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Background: With the ability to achieve ideal efficacy while significantly reducing radiation damage to normal tissues, ultra-high
dose rate radiotherapy (FLASH-RT) is considered one of the most innovative technologies for cancer treatment in the era of precision
medicine. However, compared with conventional radiotherapy (CONV-RT), FLASH-RT has not demonstrated superior efficacy in
treating tumors.

Methods: We found that the tea polyphenol EGCG could observably promote FLASH-RT X-ray-induced ROS production and DNA
damage compared to CONV-RT. A radiosensitizer was further designed by functionalized self-assembled EGCG nanoparticles (named
BENPs), aiming to strengthen the anti-tumor effect of FLASH-RT. In vitro experiments such as CCK-8 assay and DNA damage
experiment were carried to verify the sensitising effect of BENPs to 4T1 cells. It was further validated in vivo and the molecular
mechanism was analyzed using immunofluorescence staining. Biosafety was evaluated by hematoxylin and eosin (H&E) staining and
blood routine experiments. Flow cytometry was used to investigate the in vivo immune status of mice triggered by BENPs synergized
with FLASH-RT. RNA sequencing assay was employed to estimate the immune response in the spleen of mice.

Results: This combined strategy markedly induced apoptosis and necrosis in tumor cells, which availably inhibited the malignant
progression of tumors with good biosafety. More than that, BENPs-assisted FLASH-RT facilitated dendritic cell maturation and
increased CD8" Cytotoxic T cells, B lymphocytes, natural killer and memory T cells differentiation, implying the induction of
“positive regulation” of the immune microenvironment, with a better immune prognosis. Meanwhile, the activation of immune
regulation was confirmed by effectively upregulation of proinflammatory cytokines in the serum.

Conclusion: Our study suggests that the potential application of BENPs as a sensitizer for FLASH-RT that brings new inspiration for
the future clinical application of FLASH-RT therapy.
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Introduction

Radiotherapy (RT) is one of the indispensable means in the treatment of breast cancer. It is commonly used in patients
undergoing mastectomy or breast-conserving surgery, as well as in the palliative treatment of patients with advanced
breast cancer, which can significantly increase the local control rate and reduce the local and regional lymph node
recurrence rate.' However, increasing the RT dose causes unnecessary radiation damage to adjacent healthy tissues,”

which not only affects the survival and quality of cancer patients, but also limits the total radiation dose delivered directly
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to the tumor tissue.*> FLASH-Radiotherapy (FLASH-RT) is an innovative radiotherapy technique characterized by ultra-
high dose rates with instantaneous, one-time irradiation, which abbreviates course of radiotherapy, increases the tolerance
of normal tissues, and provides high efficacy.® Studies have shown that FLASH-RT significantly reduced the risk of
damage to normal tissues and improved patients’ quality of life while ensuring cancer cell killing.”* Unfortunately, tumor

cells may repair and adapt to RT-induced changes,” "'

which can deeply impede the treatment effectiveness of FLASH-
RT and lead to tumor recurrence. Fifty-six percent of patients with advanced breast cancer were radiation-resistant, with
metastases occurring in the fourteenth month after radiotherapy.'? Therefore, it is crucial to improve breast cancer
resistance to FLASH-RT for better treatment outcomes.

Radiosensitizers are believed to enhance anti-tumor effects by accelerating DNA damage and further free radical
production within cancer cells.'*'* Studies have shown that natural active substances had good biosafety. They had the
potential to enhance the radiosensitivity of tumors and might reduce the damage of radiation to normal tissues to
a certain extent, thus improving the safety and efficacy of the treatment.'” It has been shown that epigallocatechin
gallate (EGCG), the main active component of catechins in green tea, combined with radiotherapy induced apoptosis
in leukaemia cell lines.'® And EGCG was able to reduce serum vascular endothelial growth factor in patients with
breast cancer and activation of metalloproteinases,'” which significantly weakened tumor malignancy. More than that,
the systemic immune response induced by RT is often insufficient to effectively suppress the progression of malignant
tumors in clinical practice.'® Studies have shown that EGCG could enhance the immune function of the body and play
a crucial role in the regulation of the innate and adaptive immune system.'® It can be seen that EGCG has great
potential to become a radiosensitizer for clinical application, but there are few studies on EGCG radiosensitization at
present.

