining cells including at least 50 cells were defined as a colony. The cell survival data were fitted with a linear quadratic
(LQ) model, and the sensitization enhancement ratio of GONs was evaluated under the conditions of 50% and 20% cell
survival rates.

Flow Cytometry

4T1 cells were digested and collected with EDTA-free trypsin (Solarbio life science, Beijing, China) 24 h after irradiation
with X-rays. The cells were washed twice more with pre-chilled PBS, then resuspended with staining buffer, and finally
PI (5 pL per sample) and AnnexinV FITC (10 pL per sample) were added for 15 min before machine detection.
Apoptosis detection kits (#E-CK-A211) were purchased from Multisciences Biotech, CO., LTD (Beijing, China). The
FlowJo software was used to analyze the data obtained by flow cytometry.

Immunofluorescence and Immunohistochemistry

Antibodies or regents: Mounting medium, antifading (with DAPI, S2110, Solarbio life science), phospho-histone H2A.X
(Ser139) (20E3) Rabbit mAb #9718 (Cell Signaling Technology (CST), Massachusetts, USA), Dylight 649, Goat Anti-
Rabbit IgG (#A23620, Abbkine, Wuhan, China) and DAB (SA-HRP) Tunel Cell Apoptosis Detection Kit (#G1507-50T,
Servicebio, Wuhan, China) were used. A laser confocal microscope (LSM700 Laser Confocal Microscope, Zeiss,

Oberkochen, Germany) was used for observation and picture acquisition.****

Reactive Oxygen Species Assay

Reactive oxygen species kit was purchased from Solarbio Life Science (Beijing, China) and operated according to the
instructions. CFH-DA was diluted with serum-free medium at 1:1000 to a final concentration of 10 umol/L. 4T1 cells
from different treatment groups were collected and suspended in diluted DCFH-DA at a concentration of 1 million cells
per mL and incubated for 20 min in an incubator at 37 °C. Cells were mixed upside down every 3—5 min to allow
sufficient contact between the probes and cells. The cells were washed three times with serum-free medium to fully
remove the DCFH-DA that had not entered the cells. 10,000 cells per well were added to a 96-well plate with each
assembled fluorescent probe, and 5 wells were repeated for each group. The fluorescence intensity of each well was then
detected by microplate reader and finally averaged to each cell.

Western Blot

Cells were first lysed using RIPA Lysis Buffer (containing 1% protease and phosphatase inhibitors). Centrifuge at 13000
g for 15 min at 4 °C, collect protein samples from the supernatant, and perform protein quantification by BCA method.
The target protein and the carrier protein buffer are mixed according to the ratio of 3. After boiling for 10 minutes, an
equal amount of sample was loaded on 10% SDS-PAGE separation gel and electrophoresed (S1 80 V for 20 mins, S2 120
V 90 mins). Next, the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (constant current 150
mA, 150mins) and blocked with rapid blocking solution for 30mins at room temperature according to the reagent
manufacturer’s instructions. Membranes were then incubated with primary antibody (cGAS, STING, pSTING, Actin)
overnight at 4 °C, followed by secondary antibody incubation for 60 mins. Finally, ECL system was used for exposure
and color development, and ImageJ was used for image processing. Primary or secondary antibodies, including cGAS
(D3080) Rabbit mAb (CST, #31659), STING (D2P2F) Rabbit mAb (CST, #13647), Phospho-STING (Ser365)
(D8F4W) Rabbit mAb (CST, #72971) and HRP* Goat Anti Rabbit IgG(H+L), ImmunoWay Biotechnology Company
(TX,75024 USA), #RS0002, were used.

Real-Time Quantitative PCR
Total RNA was extracted from 4T1 cells by RNA extraction kit (RNAeasyTM Animal RNA Isolation kit with Spin
Column), and the RNA concentration was measured by NANO Drop (Thermo Fisher Scientific). The RNA was then
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quantified to 1000 ng, and the RNA was transcribed using a reverse transcription kit (PrimeScript RT Master Mix
(Perfect Real Time), Takara, Cat. No. RR036A). 20 pL of the system was reverse-transcribed into cDNA, and 80uL of
water was added to dilute the transcribed cDNA. Finally, PCR was performed using a PCR kit (GoTaq qPCR Master
Mix: Promega, Cat. No. A6002), PCR reaction was carried out according to the operation steps to detect the expression
of related genes at mRNA level in different treatment groups. Primer sequences were synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China).

