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Editorial on the Research Topic
 Medical Application and Radiobiology Research of Particle Radiation




Applications of particle radiation technology in the medical and biological fields are focused on disease treatment, radiation protection and radiation biology research related to plants and microorganisms. With the continuous improvement of cancer treatment technologies such as protons, heavy ions and boron neutron capture therapy (BNCT) (1), more and more medical centers have installed and used related equipment in recent years (2). However, due to the different policies of the medical industries, the development speed of particle therapy in various countries varies significantly. Charged ion therapy could offer advantages of biological and physical dose distributions, and higher relative biological effectiveness over conventional photon therapy for treatment of X-ray resistant and hypoxic tumors (3). BNCT, on the other hand, is the hope of radiation therapy for diffuse or irregularly shaped tumors (4). Improving the accuracy and efficiency of treatment remains major challenges for medical physicists (5).

Meanwhile, the worst nightmare for radiation oncologists was the accelerated metastasis and spread of tumors after radiation therapy (6). In addition, although the doctor will make a radiotherapy plan for physical dose delivery for each patient before radiation therapy (7), personalized medicine based on the radiation response of individual patients will be the future trend. The treatment based on individual radiation response now has two promising directions, combination of radiation therapy with immunotherapy and combination of radiation therapy with metabolic therapy.

Radiation protection has been a top priority ever since the recognition of the harmful effects of radiation on the human. For particle radiation protection, the most important research object is the radiation of high-energy charged particles in space.

Although gene editing technology (8) has developed rapidly in the past decade, radiation breeding is still an important way to cultivate crop seed lines, especially the development of particle accelerator technology and the continuous deepening of aerospace research, which has made the research of particle radiation breeding more in-depth.

In this Research Topic, we invited scientists studying high-energy charged particles either for cancer treatment or for radiobiology research. The Research Topics accepted 15 articles including a total of 92 authors, demonstrating the high interest in several of the topics described above. As of this writing, the Research Topics have been viewed over 25000 times. The articles can be categorized into the following topics.


Medical physics technology

Four articles are dedicated to the improvement of dose delivery accuracy and treatment efficiency in particle therapy. In a highly viewed article, Li et al. reported a beam shaping assemblies (BSAs) design for accelerator based BNCT with multi terminals. The design of this beam shaping assembly allows one proton accelerator to be used to produce both epithermal and thermal neutrons. The latter is suitable for the treatment of superficial tumors, such as melanoma, and for preclinical experiments in small animals. The combination of MRI and proton therapy system transforms the traditional radiotherapy process (localization-treatment) into an adaptive workflow (MRI scan-plan optimization-treatment implementation), to allow timely adjustment of the treatment plan according to tumor volume changes and realizes real-time individualization of each fractionation for each patient, which is important for improving tumor control rate and reducing toxic side effects. Proton trajectories have deflection in the magnetic field, and the paper by Wang et al. calculates the dose deviation in the dose calculation of the proton therapy system when combined with MRI. PET can detect the induced radioactivity of charged particle streams in vivo to monitor information such as Bragg peak location and dose distribution. Zhang et al. found that off-line PET can detect ultra-low radioactivity down to 30 Bq/ml, this property allows off-line PET to be used to evaluate the completion of particle treatment plans. In the traditional radiotherapy workflow, organ segmentation depends heavily on physician expertise (9). Shen et al. automatically segmented 17 human organs using a neural network algorithm, which improved the accuracy and speed of organ segmentation.



Basic research related to cancer treatment

Whether radiotherapy promotes tumor metastasis is a controversial topic. In this issue, two studies on carbon ion irradiation of gastrointestinal tract cancer cell lines reveal the metastasis inhibitory effect of carbon ions. Si et al. found that carbon ion irradiation not only increased the growth inhibition of CAL27 cell line (tongue squamous cell carcinoma) through FAK signaling pathway, but also decreased the metastatic ability of cancer cells. Luo et al. found that carbon radiation inhibited the metastatic ability of ECA109 and KYSE150 cell lines (esophageal squamous cell carcinoma) by modulating the JAK2/STAT3 signaling pathway. In addition, Ma reviewed the research progress on the anti-metastatic effects and mechanisms of photon or particle beam radiotherapy combined with immunotherapy, followed by the prediction of the future of this research area. Regarding individualized medicine in radiotherapy, currently it seemed only applied in the customization of dose delivery schedules. Apparently, it is a limitation because differences in metabolic capacity and levels of immune activation among different individuals may make the same treatment plan with different prognoses. In fact, this notion is supported by the following studies under different conditions. Ning et al. investigated metabolic end products in the urine of prostate cancer patients treated with carbon ion radiation, and they found that metabolic reprogramming and inhibition are involved in response to carbon ion radiotherapy in patients with prostate cancers. Therefore, they suggested the potential application of examining urine metabolites timely to assess individual response to carbon ion radiotherapy. Using single cell transcriptome technology to compare immunogenic molecular markers produced after X-ray and carbon ion irradiation of lung cancer cell lines, Ran et al. revealed a stronger immune response of these cancer cells in response to carbon ion irradiation than X-ray.

It is well-known that the COVID-19 pandemic has significantly disrupted the normal treatment of patients with cancer. Li et al. have re-evaluated the safety and efficacy of carbon ion radiation therapy for unresectable liver cancer and also compared with transarterial chemoembolization under such unexpected and undesirable condition. Consequently, carbon ion radiation therapy was able to achieve superior overall survival, local control, and relative hepatic protection since it can maximize the utilization of inpatient and outpatient treatment for patients with unresectable liver cancer due to shorter hospital stays (due to a shorter treatment course) and reduced care needs (due to low normal tissue toxicity). In addition, carbon ion radiation therapy allows in-hospital telemedicine to maintain sufficient person-to-person physical distance throughout the treatment of unresectable liver cancer, which is significant for cutting off the transmission route of the virus.



Particle radiation protection

In addition to artificial manufacturing, particle radiation is generally found in radon gas and in space. By comparing data from space missions and ground-based experiments, Bartoloni et al. compiled dose-effect relationships for several particle radiation health risk events. In a ground-based experiment simulating a space environment, Ma et al. evaluated the effects of proton radiation combined with microgravity effects on mouse embryonic osteoblast precursor cells (MC3T3-E1) and showed that cell proliferation and differentiation capacity were reduced in a dose-dependent manner. After demonstrating the protective effect of transcription factor P53 modulators against low-energy X-ray or gamma radiation-induced damage, Morita et al. further demonstrated that P53 modulators were also effective in protecting the hematopoietic system and mitigating intestinal damage during high-energy carbon or iron ion beam irradiation.



Others

Food supply is of common international concern. With increasing populations and rapid climate change, increasing food production has become an imperative. Although advanced technologies such as gene editing provide an effective way to breed varieties, radiation is able to mutate to improve germplasm diversity because it can bring about more random mutations throughout the genome. Ma et al. reviewed the achievements and progress of traditional photon radiation breeding and described the developments in seed production research brought by particle radiation based on particle accelerator and cosmic radiation received on space stations that have emerged in recent years.

Particle accelerator is the largest medical device, which is expensive and occupies a large area, and the industrialization process of particle therapy is greatly influenced by the industrial policy of each country. Dai et al. shared the industrial policy of particle therapy in China and the difficulties encountered in the industrialization process. This article has the highest number of views, which indicates that readers have a strong interest in this topic.

In summary, this special issue reviews past and current works, and provides new findings in researches and applications related to particle radiation, with an emphasis on the particle therapy in cancer treatment. We also collected articles on topics related to particle radiation protection, radiation seeding and the industrialization of particle therapy devices. We hope that this special issue could present the readers with a big picture of particle radiation applications and bring new ideas to researchers.
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Radiation therapy is an important component of the comprehensive treatment of esophageal cancer. However, conventional radiation resistance is one of the main reasons for treatment failure. The superiority of heavy ion radiation in physics and biology has been increasingly highlighted in radiation therapy research. The Janus Kinase 2/Signal Transducer and Activator of Transcription 3 (JAK2/STAT3) pathway plays an important role in the occurrence, development and metastasis of esophageal squamous cell carcinoma (ESCC) and is related to the development of resistance to ionizing radiation in ESCC. Therefore, the aim of the present study was to investigate the relationship between carbon ion inhibition of the proliferation and metastasis of esophageal carcinoma cells and the JAK2/STAT3 signaling pathway. The results demonstrated that carbon ion beams significantly reduced cell viability and stimulated apoptosis in human ESCC cells in a dose-dependent manner. In addition, carbon ion beams induced G2/M phase cell cycle arrest in ESCC cells and inhibited tumor metastasis in a dose-dependent manner. Additionally, poorly differentiated KYSE150 cells were more sensitive to the same carbon ion beam dose than moderately differentiated ECA109 cells. Carbon ion beam exposure regulated the relative expression of metastasis-related molecules at the transcriptional and translational levels in ESCC cells. Carbon ion beams also regulated CDH1 and MMP2 downstream of the STAT3 pathway and inhibited ESCC cell metastasis, which activated the STAT3 signaling pathway. This study confirmed the inhibition of cell proliferation and the metastatic effect of carbon ion beam therapy in ESCC cells.

Keywords: carbon ion beam, esophageal squamous cell carcinoma, apoptosis, metastasis, JAK2/STAT3 pathway


INTRODUCTION

Esophageal cancer is the eighth most prevalent cancer worldwide and is the sixth leading cause of tumor-related death (1). Radiation therapy is one of the mainstays of treatment for esophageal cancer, but in China, 95% of esophageal cancers are esophageal squamous cell carcinomas (ESCCs) (2). ESCC is relatively resistant to traditional X-ray radiotherapy and has poor clinical outcomes, and the main causes of failure are local uncontrolled growth or/and recurrence. Studies have shown that when high linear energy transfer (LET) ray–carbon ion irradiation is applied, cell damage primarily involves DNA double-strand breaks (DSBs). Clinical studies have shown that carbon ion radiotherapy has a good clinical effect on refractory or recurrent tumors treated with conventional photon radiotherapy. At present, not many mechanisms by which carbon ion radiation induces tumor cell apoptosis and inhibits metastasis have been established. Signal transducer and activator of transcription 3 (STAT3) was recognized as an oncogene for its role in the malignant transformation of cells and tumorigenesis (3, 4). STAT3 protein is activated by tyrosine phosphorylation at residue 705, and p-STAT3 (Tyr705) is able to upregulate the transcription of genes involved in cell proliferation, apoptosis, angiogenesis, invasion and metastasis. Carbon ion beams can alter the biological characteristics of tumor cells. However, the mechanisms by which carbon ion beams function remain unclear, especially in terms of how they regulate the JAK2/STAT3 signaling pathway.



MATERIALS AND METHODS


Cell Culture and Irradiation Conditions

Human ESCC cells (ECA109, KYSE150) were obtained from the Shanghai Genechem Co., Ltd. The cells were maintained in RPMI1640 medium supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin (Life Technologies) in a humidified atmosphere of 5% (v/v) CO2 and 95% (v/v) air at 37°C. The medium was changed every other day, and cells in the logarithmic growth phase (1 × 107 cells were harvested at 70% confluence) were used for subsequent experiments. Heavy ions were obtained from the Cooling Storage Ring Project of the Heavy Ion Research Facility in Lanzhou (HIRFL-CSR) (Ray parameters: energy of 100 MeV, dose rate of 1 Gy/min, broadened Bragg peak of 5 mm, radiation field of 5 × 5 cm). For cell irradiation, heavy ions were obtained from the carbon ion (12C6+) beam of the Deep Therapy Terminal, Institute of Modern Physics, Chinese Academy of Sciences (HIRFL-CSR). Irradiation doses were 0, 1, 2, and 4 Gy. This experiment was repeated three times.



Colony Formation Assay

Cells in the logarithmic growth phase were detached with 0.25% trypsin and then triturated into single cells and centrifuged. The number of cells was counted with a counting board. After they were resuspended in culture medium containing 10% FBS, ECA109 and KYSE150 cells were inoculated separately into a 6-well plate after, as follows: 0 Gy group, 200 cells/well; 1 Gy group, 1,000 cells/well; 2 Gy group, 2,000 cells/well; and 4 Gy group, 4,000 cells/well. Three replicate wells were used for each group. After an overnight inoculation, the cells were exposed to 0, 1, 2, or 4 Gy carbon ion rays and cultured in a cell incubator for 12 days. When the cell colonies were visible to the naked eye, approximately 50 cells were counted under the microscope, and the experiment was terminated. Next, the cells were fixed in 4% polyformaldehyde (500 μL) for 15 min, stained with a crystal violet solution (500 μL) for 15 min and observed by microscopy. The plating efficiency (PE) = colony number/inoculation number × 100%, and the survival fraction (SF) = colony rate in the experimental group/colony rate in the control group × 100%. The cell dose survival curve was generated using the formula S = 1-(1-e–KD)N and GraphPad Prism 6 software. This experiment was repeated three times.



Cell Counting Kit-8 (CCK-8) Assay

ECA109 and KYSE150 cells cultured in individual wells were detached with trypsin and resuspended in a small volume of culture medium, after which the cells were counted. Next, 100 μL (~10,000 cells) of the cell suspension was added to each well of a 96-well plate. Six replicate wells were used for each group, and the culture plate was placed in an incubator for a 24-h pre-culture (37°C, 5% CO2) to allow the cells to adhere. To avoid the influence of water volatilization on cell growth and the experimental results, 200 μL PBS was added to each well of the culture plate. When the cells reached 50–60% confluence, they were exposed to 0, 1, 2, or 4 Gy carbon ion rays. Cell proliferation was detected at 24, 48, and 72 h after irradiation. Cells in each well were then incubated with 10 μL CCK-8 solution for 2 h. The optical density (OD) value of each well was detected by a microplate reader (450 nm). The cell survival rate = (OD value in each irradiation group-OD value in each blank group)/(OD value in the non-irradiation group-OD value in each blank group) × 100%. This experiment was repeated three times.



Cell Cycle and Apoptosis Analysis

Cells were seeded into Φ60 plates for 24 h and exposed to 0, 1, 2, or 4 Gy carbon ion radiation when they reached 50–60% confluence. Next, the cells were prepared by trypsin digestion after which 1 × 103 cells/ml were collected for the detection of cell cycle distribution. The cell cycle distribution was detected at 24 h. Cells were then labeled with propidium iodide (PI), and 1 × 104 cells were collected by flow cytometry for cell cycle analysis (BD Biosciences, San Jose, CA, USA). ECA109 and KYSE150 cells were irradiated with 0, 1, 2, or 4 Gy of carbon ion beams and then cultured for 24 h. The cells were detached with EDTA-free trypsin and then washed with pre-cooled PBS. The dead cells floating in the medium were also collected. The cells were suspended in 100 μL of 1 × binding buffer and prepared as a single cell suspension with a density of 1 × 106 cells/ml. After treatment, the cells were harvested with trypsin and washed twice with cold PBS. The cells were then stained with Annexin V for 10 min in the dark and then stained with PI for 5 min. Annexin V-binding buffer was then added to the mixture before fluorescence was measured on a FACSCalibur flow cytometer (BD Biosciences; Baltimore, MD, USA). In all, 2 × 104 cells were collected by flow cytometry for apoptosis analysis. The data were analyzed using Flow Jo software.



Wound-Healing Assay

Wound-healing assays were performed according to a routine protocol, as follows: 3 × 105 ECA109 and KYSE150 cells were seeded in each well of a 6-well plate in RPMI 1640 medium with 10% FBS and cultured at 37°C with 5% CO2 for 24 h until a monolayer was formed. A scratch wound was generated at the bottom of the plate using a sterile 10-μL pipette tip. After three washes in PBS, the cells were irradiated with 0, 1, 2, or 4 Gy carbon ion beams and then cultured for 24 h, which allowed examination of cell migration in the absence of cell growth. Wound closure was measured in three random fields in each well using an inverted microscope and was compared with that of the control group. Each group was assayed in triplicate.



Transwell Assay

A Transwell assay to determine cell invasion was performed according to the following protocol. Polycarbonate membranes with an 8-μm pore (Corning, USA) were placed in 24-well Transwell plates (Corning, USA). Briefly, the polycarbonate filters were coated with Matrigel at a concentration of 1 μg/mL and placed in a modified Boyden chamber. The irradiated cells were prepared by trypsin digestion after which cells (3 × 104) resuspended in RPMI 1640 medium containing 1% (v/v) FBS were added to the top chamber. Culture medium containing 5% (v/v) FBS was then added to the bottom chamber. Cell motility/migration was measured as the number of cells that migrated from a defined area on the uncoated microfilter through micropores over a given time (24 h). The cells that migrated to the lower surface of the membrane were fixed in methanol for 10 min and stained with 0.5% (w/v) crystal violet for 30 min. All experiments were performed in triplicate, and a minimum of five fields per filter was counted.



RNA Isolation and Quantification

Total RNA was extracted from cells using TRIzol (Takara Co., Ltd., Dalian, China), after which the concentration and purity of the RNA were determined. For the detection of STAT3, MMP2 and CDH1 mRNA, reverse transcription primers (synthesized by Suzhou GENEWIZ Co., Ltd., Suzhou, China) and a reverse transcription kit (Takara Co., Ltd., Dalian, China) were used to reverse-transcribe cDNA. SYBR Green Real-Time PCR Master Mix was used for real-time polymerase chain reaction (PCR) assays, which were performed in an ABI 7500 real-time PCR system. The following primer sequences were used for real-time PCR: STAT3-F: 5′-ACCAGCAGTATAGCCGCTTC-3′; STAT3-R: 5′-GCCACAATCCGGGCAATCT-3′; MMP2-F: 5′-GATGGCATCGCTCAGATCCG-3′; MMP2-R: 5′-TCAG GCCAGAATGTGGCCAC-3′; CDH1-F: 5′-AGAGGTGGGTGACTACAAA-3′; CDH1-R: 5′-TCTCCTCCGAAGAAACAG-3′;JAK2-F:5′-GCTCAGTGGCGGCATGAT-3′;5′-CACTGCCATCCCAAGACATTC-3′; ACTB-F: 5′-CGGGAAATCGTGCGTGAC-3′; ACTB-R: 5′-GAAGGAAGGCTGGAAGAGT-3′. ACTB was used as an internal control, and 2−ΔΔCt was used to calculate gene expression. This experiment was repeated three times.