Interestingly, the effect of FLASH on tumor microenvironment (TME) and tumor-infiltrating immune cells is an
under-explored area that deserves further study. The circulating immune cell protection hypothesis widely studied at
present points out that, compared with conventional dose-rate radiotherapy, the powerful retention of circulating
immune cells by FLASH-RT facilitates the attenuation of the destructive effects on the body’s immune system and the
repair of damaged tissue cells, thereby reducing the degree of tissue damage.”’ However, recent findings based on
different tumor models showed that there was no significant difference in the ability of FLASH-RT and CONV-RT to

recruit T lymphocytes,®'

which inspired us that in order to enhance the body’s immune response, the addition of
adjuvants is expected to promote a more pronounced tumor-killing effect of FLASH-RT. Therefore, we devised
a strategy of combining EGCG with FLASH-RT to achieve a synergistic anti-tumor effect along with an enhanced

immune response.

24 25

Unfortunately, like most natural actives, EGCG lacks poor bioavailability,” chemical instability, and rapid
metabolism, which largely limits its application scenarios.”® For tumors that are deeply located or adjacent to vital
organs, local administration may be risky and infeasible. Intravenous drugs commonly used in clinical practice are
distributed systemically through the blood circulation system to reach potential metastatic foci or tumor sites that are
difficult to localize on imaging, and are particularly suitable for tumors with indeterminate locations or multiple tumors.?’
Nanoparticles (NPs) offer unique advantages in intravenous administration, especially in drug delivery, targeted therapy
and safety. They have been widely studied and applied to improve the efficacy of radiation therapy due to their excellent
physicochemical properties, such as good biocompatibility, intrinsic radiosensitizing activity, and enhancement of
permeability and retention of tumor tissues (EPR) effects.”®%°

In view of EGCG assisted FLASH-RT (EGCG@FLASH-RT) was able to effectively induce intracellular ROS
generation, apoptosis and DNA damage in tumor cells, furthermore we conducted a simple targeted modification
(biotinylated targeting material) of EGCG, which was then self-assembled into nanoparticles (BENPs) and injected
intravenously into the body for investigation. In a therapeutic mouse model, in addition to the significant anti-tumor
effect under synergistic function, the introduction of BENPs triggered a powerful immune response and induced “positive
regulation” of the immune microenvironment (Scheme 1). This novel therapeutic approach is expected to reach a new
avenue for the application of FLASH-RT in the field of breast cancer research and provide a promising direction for the

future clinical application of FLASH-RT.
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Scheme | After BENPs administration, a large amount of ROS was generated after FLASH-RT, leading to apoptosis of tumor cells, remodeling the immune microenviron-
ment, with a better immune prognosis.

Materials and Methods

Materials

EGCG (>98%) was provided by Shanghai yuanye Bio-Technology Co., Ltd. Biotin-PEG-SH was brought from
Guangzhou Tanshtech Co., Ltd. Cell counting kit-8 (CCK-8), penicillin-streptomycin, 1640 medium, PBS, trypsin and
fetal bovine serum were brought from Gibco (USA). Gentian violet was provided by Biosharp Technology Co., Ltd. IL-
1B/TNF-a cytometric bead array (CBA) kit was purchased from Becton Dickinson (BD, Sunnyvale, CA, USA).
Paraformaldehyde was brought from Beyotime Biotechnology Co., Ltd. Annexin V-FITC/7-AAD apoptosis kit, y-
H2AX DNA damage detection kit (mouse mAb/Red) and reactive oxygen species assay kit were obtained from
APExBIO Technology LLC. All antibodies used for flow cytometry were brought from BioLegend (CA, USA). All
other chemicals and reagents were used as-received without further purification.

Parameters of FLASH Radiotherapy

In this work, FLASH radiotherapy was carried out via external beam radiation with X-ray from petal accelerator
(developed by China Academy of Engineering Physics). Electron energy was 8 MeV. The mean dose rate in the macro-
pulse was 94 Gy/s. The source skin distance (SSD) was 16.5 cm for 4T1 cells and 6.45 cm for 4T1-bearing mice.
Gafchromic™ EBT3 radiochromic films (Ashland Inc., Covington, Kentucky, USA) were served as absolute dose
measurement.