TBKI,

Forward primer: ATCAAGAAGGCACGCATCCA,

Reverse primer: GGCTCATTGCTTTTGTGGCA,;

IRF3,

Forward primer: GCTGAGGTCTAGGTGCTCCA

Reverse primer: GTGACAGTGTCCCTTGCTCC

GAPDH,

Forward primer: CCTCGTCCCGTAGACAAAATG

Reverse primer: TGAGGTCAATGAAGGGGTCGT

Statistical Analysis

Each experiment was carried out in triplicate except for special cases, and the data presentation of a single experiment
includes all parallel repeated data. The statistical significance between the different groups was assessed using a two-
tailed Student’s t-test and one-way analysis of variance (ANOVA), which was performed in the SPSS 19.0 software.
P value < 0.05 was considered significantly different.

Results
Characterization of GONs

Engineering GONSs by a polyol method, we prepared the sample for electron microscope observation with GON’s diluent.
The high-resolution TEM images of GONs are shown in Figure 1A—C, where regular crystal patterns could be observed
with lattice spacing of 0.31 nm measured by GATAN Digital Micrograph (Version 3.40.2804.0), as shown in Figure SIA.
The particle size of the crystal nucleus of the nanoparticles was about 3—4 nm. The energy-dispersive spectroscopy (EDS)
analysis of GONs is shown in Figure 1D and E. In the EDS spectrum, the peaks at about 530 eV and 1.22 keV
corresponded to O (/s) and Gd (3d) in Gd,05; nanoparticles, respectively. The K emission line of oxygen appeared at
about 200 eV. The L-emission line of Gd emerged at around 6.0 keV. Gadolinium and oxygen were contained in the

26,29

synthesized GONs. The results obtained by TEM are consistent with the previous studies and also have good

agreement with the cubic crystal phase of Gd,Os;.

MRI of GONs in vivo and in vitro

T;- and T,-weighted MRI images were obtained by in vitro imaging of GONs at different concentrations on a small
animal magnetic resonance device with a primary magnetic field strength of 1.0 T (Figure 2A and B). Moreover, the T,
and T, relaxation times of various GONs were quantified, and subsequent calculation of the relaxation rate (r = 1/T) of
GONSs was performed based on the measured relaxation times (Figure SIB—C). A significant linear correlation has been
observed between the concentration of nanoparticles and the magnetic relaxation rate (r) using the equation r = kC +
b (Figure 2C and D). The calculated value of r, / r; was 2.69, indicating that the synthesized GONs possess excellent
potential as a positive MRI contrast agent.*> Specifically, we undertook a comprehensive MRI investigation of GONs
distribution and metabolism in mice, which enabled us to precisely monitor the nanoparticle distribution in the animals
(Figure 2E). Analysis of the MRI signal revealed that GONs maintained a steady concentration within the tumor, even
120 minutes after injection (Figure 2F). The four small circular areas around the mouse body represented tubes
containing nano-solutions of different concentrations, thus giving a relative in vitro reference to the signal changes of
GON s in vivo. From the MRI images, it was observed that GONs were primarily cleaned by the kidney, with renal signal
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Figure | Characterization of GONs. The electron microscope images of GONs at 20 nm (A) and 5 nm (B) scales, where the lattice structures could be seen in the images.
Partially enlarged nanocrystal image when measuring lattice spacing with the GATAN Digital Micrograph software. In Figure B, each nanocrystal particle is circled in red; the
blue arrow indicates a lattice spacing between two white lines. (C) Characterizing the elemental composition of nanoparticles with EDS. (D) The distribution of oxygen
elements in the field of electron microscope at the red pixel, and the distribution of gadolinium (E) in the field of electron microscope at the same green pixel. The
distribution of the energy spectrum peaks of oxygen and gadolinium could also be obtained from the images.

starting to increase at 5 minutes after injection (Figure 2G). Remarkably, GONs were not found to accumulate in the liver
of mice (Figure 2H). Collectively, the results of the present study demonstrated that GONs exhibit desirable character-
istics as a Tj-weighted MRI contrast agent, with no concurrent toxic effects identified.