Western Blot Analysis

Cells were washed with ice-cold PBS and total proteins were extracted in lysis buffer (Solarbio, Beijing). The protein concentrations were determined by a Bradford assay. The cell lysates were mixed with 5x sodium dodecyl sulfate (SDS) sample buffer, boiled for 5 min, and then separated by 10% (w/v) SDS-PAGE. After electrophoresis, the proteins were transferred to polyvinylidene difluoride (PVDF) membranes, which were blocked in 5% (w/v) non-fat dry milk or BSA for 30 min. Membranes were rinsed and incubated with the following specific antibodies against MMP2 (mouse monoclonal, 1:2,000) (GTX27033, GeneTex, USA), ACTB (mouse monoclonal, 1:2,000) (GTX26272, GeneTex, USA), JAK2 (YT2429, rabbit, Immunoway, 1:1000), STAT3 (rabbit polyclonal, 1:1,000) (cat. no. 9139T, CST, USA), Phospho-Stat3 (Tyr705) (rabbit polyclonal, 1:1,000) (cat. no. 9145, CST, USA), and CDH1 (mouse monoclonal, 1:2,000) (GTX629691, GeneTex, USA) in Tris-buffered saline containing 5% (w/v) non-fat dry milk and Tween-20 (0.1% (v/v)) (TBST) overnight at 4°C. After washing, the signals were detected with a horseradish peroxidase-conjugated secondary antibody (1:1,000, cat. no. ZDR-5307, ZSGB. BIO, China) for 1 h and were washed three times in TBST. Finally, immunopositive bands were visualized using an enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotech) and were exposed using Image Lab 3.0 (Bio-Rad, USA).



Statistical Analyses

The statistical significance between groups was determined using either the ANOVA test followed by the Bonferroni post-test when applicable or the Mann-Whitney U-test. Data are presented as the mean ± SD. All experiments were performed at least three times using new frozen batches of cells to maintain independence among replicates. Analysis was performed and graphs were generated using GraphPad Prism software 5.0.




RESULTS


Carbon Ion Beams Inhibit Cell Colony Formation and Cell Proliferation

We analyzed the radiosensitivity of two differentiated esophageal cancer cell lines (ECA109 and KYSE150) to carbon ions. The results confirmed that colony formation ability was significantly lower in cells treated with 1, 2, and 4 Gy compared with cells treated with 0 Gy (Figure 1A). A positive correlation was observed between the colony formation inhibition rate and the carbon ion irradiation dose. The survival of both cell lines decreased after treatment with 1 Gy irradiation compared with treatment with 0 Gy, but the difference was not significant (Figures 1B,C); however, after 2 and 4 Gy irradiation, cell survival decreased significantly (p = 0.031). Taken together, these data clearly demonstrate that carbon ions can effectively inhibit ESCC cell proliferation.


[image: Figure 1]
FIGURE 1. Carbon ion beam therapy inhibits ESCC cell proliferation. (A) Clonogenic survival curves of ECA109 and KYSE150 carcinoma cell lines after carbon ion therapy. (B,C) Colony formation of ECA109 and KYSE150 cells. (D,E) Carbon ions inhibit the proliferation of ECA109 and KYSE150 cells.


The CCK-8 assay results revealed different growth changes after 24, 48, and 72 h. After 1 Gy irradiation, ECA109 and KYSE150 cell proliferation was significantly inhibited at 24 h, and this inhibition increased in a dose-dependent manner; ECA109 cell proliferation inhibition showed a decreasing trend at different times after irradiation, but no significant differences were found among the various time points (Figures 1D,E). Compared with ECA109 cells, KYSE150 cells were more sensitive to heavy ion irradiation, and KYSE150 cell proliferation was significantly inhibited 24 h after 1 Gy irradiation (p = 0.042). However, cell proliferation inhibition was not significant at 48 and 72 h. In contrast, KYSE150 cell proliferation was significantly inhibited after 2 and 4 Gy irradiation.



Carbon Ion Beams Induce Apoptosis in Human ESCC Cells

Compared with the 0 Gy group, the 2 and 4 Gy groups exhibited enhanced inhibition of cell viability in the tested cell lines. At 24 h after irradiation, more dead ECA109 cells were observed (Figure 2A) than after 0 Gy; the apoptosis rate was significantly higher after 1, 2 and 4 Gy irradiation, and the apoptosis rates were highest in KYSE150 cells after 2 and 4 Gy irradiation (p = 0.048, p = 0.027, Figure 2B). The number of apoptotic cells was positively correlated with the irradiation dose. The apoptosis rates of ECA109 cells and KYSE150 cells were different after the same dose of carbon ion irradiation, as KYSE150 cells were more sensitive to carbon ion beams (Figure 2C).


[image: Figure 2]
FIGURE 2. Carbon ion-induced apoptosis. (A,B) Apoptosis of ECA109 and KYSE150 cells 24 h after irradiation. (C) Carbon ion irradiation promotes apoptosis of ECA109 and KYSE150 cells. (*,#p < 0.05, ##p < 0.01).




Carbon Ion Beams Induce G2/M Cell Cycle Arrest in Human ESCC Cells

The cell cycle involves a series of cellular events that lead to cell division and eventually proliferation. After 0, 1, 2 and 4 Gy irradiation, the number of ECA109 and KYSE150 cells in G2/M phase arrest increased in a dose-dependent manner within 24 h compared with after 0 Gy irradiation (Figures 3A,B). Twenty-four hours after carbon ion irradiation, significantly more KYSE150 cells were in S phase arrest after 1, 2 and 4 Gy irradiation, whereas the number of cells in S phase arrest was decreased after 4 Gy (Figure 3B). S phase arrest increased after 1 Gy irradiation, but G2/M phase arrest was not significantly different (p = 0.69), while G2/M phase arrest was significant after 2 and 4 Gy irradiation (p = 0.025, p = 0.013, Figure 3C). G2/M arrest also increased in a dose-dependent manner, and the increase was most significant after 4 Gy (p = 0.010, Figure 3D).


[image: Figure 3]
FIGURE 3. Changes in cell cycle arrest 24 h after irradiation of ECA109 and KYSE150 cells with carbon ion rays. (A,B) Cell cycle distribution of ECA109 and KYSE150 cells 24 h after irradiation. (C,D) Inhibition of cell cycle arrest in ECA109 and KYSE150 cells by carbon ions. *p < 0.05, **p < 0.01.




Carbon Ion Beams Inhibit Migration and Invasiveness of ECA109 and KYSE150 Cells

The wound-healing assay showed that the relative migration and invasiveness of ECA109 cells was significantly lower 24 h after 2 and 4 Gy irradiation than 24 h after 0 Gy irradiation (p = 0.045, p = 0.028, Figure 4A). A positive correlation was observed between the number of KYSE150 cells that had migrated and invaded and the irradiation dose (Figures 4B,C). However, migration and invasion in the 1 Gy group were not significantly different (p = 0.960, Figures 5A,B). At 24 h after irradiation, the number of migrating and invading KYSE150 cells was significantly lower (p = 0.031, p = 0.010, Figure 5C) after 2 and 4 Gy irradiation than after 0 Gy irradiation but was not significantly different after irradiation with 1 Gy (p = 1.25).


[image: Figure 4]
FIGURE 4. The effect of carbon ion beam irradiation on ECA109 and KYSE150 cell migration as shown by a wound-healing assay. (A,B) Scratch area of ECA109 and KYSE150 cells 24 h after irradiation. (C) Inhibition of ECA109 and KYSE150 cell migration by carbon ions (*,#p < 0.05, **,##p < 0.01).



[image: Figure 5]
FIGURE 5. The effect of carbon ion beam irradiation on ECA109 and KYSE150 cell invasiveness by Transwell assay. (A) Number of invasive ECA109 cells after irradiation. (B) Number of invasive KYSE150 cells after irradiation. (C) Inhibition of ECA109 and KYSE150 cell invasion by carbon ions (*,#p < 0.05, **,##p < 0.01).




Carbon Ion Beams Regulate Metastasis-Related Expression of Proteins in the JAK2/STAT3 Signaling Pathway

The relative expression levels of CDH1, JAK2, and STAT3 mRNA in ECA109 cells were significantly different (p = 0.027, p = 0.034 and p = 0.015, Figure 6A) after 2 and 4 Gy carbon ion irradiation compared with those in the 0 Gy group. MMP2 mRNA was differentially expressed after 4 Gy and was not significantly expressed after 1 Gy irradiation (p = 0.081). At 24 h, CDH1 expression was upregulated and MMP2, JAK2 and STAT3 mRNA expression was downregulated after 2 and 4 Gy irradiation in KYSE150 cells, and these differences were significant (p = 0.017, p = 0.042, and p = 0.29, Figure 6B); in contrast, the expression levels were not significantly altered after 1 Gy irradiation (p = 0.076, p = 0.052, and p = 0.108).


[image: Figure 6]
FIGURE 6. Effect of carbon ion irradiation on the transcription level of STAT3-related molecules in ECA109 and KYSE150 cells. (A) The relative expression of genes related to carbon ion regulation at 24 h after carbon ion irradiation was measured by qRT-PCR in ECA109 cell. (B) The relative expression of genes related to carbon ion regulation at 24 h after carbon ion irradiation was measured by qRT-PCR in KYSE150 cell. (*,#,Δ,⋆, p < 0.05).


Western blotting results showed that the expression levels of MMP2 and STAT3 proteins in ECA109 and KYSE150 cells were reduced at 24 h after different doses of carbon ion beam irradiation (Figures 7A,B), and the expression levels of both proteins were lower after 2 and 4 Gy irradiation than after 0 Gy irradiation (p = 0.136 and p = 0.265, p>0.05). Carbon ion irradiation of 2 and 4 Gy significantly reduced the expression of JAK2 in KYSE150 cells, while in ECA109 cells, the expression of JAK2 was significantly downregulated after 4 Gy irradiation (Figures 7C,D). The expression level of CDH1 (E-cadherin) protein was increased, with the highest protein expression observed after 4 Gy irradiation (Figure 7C). No significant difference was seen in the expression levels of these three proteins after 1 Gy irradiation. In KYSE150 cells, the expression levels of MMP2, STAT3 and p-STAT3(Tyr705) were significantly altered after 4 Gy irradiation (Figure 7D).


[image: Figure 7]
FIGURE 7. Carbon ion beams inhibit ECA109 and KYSE150 cell migration via regulation of JAK2/STAT3 signaling. (A,C) Western blotting analysis of protein expression changes in ECA109 and KYSE150 cells 24 h after irradiation. (B,D) Effect of carbon ion irradiation on relative protein expression in ECA109 and KYSE150 cells (*,#,Δ, ⋆, p < 0.05).





DISCUSSION

ESCC is a common cancer type worldwide and accounts for an estimated 90% of the most malignant esophageal tumors (5). The treatment of ESCC is generally limited to surgical resection, chemotherapy and radiotherapy approaches, but the results are often largely unsatisfactory (6). Surgery is the treatment of choice for EC, but 80% of patients with EC are no longer candidates for radical surgery at the time of diagnosis (7), and thus, radiotherapy is the primary treatment for patients with advanced EC (8). Recent studies have indicated that ESCC progression occurs as a result of synergy among multiple genes (9). In recent years, with the continuous development of radiotherapy equipment and technology, carbon ion beams with high-energy transmission of linear density rays not only have the physical advantages of Bragg peak dose distributions compared with photons, but they also have greater radiobiological effects. The relative biological effectiveness (RBE) value of the Bragg peak area (tumor target area) is high, and clustered DNA damage is predominant in damaged and dying cancer cells. This damage is not dependent on the cell cycle or on the oxygen enhancement ratio where the cells are located and cannot easily be repaired (10, 11). Inhibition of the JAK2/STAT3 signal transduction pathway is expected to be an effective way to inhibit tumor growth and promote tumor cell apoptosis. It has been shown that STAT3 can be used as a marker of ESCC cell proliferation (12, 13). According to the results of this study, after carbon ion irradiation was applied to moderately differentiated cells (ECA109) and poorly differentiated cells (KYSE150), proliferation was inhibited after 2 and 4 Gy irradiation, and the primary effect of ionizing radiation was to induce DNA molecule breakage in the cells, thereby inhibiting cell proliferation. Cells subjected to ionizing radiation, which initiates protein repair at DSBs (14, 15), demonstrate a clear time-dependent linear relationship with the radiation dose (16, 17). A small effect of oxygen is also observed during heavy ion beam irradiation with a LET of more than 200 keV/μm (18).

In this study, we found that the cell cycle in two ESCC cell lines with different degrees of differentiation was arrested at the G2/M phase after carbon ion irradiation and that the number of cells in cell cycle arrest was positively correlated with the irradiation dose. Furthermore, KYSE150 cells were more sensitive than ECA109 cells to carbon ion radiation. Over time, the radiation effect caused by the release of powerful energy from the heavy ion beam at the end of the range causes the double-stranded DNA of the target gene to become irreparably damaged (19), which leads to apoptosis. In recent years, in vitro studies have shown that heavy ion beam (12C6+) irradiation of lung cancer cells induces G2/M arrest, increases the rate of apoptosis and inhibits tumor cell invasion and metastasis (20, 21). The results showed that heavy ion irradiation could induce G2/M phase arrest and that heavy ion beams caused DNA DSBs, which cause irreparable lethal damage and effects on downstream signaling (22–24); this in turn initiates apoptotic mechanisms (25). In our study, a correlation was found between the migration rate of both cell lines and the irradiation dose, and poorly differentiated KYSE150 cells were more sensitive to carbon ion radiation. The effect of carbon ion rays on cell mobility was not correlated with the length of time after irradiation. Heavy ion beams can exert anti-tumor effects by upregulating the pro-apoptotic gene BAX and inhibiting the anti-apoptotic gene BCL2, which inhibits MMP2 and MMP9 expression and angiogenesis in tumors (26). We discovered that 24 h after carbon ion irradiation of two ESCC cell lines with different degrees of differentiation, CDH1 expression was upregulated, while that of MMP2 and STAT3 was downregulated at the transcriptional level in ECA109 cells; these changes consequently inhibited the metastasis of tumor cells. The upregulated expression of CDH1 may be related to epithelial-mesenchymal transition (EMT), and we suspect that the transition between CDH2 and CDH1 expression occurs after carbon ion irradiation. The core function of CDH1 is undoubtedly determined by multiple forms of regulation, such as promoter methylation, histone methylation, transcriptional inhibition, and post-transcriptional modification-mediated endocytosis (27–29). Tumor metastasis may be the result of the joint action of these molecules, and specific experiments have confirmed this in follow-up studies. The relative expression of CDH1, MMP2 and STAT3 mRNA in poorly differentiated KYSE150 cells was correlated with the irradiation dose. The expression levels of these proteins are possibly altered through downregulation of the relative MMP2, p-STAT3(Tyr705) and STAT3 expression at the transcriptional and translational levels, upregulation of CDH1 expression, and co-regulation of EC cell metastasis by carbon ion beams. It has been shown that phosphorylation of STAT3 can increase cell-cell contact, and thus, STAT3 may be an essential gene for the migration and invasiveness of tumor cells (30–32).

It has been shown that STAT3 protein binds to a high-affinity binding site in the promoter region of the MMP2 gene, which upregulates MMP2 expression. Inhibition of STAT3 inhibits its target gene MMP2 and inhibits tumor cell invasion (33). In malignant tumors, E-cadherin, an epithelial marker, is downregulated, and vimentin, an interstitial marker, is upregulated; moreover, cell adhesion is decreased, migration is enhanced, and tumor cells are more susceptible to invasion and metastasis (34). In various human malignancies, aberrant activation of the STAT3 signaling pathway is closely associated with tumor EMT, invasion and metastasis (35). Many studies have shown that inducing the inactivation of JAK2 can inhibit STAT3 activation and can thus inhibit STAT3 signaling, which then regulates apoptosis of cancer cells. The elevated expression of p-STAT3(Tyr705) is the result of sustained activation of the STAT3 signaling pathway, which affects the energy needed for cell proliferation and invasion (36). In addition, many studies have shown that STAT3 over-expression significantly decreases the expression of CDH1 and that inhibition of STAT3 expression significantly increases CDH1 expression (37, 38). Activation of STAT3 signaling leads to the decreased expression of CDH1, which encodes E-cadherin, an epithelial marker in ESCC cells that promotes cell invasion and metastasis (39). In melanoma cells, the STAT3 signaling pathway can promote MMP2 expression, while inhibition of phosphorylated STAT3 expression can significantly inhibit MMP2 expression in vivo, which inhibits tumor cell growth and invasion (40).

In conclusion, our findings indicate that carbon ions inhibit the sustained activation of STAT3 through the JAK2/STAT3 pathway, which inhibits the migration and invasiveness of esophageal cancer cells. We also found that high doses of carbon ions prolonged G2/M cell cycle arrest, promoted apoptosis and significantly inhibited cell proliferation.
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Since 2019, China has been the second largest medical device market in the world. At present, high-end radiotherapy equipment such as particle therapy system has a huge market potential due to the grim situation of cancer prevention and control and the growth of people's wealth in China. However, China's MedTech industry, especially the particle therapy equipment field, still faces the influence of policy, fluctuation of market demand, strengthening of industry supervision, and even geopolitical realities. This paper reviews the market prospect of particle therapy medical devices from the perspective of China's medical device policy and demand information analysis, which is conducive to the research on the industrial layout of particle therapy medical physics, and also helps high-performance medical device manufacturers to expand their business visions. MedTech manufacturers should actively adjust their business strategy and implement scientific and technological innovation on the basis of compliance with industry regulatory requirements in order to seize opportunities from challenges and gain profits growth.
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INTRODUCTION

The Chinese medical device market is fostered by the burgeoning demand from the increasingly affluent and a rapidly aging population and the rising prevalence of chronic diseases, such as diabetes, heart disease, and cancer.