Cell Cytotoxicity

The 4T1 cells (ATCC no. CRL-2539) were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA) and maintained in RPMI-1640 medium containing 10% fetal bovine serum. The cell cytotoxicity of EGCG/
BENPs was evaluated through CCK-8 experiment. Firstly, 4T1 cells were seeded in 96-well plates at 5x10° cells/well.
After the cells were attached to the wall, the medium was replaced by fresh medium containing different concentrations
(10, 20, 30, 40, 60 and 80 ug/mL) of EGCG/BENPs. After 48 h of incubation, the medium was discarded, followed by
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the addition of CCK-8 dilution to each well, and incubation in the dark for another 4 h. Finally, the absorbance of the
reaction solution (450 nm) was measured via a multifunctional microplate reader (Agilent Biotek Synergy Lx). The cell
viability (%) was analyzed according to the following formula:

. OD}, — ODpay
Cell viability(%) = W x 100
a blank

OD,, ODy, and ODy,,,k are the absorbance of control wells without treatment, EGCG/BENPs treated wells and blank
wells with the addition of CCK-8 dilution only, respectively.

Colony Formation Assay

4T1 cells were seeded in 6-well plates (1x10° cells/well) and incubated overnight to adherence. Subsequently, the cells
were cultured with a fresh medium containing EGCG (30 pg/mL) for 6 h. Then 4T1 cells were exposed to 6 Gy CONV-
X-ray (0.1 Gy/s) and FLASH-X-ray (94 Gy/s) radiation. After that, the cells were maintained in fresh culture for 8 days.
When clones were formed, cells were fixed using 4% paraformaldehyde for 15 min. Cells were washed twice with PBS
and stained with 0.1% crystal violet for 10 min, and three replicates in each group.

Cell Apoptosis Detection

4T1 cells were collected and seeded in 6-well plates at 2x10° cells/well and maintained overnight. After the adminis-
tration of the EGCG treatment, the cells were exposed to 6 Gy CONV-X-ray (0.1 Gy/s) and FLASH-X-ray (94 Gy/s)
radiation. Cells were digested by EDTA-free trypsin and resuspended in 1X Binding Buffer. With that, 5 uL Annexin
V-FITC and 5 pL 7-AAD were added into the buffer and incubated for 15 min at room temperature. Finally, cell
apoptosis was detected by flow cytometry (BD FACSCelesta™™ Flow Cytometer).

Intracellular ROS Detection

4T1 cells were seeded in confocal dishes (1x10° cells/well) and cultured for 24 h. After drug treatment for 6 h, the cells
were exposed to 6 Gy CONV-X-ray (0.1 Gy/s) and FLASH-X-ray (94 Gy/s) radiation. Subsequently, the DCFH-DA
solution (10 uM) was used to stain 4T1 cells for 30 min before removal. In the end, cells were imaged via confocal laser
scanning microscope (CLSM, Stellaris 5, Leica, Germany).

Intracellular DNA Damage Detection

4T1 cells were seeded in confocal dishes at 5x10* cells/well and cultured overnight to adherence. Cells were cultured
with drug solutions for 6 h. Next, 4T1 cells were exposed to 6 Gy CONV-X-ray (0.1 Gy/s) and FLASH-X-ray (94 Gy/s)
radiation. After that, cells were fixed with 4% paraformaldehyde and stained by y-H2AX/DAPI for 30 min. Finally,
CLSM was employed to observe the 4T1 cells.