Radiosensitizing Effect of GONSs to X-Ray Irradiation in vitro

The present investigation employed the CCK-8 assay to assess the viability of 4T1 cells co-cultured with various
concentrations of GONs (Figure 3A). Our results indicated that exposure to diverse concentrations of GONs did not
induce any significant inhibitory effect on the proliferation of 4T1 cells when compared to the control groups,
indicating the absence of toxic effects induced by GONs on 4T1 cells. Toxicity tests for GONs were also conducted
in vivo, as illustrated (Figures S2A—0 and S3A—G). It was observed that when 10 mM GONs were injected via the tail
vein in a volume of 200 pL, no significant impact on the body weight of mice was detected, and there were no evident

toxic side effects observed on vital organs such as the heart, spleen, lungs, and kidneys. Additionally, HE staining
revealed no signs of organ damage in the mice one month after the injection of GONs. Furthermore, the survival
fraction of 4T1 cells was evaluated under X-ray irradiation both in the presence and absence of GONs, where the Gd
concentration in the culture medium was set at 5.0 and 50.0 pg/mL. The survival data were assessed using a linear
quadratic (LQ) model®’

sensitivity of 4T1 cells to X-ray irradiation. The sensitizer enhancement ratio (SER) of GONs was calculated using the

(Figure 3B and C). Clonogenic assays revealed that GONs could effectively enhance the

method reported in the literature.” As delineated in Table 1, it was observed that adding 5.0 pg/mL of gadolinium
(Gd) demonstrated a more pronounced radiosensitization effect on 4T1 cells compared to the effect exhibited by 50.0
pg/mL of Gd. Henceforth, the subsequent cell experiments employed the usage of 5.0 pg/mL Gd. Calculated by fitting
equations, the SERs of GONs at 5.0 and 50.0 pg/mL Gd concentrations were 73% and 70% at 50% survival fraction
level, respectively.
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Figure 2 T -weighted imaging (A) and T,-weighted imaging (B) of different Gd concentrations of nanoparticles with |.0T magnetic resonance equipment. The linear fit of T
(C) and T, relaxation rates (D) of nanoparticles with different concentrations versus concentration and the equation of the relationship. (E) T,-weighted magnetic
resonance images of different organs and tumors in mice within 2 hours after nanoparticle injection. The first row of red arrows after the tumor heading is where the mouse
tumor is; the second row of red circles is where the mouse kidney is; the third row of red arrows is where the mouse liver is; we have drawn the ROI (Region of interest).
(F-H) The T, magnetic resonance signal intensity at different time points was also measured.

To elucidate the potential mechanisms underlying the enhancement of 4T1 cells’ sensitivity induced by GONs, we
initially assessed the levels of reactive oxygen species (ROS) presented in the distinct treatment groups. The results
revealed that the addition of GONs significantly increased the level of ROS in irradiated 4T1 cells (Figure 3D).
Furthermore, the double-stranded DNA breakage induced by GONs combined with X-rays, 1 hour after irradiation,
was approximately 52% greater than that caused by irradiation alone (Figure 3E and F). The observed results of the DNA
damage assay were consistent with those of the intracellular ROS production in 4T1 cells. Moreover, flow cytometry was
used to determine the apoptotic rate of 4T1 cells following irradiation. The results demonstrated that the rate of apoptosis
in irradiated cells was 1.5 times higher in the presence of GONs, 24 hours post-irradiation, than in cells irradiated in the
absence of GONs (Figure 3G and H). Taken together, these findings suggested that GONs enhanced the apoptosis of
tumor cells by upregulating the generation of reactive oxygen species, leading to increased DNA damage, which
ultimately resulted in the sensitization effect of GONs under X-ray irradiation (Figure 3I).

Radiosensitizing Effect of GONs to X-Ray Irradiation in vivo

To validate the radiosensitization effect of GONSs in vivo, we established a subcutaneous xenograft model of 4T1 breast
cancer. Following the successful MRI study of tumor-bearing mice treated with GONs (Figure 2E), we conducted further
in vivo experiments on the radiation enhancement capacity of GONs by administering them via intratumoral injection.
Subsequently, X-ray irradiation was administered within 10 minutes after the injection mentioned above (MRI of GONs
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Figure 3 Effect of GONs pre-treatment on the cellular sensitivity to X-ray irradiation. (A) Detection of cell viability of different concentrations of gadolinium oxide
nanoparticles on 4T cells after co-incubation proved. (B) Survival array of clones obtained by incubating GONs at different concentrations for 24 h and then X-ray
irradiation. (C) By counting the number of clonal spots in different treatment groups, the survival rate of different treatment groups was calculated from this data and fitted
with the linear quadratic model. (D) Detection of reactive oxygen species in different treatment groups. (E) Double-stranded DNA breaks in different treatment groups at |
h after irradiation were detected by immunofluorescence. Red fluorescence is DNA damage foci labeled by YH2AX and blue fluorescence is nuclei labeled by DAPI. All the
scale bars in the figure are 20 um. (F) The average fluorescence intensity of double-stranded DNA damage in different treatment groups was obtained by quantifying the
images obtained by laser confocal microscopy with ZEN 2.3. (G) Representative images of apoptosis in different treatment groups 24h after irradiation, and the (H)
statistical graph of apoptosis ratio in different treatment groups. (I) Cell viability of cells in different treatment groups. (C, D, F and I) Data quantifications were analyzed
using a Student’s t-test and expressed as mean * s.e.m, *p < 0.05, *p < 0.0, **p < 0.001, ***p < 0.0001, ns means not significant.