Today, the market for medical devices in China is rapidly developing, far exceeding the country's economic growth rate. Currently it is increasing in value by around 20% a year, and it was worth an estimated value of $96.3 billion in 2019, making it the second largest medical device market in the world after the United States1. Among them, China's radiotherapy equipment market increased from 5.83 billion yuan in 2008 to 26.9 billion yuan in 2015, with a compound annual growth rate of 24.42% (1, 2).

Particle therapy equipment in particular is in great need in China.

From 2015 to 2020, a total of 77 proton and heavy ion center projects have been reported in China, including two heavy ion (Wuwei and Shanghai) and four proton therapy projects in operation, 26 proton projects under construction, and 60 proposed items. Many hospitals in China have signed purchase agreements for proton heavy ion radiotherapy equipment. Enthusiasm for investment presents the potentially attractive and capacious market future of particle therapy equipment.

However, profit growth in China's MedTech industry still faces the influence of policy, shifting of market demand, strengthening of industry supervision, and even geopolitics. Specifically, the shifting of domestic demand, regional share, and strict supervision are the challenges faced by the high-end medical equipment industry, especially the particle therapy equipment field.



SEEKING OPPORTUNITIES FROM CHALLENGES


Challenges: Localization of Market Demand

China's “made in China 2025” initiative calls on China's top hospitals to increase the use of domestically produced equipment by 50% by 2020, focusing on the development of high-performance equipment, such as diagnostic imaging equipment, robotic surgical instruments, etc. (3). The trend of medical device market demand is obviously affected by the policies and incline to be localized.

The state pushes forward the implementation of demand localization strategy through centralized bidding policy and governmental procurement redirection. Those technology roadmap and business strategy of medical device products with access to the Chinese market need to adapt to the shifting demand (4).

The state-owned public and private hospitals respond quickly for the localization strategy in China. In 2019, six quotas of proton therapy equipment were obtained by large-scale regional public hospitals, at least half of which are to be locally made. Although Chinese medical device manufacturers are the leaders in the domestic market, hospitals and healthcare providers nationwide prefer imported devices, especially when purchasing innovative and high-tech devices. Significant scale of demand for foreign-made, high-end devices is also fueled by continuous growth of China's aging population, and driving forces to improve the quality of care by the Chinese government. Obviously, the strategy of using legal commercial means to transform foreign brand products into local-made ones helps to cope with the changes in market demand trend.



Challenges: Regionalization of Market Share

Due to the worry that hospitals introduce large-scale medical equipment blindly, resulting in waste of resources, the state has strengthened the market-oriented demand management of this equipment (5). With regard to large radiotherapy equipment such as particle therapy system, linear accelerator, and PET, the state has planned the allocation area according to the actual situation of the coverage capacity of medical service and the diagnosis and treatment level of medical institutions, especially the carbon ion proton treatment system. In 2018, the authority of the China medical device in central government came up with a medical equipment quota management policy, in which the basic market share of proton therapy systems in China was allocated macroscopically, with at least 10 proton therapy systems to be disposed by the end of 2020 (6).

For those medical equipment companies that really want to maximize profits by utilizing market demand, it is time to adjust their product, supply chain, and commercial settings flexibly. In this way, medical equipment manufacturers have the chance to seek out high profits in the value chain by providing unique high-quality equipment that meets both the market demand and market regulatory requirements.



Challenges: Internationalization of Market Supervision

The concept of China's medical device regulation also helps to standardize the medical device market. In recent years, the supervision notion has gradually integrated with the international mainstream regulatory mechanism, laying stress on ensuring the safety and effectiveness of public use of medical devices through strengthening the awareness of subject responsibility (7, 8). Since 2014, China has implemented the policy of “registration before production license” and paid more attention to the supervision of medical devices after marketing (9). The system of medical device marketing license holder (MAH) defines the responsibilities of product marketing holders from the perspective of “responsibility”; China's “Internet +” plan of action has sped up the realization of information traceability of medical device products, through the construction and implementation of medical device market license information supervision and device unique identification systems (10). To seize market opportunities and make huge profits, the enterprises who develop particle therapy system with complex components should focus on the following aspects: internally, improving information management level and product quality control system, cutting down on time and energy wasting; externally, strengthening industry self-discipline, complying with regulatory requirements spontaneously and saving cost of market access, capturing new development opportunities, and seizing market opportunities.

The market supervision principle of Chinese government requires that MedTech manufacturers must comply with obscure requirements. In view of this industry and market trend, the medical device industry tends to adopt a localization strategy, which helps to win purchase orders on the one hand and has the additional benefits of reducing costs and enhancing market familiarity on the other hand. The foreign medical device enterprise, which occupy the high position of the value chain, also needs to be adjusted to maintain brand advantage and earn high profits. MedTech companies from the developed world should find other ways to enter China such as finding OEM partners, licensing technology, establishing factories, etc.



Opportunity: Medical Device Industry Innovation Encouraged

Despite many challenges, both foreign and domestic medical device manufacturers still have many opportunities to make profits under the innovation strategy. In order to achieve its goal of promoting China's economy up the value chain, creating “national champions” and lowering dependence on foreign imports, China has made the development of the country's biomedical and high-end medical device manufacturing sector a key priority (11, 12). Incentive policies such as the special plans of medical equipment and technical innovation have been formulated. The medical device industry is required to make breakthroughs in frontier and common technology, especially large-scale medical devices with intensive high-tech applications, wide interdisciplinary cross-sections, and significant technology integration, such as particle therapy systems, nuclear magnetic resonance instrument, CT, and 10 other categories of advanced medical equipment.

MedTech innovation was encouraged with a series of policies intensively promulgated throughout the development process of China's medical equipment industry. In 2013, the National Health Commission of China launched the application development and promotion plan of domestic large-scale equipment; in 2015, China grouped medical devices into the key realm of the medical industry, and was determined to accelerate the localization of medical device manufacturing during the 13th Five Year Plan period (13).

The government's “Made in China 2025” initiative for improving industry efficiency, product quality, and brand reputation will further boost the development of domestic medical device manufacturing. The revision of NMPA (the National Medical Products Administration) regulations has listed medical device innovation as a priority, which speeds up the market access of innovative products. By the end of 2019, NMPA has approved the market access of 73 innovative medical device products, including the carbon ion therapy system independently developed by China (14).

In addition, domestic medical device manufacturers are encouraged to increase investment in technology and technological innovation to enhance long-term competitiveness and move up the value chain. Some local manufacturers are growing stronger and more competitive with foreign suppliers, such as Lanzhou Kejin Taiji, Shanghai Lianying, Beijing Guoke ion, Shenzhen Aowo, Xinhua medical and Neusoft Medical Co etc., which have been competitive in CT, gamma knife, linac, carbon ion therapy system, and other products in recent years.




DISCUSSION

At present, China's medical device market is full of uncertainty. In addition to being associated with the outbreak of a new coronavirus disease (officially known as COVID-19), the medical device industry market is expected to be alert to the impact and consequences of the trade war between the United States and China.

However, opportunities outweigh challenges in China's high-end medical device market nowadays accordingly.

Specifically, the influence of policy, fluctuation of market demanding, industry supervision enhancement, and even geopolitical realities are the challenges faced by the high-end medical equipment industry, especially the particle therapy equipment field. The opportunity comes from the flexible adaptation of policy and market demand fluctuation through technological innovation and product improvement.

In the next national planning cycle, China's 14th Five year plan (2021–2025), the national intellectual property system will be further strengthened, and the more mature supervision mode of the medical technology market, such as two vote system and GMP (Good Manufacturing Practice) / GSP (Good Supply Practice) management evaluation system, will be improved. With the rapid development of a highly digital medical device ecosystem, the market access path of innovative products is expected to be shortened.

In view of this, the opportunities for localized innovative medical devices are greater, compared with the fierce market competitive pattern of China's medical device market, especially in high-end equipment.
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Radiation damage to normal tissues is one of the most serious concerns in radiation therapy, and the tolerance dose of the normal tissues limits the therapeutic dose to the patients. p53 is well known as a transcription factor closely associated with radiation-induced cell death. We recently demonstrated the protective effects of several p53 regulatory agents against low-LET X- or γ-ray-induced damage. Although it was reported that high-LET heavy ion radiation (>85 keV/μm) could cause p53-independent cell death in some cancer cell lines, whether there is any radioprotective effect of the p53 regulatory agents against the high-LET radiation injury in vivo is still unclear. In the present study, we verified the efficacy of these agents on bone marrow and intestinal damages induced by high-LET heavy-ion irradiation in mice. We used a carbon-beam (14 keV/μm) that was shown to induce a p53-dependent effect and an iron-beam (189 keV/μm) that was shown to induce a p53-independent effect in a previous study. Vanadate significantly improved 60-day survival rate in mice treated with total-body carbon-ion (p < 0.0001) or iron-ion (p < 0.05) irradiation, indicating its effective protection of the hematopoietic system from radiation injury after high-LET irradiation over 85 keV/μm. 5CHQ also significantly increased the survival rate after abdominal carbon-ion (p < 0.02), but not iron-ion irradiation, suggesting the moderate relief of the intestinal damage. These results demonstrated the effectiveness of p53 regulators on acute radiation syndrome induced by high-LET radiation.

Keywords: p53, radioprotector, cell death, hematopoietic syndrome, gastrointestinal syndrome


INTRODUCTION

In recent years, several molecular target drugs have been developed for reducing acute radiation toxicities (1–8). Although the effects of these radioprotectors have been demonstrated by experiments with low-LET radiation, we speculated that such cell death-regulating agents were also effective for protection against particle beam injury, because their radioprotective efficacies do not depend on a radical scavenging action, which is mainly effective for radiation injury caused by indirect action (9).

Although particle therapy has characteristic advantages by the superior dose distribution, the risks of radiation injury in normal tissues still determine the limits of a tolerable dose, thus cell death-regulating agents are expected as one of the non-invasive measures to reduce adverse events from occurring in organs at risk (OAR). This is especially necessary to protect OAR close to the tumor and to further improve hypofractionated regimens to increase the dose per fraction while suppressing the side effects of acute injury (10–13). In addition, although the estimated exposure dose is not quite high, it will be useful as a basic study for the development of protective agents against cosmic rays. The potential health risk in a manned interplanetary mission with a long duration up to 3 years should be reduced by proper countermeasures and the absorbed doses estimated for the largest solar particle events would be higher than 1 Gy and could reach 10 Gy in a thinly shielded spacecraft (14). Our knowledge from radiobiology indicates clearly that a dose at this latitude of even low-LET photon radiation could definitely cause significant detrimental biological effects. There are two major radiation sources of space radiation: galactic cosmic rays (GCRs) and solar particle events. GCRs consist of 85% low LET protons, 14% helium ions and 1% high atomic number and energy (HZE) particles including iron particles (15). Although these HZE particles make up only 1% of GCRs, they are high-LET particle radiations. They contribute to 21% of the estimated ionizing dose equivalent from GCR exposure during interplanetary missions in deep space and contribute significantly to the overall biological impact of cosmic rays (16).

p53 regulatory agents are expected to be applied as a normal tissue-selective radioprotective agent, because these agents selectively suppress apoptosis of OAR having normal p53 function and do not protect cancer cells that lost p53 functions (17). Furthermore, when the suppression of p53 is transient, unlike constitutive p53-knockout, p53 suppression does not promote carcinogenesis (18). On the other hand, it has been demonstrated by using tumor-derived cultured cells that particle beam-induced cell death does not show a p53 dependency on the LET of 85 keV/μm or more (19). It is unclear whether particle beam injuries in the bone marrow and intestinal epithelium, which are highly radiosensitive among OAR, are p53-dependent events.

We have already found sodium orthovanadate (vanadate) as an effective “p53 inhibitor” for bone marrow death and 5-chloro-8-quinolinol (5CHQ) as an effective “p53 modulator” for intestinal death (4, 7). Our previous work with low-LET radiations had demonstrated that vanadate is the strongest p53 inhibitor with many other biological functions; it is significantly effective against bone marrow death and partially works against intestinal death in total-body irradiation (TBI) tests, and 5CHQ is basically a p53 modulator playing important roles in modulating p53 functions, in particular, activation; it could markedly protect the intestinal death in abdominal irradiation (ABI) tests but has a weak radioprotective activity against bone marrow death in TBI tests. The difference of the spectra against acute radiation syndrome (ARS) is attributed to that p53 plays distinct roles in ARS between bone marrow death and intestinal death, in brief, p53 functions as a promoting factor that induces apoptosis in bone marrow death and as a resistance factor that prevents mitotic death in intestinal death (20). In particular, to demonstrate the protective role of p53, it is necessary to evaluate the effects of these compounds on the radiation-injured intestine using the ABI technique to avoid bone marrow death. In general, this ABI system requires more than twice the dose used in the TBI test to achieve a lethal effect. In this study, to evaluate the efficacy of these compounds, mice were irradiated systemically or abdominally with particle beams and evaluated using 60-day survival test. Regarding the radiation quality, we used a carbon-beam (14 keV/μm) that was shown to induce a p53-dependent effect and an iron-beam (189 keV/μm) that was shown to induce a p53-independent effect in a previous study (19).



MATERIALS AND METHODS

All animal experiments were performed at National Institute of Radiological Sciences (NIRS), National Institutes for Quantum and Radiological Science and Technology (QST). All experimental protocols (Experimental Animal Research Plans No. 09-1042 and No. 17-2006) involving mice were reviewed and approved by The Institutional Animal Care and Use Committee of the NIRS, QST. The experiments were performed in strict accordance with the NIRS, QST Guidelines for the Care and Use of Laboratory Animals.


Animals

Seven weeks-old ICR strain female mice were purchased from SLC Inc. (Shizuoka, Japan) and maintained in a conventional animal facility under a 12 h light−12 h dark photoperiod and controlled temperature (22–24°C) and humidity (50 ± 5%). The animals were housed in autoclaved aluminum cages with sterilized wood chips and allowed to access standard laboratory chow (MB-1, Funabashi Farm Co., Japan) and acidified water (pH = 3.0 ± 0.2) ad libitum. The animals were acclimatized to the laboratory conditions for 1 week before use. To avoid possible effects from the developmental condition of the animals, 6 weeks-old mice with a significantly different body weight (more or less than the mean ± 2 SD) were omitted from this study.



Irradiation

For high LET heavy ion irradiation, the monoenergetic ion beam of carbon and iron particles was generated and accelerated by a synchrotron, the Heavy Ion Medical Accelerator in Chiba (HIMAC) at NIRS, QST, Japan (21, 22). The beam energy was 290 MeV/nucleon and 500 MeV/nucleon for carbon- and iron-beams, and the ion beams were expanded by wobbler magnets to a 10 cm irradiation field with homogeneous irradiation dose. Samples were irradiated at the entrance (plateau) region of the ion beams corresponding to a dose averaged LET value of about 14 and 189 keV/μm, respectively. The dose rate for TBI and ABI was at about 2.7 (C-ion)/3.6 (Fe-ion) and 6.1(C-ion)/5.1(Fe-ion) Gy/min, respectively. For TBI, the mice were held in a special Lucite columnar container, which was with an outer diameter of 10 cm and 3 individual cells of the same size (each mouse in each cell). The mice were in an air-breathing condition (there were six holes 5 mm in diameter in the wall of each cell). The containers were set on the beam track and the focused 10 cm diameter carbon- or iron-beam was delivered to the animals at room temperature without anesthesia. For ABI, the animals were anesthetized by a combination anesthetic (0.3 mg/kg of medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of butorphanol), fixed on a special Lucite plate using medical adhesive tapes, and then set on the beam track. The 10 cm diameter carbon- or iron-beam was further collimated to a 2 cm slit by 5 cm brass collimators and delivered locally to the whole abdominal area of the mouse. Irradiation was performed at room temperature.



Sodium Orthovanadate (Vanadate) and 5-chloro-8-quinolinol (5CHQ)

Vanadate was purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). The physiological normal saline (NS) (Otsuka Pharmaceutical Co., Ltd., Japan) was used as a solvent to make vanadate solution (2 mg/mL in NS solution). Vanadate at dose of 20 mg/kg body weight or vehicle (NS solution) was administered to the mouse 30 min before irradiation by a single intraperitoneal injection. 5CHQ was purchased from Wako Pure Chemical Industry (Wako Pure Chemical Industry, Co., Ltd., Japan) and recrystallized from ethanol for reducing possible cytotoxicity. Injection solution was prepared using dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) and olive oil (Wako Pure Chemical Industry, Co., Ltd., Japan) as solvents. Animals were given a single intraperitoneal injection of 5CHQ at a dose of 60 mg/kg body weight or vehicle (20% DMSO in olive oil) 30–60 min before irradiation.



Survival Test

Survival of the animals was monitored daily up to 60 days after irradiation. For statistical analysis, log-rank test was performed when the number of animals per group was 20 or more, and chi-square test was performed when the number animals was <20 using Microsoft Excel with the add-in software Statcel 4 (OMS publisher Ltd, Saitama, Japan).




RESULTS


Vanadate Is Highly Effective in Protection of Carbon-Beam TBI-Induced Death, but Not Protective Against ABI-Induced Death

At first, the protective effect of vanadate was examined in carbon-beam irradiation experiments (290 MeV/nucleon, mono-beam, LET 14 keV/μm). In the TBI experiments, 7.0, and 7.5 Gy were delivered to 8-week-old female ICR mice (12 mice in each irradiation group), and the survival rate was observed for 60 days (Figure 1A). In 7.0 and 7.5 Gy-TBI mice, the survival rate at 60 days was 8.3 and 0% in the vehicle-administered group, whereas the survival rate in the vanadate-administered group was 92 and 83%, respectively, showing a significant radioprotective effect of vanadate (p < 0.0001). In order to show the killing effect for carbon-beam ABI, we delivered 12, 15, and 18 Gy to mice, and the survival rate was observed for 60 days (Figure 1B). At the administered doses, a dose at 12 Gy-ABI was not lethal and no protective effect of vanadate was observed in 15 Gy or 18 Gy-ABI mice. These data clearly demonstrate that vanadate has a protective effect against the bone marrow death induced by carbon-beam TBI, while that it is ineffective against the intestinal death induced by carbon-beam ABI.