Preparation and Characterization of Biotin-PEG-EGCG and BENPs

The synthesis of Biotin-PEG-EGCG was fine-tuned based on previous literature reports.*® More specifically, 18.8 mg
EGCG was dissolved in an equal volume of mixed PBS and DMSO solution (20 mL). Then, the mixed solution was
added to 5 g/L of Biotin-PEG-SH solution (v/v=1:1). The solution was kept stirred for 7 h (25°C). In the end, an amount
of acetic acid was added to the mixture to terminate the reaction (adjust the pH to 4.0). Subsequently, the reaction
solution was loaded into a dialysis bag (MWCO = 2000) for purification for 72 h and lyophilized to obtain Biotin-PEG-
EGCG and NMR (nuclear magnetic resonance spectrometer, 600 MHz, Bruker Avance 600, Switzerland) was used to
characterize the end product. To prepare BENPs, Biotin-PEG-EGCG was dissolved in 4 g/L of chloroform and
decompression evaporation was used to get rid of the organic solvent. Then, 4 mL of deionized water was added and
incubated with nitrogen for 24 h (45°C). Finally, BENPs was obtained through a 0.45 um hydrophilic filter. In order to
explore the characterization of BENPs, the size distribution and morphology of BENPs were detected by laser particle
size analyzer (NanoBrook 90Plus, USA) and HR-TEM (transmission electron microscope, Tecnai G2 F20 S-TWIN, FEI,
USA), respectively.
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In vivo Antitumor Efficacy Assay

6—7 weeks female BALB/c mice were injected subcutaneously with 4T1 cells (5 x 10°/per mouse) to establish a breast tumor
model. When tumor sizes reached about 50 mm?, mice were randomly divided into various groups. The groups were injected
with equal amounts of PBS and drug solution before X-ray radiation (10 pg/g of drug solution for intratumoral injection,
6 h in advance; 30 pg/g of drug solution for tail intravenous injection, 8 h in advance). The tumors were irradiated by 10 Gy
of CONV-X-ray (0.1 Gy/s) and FLASH-X-ray (94 Gy/s). Tumor size (tumor volume = length x width?) and body weight
were measured every two days. The mice were euthanized by intraperitoneal injection of a lethal dose of pentobarbital
(100 mg/kg, Sigma-Aldrich-P3761) after 10 days. Death usually occurred within 30 minutes. The details for confirming
mouse death were as follows: verifying that the mouse exhibited cessation of heartbeat and respiration, remained motionless,
displayed dilated pupils, showed no pain response, and demonstrated no reaction when the toe was pressed with a finger or
forceps. Satisfaction of these criteria confirmed the animal’s death. If vital signs were observed in the mice, the amount of
pentobarbital sodium injection should be supplemented as the situation required. Once death was unequivocally confirmed,
major organs and tumors (n=4) were collected and fixed with 4% paraformaldehyde and the animal carcasses were stored in
the designated freezer. Tissue sections stained with hematoxylin and eosin (H&E). The 4T1 tumor tissue sections were
stained with y-H2AX and TUNEL. Furthermore, blood samples of mice were collected for routine blood analysis and serum
IL-1B/TNF-a cytokines were detected by mouse IL-1p/TNF-a cytometric bead array (CBA) kit. All animal procedures have
been approved by the guideline for Care and Use of Laboratory Animals Ethical Committee at Mianyang Central Hospital
and obtained the necessary approval (520240204-01).

In vivo Immune Cell Typing Detection

Immune cells from the spleen in mice were extracted to detect typing. Firstly, spleens were ground up in 3—4 mL PBS and
passed through 70 um screens. Then, cells were collected and lysed for 5 min by erythrocyte lysis solution. Before flow
cytometry detection, the collected spleen lymphocytes were stained with FVS-BV605, CD19-PE-CF594, CD11b-Percp-cyS5.
5,CD45-V500, NK1.1-BV421, CD11c-BV650, F4/80-APC-R700, MHC 1I-BV786, CD206-PE, CD3-APC-Cy7, CD4-FITC
and CD8-APC antibody. In addition, CD45-V500, CD3-APC-Cy7, CD8a-APC, CD62L-PE and CD44-FITC antibody
staining was employed to analyze the immune memory effect of T cells (Tm). All data were processed and analyzed by
Flowjo-v10.8.1 software, and the relevant gating strategies were displayed in the supplementary figure example (Figure S1).