in vivo and in vitro)(Figure S4). In our study, we administered a single dose of 8.0 Gy X-rays for local irradiation of
tumors in mice. Unexpectedly, the group that received the combination treatment did not show a significant inhibition of
tumor growth nor an extension of the lifespan of the animals, when compared to the group that received the radiation

Table | Summary of the Fitting Parameters, Do, Dso, SER30, SER5q for 4T | Cells Under X-Ray Irradiation in
the Absence/Presence of GONs

X-Ray Irradiation a B R? D1 (Gy) | SERz | Dso (Gy) | SERse
Control 0.0466 0.043 0.998 5.55 35

5.0 pg / mL Gd 0.337 0.0093 0.953 424 31% 2.02 73%
50.0 pg / mL Gd 0.336 0.0010 0.999 4.68 19% 2.06 70%

Note: Coefficients a, , and R? are the fitting parameters using the linear-quadratic model; Do and Dsg mean the dosage of X-ray irradiation
at 50% cell survival fraction; SER, and SER5o mean sensitizer enhancement ratios of irradiated 4T | cells at 20% and 50% cell survival fraction.
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Figure 4 Radiation sensitization effect of GONs in vivo. Tumor growth curve (A) and survival curve (B) of mice in fractionated 8.0 Gy irradiation experiment. Tumor
growth curve (C) and survival curve (D) of mice in fractionated 3.0 Gy*3 irradiation experiment. Data quantifications were analyzed using a Student’s t-test (A and C) or
a Log-rank (Mantel-Cox) test (95% Cl) (B and D) and expressed as mean # s.e.m, *p < 0.05, **p < 0.01, ***p < 0.001, ns means not significant. (E) Tunel staining of tumors in
the different treatment groups. All the scale bars in the figure are 100 pm. The red arrows point to cells that are Tunel-positive for apoptosis.
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treatment alone (Figure 4A and B). This observation deviates from our in vitro studies. Accordingly, we modified our
radiation regimen to 3.0 Gy X-rays administered in three fractions separated by a 24-hour interval. Remarkably, the use
of fractionated irradiation with GONs exhibited a significant inhibitory effect on 4T1 tumors while simultaneously
prolonging the survival time of mice, which is a promising finding worthy of further investigation (Figure 4C and D). By
utilizing TUNEL staining to examine the spatial distribution of apoptotic cells within the tumor, our study revealed that
the use of GONSs significantly enhanced apoptosis in 4T1 breast cancer cells following fractionated irradiation
(Figure 4E). Since 4T1 cells are reported as strongly metastatic tumor cells, the mice in each treatment group were
sacrificed to observe the tumor metastasis in the lungs of the mice. We found that neither single-dose irradiation nor
fractionated irradiation combined with GONs exhibited superior efficacy in inhibiting lung metastasis of 4T1 tumors
(Figure S5A-D). Throughout the duration of the experiment, a systematic and ongoing monitoring of each mouse’s
weight was conducted, and there was no significantly statistical difference in the weight of the mice across all the
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treatment groups (Figure SS5E and F). The aforementioned findings also provided evidence for the safety of using GONs
in mouse treatment, as there was no discernible distinction between the PBS and GONs treatment groups. Remarkably,
upon conducting identical treatment in immunodeficient mice, the previously observed radiosensitizing benefit of GONs
was no longer prominent (Figure S6A—H). These findings substantiate the notion that the radiosensitizing impact of
GON:ss is intricately linked to the activation of the anti-tumor immune system.