[image: Figure 1]
FIGURE 1. Effect of vanadate on total-body or abdominally irradiated mice with carbon-beam. ICR female mice were i.p. injected with vanadate 30 min before irradiation. Numbers in parenthesis denote the number of mice. (A) Sixty-day survival tests after 7.0 or 7.5 Gy-TBI of ICR mouse subgroups of vehicle alone or 20 mg/kg vanadate. By chi-square test, p < 0.0001, respectively. (B) Sixty-day survival tests after 12, 15, or 18 Gy-ABI of ICR mouse subgroups of vehicle alone or 20 mg/kg vanadate. By chi-square test, p = not significant (N/S), respectively.




Vanadate Is Also Effective in Protection of Iron-Beam TBI-Induced Death

Second, the protective effect of vanadate was examined in iron-beam TBI experiments (500 MeV/nucleon, mono-beam, LET 189 keV/μm). In the TBI experiments, 7.6 and 8.0 Gy were delivered to 8-week-old female ICR mice (24 mice in each irradiation group), and the survival rate was observed for 60 days (Figure 2). In 7.6 and 8.0 Gy-TBI mice, the survival rate at 60 days was 29 and 17% in the vehicle-administered group, whereas the survival rate in the vanadate-administered group was 63 and 46%, respectively, showing a statistically significant protective effect of vanadate (p < 0.05), although the surviving rates were lower than those of carbon-beam experiments. These findings suggest that p53 inhibition could also suppress bone marrow death induced by high LET radiation with LET value exceeding 85 keV/μm.


[image: Figure 2]
FIGURE 2. Effect of vanadate on iron-beam total-body irradiated mice. ICR female mice were i.p. injected with vanadate 30 min before irradiation. Numbers in parenthesis denote the number of mice. Sixty-day survival tests after 7.6 or 8.0 Gy-TBI of ICR mouse subgroups of vehicle alone or 20 mg/kg vanadate. By log-rank test, p < 0.05, respectively.




5CHQ Is Effective in Carbon-Beam ABI-Induced Death, but Not Protective Against Carbon-Beam TBI-Induced Death and Iron-Beam ABI-Induced Death

We also investigated the protective effect of 5CHQ, a p53 modulator which has an agonistic activity of activating radioprotective functions of p53, on the particle beam-irradiated mice. As previously reported, 5CHQ is more protective against ABI-induced intestinal death than in TBI-induced bone marrow death in mice, albeit in low-LET radiation experiments (7). Firstly, we examined the carbon-beam TBI experiments and 8.0 and 8.5 Gy were delivered to 8-week-old female ICR mice (12 mice in each irradiation group) (Figure 3A). In the TBI experiments with vehicle DMSO, a slightly higher dose than those with vehicle saline was required to achieve a lethal effect and no protective effect of 5CHQ was observed in any group of systemically irradiated mice. Next, the particle beam protective effect of 5CHQ was evaluated using abdominally irradiated mice. In the carbon-beam ABI experiment, a dose at 16.5 Gy was delivered to 8-week-old female ICR mice (36 mice in each irradiation group) (Figure 3B). As a result, the survival rate at 60 days was 44% in the vehicle-administered group, whereas the survival rate in the 5CHQ-administered group was 70%, showing a statistically significant protective effect of 5CHQ (p < 0.02). We also examined the protective effect of 5CHQ in the iron-beam ABI experiments (Figure 3C). At the administered doses, a dose at 11 Gy-ABI was not lethal and no protective effect of vanadate was observed in 12 Gy or 12.5 Gy-ABI mice. These data demonstrate that 5CHQ has a protective effect against the intestinal death induced by carbon-beam ABI, while that it is ineffective against that induced by iron-beam ABI.


[image: Figure 3]
FIGURE 3. Effect of 5CHQ on total-body or abdominally irradiated mice with carbon- or iron-beam. ICR female mice were i.p. injected with 5CHQ 30–60 min before irradiation. Numbers in parenthesis denote the number of mice. (A) Sixty-day survival tests after 8.0 or 8.5 Gy-TBI of ICR mouse subgroups of vehicle alone or 60 mg/kg 5CHQ. By chi-square test, p = N/S, respectively. (B) Sixty-day survival tests after 16.5 Gy carbon-beam ABI of ICR mouse subgroups of vehicle alone or 60 mg/kg 5CHQ. By log-rank test, p < 0.02. (C) Sixty-day survival tests after 11, 12, or 12.5 Gy iron-beam ABI of ICR mouse subgroups of vehicle alone or 60 mg/kg 5CHQ. By chi-square test, p = N/S, respectively.





DISCUSSION

In this study, we evaluated the protective activity of p53 regulatory agents against bone marrow death by particle beam TBI and intestinal death by particle beam ABI in the mouse models. At first, considering that iron-beam causes more severe damage to cells than carbon-beam at the same dose and saving animal lives whenever potentially applicable, tests for “vanadate vs. Fe-beam ABI” and “5CHQ vs. Fe-beam TBI” had not been performed as these agents showed ineffective against carbon-beam in the corresponding tests (Figures 1B, 3A).

Considering that vanadate inhibits p53, the results that vanadate was highly effective in the TBI experiments, and no protective effect was observed in the ABI experiments are appropriate. The ineffectiveness of vanadate against intestinal death by ABI was also confirmed by low-LET X-ray ABI experiments (Nishiyama et al., manuscript in preparation). Because these results are consistent with reports of p53's tissue response that promotes cell death in the bone marrow and is protective in the intestine upon radiation injury (20). Of note, when comparing the mouse survival after carbon- and iron-beam injuries, iron-beam injury is characterized by the late occurrence of deaths even 30–60 days after irradiation (Figures 1, 2). This delayed iron-beam damage was suppressed by vanadate. The cause of delayed death is not clear, it may not be due to the bone marrow suppression when taking into account the short life span of the hematopoietic lineage cells. As such a late fatal radiation injury, radiation angiopathy caused by a delayed cell death of endothelial cells is well known (23). Further studies are needed to explore the cause of death using different approaches such as pathological examinations or bone marrow transplantation. In any case, it is clear that there are cell populations that can avoid the fate of cell death even after exposure to particle beams with an LET value higher than 85 keV/μm by pharmaceutically regulating cell death machinery. The dense lesions induced by these high-LET radiations are considered to be too severe to be regulated by p53 (19). Our data demonstrate that even in such a circumstance, at least some cells are rescued by p53 regulatory agent. It is also considered that vanadate has various activities such as protein tyrosine phosphatase inhibition (24, 25) and activates radioresistant factors other than p53 to exert its radioprotective activity. We will focus our next research on solving these research issues.

As shown in Figure 3, 5CHQ was effective against carbon-beam intestinal injury, but ineffective against carbon-beam bone marrow injury and iron-beam intestinal injury. The ineffectiveness of 5CHQ for iron-beam intestinal injury may suggest its activity was not strong enough as a p53 modulator rather than the limit of therapeutic strategies for suppressing intestinal death by p53 modulators. The discovery of a p53 modulator with a stronger activity than 5CHQ might improve the protective effect. Considering that the current clinical heavy ion radiotherapy is performed using carbon beams for the treatment of tumors in the pelvic region, suppression of radiation intestinal disorders by application of p53 modulators is expected to be a useful therapeutic strategy.
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Oral cancer is a very aggressive disease with high rates of recurrence and metastasis. This study aimed at addressing how efficiently tongue cancer is suppressed after carbon ion irradiation. Here, the close relationship between upregulated expression of focal adhesion kinase (FAK) and high metastatic status in tongue squamous cell carcinoma patients was validated using bioinformatics and immunohistochemical analyses. Our data indicated that FAK suppression significantly enhanced the killing effect induced by irradiation in the tongue cancer cell line CAL27, as evidenced by increased apoptotic induction and reduced colony formation. More importantly, in FAK-deficient cells, carbon ion irradiation was shown to remarkably inhibit migration and invasion by delaying wound healing and slowing down motility. Further studies revealed that irradiation exposure caused disorganization of the actin cytoskeleton and reduced cell adhesive energy in FAK-deficient cells. Moreover, carbon ion treatment, in combination with FAK silencing, markedly blocked the phosphorylation levels of FAK, and paxillin, which partly contributed to the reduced motility of tongue squamous cell carcinoma CAL27 cells. Collectively, these results suggest that the prominent obstructing role of carbon ion irradiation in the growth inhibition and metastatic behavior of tumors, including attenuation of cell adhesiveness, motility, and invasiveness, could be distinctly modulated by FAK-mediated downstream pathways.

Keywords: carbon ion irradiation, FAK, metastatic potential, tongue squamous cell carcinoma, cell growth


INTRODUCTION

Oral squamous cell carcinoma (OSCC) is the most lethal head and neck squamous cell carcinoma, with an increasing incidence among younger subjects (1, 2). Over the past decades, the prognosis of OSCC patients has remained dismally poor despite remarkable improvements in surgery, chemotherapy, and radiotherapy (3–5). A retrospective review of clinical outcomes showed that the 5-year survival rate of patients with OSCC who underwent postoperative radiation therapy (PORT) using cobalt 60 photons was prominently lower than those who did not undergo PORT (6). Moreover, approximately one-third of patients with OSCC experience locoregional recurrence or distant metastases after multimodality management, including PORT (7). Hence, the development of more effective radiation treatment for OSCC therapy is imperative.

Growing evidence indicates that radiotherapy with heavy ions is advantageous in clinical trials compared to conventional irradiation with photons, such as γ-rays or X-rays, owing to the unique characteristics of improved dose deposition and higher relative biological effectiveness (8, 9). Carbon ion irradiation is more efficient in inducing cell killing than X-ray irradiation (10). Multiple lines of evidence from vitro and in vivo studies have shown that conventional radiotherapy can enhance the formation of metastasizing cells (11–13). In contrast, heavy ion irradiation has mostly been found to suppress the migratory and invasive potential of cancer cells (14–17). Our previous data also demonstrated that cell motility was more suppressed after carbon ion irradiation than after X-ray irradiation in glioma cells (18), lung cancer cells (19), and tongue squamous cell carcinoma (TSCC) (20).

Focal adhesion kinase (FAK) is frequently overexpressed in various tumors and is a crucial signaling component that is activated by numerous stimuli and functions as a biosensor or integrator for regulating cell motility, adhesion, and growth (21). FAK amplification in OSCC was reported to correlate with lymph node metastasis (22). Knockdown of FAK has been found to inhibit the survival, invasion, and metastasis of oral cancer (2, 23). Hence, the control of growth and metastatic processes will lead to promising therapies for the clinical treatment of OSCC by targeting FAK.

This study aimed to unravel the influence and possible mechanisms of carbon ion irradiation on metastatic potential in TSCC, one of the most common oral cancers (24). Moreover, we explored the contribution of FAK signaling as a modulator of behavior in cancer cells receiving carbon ion irradiation.



MATERIALS AND METHODS


Clinical Data Collection and Processing

The genomic and clinical data of squamous cell carcinoma of the patients with oral cancer were extracted from head and neck squamous cell carcinoma data in The Cancer Genome Atlas (TCGA) database (http://xena.ucsc.edu/). The TCGA dataset included 124 primary tumors samples and 13 normal samples. To analyze the relationship between FAK and metastasis in oral TSCC, we extracted stage I (n = 9) and IV (n = 47) cancer samples from clinical data. The area of the receiver operating characteristic curve (AUC) represents the performance of each gene.



Cell Culture and Treatment

The human TSCC cell line (CAL27) was purchased from BeNa Culture Collection (BNCC, Beijing, China). Lentiviral particles designed to silence human FAK (5-GATAGTGGACAGTCACAAA-3) and control lentiviral vectors were produced by Shanghai GeneChem Co. Ltd., China.

Carbon ion irradiation was conducted at the Heavy Ion Research Facility, Lanzhou of the Institute of Modern Physics, Chinese Academy of Sciences, using an 80 MeV/u carbon ion beam, with an LET 50 Kev/μm (18, 25).



Colony Formation Assay

We measured the colony forming ability of the irradiated CAL27 cells with or without FAK modification. The fixed colonies with chilled methanol were stained with 0.4% crystal violet (Sigma-Aldrich). Colonies of >50 cells were used to analyze the cloning efficiency.



Apoptosis Analysis by Flow Cytometry

Apoptosis was detected in irradiated CAL27 cells with or without FAK downregulation using a commercial kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer's protocol. The apoptotic population was measured using a Flowsight imaging flow cytometer (Amnis/Merck Millipore, Darmstadt, Germany).



Wound Healing Assay

We determined the migratory ability via wound assays using IBIDI culture-inserts (ibidi, Martinsired, Germany). The cells at the logarithmic growth stage were incubated at 37°C in a humidified atmosphere containing 5% CO2. When the cells were adherent to the wall in a single layer, a circular wound was scratched using a sterile 200 μL pipette tip. Cells migrated into the wounded area, and photographs were captured immediately (0 h) and at 6, 12, 24, and 48 h using an optical microscope. The wound area and migration velocity were analyzed using ImageJ software (National Institute of Health, USA).



Transwell Assay

Cell invasion was assessed using BD Matrigel invasion chambers (BD Biosciences). Following FAK silencing and/or irradiation, CAL27 cells were seeded into the upper culture compartments supplemented with serum-free medium. The lower culture compartments were filled with DMEM containing 10% fetal bovine serum. Cells that invaded through the pores were fixed and stained with crystal violet after 24 h incubation.



AFM for Imaging and Mechanical Measurements

Single-cell topographical and mechanical characteristics of living CAL27 cells were measured by a AFM nano-indentation method (JPK Instruments AG, Germany), as described previously (26, 27). Adhesion energy in the cytoplasmic regions was obtained using the JPK data processing software (Version spm-4.2.50, JPK, Germany) (28, 29).



Immunofluorescence/Immunohistochemical Staining Assay

For F-actin staining, the fixed cells were stained with fluorescein isothiocyanate-phalloidin (Sigma-Aldrich, St. Louis, MO). The slides were mounted in VECTASHIELD with DAPI (Vector Laboratories, Burlingame, CA) and were viewed using a confocal microscope. The cytoskeleton obtained by immunofluorescence staining can be extracted using ImageJ software (NIH, USA), and the cytoskeleton structure was lined and analyzed. The cytoskeleton was marked with different colors according to the complexity of its connections, and the complexity of the cytoskeleton can be determined according to the distribution of colors.

Tissue microarray chips containing 20 tissues of TSCC were obtained from Shanghai Biochip Co., Ltd (HOraC060PG01 and Horac080PG01, and the ID of ethics approval was T20-0361). FAK expression was detected in cancer and juxtacancerous tissue (JCT) using immunohistochemical staining.



Western Blot Analysis

Protein samples were extracted from cells in RIPA buffer (Solarbio, Beijing, China) and analyzed in cells 24 h after irradiation with or without FAK knockdown. Total protein samples were blotted with the following antibodies: anti-FAK, anti-phospho-FAK (Y397), anti-phospho-paxillin (Y118), and anti-β-actin (GeneTex, Irvine, CA).



Statistical Analysis

Three independent experiments were carried out to obtain the quantitative data. Statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Comparisons between two groups were performed with one-way analysis of variance (ANOVA) followed by LSD post hoc test. A P-value of <0.05 was considered statistically significant.




RESULT


Screening and Validation of TSCC Biomarkers Based on Bioinformatics Analysis

Based on previous literature, 12 transcriptomic biomarkers that are OSCC diagnostic biomarkers were screened in our study (30). As displayed in Figure 1A, the diagnosis and classification of primary (N0) and metastatic (≥N1) tumors using receiver operating characteristic curves were tested. The results showed that MMP-1, DUSP1, and ITGA3 were downregulated in OSCC, with AUC values of 0.536, 0.527, and 0.599, respectively. Conversely, SATA1, CXCL8, ITGA4, EGFR, and PTK2/FAK were upregulated in OSCC. More importantly, EGFR and PTK2/FAK had the highest AUC value (0.715) among all genes, indicating that EGFR and PTK2/FAK could be suitable biomarker candidates associated with cancer progression.


[image: Figure 1]
FIGURE 1. The clinical analysis between the expression of FAK and oral cancer progression. (A) Exploration of key genes involved in primary (N0) and metastatic (≥N1) tumors via the ROC curve test. (B) Higher expression of PTK2/FAK in the oral cavity or oral tongue cancer. (C) Difference between PTK2/FAK expression in stages I and IV tongue squamous cell carcinoma. (D) Detection of the expression of FAK in the tissue chip. (E) Quantitative analysis of FAK positive cell proportion. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the juxtacancerous tissue (JCT) group.


Considering the different locations of the primary oral tumor, Figure 1B shows a higher PTK2/FAK expression in oral cavity or oral tongue cancer. Boxplot analysis of stage I and IV samples indicated that PTK2/FAK was more prominently upregulated in stage IV than in stage I samples in the TSCC patients (P = 0.032, Figure 1C). Moreover, there was increased expression of FAK protein in the late stage of the tumor compared to the adjacent normal tissue in the TSCC patients using the tissue chip technique (Figures 1D,E). Taken together, these findings imply that PTK2/FAK is highly associated with the metastasis progression of TSCC patients.



Target Effects of FAK Signaling in TSCC Cells Exposed to Carbon Ion Irradiation

To test the contribution of FAK signaling in tumor inhibition during carbon ion radiation therapy, we knocked down FAK expression in CAL27 cells using lentivirus carrying FAK shRNA. Reduced expressions of FAK, FAK-pY397, and paxillin-pY118 were observed in the irradiated cells, FAK shRNA-infected cells, and cells treated with combined treatment compared to control shRNA-infected cells (Figure 2A). Moreover, a diminished trend was more prominent in the FAK shRNA combined with irradiation treatment group. Additionally, the proportion of apoptotic cells was up to 7.86, 13.51, and 20.13% in the FAK shRNA, irradiation, and FAK shRNA combined with irradiation groups, respectively, compared to the control shRNA group (1.11%) (Figure 2B and Supplementary Figure 3).