Transcriptome Analysis

Transcriptome analysis for the specimens in vivo was implemented by Novogene®. Firstly, RNA was extracted from
spleen and its integrity was detected by RNA Nano 6000 Assay Kit. RNA degradation and contamination were
monitored to ensure sample quality and the library was subsequently constructed. The size of the inserted fragment
and the concentration of the library were detected by Qubit2.0 and Agilent 2100. The library preparations were
sequenced on the platform (Illumina Novaseq) to produce 150 bp paired-end reads. Differential expression analysis of
two groups/conditions was carried out via the DESeq2R package (1.20.0). Gene expression was performed using FPKM
method. P-value and false discovery rate (FDR) analysis was adopted to determine significant analysis. Meanwhile,
genes with an adjusted P-value <=0.05 found by DESeq2 were determined as differentially expressed.

Statistical Analysis

All data were presented as mean + standard error of mean. One-way ANOVA was administered to determine statistical
significance of experiment results. All statistical analyses were displayed using GraphPad Prism (9.0). *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

Results and Discussion

Radiosensitisation of EGCG in vitro
We utilized the petal accelerator to perform ultra-high dose rate radiotherapy with short pulses (94 Gy/s, FLASH-RT) and
simulated conventional radiotherapy (0.1 Gy/s, CONV-RT). Firstly, we evaluated the cytotoxic effects of 4T1 cells at
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different irradiation doses (6 Gy and 9 Gy) by CCK8 experiments. As shown in Figure 1A, 48 h and 72 h after 4T1 cells
were irradiated, we found that both FLASH-RT and CONV-RT had significant cell-killing effects at lower doses (6 Gy)
compared with unirradiated cells (Control). Further, we combined EGCG to investigate the synergistic anti-tumor effect
with X-ray. EGCG showed certain anti-breast cancer activity and biosafety at the concentration of 30 pg/mL (Figure S2),
and we found that 4T1 cells viability was further reduced after EGCG combined with FLASH-RT treatment (Figure 1B).
In addition, cell cloning and apoptosis assays were carried out to assess the radiosensitizing ability of EGCG. As shown
in Figures 1C and S3, EGCG@FLASH-RT exhibited a significant inhibitory effect on colony formation of 4T1 cells. The
results of Annexin V-FITC/7-AAD staining assay showed that CONV-RT caused only about 16.60% apoptosis and
FLASH-RT caused approximately 24.74% apoptosis, whereas the apoptosis rate of EGCG@FLASH-RT was as high as
41.80%, which was significantly higher than that of the therapeutic effect of radiotherapy alone (Figure 1D). These
results fully indicated that EGCG could effectively enhance the killing effect of FLASH-RT, induce growth inhibition
and apoptosis of 4T1 cells, and achieve excellent radiosensitization effect.

It is well known that ROS production and ROS-induced oxidative stress play an important role in tumor progression.
The increase of ROS content in cancer cells will aggravate oxidative stress and cause damage to important biological
molecules such as DNA, thereby promoting apoptosis or necrosis of cancer cells.>' Therefore, we subsequently detected
the ability of EGCG@FLASH-RT to affect ROS levels and DNA damage in 4T1 cells. In Figure 1E, irradiated cells
showed significantly elevated intracellular ROS levels compared to the Control group, with the highest ROS levels in the
EGCG@FLASH-RT group. The CLSM images and corresponding 3D reconstructed structures in Figure 1F showed that
the EGCG@FLASH-RT group obviously increased intracellular DNA double-strand breaks, suggesting that EGCG had
the potential to enhance irradiation-induced cellular damage. Taken together, these results suggested that EGCG
prompted ROS overproduction under X-ray irradiation, increased oxidative stress, disrupted redox homeostasis,
enhanced radiosensitization, and ultimately led to apoptosis of cancer cells.

In vivo Radiosensitisation of EGCG@FLASH-RT

Based on the radiotherapy sensitizing properties of EGCG in vitro, we further comprehensively evaluated its role and
mechanism of sensitizing FLASH-RT in 4T1-bearing mice. The operation process was shown in Figure 2A, EGCG
paratumor administration and FLASH-RT irradiation were given after inoculation of 4T1 cells. According to the dose
analysis pictures, a homogeneous dose (10 Gy) was formed at the tumor site, and both CONV-RT and FLASH-RT
exhibited consistent light spots, indicating good stability of FLASH (Figure S4). The experimental results in Figure 2B
showed that the CONV-RT, FLASH-RT, and EGCG@FLASH-RT groups all inhibited tumor growth to a certain extent
compared with the saline group, whereas the EGCG@FLASH-RT group exhibited the most evident tumor inhibition, and
the tumor volume was significantly smaller than that of the other treatment-alone groups. Moreover, the tumor weight in
the EGCG@FLASH-RT group was significantly lower than that in the other treatment-alone groups, and tumor
suppression reached around 85.8% (Figure 2C).