Immune Response Enhancement by GONs

Given the enhanced therapeutic efficacy of the combination of fractionated irradiation and GONS, it is of interest to
explore the underlying reasoning for the superior performance of fractionated irradiation over single irradiation in the
context of combination therapy in vivo. The intricate immune microenvironment in which tumor cells exist in vivo
implies that the diverse immune system activation resulting from fractional versus single irradiation may lead to
contrasting therapeutic outcomes.*® Upon comparison, our analysis revealed that within the single 8.0 Gy X-ray
irradiation mode, neither irradiation alone nor its combination with GONs treatment produced any discernible alterations
in the related proteins involved in the cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS -STING)
pathway (Figures SA and S7). In contrast, for the 3.0 Gy x 3Fr X-ray irradiation mode, our analysis showed that the
irradiation alone significantly increased the expression levels of both cGAS and pSTING compared to the control group
and the GONSs alone treatment group. Remarkably, our analysis revealed that the combination of radiation with GONs
treatment yielded maximum upregulation of the cGAS-STING pathway proteins (Figures 5D and S8). These outcomes
suggested that the 3.0 Gy x 3 Fr X-ray irradiation combined GON therapy might more effectively activate anti-tumor
immune responses, which is also in accordance with results observed in vivo study.

In addition, we conducted an examination of downstream associated molecules at the mRNA level by utilizing RT-
gPCR. Our findings demonstrated that a single dose of 8.0 Gy X-ray irradiation combined with GONs treatment elicited
a significant increase in the expression of TBK1. However, no significant difference was observed when compared with
the irradiation alone (Figure 5B). Furthermore, of particular interest was the reduction in IRF3 expression at 8.0 Gy
X-ray irradiation, and the reduced expression was more pronounced in the combination group than in the irradiation
alone group (Figure 5C), suggesting that the ultimate consequence of single irradiation was the suppression of anti-tumor
immune responses. The apparent upregulation in the expression levels of TBK1 (Figure 5E) and IRF3 (Figure 5F), as
observed with the combined use of GONs and 3.0 Gy x 3 Fr X-ray irradiation, is a promising result. By immunohis-
tochemical staining, we found more CD8" T cells infiltrating into the tumors in the combination group (Figure 5G). Such
findings lend credence to the notion that GONs and fractionated irradiation implemented in conjunction may serve as
a more potent means of stimulating anti-tumor immune responses.

Discussion
There are many kinds of metal-based nanoparticles used for ionizing radiation sensitization, such as gold-based
nanoparticles,*’*®  jron-based  nanoparticles,**>®  platinum-based  nanoparticles’® and  gadolinium-based

nanoparticles.>?***?* Recent studies have shown that gadolinium-based nanoparticles have significant potential for
clinical application as they can be utilized as both MRI contrast agents and radiosensitizers to improve tumor killing.
There exists a wide variety of metal-based nanoparticles employed for the purpose of sensitizing ionizing radiation,
inclusive of gold-based, iron-based, platinum-based, and gadolinium-based nanoparticles. Despite gold-based and
platinum-based nanoparticles demonstrating commendable efficacy as radiation sensitizers, their utilization entails higher
production costs owing to their association with noble metals. In contrast, iron-based nanoparticles are frequently utilized
as T, contrast agents in magnetic resonance imaging (MRI) due to their magnetic properties, causing a reduction in T,
signal intensity during imaging. Notably, MRI offers the advantage of not administering additional radiation as compared
to CT imaging, where gold-based and platinum-based nanoparticles can be employed as contrast agents. Consequently,
GONSs present favorable attributes of cost-effectiveness and integration of diagnosis and treatment, thus differentiating
them from alternative nanoparticle types. More specifically, we aimed to evaluate the effect of GONs on the survival
fraction of 4T1 cells, subjected to different fractional X-ray irradiation, using clonogenic survival assay as a measure of
effectiveness. After checking the retention time of GONSs in tumor-bearing mice using MRI, we studied the tumor growth
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Figure 5 Western Blot was used to detect the expression of proteins associated with cGAS-STING signaling pathway. RT-qPCR was used to detect the expression of
downstream signaling molecules TBKI and IRF3. (A) WB bands and relative expression of cGAS-STING related proteins in different treatment groups in single 8.0Gy
irradiation test. Relative mMRNA expression levels of TBKI (B) and IRF3 (C) in different treatment groups in a single 8.0 Gy irradiation test. (D) WB bands and relative
expression of cGAS-STING related proteins in different treatment groups in fractionated 3.0 Gy*3 irradiation test. Relative mRNA expression levels of TBKI (E) and IRF3
(F) in different treatment groups in fractionated 3.0 Gy*3 irradiation test. (B, C, E and F) Data quantifications were analyzed using a Student’s t-test and expressed as mean
+ s.e.m, *p < 0.05, ¥p < 0.01, ¥**p < 0.001, ns means not significant. (G) The distribution of CD8+T cells in tumor tissues of mice treated with GONs and irradiation alone.
All the scale bars in the figure are 20 pm.