[image: Figure 2]
FIGURE 2. FAK depression is effective at inhibiting the growth of CAL27 cells. (A) Detection of FAK, FAK phosphorylation at Y397, and paxillin phosphorylation at Y118 expression. (B) Determination of the proportion of apoptotic cells by flow cytometry. (C,D) Representative images of the colony formation and quantitative evaluation of cell proliferation ability using clonogenic survival assays. The means ± SEM (N = 3) were calculated for each value. ***P < 0.001 vs. the control group. #P < 0.05 vs. the irradiation group.


To validate the long-term effect of cell growth, colony formation was evaluated in CAL27 cells exposed to carbon ions in the presence or absence of FAK. Compared to the irradiation alone treatment, the relative number of colonies formed by CAL27 cells after treatment with irradiation plus FAK knockdown was reduced by 47.2% (Figures 2C,D).



Alterations in Cellular Motility Abilities Induced by FAK Silencing and Carbon Ion Irradiation

The motility abilities of CAL27 cells following FAK deletion before carbon ion irradiation were evaluated via wound healing and Transwell invasion assays. The moving paths of circular wound recovery showed a decreased migration velocity of collective cells within 48 h in every treatment group compared to that in the shRNA-control group (Figure 3A). Moreover, the quantitative results of cells taken at 24 h after scratching indicated a markedly significant decline in the wound area by 44.6, 52.4, and 77.2% in irradiated, FAK-/-, and FAK-/- irradiated cells compared to that in control cells (Figure 3D). Further data revealed that a reduction in wound healing ability was significantly found in the FAK silencing and irradiation groups compared to the irradiation group (P < 0.01).


[image: Figure 3]
FIGURE 3. Inhibition of FAK reduces migration and invasion in CAL27 cells after carbon ion irradiation. (A) Monitoring of moving paths of the circular wound of cells up to 48 h. (B) Typical images of cells taken at 0 h and 24 h after scratching. (C) Representative images of cells invaded through the matrigel-coated membrane. (D) Quantitative analyses of cell migration signatures. (E) Quantitative evaluation of cell invasion ability. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the control group. #P < 0.05 and ##P < 0.01 vs. the irradiation group.


The Transwell invasion assay showed that the invasiveness capacity of CAL27 cells in irradiated cells (P < 0.05), FAK shRNA-infected cells (P < 0.05), and cells treated with FAK shRNA combined with irradiation (P < 0.01) was remarkably lower than that of control cells (Figure 3C). The number of invaded cells subjected to irradiation alone was 4.83-fold higher than that of cells treated with the combination of FAK shRNA infection and carbon ion irradiation (Figure 3E).



Modulation of Cytoskeletal Rearrangement and Biomechanical Properties via FAK Downregulation

As shown in Figure 4A and immunofluorescence staining in Supplementary Figure 2, an unordered actin filament arrangement accompanied by decreased intensity of actin fibers was observed in CAL27 cells with different treatments. In particular, actin staining exhibited an obvious ring-like distribution around the membrane protrusion structures of cells in the combination treatment group with FAK inhibition and irradiation. Moreover, in contrast to the control cells, FAK inhibition remarkably disrupted the formation of lamellipodia, filopodia, and membrane protrusions in the irradiated cells. Moreover, the abundance of the extracted cytoskeleton decreased in all treatment groups compared to that in the control group, but this trend was not significant.


[image: Figure 4]
FIGURE 4. Modulation of cytoskeletal structure and cellular adhesion after treatment with carbon ion irradiation in the presence or absence of FAK activity. (A) Characteristic extraction of cytoskeletal structure. (B) Measurement of the relative mean gray value of cells in images. (C) Representative examples of vertical deflection, height, and 3D images in a single cell. (D) Quantitative analysis of adhesion energy in the cytoplasmatic region. The mean ± SEM (N = 3) were calculated for each value. *P < 0.05 vs. the control group.


The topography and deflection images are displayed in Figure 4C. Compared to the control group, there was a relatively rough plasma membrane in the combined treatment group. At this point, the variations in cytoplasmic adhesion energy from force-displacement curves acquired by the AFM indentations were decreased in the irradiated cells, FAK shRNA-infected cells, and cells treated with FAK shRNA combined with irradiation compared to the control cells (Figure 4D).




DISCUSSION

More aggression is found in TSCC than in other forms of OSCC because of its propensity for rapid local invasion and spread (31). As shown in Supplementary Figure 1, from the TCGA database, FAK/PTK2 was identified as one of the valuable diagnostic biomarkers in OSCC. Our data from nine patients with stage I TSCC (N0) and 47 patients with stage IV TSCC (≥N1) using public databases showed that genomic alteration of FAK closely modulated the malignant progression of TSSC, including histological differentiation, TNM stage, and lymph node metastasis (Figure 1). FAK is a critical non-receptor tyrosine kinase involved in many aspects of the metastatic process, including adhesion, migration, and invasion (32). Therefore, FAK could be a more suitable candidate for predicting the metastatic status of TSSCs than other existing biomarkers. Here, we propose that targeting FAK may present a feasible approach for improving the efficacy of radiotherapy for TSCC.

In previous studies, carbon ion irradiation as a promising therapy has been proven to efficiently induce cell death in X-ray-resistant OSCC by modulating diverse signaling molecules, such as AKT and SPHK1 (33, 34). Analogously, FAK has been reported to exert an anti-apoptotic action against ionizing radiation in HL-60 cells by inhibiting the mitochondrial apoptosis pathway (35). Our data showed that carbon ion irradiation remarkably repressed the expression of FAK and phosphorylation of FAK on Tyr397 and paxillin on Tyr118 in CAL27 cells. Furthermore, when cells were exposed to the combination of FAK downregulation by shRNA and irradiation, the clonogenic formation assay revealed a strong inhibitory effect on cell survival, along with a higher proportion of apoptotic cells (Figure 2). In agreement with previous findings, glioblastoma (36), colon cancer (37), and head and neck cancer cells (38) showed enhanced cell-killing effects in response to ionizing radiation by FAK deletion.

The activation of the FAK-paxillin signaling pathway has been considered a crucial index for tumor metastasis (39). In the current study, carbon ions distinctly limited the area and speed of wound healing cell migration as well as the number of invading cells through the invasion chamber (Figure 3). It is worth noting that, after FAK knockdown, the migratory and invasive abilities of CAL27 cells were more prominently inhibited when compared to cells treated with radiation alone. Here, the precise role of the combination of FAK knockdown and carbon ion irradiation was confirmed to suppress the high-motility capability of the TSCC cell line CAL27. Moreover, our findings suggest that FAK activity helps to elucidate the molecular mechanisms underlying motility reduction caused by carbon ion beams in TSCC. In this regard, previous findings have also demonstrated that heavy ion radiotherapy is more effective than conventional photon beam therapy in preventing metastasis in preclinical studies (40).

To provide further evidence for FAK knockdown-mediated cell motility repression, alterations in cytoskeletal structure and cell adhesion were determined in irradiated CAL27 cells. Cell movement relies on changes in the dynamics of actin filaments (41). Figure 4 shows that a certain decrease in the mean actin density was observed in each treatment group. However, as expected, as shown in Supplementary Figure 2, obvious disorganization of actin distribution and reduction of cell protrusion occurred in the combined FAK shRNA plus irradiation group, indicating that there is a lack of cell polarization and can limit cell motility potential. Furthermore, compared to control cells, FAK silencing resulted in reduced adhesion energy to the substrates in the irradiated cells, FAK shRNA-infected cells, or cells treated with FAK shRNA combined with irradiation, which was consistent with changes in cell motility and phosphorylation of adhesion proteins.

This study demonstrated that carbon ion irradiation and FAK inhibition, especially their combined application, can effectively inhibit OSCC, providing a basis for further in vivo experiments and clinical trials.

In addition, the detection of cytoskeletal structure and cell adhesion illustrated the relationship between their variation and cell motor ability. In future studies, we will further study the effects of heavy ions and FAK on cell properties, such as shape, elasticity, rigidity, and viscosity, as well as the relationship between cell properties and their migration and invasion ability, to find a more appropriate way to inhibit the metastasis of OSCC.



CONCLUSION

Mechanistically, we have provided evidence that carbon ion irradiation significantly blocked the FAK-related signal pathway, which partially explains the anti-tumor mechanisms of carbon ions. Furthermore, combining FAK downregulation with carbon ion irradiation could synergistically offer comparable therapeutic benefits for TSCC patients regarding the inhibition of metastatic potential.
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To moderate fast neutrons produced by accelerator to appropriate therapeutic energies for boron neutron capture therapy (BNCT), beam shaping assembly (BSA) is required definitely. In this work, based on a model of 2.5 MeV/30 mA proton accelerator, the Monte Carlo simulation software MCNPX was employed to design multi-terminal BSAs. All parameters for both the thermal and epithermal neutron beams at the exit ports of the designed BSAs meet the treatment recommendation values proposed by the International Atomic Energy Agency (IAEA). The clinical parameters of the thermal and epithermal neutron beams were also calculated for clinical indication consideration.
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INTRODUCTION

Boron neutron capture therapy (BNCT) is a novel modality of radiation cancer therapy. Boron compounds are administered to tumor cells, then the tumor is irradiated with neutrons, inducing the 10B (n, α)7Li nuclear reaction:

[image: image]

Both α particles and 7Li nuclei deposit their energies along their very short paths, which are comparable to the size of cells. As a result, tumor cells are destroyed accurately without harming healthy tissues (1).

BNCT was firstly proposed by G. Locher in 1936 (2) and firstly practiced by W. Sweet in 1951 for the clinical trial of glioma (3). Over the past two decades, many research groups around the world have continued the work of W. Sweet and the others, particularly the pioneering clinical work of Hatanaka (4). Subsequently, clinical trials of BNCT were conducted in the United States, Sweden, Finland, the Czech Republic, Argentina, the European Union (centered on Finland) and Japan.

Nuclear reactors were firstly used to produce neutrons for BNCT. However, although they could provide high-intensity neutron beam, they have numerous shortcomings: most of them are located far from hospitals, and are also very expensive. Besides, nuclear reactors have too huge size to be suitable for being used in hospital. Accelerator-based BNCT (AB-BNCT) facilities therefore are being developed to replace nuclear reactors. In AB-BNCT, fast neutrons are obtained by bombarding lithium or beryllium target with protons. However, the fast neutrons produced by this method cannot be used for BNCT treatment directly and need to be moderated by beam shaping assembly (BSA). The functions of BSA are: (1) slow fast neutrons down to thermal neutrons (<0.5 eV) or epithermal neutrons (0.5 eV−10 keV), (2) reduce the composition of fast neutron, thermal neutron and γ ray as much as possible, and (3) collimate neutron beam. The thermal neutron is suitable for treating superficial lesions while the epithermal neutron is for treating deep ones. BSA is mainly composed of the following components: moderator, reflector, gamma filter, collimator, etc., and thermal neutron filters are also required if neutrons need to be moderated to the energy range of epithermal neutrons.

Currently, the proposed BSA designs around the world mainly focus on generating epithermal neutrons which are essential for the treatment of deep-seated tumors, such as the BSAs in Tsukuba University (5), Nagoya University (6, 7), and Kyoto University (8). However, thermal neutron beam cannot be ignored anyway. It is applicable to the treatment of superficial tumors, such as melanoma, as well as cell and animal pre-clinical experiments. Therefore, multiple BSAs were designed for the generation of thermal and epithermal neutrons, respectively, and both of them fulfill the IAEA recommended values (9) which are listed in Table 1. In this work, the Monte Carlo simulation program MCNPX was used to design multiple BSAs based on an AB-BNCT model and the clinical parameters of the thermal and epithermal neutrons generated from the multiple BSAs were calculated, aiming at providing reference for the construction of AB-BNCT facility.


Table 1. Neutron beam parameters and IAEA recommended values.
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METHODS AND MATERIALS


Initial BSA Model

An initial BSA model was proposed and shown in Figure 1. The whole BSA has a cylinder structure with lithium target and beam channel located in the central axis of the cylinder. The lithium target is 10 cm in diameter and 100 μm in thickness, and there is a copper holder of 2.3 cm in thickness below the target, which plays a role in heat dissipation and structure support. Thirty milliampere protons would generate lots of heat in target indeed and Li target has a low melt pointing. So, it is necessary to consider a cooling system for the Li target. In this work, copper was used to roughly represent the cooling system for target. The beam pipe is made of 316L stainless steel with a thickness of 1 cm for 2.5 MeV proton transport, and the thickness of the stainless steel above the target is 4 cm. In this way, the radiation damage of recoiling neutrons and protons can be reduced. Boron containing polyethylene (10 wt% natural B) is used in the outer side of the BSA as an absorption shield for neutrons. On the bottom of the collimator, a gamma shield is designed in the inner side of the collimator to further reduce the gamma component in the beam. The diameter of the BSA beam port is set to 14 cm. Finally, we used the MCNPX software to calculate the physical and clinical parameters of thermal and epithermal neutrons.


[image: Figure 1]
FIGURE 1. Structure of initial design of BSA.


In addition, in the optimization process of BSA for thermal neutrons, the energy of thermal neutron is close to the kinetic energy of nuclear thermal motion in materials of reflector, moderator etc. So, the library of the thermal scattering law data S (α, β) may be required. This library plays an important role in describing the transport of thermal neutrons (10). This work used the ENDF/B-VII.0 cross section library for the simulation of thermal neutron scattering.



Neutron Source

The neutron beam generated from bombarding lithium target by 2.5 MeV protons was simulated using the MCNPX software, whose spectrum and angular distribution are shown in Figure 2. The neutron beam was made as a dumb data file, which acted as a neutron source used in the BSA optimization. In this way, the computation time was greatly reduced.


[image: Figure 2]
FIGURE 2. Spectrum (A) and angular distribution (B) of the neutron beam generated from bombarding Li target by 2.5 MeV/30 mA protons.




Moderator and Reflector

The most important part of BSA is moderator. Its role is to moderate the energy of neutrons produced by protons into the energy range of thermal or epithermal neutrons without producing excessive gamma rays. Thus, the moderator should have a high scattering cross section at desired energies (thermal or epithermal energy), low one for undesired energies (thermal or fast energy) and absorption cross section, avoiding loss of neutron intensity and producing large quantities of gamma-rays (11). In the optimization process, different moderator materials (Fluental, TiF3, CaF2, Al, AlF3 and MgF2 for epithermal neutron beam BSA, and D2O, normal polyethylene and graphite for thermal neutron BSA, respectively) were considered (12–14).

Another important part is reflector which is used to reflect scattered neutrons back into the beam. Reflector should have a low absorption cross section, a high elastic scattering cross section for thermal or epithermal neutrons and also a large mass number in which less loss of energy with elastic collision. We considered Teflon, Pb, 316L stainless steel, BeO, and Al2O3 for thermal neutron beam BSA, and Teflon, Al2O3, Pb for epithermal neutron beam BSA, respectively.



Neutron and Gamma Filters

To minimize the damage to healthy tissue around the tumor, beam filters are necessary for reducing contaminations of fast neutrons, thermal neutrons and gamma rays. For the thermal neutron beam BSA, Pb, and Bi were compared as gamma filter. As for the epithermal neutron beam BSA, Ni, and 7LiF were used as fast neutron filter and thermal neutron filter, respectively.



Collimator

The collimator can limit divergence of the neutron beam and, reduce undesired irradiation and focus neutrons to patient position. And we calculated J/Φ to measure the beam divergence variation. A high ratio means that the neutron beam is close to the beam port and change slightly with distance from the port. A target value for this ratio should be > 0.7 (9).



Clinical Parameters

Under clinical conditions, it is vital to investigate the dosimetry performance in the patients. So, in-phantom parameters were calculated. These parameters are advantage depth (AD), advantage ratio (AR), AD dose rate (ADDR), and treatment time (TT), where AD is the depth in phantom at which the total therapeutic dose in tumor equals the maximum dose of the normal tissue. AD indicates the depth of effective beam penetration. The AR is the ratio of the total therapeutic dose in tumor to the total normal tissue dose over a given depth (usually from the surface to AD). It is a measure of the therapeutic gain. ADDR is defined as the maximum dose rate for the normal tissue (15, 16).

Four components contributing to the absorbed dose in BNCT as follows:

(1) The gamma dose Dγ: the dose due to gamma rays in the neutron beam as well as gamma rays induced in the tissue from nuclear reactions, like 1H (n,γ) 2H reaction;

(2) The hydrogen dose DH: the dose due to recoil protons from 1H (n,n′) 1H reaction;

(3) The nitrogen dose DN: the dose due to energetic proton and the recoiling 14C nucleus from 14N (n,p)14C reaction;

(4) The boron dose DB: the dose due to α particles and the recoiling 7Li nuclei from 10B (n,α) 7Li reaction.

The total RBE-weighted dose, DT is expressed in the unit of RBE-Gy, as a sum of physical dose components multiplied by appropriate weighting-factors (RBE or CBE) for each dose component. It can be calculated using Equation (2) as below:

[image: image]

where ωγ, ωH, ωN, and CB are the weighting factors for gamma rays, hydrogen, nitrogen and boron, respectively. The values of ωH and ωN were taken as 3.0, ωγ was considered as 1, while ωB was 1.35 for boron in the normal tissue and 3.8 for boron in the tumor. A simple phantom was considered to be a cylinder with a simplified composition of soft tissue as shown in Figure 3. The elemental compositions for the material of the cylinder phantom were also listed in Figure 3 (17). 10B was added to the phantom directly at the tumor concentration, as BT, of 30 ppm. The normal tissue concentration, BN, was chosen as 9 ppm, so that the ratio of BT to BN, or T/N was 3.33 (18).


[image: Figure 3]
FIGURE 3. Geometry and composition of the phantom used in dose calculation.





RESULTS AND DISCUSSION


Optimization Design of the Thermal Neutron Beam BSA
 
Moderator for the Thermal Neutron Beam BSA

The thickness of the material varied from 10 to 50 cm with a step of 2 cm in the calculations, and the radius of the moderator was set to be 22 cm. The results are shown in Figure 4. D2O gave the highest thermal neutron flux (Φth), and when the thickness exceeded 30 cm, it gave low epithermal and fast neutron component (Depi−fast/Φth), low γ ray component (Dγ/Φth), and high proportion of thermal neutron (Φth/Φtotal). Therefore, D2O was chosen as the moderator for the thermal neutron beam BSA with a thickness of 40 cm.