Apart from that, there was no significant change in the body weight of mice receiving treatment in each group
(Figure 2D), and the morphology and structure of major organs (heart, liver, spleen, lung, and kidney) in the
EGCG@FLASH-RT group were not significantly different from those in the Control group, indicating that there was
no significant toxicity effect on the various organs in the mice after administration of the drug (Figure S5A). The blood
routine analysis showed a significant reduction of leukocytes in the blood of the CONV-RT group compared with the
other groups due to radiation toxicity. The FLASH group and the EGCG@FLASH-RT group were able to restore
leukocyte levels to some extent, although the values were lower than those of the control mice, suggesting that FLASH-
RT may reduce the adverse effects of radiotherapy on the peripheral blood and is more effective with the addition of
EGCG. Apart from that, red blood cells (RBCs), hemoglobin (HGB), and platelets (PLT) in EGCG@FLASH-RT group
were not apparently different compared with the Control group (Figure S5B), indicating that EGCG had a high safety as
a radiosensitizer in the combined FLASH-RT treatment.

In order to further explore the mechanism of EGCG@FLASH-RT radiosensitization therapy, immunofluorescence
analysis of tumor tissues was performed in each treatment group. As shown in the y-H2AX immunofluorescence sections
and the corresponding semi-quantitative results, EGCG@FLASH-RT exhibited the most obvious increase in p-histone
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groups within 10 days. (C) Images of tumors in each treatment group and corresponding tumor weight. (D) Body weight change curve of mice in different groups (n=4 mice
per group). (E) y-H2AX and TUNEL immunofluorescence images of tumor sections in different treatment groups (scale bar: 100 um and 50 pm) and (F) corresponding
semi-quantitative results. The outcomes were expressed as the mean = SD (n=3). *P < 0.05, **P < 0.01, **P < 0.001.

m

TUNEL

expression, indicating a distinct DNA damage effect (Figure 2E and F). In addition, the red fluorescence of TUNEL was
intensified in the EGCG@FLASH-RT group, which caused the most significant tumor cell apoptosis (Figure 2E and F).
Overall, these results manifested that EGCG could serve as an excellent radiosensitizer to promote FLASH-RT X-ray-
induced DNA damage which in turn enhance tumor apoptosis and necrosis.

Characterization and Radiosensitisation of BENPs in vitro

Considering the common intravenous drug delivery in clinical practice, nanoparticles have the advantage of targeted
aggregation to tumor sites and long circulation in vivo. We further explored by simply modifying EGCG and self-
assembling it into nanoparticles. We conducted further exploration after simply modifying EGCG and self-assembling it
to form nanoparticles. More specifically, biotin-targeted modification of thiolated polyethylene glycol (Biotin-PEG-SH)
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was modified onto the EGCG to form Biotin-PEG-EGCG (Figure S6A), and its molecular structures was confirmed by
"H-NMR (Figure S6B). The blue labeled boxes indicated the characteristic peaks of Biotin and the yellow labeled boxes
marked the characteristic peaks of EGCG. Then, Biotin-PEG-EGCG formed nanoparticles (BENPs) by self-assembly
under nitrogen incubation, as shown in Figure 3A. Transmission electron microscopy (TEM) images confirmed that the
BENPs were spherical (Figure 3B) and the particle size distribution graph showed that the size of BENPs was around 146
nm with good dispersibility (Figure 3C). The Tyndall phenomenon of BENPs could be clearly observed in Figure 3D. In
addition, from the release kinetics curve in the Figure S6C, it could be seen that BENPs released slowly in the PBS
solution and reached equilibrium after 96 hours. At a concentration of 80 pg/mL, the BENPs significantly inhibited the
proliferation of 4T1 cells but exhibited good biocompatibility and were not cytotoxic to normal murine NIH3T3 cells,
thus 80 pg/mL was selected as the concentration of BENPs with anti-tumor effects (Figure 3E). To investigate the
cellular uptake ability of BENPs, the fluorescent dye Dil was encapsulated by Biotin-PEG-EGCG to form the nano-
particles (Dil-BENPs) used for tracing. After incubation of Dil-BENPs with 4T1 cells for 6 h, fluorescence overlap was
observed under CLSM indicating that the nanoparticles were endocytosed into the cell interior (Figure 3F). In addition,
immunofluorescence staining of y-H2AX under CLSM revealed that BENPs visibly enhanced intracellular DNA double-
strand breaks, suggesting that the synergistic effect of BENPs with FLASH-RT significantly exacerbated DNA damage
(Figure 3G).