and survival time of tumor-bearing mice under the combination treatment of GONs and X-ray irradiation. Further, we
studied the immune response of combination treatment in order to demonstrate the potential use of GONs as theranostic
agent in breast cancer radiotherapy. In previous studies, our team also found the concentration-dependent radiosensitiza-
tion effect of GONs in non-small cell lung cancer in vitro, and revealed the radiosensitizing biomechanism of GONs
under X-ray irradiation and carbon ion irradiation.””° This work established that the combined use of GONs and X-ray
irradiation contributes to the enhanced inhibition of clone formation of 4T1 cells, whilst impeding their proliferative
ability. Notably, further studies have shown that the primary mechanism behind GONs’ ability to boost X-ray irradiation
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damage lies in their capacity to induce apoptosis in tumor cells by heightening the DNA damage that X-rays inflict upon
4TI cells.

In in vivo trials, MRI revealed the distribution and metabolism of GONSs in mice to determine the irradiation time
after intratumoral injection of nanoparticles. Through the signal variation of MRI, we can ensure that the co-treatment
results of X-ray irradiation after 10 minutes of intratumoral injection of GONSs are reliable. Hence, GONs improved the
real-time imaging of tumor in mice, which also provides a non-invasive new method for drug pharmacokinetics
research.’”> Two radiation modes were employed, specifically single 8.0 Gy x 1Fr X-ray irradiation and fractional 3.0
Gy x 3 Fr X-ray irradiation. The outcomes demonstrated that only the fractional X-ray irradiation combined with GONs
showed significant enhancement of the inhibitory effect of RT on tumor growth. This could be attributed to the superior
capability of fractional irradiation in activating anti-tumor immune responses in animals,”® so GONs may increase the
killing of tumor cells by the immune system by enhancing the antigen release after irradiation of 4T1 tumors.
Simultaneously, it has also been reported that tumors in vivo have a more complex immune microenvironment, which
has caused inconsistent results in vitro and in vivo experiments.*® The cGAS-STING pathway is a crucial innate immune
pathway, triggered by DNA and elicits a diverse range of immune responses that exert an influence on multiple facets of
tumorigenesis, encompassing malignant cell transformation as well as metastasis.>* Although there are several damage-
associated molecular patterns that can activate innate immune mechanisms in the context of cancer, the aberrant
recognition of DNA by the cGAS-STING pathway is especially pertinent to the endogenous detection of transformed
or malignantly transformed cells, both in the basal state and after cancer treatment.’> Thus, our inquiry has focused on
scrutinizing cGAS-STING signaling pathway’s role in facilitating anti-tumor immunity. Further investigation was
conducted on the activation of GONs on the immune system, revealing that fractionated irradiation combined with
GONSs can trigger an anti-tumor immune response in animals through the activation of the cGAS-STING pathway. In

contrast to previously documented gadolinium-based nanoparticles,** >4

our investigation has unveiled a distinctive
biological mechanism underlying the sensitization of GONs. This mechanism pertains to the modulation of the tumor
immune microenvironment through the activation of the cGAS-STING pathway. Furthermore, our findings have also
elucidated that diverse modes of irradiation elicit disparate sensitization mechanisms specific to gadolinium oxide
nanoparticles. All aforementioned investigations have demonstrated that the incorporation of gadolinium oxide nano-

particles is correlated with diverse levels or divisions of radiation dosages in relation to the antitumor immune response.

Conclusion

Our study verified that GONs possessed favorable MRI contrast properties. Moreover, through the application of
fractionated irradiation in conjunction with GONSs, significant suppression of 4T1 breast cancer cells has been observed
in vivo. This observed suppression was attributed to the activation of the cGAS-STING pathway, ultimately triggering an
anti-tumor immune response. Thus, our study suggests that GONs have great potential to function as a comprehensive
diagnostic and therapeutic tool for clinical application in MRI-guided radiotherapy.
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