[image: Figure 4]
FIGURE 4. Thermal neutron parameters of moderator, (A–D) are thermal neutron flux, thermal neutron ratio, epithermal, and fast neutron component, Gamma component, respectively.




Reflector for the Thermal Neutron Beam BSA

As the next step of the optimization, BeO, Al2O3, 316L stainless steel, Teflon and Pb were compared for the reflector. The radius of the reflector was changed with a range of 25–75 cm and a step length of 5 cm. The results are shown in Figure 5. First of all, among the five kinds of materials, BeO presented the highest thermal neutron flux (Φth), the lowest epithermal and fast neutron component (Depi−fast/Φth) and the highest proportion of thermal neutron (Φth/Φtotal). The γ ray component is also lower than 316L Stainless steel, Al2O3 and Teflon, so BeO was selected as the reflector material. In addition, it shows that when the radius is > 45 cm, the reflector radius has no significant influence on the neutron beam parameters. Considering the purpose of saving material and reducing the size of BSA, the reflector radius is chosen as 50 cm.


[image: Figure 5]
FIGURE 5. Thermal neutron parameters of reflector, (A–D) are thermal neutron flux, thermal neutron ratio, epithermal, and fast neutron component, Gamma component, respectively.




Gamma Filter for Thermal Neutron Beam BSA

After determining the materials and sizes of the moderator and reflector, it is necessary to optimize the design of gamma filter to reduce γ rays' component because that γ rays which produced during moderation process cause unnecessary dose to normal tissue. The commonly used gamma filter materials are Pb and Bi. We made a comparison between these two materials. The thickness of gamma filter varied from 5–10 cm and the step length was 1 cm. Results as shown in Figure 6, Bi is a better choice for BNCT because it provides high photon elimination and low loss of thermal neutron flux. Therefore, we choose 9 cm Bi as gamma filter.


[image: Figure 6]
FIGURE 6. Thermal neutron parameters of gamma filter, (A–D) are thermal neutron flux, thermal neutron ratio, epithermal, and fast neutron component, Gamma component, respectively.




Collimator

We choose Bi as material of collimator. And it is designed as a cone. It is 16 cm long (in height), and radius of bottoms are 22 and 7 cm. The J/Φ is 0.654 which is basically meets the target value. The details of collimator are shown in Figure 7A.


[image: Figure 7]
FIGURE 7. Structures of proposed epithermal and thermal neutron beam BSAs, (A) is thermal neutron BSA, and (B) is epithermal neutron BSA.


In conclusion, the final design of thermal neutron beam BSA can be obtained by using D2O as moderator, BeO as reflector, and Bi as gamma filter. The structure of thermal neutron beam BSA is shown in Figure 7A, and the neutron beam parameters were listed in Table 2 with other designs in the world. The flux of proposed thermal neutron beam BSA is higher than INFN and not much less than IHNI. However, IHNI is based on reactor, so it's difficult to build in hospital. So, the proposed thermal neutron beam BSA has its advantages.


Table 2. Thermal neutron beam parameters of proposed design and other designs in the world.

[image: Table 2]




Optimization Design of Epithermal Neutron Beam BSA

The process of the optimization design is basically the same as that of the thermal neutron beam BSA, so we show the final optimization results directly. We choose 45 cm MgF2 as moderator, 50 cm Pb as reflector, 0.4 mm 6LiF as the thermal neutron filter. The collimator is as same as thermal neutron BSA except its material is Pb. The structure of epithermal neutron beam BSA is shown in Figure 7B, and the parameters are listed in Table 3 with other designs in the world.


Table 3. Epithermal neutron beam parameters of proposed design and other designs in the world.

[image: Table 3]

It is obvious that all the parameters of proposed BSAs fulfill the IAEA recommended values. And the flux of proposed epithermal neutron beam BSA is higher than other designs.



Calculation of Clinical Parameters

Firstly, we calculated neutron flux distribution in the phantom of thermal neutron beam and epithermal neutron beam generated by proposed BSAs, respectively. As shown in Figures 8A,B, the maximum depth of flux in the phantom of thermal neuron beam is 5 cm, and the maximum depths of thermal and epithermal flux of epithermal neutron beam are 12 and 8 cm, respectively. The components of epithermal and fast neutron are too low so that they are not shown in the Figure 8A.


[image: Figure 8]
FIGURE 8. Neutron flux distribution in the phantom, (A) is thermal neutron beam, and (B) is epithermal neutron beam.


As for the dose in tumor and normal tissue, we also calculated them in the phantom. As shown in Figure 9, the AD is 7.93 cm for epithermal neutron beam and 3.52 cm for thermal neutron beam. The ADDR for thermal neutron beam is 0.476RBE-Gy/min, and for epithermal neutron beam it is 0.208RBE-Gy/min. According to the results, we found that the large amount of dose was delivered to skin and superficial normal tissue. If we defined the time that dose delivered to normal tissue exceed the maximum tolerated dose (12.5RBE-Gy) as the treatment time (TT) which is the maximum value. Then, TTs are 60.1 min for epithermal neutron beam and 26.3 min for thermal neutron beam. During this time, the maximum DTs of tumor are 51.87 RBE-Gy for epithermal neutron beam and 65.75 RBE-Gy for epithermal neutron beam. And maximum DRs are 0.863RBE-Gy/min for epithermal neutron beam and 2.5 RBE-Gy/min for thermal neutron beam, respectively.


[image: Figure 9]
FIGURE 9. Dose distribution in the phantom, (A) is thermal neutron beam, and (B) is epithermal neutron beam.





CONCLUSIONS

In this paper, MCNPX is used to design the BSAs of an AB-BNCT using 7Li(p,n)7Be reaction. The optimized BSAs for thermal and epithermal neutron beams can ensure that the beam parameters at the exit all meet the recommended values of IAEA. And the clinical parameters are also calculated so that it can give a reference for clinical condition. So the final optimal design of thermal and epithermal BSA can be an important reference for the BSA engineering scheme of multi-terminal AB-BNCT device. In the follow-up work, the accelerator-based multi-terminal BSA conversion device will be further designed to facilitate the flexible switching and replacement of BSA, ensure the safe operation of the device, and give better play to the advantages of multi-terminal devices, which will promote the development of AB-BNCT in China.
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Increasing the immunogenicity of tumors is considered to be an effective means to improve the synergistic immune effect of radiotherapy. Carbon ions have become ideal radiation for combined immunotherapy due to their particular radiobiological advantages. However, the difference in time and dose of immunogenic changes induced by Carbon ions and X-rays has not yet been fully clarified. To further explore the immunogenicity differences between carbon ions and X-rays induced by radiation in different “time windows” and “dose windows.” In this study, we used principal component analysis (PCA) to screen out the marker genes from the single-cell RNA-sequencing (scRNA-seq) of CD8+ T cells and constructed a protein-protein interaction (PPI) network. Also, ELISA was used to test the exposure levels of HMGB1, IL-10, and TGF-β under different “time windows” and “dose windows” of irradiation with X-rays and carbon ions for A549, H520, and Lewis Lung Carcinoma (LLC) cell lines. The results demonstrated that different marker genes were involved in different processes of immune effect. HMGB1 was significantly enriched in the activated state, while the immunosuppressive factors TGF-β and IL-10 were mainly enriched in the non-functional state. Both X-rays and Carbon ions promoted the exposure of HMGB1, IL-10, and TGF-β in a time-dependent manner. X-rays but not Carbon ions increased the HMGB1 exposure level in a dose-dependent manner. Besides, compared with X-rays, carbon ions increased the exposure of HMGB1 while relatively reduced the exposure levels of immunosuppressive factors IL-10 and TGF-β. Therefore, we speculate that Carbon ions may be more advantageous than conventional X-rays in inducing immune effects.

Keywords: irradiation, immunogenicity, lung cancer, X-rays, carbon ions


INTRODUCTION

Radiotherapy (RT) is the primary treatment for lung cancer, which first-line treatment accounts for ~30% of all newly diagnosed patients (1). Nevertheless, lung cancer treatment is still tricky, and a new treatment method is urgently needed (2). Relevant studies have shown that immunotherapy has a positive impact on the treatment endpoint of lung cancer and has changed lung cancer treatment. Immunotherapy has become the most promising and effective treatment for lung cancer (3). The effectiveness of RT is explained as reasonable local tumor control and practical immune activation effect (4, 5). However, in addition to activating immunity, radiation also has an immunosuppressive effect (6), including the recruitment or polarization of immunosuppressive cytokines, immune checkpoint molecules, and suppressive immune cell subtypes (7). Therefore, it is necessary to understand the immunomodulatory properties of radiation to enhance the immune synergy of radiotherapy. Carbon ions have significant radiobiological advantages over conventional X-rays (8, 9), and the direct killing effect on radiation-resistant tumor cells is stronger than conventional X-rays 2-3 times (5, 10). Therefore, it is essential to analyze the immunogenic changes induced by two kinds of radiation in tumor cells to improve radioimmunity.

Immunogenic cell death (ICD) is a form of cell death that can be recognized by the immune system and induce a specific anti-tumor immune response (11). ICD relies on the specific stimuli while provoking the temporal and spatial coordinated immunogenic signals (12, 13), including tumor-associated antigens (TAAs) and damage-associated molecular patterns (DAMPs) related to the activation of dangerous signals pathways (14, 15). Various stimuli, including radiotherapy, chemotherapy, and oncolytic viruses (OVs), can induce ICD (16, 17). In theory, the advantage of enhancing ICD is that it can stimulate the immune system.

CD8+T cells are the primary effector cells involved in the anti-tumor immune response, especially during the immune response process caused by radiation (18). The T cell receptor (TCR) on the surface of T cells binds to the antigen-MHC complex and then establishes the immune response by clonal expansion (19). Due to the heterogeneity and difference between cells, the expression of differential genes in CD8+ T cells may play different roles in the process of participating in immune effects in the activated or resting state (20). RT combined with immunotherapy has become an effective treatment for NSCLC (21, 22). The immune regulation mechanism induced by radiation has also become an essential aspect of forming the abscopal effect and improving the prognosis. However, the effect of different radiation on the immune response is poorly understood. The change of tumor immunogenicity induced by radiation is an essential mechanism for improving tumor microenvironment (TME) and immune synergism (23). Among them, HMGB1, TGB-β, and IL-10 are important cytokines in radiation-induced ICD and then participate in the process of immune regulation (24–26). As one of the criticalcrucial DAMPs, HMGB1 plays an essential role in the immune effect stage (27). As classic immunosuppressive factors, the increase of TGB-β and IL-10 is often accompanied by immune effector cell function inhibition and the increase of tumor-associated macrophage (TAMs) infiltration (28, 29).

In this study, based on the scRNA-seq results of CD8+T cell clusters in lung cancer tissues in the GEO database, we performed PCA and Cluster analysis on the distribution of the differential genes, which were screened out by bioinformatics methods. What is essential, we compared the effects of X-rays and carbon-ions radiation on the change trends of HMGB1, IL-10, and TGF-β under different doses and times by ELISA and further explored the role in the immune process of CD8+ T cells.



MATERIALS AND METHODS


Data Retrieval and Processing

In this research, scRNA-seq of CD8+ T Cell clusters isolated from human lung and lung tumor samples with flow cytometry was downloaded from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) datasets. GSE111894, with 1,084 human lung samples and GPL16791 platform, was selected (30).



Principal Component Analysis (PCA), TSNE Cluster Analysis, and Marker Gene Annotation

Use R language to perform PCA dimensionality reduction processing on the downloaded scRNA-seq data of lung cancer CD8+T cell clusters and screen out the relevant genes of each principal component. On this basis, perform TSNE cluster analysis and visualization to find differential expression genes (DEGs) and draw the scatter diagram and violin diagram of the marker genes in each cluster.



Construction of Protein-Protein Interaction Network and Protein Co-Expression Analysis

The marker genes of the different principal components were submitted to the STRING database (http://www.string-db.org/) to clarify the information of protein-protein interaction (PPI) (31). The protein co-expression network was constructed and visualized by Cytoscape 3.7.1 software. The number of nodes adjacent to each protein was calculated and sorted by the Molecular Complex Detection (MCODE) plug-in with an MCODE score of more than two (32). Besides, the selected high-risk proteins were analyzed for protein co-expression and visualization (33). P < 0.05 was considered to have statistical significance.



Cell Lines

Human LUAD cell lines A549 and LUSC cell lines NCI-H520 were purchased from the Cell Bank, Type Culture Collection, Chinese Academy of Sciences (CBTCCCAS). Mouse Lewis lung cancer cells (LLC) was purchased from Cellcook Co, Ltd, Guangzhou, China. Cells were cultured in Dulbecco's Modified Eagle Medium (GIBCO, US) containing 10% fetal bovine serum (BIOWEST, France) and 1% penicillin/streptomycin (HyClone) and were incubated at 37°C in 5% CO2.



Irradiation Conditions


X-Rays

The cells were inoculated in T25 culture flasks 24 h before irradiation, which was subsequently irradiated on X-ray instruments dedicated to radiobiological experiments at the Institute of Modern Physics, Chinese Academy of Sciences. The X-rays were operated at 100 Kev, with a dose rate of 1.0 Gy/min, which source was 0.5 meters away from the sample surface. The cells were irradiated at room temperature.



Carbon Ions

The samples were irradiated with the 80 MeV/u carbon ions beam provided by the external tumor treatment terminal of the Lanzhou Heavy Ion Research Facility (HIRFL), and the carbon ions beam provided by HIRFL was calibrated before the irradiation to make sure the LET of the carbon ions irradiated to the sample surface was 30 keV/μm, and the dose rate was 2.0 Gy/min. Irradiation was performed at room temperature. The control samples were sham-irradiated.




Enzyme-Linked Immunosorbent Assay

The A549/H520/LLC cells in the exponential growth phase were irradiated with 0 Gy, 2 Gy, 4 Gy, 6 Gy X-rays, and Carbon ions irradiation, and the cell culture supernatant was collected at different time points (6, 18, 24, 36, and 48 h), which stored at −4°C for later use. TGF-β, IL-10, HMGB1 ELISA kits were purchased from Neobioscience Technology Co, Ltd. The experimental operation was strictly performed under the instructions.



Annexin V/PI Double Staining to Detect Cell Apoptosis

Use flow cytometry to detect changes in cell apoptosis after radiation. Collect the overall sample size of 10,000 cells, detect and collect FL-1 (Annexin V-FITC green fluorescence signal) and FL-2 (PI red fluorescence signal) channel information, and use IDEAS Version 6.0 software for analysis. The apoptosis kit was purchased from BD Biosciences Pharmingen.



Statistical Analysis

The statistical analysis was performed using one-way analysis of variance and an unpaired Student's t-test with a 2-tailed distribution, and multiple comparisons have been made. P < 0.05 was considered statistically significant. All statistical analyses were performed using IBM's SPSS software (version 20.0).




RESULTS


Construction of PPI Network Based on Significantly DEGs in PCA

Based on the CD8+T cell scRNA-seq in lung cancer, we used PCA to screen out the DEGs expressed in the resting state (PC_0), activated state (PC_1), and non-functional state (PC_2) clusters. The larger the absolute value of the numerical value, the more pronounced the gene significance. Interestingly, as a Marker gene in the TME, HMGB1 was significantly enriched in the activated state (Figure 1A), while the immunosuppressive factors TGF-β and IL-10 were significantly enriched in the non-functional state (Figure 1B). In the resting state, these differential genes lacked noticeable distribution differences (Figure 1C). To further clarify the co-expression relationship of marker genes in lung cancer, we constructed a co-expression network based on differential genes from the STRING database and found that almost all independent marker genes have coordinated regulation in the network (Figure 1D).


[image: Figure 1]
FIGURE 1. Principal component analysis to screen out the differential genes and construct the protein-protein interaction (PPI) network. (A) the resting state (PC_0); (B) the activated state (PC_1); (C) the non-functional state (PC_2); (D) Construction of PPI network based on differential genes from the STRING database. The key modules were determined from the PPI network by the MCODE tool. Co-expression analysis of major marker genes in lung cancer.




The Distribution of Marker Genes in CD8+ T Cell Single-Cell Clusters

Several marker genes, FOXP3, STAT3, PDCD1, TGFB1, IL10, HMGB1, which are significantly related to the tumor microenvironment induced by radiation, had significant functional differences in the distribution of CD8+T cells clusters. Irradiation causes the immunogenic death of dying cells, among which the accumulation of HMGBI was pronounced in the resting state and the activated state, while the related inhibitors IL10, TGFB1, FOXP3 (marker genes of Tregs), STAT3 (FOXP3 transcriptional cofactor), and PDCD1 (PD-1 related genes) were significantly enriched in the non-functional state (Figure 2A). We analyzed the distribution trend of the above marker genes in CD8+ T cell clusters in the activated state. Interestingly, this phenomenon was still apparent. HMGB1 became the most apparent gene enriched in the activated state of CD8+ T cell clusters. The opposite was true for FOXP3 and IL10 (Figure 2B).


[image: Figure 2]
FIGURE 2. The distribution of marker genes in CD8+ T cell single-cell clusters. (A) In the different functional states of CD8+ T cells, different genes were involved in the expression or enrichment. (B) In the activated state of CD8+ T cells, the distribution of immune-related genes was significantly different. The immunostimulatory factor HMGB1 was significantly enriched, while the distribution of the immunosuppressive factors was significantly reduced.