In vivo Radiosensitization of BENPs@FLASH-RT After Trans-Tail Vein Administration

Based on the good sensitization to FLASH after paratumoral injection of EGCG, we further explored the antitumor
ability of BENPs-assisted FLASH-RT by using the commonly used intravenous administration method in clinical
practice. Consistent with the previous operation except that the mode of administration was changed to tail vein injection
(Figure 4A). The dose analysis image showed that a uniform light spot could be formed after irradiation by FLASH
(Figure S7). The tumor growth curve (Figure 4B) showed that EGCG;, @FLASH-RT and BENPs@FLASH-RT group
both observably inhibited tumor growth compared with the saline group. In comparison with EGCG;, @FLASH-RT
group, BENPs@FLASH-RT group had smaller tumor showing better tumor inhibition (Figure 4C). As can be seen in
Figure S8, it was distinct that the morphological structure of the major organs in the BENPs@FLASH-RT groups mice
was not clearly different from that of the control group indicating that there were no apparent toxic effects after trans-tail
vein administration. Besides that, there were no abnormalities in the blood routine indicators and stable weight changes
(Figure S9) implying that BENPs had a good biosafety. Furthermore, TUNEL and y-H2AX immunofluorescence sections
and the corresponding semi-quantitative results showed that both EGCG;, @FLASH-RT and BENPs@FLASH-RT
groups could promote apoptosis (Figure 4D) and DNA damage (Figure 4E) of tumor cells to a certain extent, and the
tumor-killing effect of BENPs@FLASH-RT was more significant.

In vivo Immune Effects of BENPs@FLASH-RT

Tumor development and progression were closely related to the function of the immune system. We further extracted and
analyzed the phenotypes of lymphocytes in the spleens of mice to explore the immune response of BENPs-sensitized
FLASH-RT in vivo compared to FLASH-RT. The operation flow chart is shown in Figure 5A, compared with the Control
and FLASH-RT group, BENPs@FLASH-RT could signally promote the activation of dendritic cells (DC) in the spleen
(Figure 5B). It was noteworthy that the BENPs@FLASH-RT group not only significantly facilitated the maturation of
DC but also increased the differentiation of B lymphocytes (Figure 5C), which demonstrated that the combination of
BENPs and FLASH-RT was beneficial to strengthen antigen presentation. Moreover, as shown in Figure 5D,
BENPs@FLASH-RT group was able to markedly stimulate the differentiation of CD8" T cells, and the proportion of
CD8" T cells was around 2.3 times that of the Control group, which showed that BENPs@FLASH-RT could intensify the
immune response in mice, and the immune response of T cells was significantly biased in the direction of anti-tumor.
Memory T (Tm) cells were crucial for maintaining the body’s durable immune protection and responding to the
prognostic ability of tumor treatment,>> CD8" T lymphocytes were further stained to analyze the immune memory
response. As the results shown in Figure SE, the proportion of CD8" T Tem (central memory T cells, CD44 ' CD62L")
was about 6.76% in the Control group, while the proportion of Tcm in the BENPs@FLASH-RT group was dramatically
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increased (roughly 23.3%), which was approximately 3.4 times higher than that in the Control group. In addition, the
proportion of CD8" T Tem (effector memory T cells, CD44 " CD62L") in the BENPs@FLASH-RT group had a tendency
to increase. The above results indicated that BENPs@FLASH-RT triggered a strong immune memory response with
better immune prognostic ability, which was important for inhibiting tumor progression. In addition, the result of blood
biochemical test exhibited that the serum expression of IL-1f and TNF-a were at the highest level in the
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BENPs@FLASH-RT treatment group, demonstrating that a systemic immune response in vivo was induced and the
expression of pro-inflammatory factors were increased, which were closely related to tumor growth inhibition
(Figure 5F).