Both X-Rays and Carbon Ions Promoted the Exposure of HMGB1, IL-10, and TGF-βin a Time-Dependent Manner

Given the above CD8+ T cell cluster scRNA-seq analysis, we found that different immune responses present different immune-related factors. Based on this, we irradiated three different lung cancer cell lines, including human (A549/H520) and murine (LLC), with different physical doses (0, 2, 4, and 6 Gy) X-rays and Carbon ions irradiation, aiming to explore the changing trend of main DAMPs or TAAs after different radiation exposure. Take the exposure levels of HMGB1, IL-10, and TGF-β at different times (6–48 h) in the three cell lines after 4 Gy radiation as an example. It is not difficult to find that the exposure levels of HMGB1, IL-10, and TGF-β in the three cell lines all increased with time in both X-rays and Carbon ions. Interestingly, the exposure level within 18 h after irradiation only slightly increased and reached a peak after 24–36 h, while the main DAMPs and TAAs increased into a plateau after 48 h of irradiation (Figures 3A–I, Table 1). Also, after 48 h of irradiation with 4 Gy X-rays and carbon ions, we analyzed the differences in apoptosis of A549, H520, and LLC cell lines and found that carbon ions can significantly promote cell apoptosis at the same physical dose (Figures 3J–O).


[image: Figure 3]
FIGURE 3. Both X-rays and Carbon ion promoted the exposure of HMGB1, IL-10, and TGF-β in a time-dependent manner (A–C) Under 4Gy irradiation (X-rays and Carbon ion), the exposure level of HMGB1 in A549, H520, LLC cell lines. Both types of radiation could induce HMGB1 exposure in a time-dependent manner, and carbon ions significantly increased the exposure level of HMGB1. (D–F) The exposure level of IL-10 in A549, H520, LLC cell lines under 4Gy irradiation of X-rays & Carbon ion. (G–I) The exposure level of TGF-β in A549, H520, LLC cell lines under 4Gy irradiation. (J–O) The differences in apoptosis of A549, H520, LLC cell lines under 4GY irradiation of X-rays and Carbon ion. Under the same physical dose irradiation, carbon ions could significantly increase the apoptosis of the three cell lines than X-rays.



Table 1. Time-dependent expression analysis of HMGB1, IL-10 and TGF-β under 4 Gy physical dose radiation (Carbon ions and X-rays) (ng/ml).
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X-Rays but Not Carbon Ions Increased the HMGB1 Exposure Level in a Dose-Dependent Manner

As one of the DAMPs that significantly enhance the anti-tumor immune effect after radiation, the exposure level of HMGB1 is of great significance for the immune surveillance of the tumor microenvironment. After X-rays and Carbon ions irradiation with the same physical dose (2–6 Gy), the exposure of HMGB1 showed different trends. For X-rays, the exposure level of HMGB1 showed a dose-dependent increase, but the increase was limited in the low dose (0-2 Gy) range, and a substantial increase was showed after 4 Gy. Interestingly, the exposure level of HMGB1 caused by Carbon ions irradiation peaked at a physical dose of 4 Gy and then slowly decreased. Besides, under the same physical dose, the exposure level of HMGB1 caused by Carbon ions irradiation was significantly higher than that of X-rays. There was no significant difference in the above trend among the three lung cancer cell lines (Figure 4, Table 2).


[image: Figure 4]
FIGURE 4. X-rays but not Carbon ion increased the HMGB1 exposure level in a dose-dependent manner. (A–C) The exposure level of HMGB1 after 48 hours under different doses (0Gy, 2Gy, 4Gy, 6Gy) of X-rays. As the radiation dose increased, the exposure level of HMGB1 gradually increased. (D–F) The exposure level of HMGB1 after 48 hours under different doses (0Gy, 2Gy, 4Gy, 6Gy) of Carbon ions. HMGB1 had the highest exposure level under 4Gy carbon ion irradiation and then entered the shoulder area.



Table 2. Dose-dependent expression analysis of HMGB1 after 48 h of carbon ions and X-rays radiation (ng/ml).
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Low-Dose Irradiation Is More Likely to Cause the Enrichment of Immunosuppressive Factors

DAMPs or TAAs released by dying tumor cells caused by radiation include not only immune enhancing elements such as calreticulin and HMGB1 but also immunosuppressive factors such as IL-10 and TGF-β. In this study, we focused on analyzing the changing trends of IL-10 and TGF-β caused by X-rays and Carbon ions radiation. For X-rays, compared with the non-irradiated group, the physical dose at which the IL-10 exposure level reaches the peak was 4 Gy. As the dose increases, the exposure gradually decreased. The above trend also existed in the changes in TGF-β exposure levels. However, the peak exposure of IL-10 and TGF-β in the Carbon ions radiation group was a physical dose of 2 Gy. Interestingly, this trend was consistent with the RBE value of Carbon ions radiation (Figure 5, Table 3).


[image: Figure 5]
FIGURE 5. Low-dose irradiation was more likely to cause the enrichment of immunosuppressive factors such as IL-10, TGF-β. (A–C) The exposure level trend of IL-10 under different doses of X-rays. (D–F) The exposure level of IL-10 under different doses of Carbon ions. (G–I) The exposure level trend of TGF-β under different doses of X-rays. (J–L) The exposure level trend of TGF-β under different doses of Carbon ions.



Table 3. Dose-dependent expression analysis of IL-10&TGF-β after 48 h of carbon ions and X-rays radiation (ng/ml).
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DISCUSSION

Nowadays, more and more studies on radiotherapy causing abscopal effects and participating in anti-tumor immune response indicate that inducing immunogenic changes has become one of the essential mechanisms for radiotherapy to exert immune synergy (34). Based on this, a variety of approaches to enhance the immunogenicity of apoptotic cells have been developed (7, 35). Conventional X-rays-induced immunogenicity changes in tumor cells have been reported. However, due to the limitations of radiotherapy resistance, the immune synergy of radiotherapy needs to be further improved (36). Heavy ions have become definitive radiation therapy due to their superior radiobiological effects (23, 37). However, the advantages and specific mechanisms of the immunogenic changes induced by heavy ions in dying tumor cells are still unclear.

Tumor immunotherapy is an anti-tumor immune response driven by T cells (38). Since the induction of cytotoxic T cells depends on the activation and maturation of DC (39), the research on ICD mainly focuses on the DC-T cell axis and the primary markers for detecting ICD (14, 19). In this study, based on the PCA of scRNA-seq data of lung cancer CD8+T cell clusters, the DEGs involved in different immune response stages were analyzed, and the main marker genes were screened out. In this study, we evaluated and compared the exposure levels of the relevant antigens of the three lung cancer cell lines under conventional X-rays and carbon ions radiation, which provided a reference for future heavy ion-induced immunogenicity changes and immune regulation.

HMGB1 plays a vital role in ICD and inducing an anti-tumor immune response (40). HMGB1 binds to TLR-4 and receptors to form advanced glycosylation end products, which promote the production of cytokines, cross-presentation of related antigens, and the maturation and activation of DC cells, thereby activating helper T cells and effector T cells (41, 42). Based on the scRNA-seq data of CD8+T cell clusters, we found that the accumulation of HMGB1 was particularly significant in the immune effector clusters of CD8+T cells. In contrast, the accumulation of TGF-β, IL-10, FOXP3, and STAT3 were mainly concentrated in the immunosuppressive state (43). During tumorigenesis and progression, the uptake of apoptotic cells by surrounding macrophages is accompanied by the release of anti-inflammatory signals such as TGF-β (44). Therefore, apoptosis can promote tumor tolerance (45). To a certain extent, the exposure of these immunosuppressive factors also provides a basis for explaining radiotherapy resistance or tolerance (46). As we know, the form of cell death caused by carbon ions is different from X-rays, and its higher LET and unique brag peak have become one of the advantages of replacing traditional X-rays (47). Research by OnishiM et al. showed that the exposure level of HMGB1 increased with the linear energy transfer (LET) value (48). Yutaka Takahashi et al. found that the exposure level of HMGB-1 in the cell culture supernatant collected 48 h after carbon ions irradiation increased by more than three times compared with untreated cells (5). Also, the effect of carbon ion radiation on ICD can spread to the peripheral blood (49). Although previous studies have shown that X-ray irradiation and chemotherapy can induce ICD (50), there are few studies on the exposure differences and trends of related antigens that play different roles in the tumor immune response stage under different irradiations.

Similar to the increase in other DAMPs, such as calreticulin after irradiation, the exposure of HMGB1 showed a time and dose-dependent relationship to a certain extent. Under the same physical dose of X-ray and carbon ion irradiation, the exposure level of HMGB1 showed a time-dependent trend, which was different in X-rays and carbon ions. Specifically, the exposure level of HMGB1 induced by carbon ions was higher than that of X-rays, especially in mouse Lewis cells. Interestingly, the exposure level of HMGB1 increased insignificantly within 18 h after irradiation but increased significantly within 24–36 h, and the shoulder area appeared within 48 h. Similar to our research, Yangle Huang et al. found that the three types of irradiation of photons, protons, and carbon ions also increased the exposure of surface-exposed calreticulin (ecto-CRT) in a time-dependent manner (51). At 48 h after irradiation, ecto-CRT exposure increased significantly but only slightly increased in various tumor cell lines at 12 h after irradiation.

At the same time, after irradiation, the exposure level of HMGB1 induced by X-rays but not carbon ions irradiation was dose-dependent. Under the 6 Gy physical dose of carbon ions irradiation, the exposure level of HMGB1 tended to be flat or even lower, which was similar to the research conclusions of Yangle Huang et al. Cell death caused by apoptosis may be highly immunogenic. In contrast, the immunogenicity of necrotic cells may be lower than that of cells undergoing immune apoptosis (41, 52). Based on this, we speculate that carbon ions irradiation with 6 Gy physical dose may cause some other types of death pattern, and the specific mechanism that needs to be further studied. Also, studies (24) have shown that even in normal cells, radiation with a dose between 4 and 12 Gy can induce cytoplasmic HMGB1 translocation and stimulate the time and dose-dependent release of HMGB1 in vivo and in vitro. In the dose range of 4 to 8 Gy, the release of HMGB1 was induced as early as 6 h after stimulation.

Radiation induces ICD of tumor cells to activate M2 macrophages and then secrete various cytokines, including TGF-β and IL-10 (29, 53). TGF-β is a potent immunosuppressive factor in TME, which can damage the function of DCs and inhibit the activation of T cells and promote the transformation of naive CD4+T cells into Treg cells (54). TGF-β is usually secreted in the form of inactivation in the extracellular matrix and is released from the latency-related peptide (LAP) by external stimuli such as radiation. Besides, the production of reactive oxygen species (ROS) after radiation can also promote the release of TGF-β, thus increasing the immunosuppressive effect (25). Similarly, IL-10, an important immunosuppressive factor, induces an immunosuppressive pathway by promoting S100A9 nuclear localization and MDSC maturation (55). Consistent with HMGB1, the exposure levels of IL-10 and TGF-β under X-rays and carbon ions irradiation were also time-dependent. Interestingly, the exposure levels of IL-10 and TGF-β induced by different physical doses of X-rays and carbon ions showed different trends. Under 4 Gy X-rays irradiation, the exposure level of IL-10 and TGF-β reached a peak and then entered a plateau or decline phase. However, this trend appeared under 2 Gy carbon ions irradiation. Studies have shown that low-dose radiation may increase the expression of immunosuppressive factors or immune checkpoint molecules. Besides, low-dose radiation may also activate immune suppression and angiogenesis (46) and promote M2 macrophages to inhibit the anti-tumor response and promote metastasis by producing arginase and cytokines TGF-β and IL-10 (56). Therefore, the above data also provided a reference for immune tolerance induced by low-dose irradiation. This study also found that carbon ions above 4 Gy could significantly reduce the exposure level of immunosuppressive factors IL-10 and TGF-β. Interestingly, at this dose, carbon ions radiation-induced the peak exposure level of HMGB1, which suggested that 4 Gy radiation of carbon ions may reach an ideal balance point in promoting immune effects and reducing immune tolerance since this study was only carried out on lung cancer cell lines in vitro, which needs to be further verified by animal-related experiments and clinical experiments.

In summary, by comparing the exposure levels of X-rays and carbon ions radiation to DAMPs or TAAs involved in the immune response, we found that both X-rays and carbon ions can change the immunogenicity of lung cancer cells in a time-dependent manner. Based on further analysis of the “time window” and “dose window” of carbon ions radiation, it was found that carbon ions may be more advantageous than traditional X-rays in terms of inducing immunogenic changes. Based on this finding, further exploration of two kinds of radiation-induced immunogenicity and TME changes in mouse tumor-bearing models will be our next task.
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Objective: To investigate dosimetric deviations in scanning protons for Bragg-peak position shifts, which were caused by proton spiral tracks in an ideal uniform field of magnetic resonance (MRI) imaging-guided proton radiotherapy (MRI-IGPRT).

Methods: The FLUKA Monte-Carlo (MC) code was used to simulate the spiral tracks of protons penetrating water with initial energies of 70–270 MeV under the influence of field strength of 0.0–3.0 Tesla in commercial MRI systems. Two indexes, lateral shift (marked as WD) perpendicular to the field and a penetration-depth shift (marked as ΔDD) along the beam path, were employed for the Bragg-peak position of spiral proton track analysis. A comparison was performed between MC and classical analytical model to check the simulation results. The shape of the 2D/3D dose distribution of proton spots at the depth of Bragg-Peak was also investigated. The ratio of Gaussian-fit value between longitudinal and transverse major axes was used to indicate the asymmetric index. The skewness of asymmetry was evaluated at various dose levels by the radius ratio of circumscribed and inscribed circles by fitting a semi-ellipse circle of 2D distribution.

Results: The maximum of WD deflection is 2.82 cm while the maximum of shortening ΔDD is 0.44 cm for proton at 270 MeV/u under a magnetic field of 3.0 Tesla. The trend of WD and ΔDD from MC simulation was consistent with the analytical model, which means the reverse equation of the analytical model can be applied to determine the proper field strength of the magnet and the initial energy of the proton for the planned dose. The asymmetry of 2D/3D dose distribution under the influence of a magnetic field was increased with higher energy, and the skewness of asymmetry for one proton energy at various dose levels was also increased with a larger radius, i.e., a lower dose level.

Conclusions: The trend of the spiral proton track under a uniform magnetic field was obtained in this study using either MC simulation or the analytical model, which can provide an optimized and planned dose of the proton beam in the clinical application of MRI-IGPRT.

Keywords: proton pencil beam, simulation mode, proton dose changes, magnetic fields intensity, FLUKA simulation


INTRODUCTION

Proton radiotherapy, an advanced form of cancer treatment, can fulfill the aim of radiotherapy to achieve better dose conformality than photons due to the Bragg peak. It results in irradiating the target uniformly with the prescription dose, while sparing the adjacent healthy tissues and critical organs (1) nearby to the target. The treatment modality of proton radiotherapy reduces the integral dose over the body of patients due to a finite penetration of protons. However, proton radiotherapy is more susceptible to uncertainties of the geometrical variations, such as a misalignment of setup, the motion of the target, and also of inter-fractional anatomical changes, due to the limited knowledge of patient anatomy during the initial CT simulation during treatment planning (2, 3). Imaging-guided proton radiotherapy (IGPRT) is implemented to reduce susceptible uncertainties to compensate for any unexpected target changes, thus sparing the healthy tissues (4) with proper safety margins in the treatment planning protocols. Magnetic resonance imaging (MRI) systems provide good contrast of soft tissues between the tumor and organs at risk (OARs) (5–9); it is a prime candidate for IGPRT with several advantages over other imaging modalities. Compared to the computed tomography (CT) imaging, several studies demonstrated the advantages of MRI-based imaging-guided proton radiotherapy (IGRT) (5–13). The MRI-IGPRT using protons can reduce uncertainties in the proton therapy process that result in lower doses to the normal tissues.

However, the spiral track of the proton path from the Lorentz force in a magnetic field of MRI made a dose deviation on the delivered 2D/3D distribution by shifting the Bragg-peak position (14–19), which depends on the gantry angle leading to different incident direction and strength of the magnetic field in MRI. In this study, the characteristics of a tracked spiral proton path and induced 2D/3D dosimetry deviation under an ideal uniform magnetic field were investigated using the FLUKA Monte Carlo (MC) simulation with a built-in magnetic field module (20). The incident energy range was 70–270 MeV/u and perpendicular to the magnetic field of strength of 0.0–3.0 Tesla. The previous study employed an analytical model to evaluate the Bragg-peak position shift in the spiral tracks and performed a comparison with the MC simulation (21). The magnitude of asymmetry of maximum planar dose distributions was also investigated for each energy under the field strength of 3.0 Tesla under different dose levels.

This study was implemented for the clinical application of MRI-IGPRT. Accurate 2D/3D dose distribution of employed energies over different field strengths was generated first, and then the shift of Bragg-peak position in terms of the lateral shift (WD) perpendicular to the field and the penetration-depth shift (ΔDD) along the beam path was evaluated. The values of WD and ΔDD from MC simulation were also compared with that from an analytical model for proton energy over different field strengths. The asymmetric spot shape was investigated by the ratio of Gaussian-fit values between longitudinal and transverse major axes at the planar maximum dose distribution of each proton energy over 3.0 Tesla field strengths. Fitting a semi-ellipse circle of 2D distribution at each dose level, the skewness of asymmetry over various dose levels was also evaluated by the radius ratios of circumscribed and inscribed circles.



MATERIALS AND METHODS


Simulations Used FLUKA Monte-Carlo Code With Shifts of Bragg-Peak Positions

FLUKA (2011.2x) was implemented to simulate the interaction between active pencil-beam-scanning (PBS) proton and the magnetic field (20). Each simulated PBS proton beam entered a water phantom perpendicular to the uniform magnetic field as shown in Figure 1A. The red arrow indicates the entering PBS proton, while the green arrow shows the direction of the magnetic field. In Figure 1B, a schematic drawing for proton dose distribution, the straight path means without magnetic field and the spiral track means under the influence of a magnetic field in a cut plane over the directions of beam entrance and the magnetic field. The WD and ΔDD were used to evaluate the shift of Bragg-peak position in direction of transverse (i.e., perpendicular) and longitudinal (i.e., along) beam paths for the shifts. The “Angle def ” was the deflection of spiral track beam central axis. The insert of Figure 1B presents the characteristics for the 3D dose distributions of spiral proton tracks. Details of these parameters will be described later.