The Immune Response Analysis After BENPs@FLASH-RT Treatment by the Spleen’s

Transcriptome Sequencing

Spleen is the largest secondary lymphoid organ in the body,*® which can cause a systemic immune response to attack
tumor tissues. It is a momentous part for DC activation,®® CD8" Cytotoxic T cells differentiation,* and Tem cell
homing.*® In this study, transcriptomic analysis of spleens after BENPs combined with FLASH-RT treatment was carried
out to demonstrate the potential mechanism of BENPs@FLASH-RT-induced immunopotentiation (Figure 6A).
According to the GO analysis (Figure 6B), compared with the Control group, the production of molecular mediator of
immune response (P value = 3.72x10719), antigen binding (P value = 5.25x107%), B cell mediated immunity (P value =
2.97x10°®) and positive regulation of natural killer cell mediated cytotoxicity (P value = 3.87x10°°) were notably
upregulated indicating that the immune response was activated in the spleen after BENPs@FLASH-RT treatment.
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Figure 6 Transcriptomic analysis of spleen after BENPs@FLASH-RT treatment. (A) Schematic illustration of the treatment of BENPs@FLASH-RT for transcriptome
analysis. (B) The top 10 up-regulated GO terms in BENPs@FLASH-RT vs Control group, and the corresponding heat map of pathways that were highlighted in red. (C)
Volcano plot of differential gene expression analysis in BENPs@FLASH-RT vs FLASH-RT group. (D) Upregulated pathway in enriched KEGG terms in BENPs@FLASH-RT vs
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Further, gene expression was further analyzed in BENPs@FLASH-RT vs FLASH-RT to investigate the immune
enhancement of sensitizer BENPs. More than 987 genes were significantly regulated in BENPs@FLASH-RT group
relative to the FLASH-RT group, which included 664 upregulated genes and 323 downregulated genes (P value < 0.05;
Figure 6C). In up-KEGG (Figure 6D), antigen processing and presentation (P value = 1.84x107°) and T cell receptor
signaling pathway (P value = 0.00491) were upregulated in BENPs@FLASH-RT group compared to FLASH-RT group,
implying that the immune response of T (Thl and Th2) cell differentiation was activated. In addition, natural killer cell
mediated cytotoxicity exhibited apparent upregulation (P value = 0.00141), which might boost the release of relevant
cytokines to enhance tumor killing (e.g., noteworthy upregulation of the NF-xB signaling pathway, inflammatory Th17
cell differentiation and cytokine-cytokine receptor interactions). These results indicated that BENPs@FLASH-RT might
promote antigen presentation, strengthen natural killer and CD8" T cells cytotoxicity to activate immune T cell responses
(Figure 6E).

Conclusion

FLASH-RT as an innovative radiotherapy technique is an ideal operation that prominently reduces damage to normal
tissues after radiation treatment.*”*® However, the effect of FLASH-RT in controlling tumor progression is not satisfactory.
Here, this study proposed a new strategy of using BENPs as a radiosensitizer to assist FLASH-RT for breast cancer
treatment. In vitro and in vivo experiments confirmed that this strategy significantly enhanced tumor cell apoptosis and
inhibited the malignant progression of the tumor. Notably, BENPs@FLASH-RT showed promising immunotherapeutic
potential, which observably potentiated an in vivo immune response and improved immune prognosis by facilitating
dendritic cell maturation and increasing CD8" Cytotoxic T cell, B lymphocytes, natural killer and memory T cells
differentiation. Furthermore, BENPs@FLASH-RT promoted the release of tumor inflammation-associated immunostimu-
latory factors in mice, activating the immune regulation. Combined with the excellent biosafety, this radiosensitizer BENPs
with FLASH-RT has momentous prospects for effectively inhibiting tumor progression, which is expected to advance the
field of breast cancer research and bring new inspiration for effective treatment in the clinic.
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