[image: Figure 1]
FIGURE 1. (A) A schematic drawing of simulation geometry with indicated directions of beam entrance and magnetic field. The proton beam vertically enters the water phantom from left to right, and the red arrow represents the beam. The green arrow is the direction of the magnetic field. (B) A schematic drawing for proton dose distributions as a straight path without magnetic field, and as a spiral track under the influence of magnetic field in a cut plane over the directions of beam entrance and the magnetic field. The WD and ΔDD were the shift of Bragg-peak position. The “Angle def ” is the deflection angle of spiral track beam central axis the. In the insert of (B), the maximum and minimum of the full width at half maximum (FWHM) and the major and minor axes of elliptical 2D distribution at the Bragg-peak location. The Angle max and Angle min are the angles of maximum and minimum full-width-half-maximum in the major and minor axes of doses passing the location of Bragg-peak. Details are in the text.


In MC simulations, protons were transported in a water phantom with a size of 20 × 20 × 35 cm3 (x, y, and z directions of the phantom geometry, and the distance in z direction is larger than the range of 270 MeV/u incident energy). Parameters of the hadron therapy to a 100 keV limit and cutoff range of transport 0.001458 mm were used in simulation for sufficient accuracy. The water phantom was binned to obtain 0.1 × 0.02 × 0.02 (z, x, and y directions of the phantom geometry) mm3 voxels. 3D dose distribution was simulated with 1 × 1010 particle histories in each spot with 5 mm sigma of 2D Gaussian lateral distribution at the entrance of the water phantom. The directional divergence of proton space was neglected in simulations because it was minimal in comparison with the lateral scattering spreading in water by the multiple Coulomb scattering (22). The statistical error of each simulation was <2% for local maximum value at the depth before the Bragg-peak. The statistical error of the results within 3 mm before and after the Bragg peak was controlled within 0.2%, while that of the low dose beyond 3 mm of Bragg peak was controlled within 4.0%. Simulations were performed with the proton energy of 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 200, and 270 MeV/u under the magnetic field strength of 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3 Tesla, which covered the typical parameters used in proton radiotherapy. WD and ΔDD of spiral proton tracks were analyzed in each MC simulation.



The Mathematical Formula of an Analytical Model to Calculate WD and ΔDD

Following the reference (21), the shift (WD or ΔDD) of Bragg-peak position can be calculated by the mathematical formula as shown in Equations (1)–(3). For a proton with kinetic energy E0, charge q = 1, and rest mass m entering perpendicularly to a magnetic field strength B, the shift of WDcan be calculated by either Equation (1) or (2), which correspond to non-relativistic and relativistic cases, respectively. For protons with energy of 70, 80, and 90 MeV/u, only Equation (1) was used to calculate the WD by considering the energy effect, while both Equations (1) and (2) were used to calculate the WD in an interval of 10 MeV for protons with energy 100–170 MeV.

[image: image]
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Where p ≈ 1.75 and α ≈ 2.43×10−3 MeV−p cm in water for the fit parameter of proton stopping power in water.

The shift of ΔDD can be calculated by Equation (3).

[image: image]

The WD and ΔDD calculated with the upper equations at certain conditions were compared with corresponding values of MC simulations, and the reverse equations can be used to determine the required energy according to WD and ΔDD.



The Asymmetries of 2D/3D Dose Distributions Induced by Magnetic Fields

In addition to the shifts of Bragg-peak position, the 2D spot-shape become asymmetric under the influence of a magnetic field, and the asymmetry especially can be visually seen for the planar dose at the Bragg-peak. To evaluate the skewness of asymmetry of simulated planar 2D distribution, an analysis process using MATLAB (23) platform was used to investigate the referred macroscopic and microscopic aspects in this study. The analysis process includes: (1) Performing a Gaussian fit for obtaining the sigma of 1D distribution in the direction of transverse (x) and longitudinal (y) axes at the plane of the planar dose distributions; (2) Analyzing the ratio of obtained sigma in x/y axes with a field strength of 3.0 Tesla as a function of energy; and (3) Investigating the differences in the area of encompassed ellipse under the magnetic field concerning a standard circle without magnetic field, while the size of each standard circle in the plane depends on the dose level.

The processes of 1 or 2 analyze the data only in the x- or y-axis itself and refer to the macroscopic aspect. Because the minimum/maximum axis of ellipse cannot be on x/y axes, each ellipse can be fitted by minimalizing the area between an inscribed circle (IC) and a circumscribed circle (EC) where the IC is the maximum radius with the ellipse and the EC the minimum radius outside the ellipse. The process of 3 refers to the macroscopic aspect by involving the asymmetry at a dose level.

Although the deflection of spiral tracks causing the shifts of Bragg-peak position and the 2D dosimetric deviations in macroscopic and microscopic aspects described above, the major and minor axes of elliptical 2D distribution at the Bragg-peak location may not align with x/y axes related to the beam direction as shown in the insert of Figure 1B. The MATLAB code was used to analyze the FWHM of each line passing through the maximum dose point of the Bragg peak in each simulated 3D distribution. It is that the spatial positions of lines having maximum FWHMmax and minimum FWHMmim of each simulated 3D dose distribution were located. Based on the orientations of FWHM lines, the rotation angles of FWHMmax and FWHMmim lines to the beam incidence are the Anglemax and Anglemin as indicated in the insert of Figure 1B.




RESULTS


The Shifts of Bragg-Peak Positions


The MC Simulations and the Analytical Model

Each simulated depth dose was normalized to the maximum dose at the phantom surface. Figure 2A shows simulated depth doses for protons with an energy of 170 MeV/u under different field strengths. The insert of Figure 2A shows the shifts of ΔDD. Figure 2B shows the shifts of WD for various energies with different field strengths. Figure 2C shows the lateral profiles shifting under various field strengths. Figure 2D shows the beam deflection angles, calculated from WD and ΔDD, concerning the incident beam direction.


[image: Figure 2]
FIGURE 2. (A) Shows the simulated depth doses of protons with 170 MeV over different field strengths. The insert shows the details of depth doses near the Bragg-peak. (B) Shows the shifts of WD for various energies with different field strengths. The numbers next to the shifts of 170 MeV indicated corresponding field strengths. (C) Shows the lateral dose profiles of protons with 170 MeV over different field strengths in the axis of WD. (D) Shows the beam deflection angles for incidence beam direction.


Table 1 lists the percentage differences on WD from Equations of (1) or (2) to the simulations over proton energies of 100–170 MeV/u. Both smaller proton energy and a weaker magnetic field would result in a large percentage difference. The mean of percentage differences over listed energies for the Equations of (1) and (2) were 4.7 and 5.6%, respectively. However, the maximum absolute difference of WD between the analytical model and the MC simulation is around 0.5 mm.


Table 1. The percentage differences of WDfor formulas 1 and 2 for simulations.
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Table 2 shows the difference between the analytical model of Equation (3) and the MC simulation for various proton energies under different field strengths. The maximum difference is 0.1 mm.


Table 2. Differences ofΔDD between the analytical model of the Equation (3) and the MC simulation.
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Applications of Analytical Model for Desired ΔDD and WD in the MRI-IGPRT

Based on the position relationship between an OAR and the target, required ΔDD and WD can be determined. The Equations of (4) and (5) derived from the revision of Equations (1) and (3) can be used to determine the proton incident energy with a specific field strength to achieve an optimized delivered doses for MRI-IGPRT.

[image: image]

[image: image]

For example, to meet the required position of OARs for avoidance required a WD = 2.0 cm or ΔDD = 0.25 cm under a 3.0 Tesla of field strength; calculated incident energy E0 of the protons by formula 4 or 5 are 141 MeV/u or 148 MeV/u, respectively. The energy of protons was input to the MC simulation with a 3.0 Tesla of field strength. The MC simulated WD and ΔDD outcomes were 2 cm and 0.24 cm, respectively. Similar results validated that Equations (4) and (5) can be used for calculating the incident proton energy of required WD and ΔDD. In clinical practice, this approach by proper proton energy under a specified field strength could achieve the desired delivered doses of MRI-IGPRT.




The Asymmetries of 2D/3D Dose Distributions Induced by Magnetic Fields


Characteristics of Asymmetric Planar 2D Dose Distributions

Symmetric planar dose distributions at the depth of Bragg-peak without a magnetic field were observed in the top panels of Figure 3. However, asymmetric planar distribution for protons of 270 MeV/u appear under a field strength of 3.0 Tesla.


[image: Figure 3]
FIGURE 3. Shows the planar dose distributions at the Bragg-peak positions for protons without magnetic fields at the panels and under a field strength of 3.0 Tesla.


To analyze the characteristics of asymmetric planar distribution, the 1D distribution at the x-transverse and y- longitudinal axes from each panel of Figure 3 were extracted and presented in Figure 4. Each extracted 1D profile of the x- or y-axis was fit by Gaussian function. In the absence of a magnetic field, each 1D profile for different energies was symmetrical in comparison to each fit curve. The x-transverse profiles for various energies were still symmetrical even under a field strength of 3.0 tesla. However, y-longitudinal profiles were visually asymmetric at lower dose levels. These results indicated the unidirectional distortion of proton dose distributions under the magnetic fields.


[image: Figure 4]
FIGURE 4. Top panels show extracted x-transverse and y-longitudinal 1D distributions in the solid blue curve with Gaussian fit curves in the dotted red curve for 2D dose distributions in Figure 3. Bottom panels show the detail of y-longitudinal distributions at lower dose levels.


Although the x-transverse profile is symmetric, the y-longitudinal profile is asymmetric under the magnetic fields. The changes of sigma widths are also different between x- and y-profiles under different field strengths. To present the ratio of sigma, widths on the Gaussian fits of x- and y-profiles were obtained and plotted in Figure 5 for various proton energies without magnetic field and under 3.0 Tesla. In the absence of a magnetic field, the axis ratios of longitudinal–transverse proton dose distributions were almost identical. Contrastively, in the presence of a magnetic field, the ratios increased with the enhancing energy, especially at energies > 150 MeV/u.


[image: Figure 5]
FIGURE 5. (A) Left panel shows the ratios of sigma widths on the Gaussian fits of x- and y-profiles for various proton energies without a magnetic field and under 3.0 Tesla. (B) The right panel showed the ratio of left panel by circles without magnetic field and by squares with a field strength of 3.0 Tesla.


Besides the ratios of sigma widths varying with the proton energy under different field strengths, the changes of sigma widths are different for the isodose curves at different dose levels as shown by the different size of isodose curves in Figure 6. Because the change of sigma width of each isodose curve is different between x and y axes, it results in an elliptical shape for each isodose curve under the influence of the magnetic field. By applying the fit process described above, the radii of IC/EC circles were obtained for each isodose curve to be plotted in Figure 7. The area differences of these circles exhibited a certain regularity in the presence of the magnetic field. The average radius differences for a field strength of 3.0 Tesla were twice those without a magnetic field.


[image: Figure 6]
FIGURE 6. Shows three sizes of isodose curves for 150 MeV protons over three dose levels under a 3.0 Tesla field strength with (A) and without a magnetic field (B). The center point of each plot indicates the maximum dose at Bragg-peak position of each simulation. Each isodose curve was fit for a minimized area between the inscribed IC and EC circumscribed circles as described in the text to obtain the radii of IC and EC. When E = 150MeV.



[image: Figure 7]
FIGURE 7. Radius differences of fitted IC/EC circle for isodose curves for protons of 200 and 270 MeV under the field strengths of 0.0 and 3.0 Tesla.


Figure 7 shows the radii for fit IC/EC circles of three isodose curves for protons with energies of 200 MeV/u and 270 MeV/u under the field strengths of 0.0 and 3.0 Tesla. The difference between IC and EC radii increases as the size of the isodose curve increases, i.e., lower dose level. The effect of a magnetic field for 200 and 270 MeV/u protons was three and five times stronger than 150 MeV/u protons, respectively. Figure 8 shows the trend of radius difference between the IC and EC circles for protons with energies of 150, 200, and 270 MeV/u as a function of radius without as magnetic field. Many standard radii were at the lower dose level. A general trend for larger differences with increased standard radius was seen for all three energies.


[image: Figure 8]
FIGURE 8. Shows the trend of radius difference between the IC and EC circles as a function of the radius in the standard circle for protons with energies of 150, 200, and 270 MeV.




The Deflection of Major Axes for Asymmetric 3D Dose Distributions

As shown in the insert of Figure 1B, the FWHM of each line passing through the maximum dose point of the Bragg peak were analyzed. The lines passing the maximum and minimum of FWHM were rotated away from its initial orientation; it was initially aligned with the vertical axis as indicated in Figure 1B. Due to the re-orientation of major and minor axes of 3D dose distribution for protons passing a magnetic field, the plane formed by the major and minor axes is a certain angle with the beam incident direction as the elliptical circle indicated in the insert of Figure 1B. Extracted rotation angles of Anglemax and Anglemin are listed in Table 3 for protons with energies of 150, 200, and 270 MeV under a field strength of 3.0 Tesla. The values of FWHMmax and FWHMmim are also listed in Table 3 with the FWHM along the vertical axis. Notice that the maximum FWHM is not always along the vertical direction, but can be in a different direction.


Table 3. Dose calculations on different angle profiles.
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DISCUSSION

The MRI-IGRPT can reduce the uncertainties in the radiotherapy process and improve the patient's positioning accuracy. However, the magnetic field significantly alternates the dose distributions of protons passing the magnetic field as shown in our results. In this study, details of the spiral proton track and the asymmetric 2D/3D dose distribution were investigated. The magnetic field not only induces the shift of Bragg-peak position as the spiral proton track, but also varies the 2D/3D dose distributions (11, 12, 14, 15). Induced asymmetric variation of 2D/3D dose distributions were evaluated on the ratio of Gaussian-fit values in the 2D dose distributions. The skewness of asymmetry at different dose levels by the differences between the circumscribed and inscribed circles was also studied. Finally, the rotation angles to the beam incidence for major axes were investigated for maximum and minimum FWHW in the 3D dose distribution.

To validate an analytical model for predicting simulated ΔDD and WD shifts of Bragg-peak position, the mathematic formula derived by Wolf and Bortfeld (21) was used in this study. The validation and verification were successfully conducted using the analytical model. With a validated analytical model, the mathematic formula by reversing the formula was derived. Based on the derived mathematic formula, the anatomical position of the target can be calculated based on the required proton incident energy, which can thus avoid the irradiation of OARs, aiming to achieve the purpose of optimizing proton radiotherapy.

Magnetic fields perturb more on the 2D/3D dose destitutions when the energy or/and magnetic field increases. Some existing research on magnetic fields and proton radiotherapy only described the change of proton dose or made preliminary dose calculations (14, 24, 25). Dosimetry deviation in the 2D/3D distribution were performed on the macroscopic to microscopic aspects with parameters such as the angles of defection and the orientation of major/minor axes of the plane. With the validated analytical model and details of characteristics of dosimetric deviations, the dose perturbation due to the magnetic field can be optimized to deliver desired doses to the treated target.



CONCLUSION

The trend of the spiral proton track under a uniform magnetic field obtained in this study by using either MC simulation or the analytical model can provide optimized doses of the proton beam in the clinical application of MRI-IGPRT. Further developments of the analytical dose calculation algorithm are needed to model the asymmetric dose distribution of protons passing a realistic non-uniform magnetic field.
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Space radiobiology is an interdisciplinary science that examines the biological effects of ionizing radiation on humans involved in aerospace missions. The dose-effect models are one of the relevant topics of space radiobiology. Their knowledge is crucial for optimizing radioprotection strategies (e.g., spaceship and lunar space station-shielding and lunar/Mars village design), the risk assessment of the health hazard related to human space exploration, and reducing damages induced to astronauts from galactic cosmic radiation. Dose-effect relationships describe the observed damages to normal tissues or cancer induction during and after space flights. They are developed for the various dose ranges and radiation qualities characterizing the actual and the forecast space missions [International Space Station (ISS) and solar system exploration]. Based on a Pubmed search including 53 papers reporting the collected dose-effect relationships after space missions or in ground simulations, 7 significant dose-effect relationships (e.g., eye flashes, cataract, central nervous systems, cardiovascular disease, cancer, chromosomal aberrations, and biomarkers) have been identified. For each considered effect, the absorbed dose thresholds and the uncertainties/limitations of the developed relationships are summarized and discussed. The current knowledge on this topic can benefit from further in vitro and in vivo radiobiological studies, an accurate characterization of the quality of space radiation, and the numerous experimental dose-effects data derived from the experience in the clinical use of ionizing radiation for diagnostic or treatments with doses similar to those foreseen for the future space missions. The growing number of pooled studies could improve the prediction ability of dose-effect relationships for space exposure and reduce their uncertainty level. Novel research in the field is of paramount importance to reduce damages to astronauts from cosmic radiation before Beyond Low Earth Orbit exploration in the next future. The study aims at providing an overview of the published dose-effect relationships and illustrates novel perspectives to inspire future research.

Keywords: human space exploration, galactic cosmic radiation, galactic cosmic radiation effects, space radiobiology, space radiation doses, dose-effect model


INTRODUCTION

Space radiobiology (SPRB) is a fascinating field that has fostered a growing interest in the recent years, thanks to the increased technological capability to travel and operate in space and the consequent renewed interest from the national space agencies to plan exploratory and colonization space missions.

The space radiation environment is a complex mixture of radiation species dominated by highly penetrating charged particles from different sources (Figure 1). In this regard, three different sources of particles are present: particles emitted by the Sun (SPE) due to the solar activities, particles trapped in the magnetic field of the Earth (i.e., Radiation Belt), and galactic cosmic rays (GCRs) coming from outside the solar system.


[image: Figure 1]
FIGURE 1. Scheme of the origin of space radiation particles and consequent risk. ISS, International Space Station; LEO, Low Earth Orbit.


Planetary magnetic fields and short-term and long-term solar activities modulate the energy spectrum and abundances of radiation species (1). In addition, the presence of shielding on the space stations or spacecraft modifies the incident spectrum and related exposure due to (secondary) particles production resulting from the interaction (spallation) of the space radiation particles with such structures.

Such particles can penetrate several hundreds of centimeters of materials, such as aluminum or tissue/water and fragment before stopping, producing lower Z secondary particles through nuclear interactions. A lower linear energy transfer (LET) characterizes the secondary particles. Such characteristics confer a higher penetration range than the primary particles (2).

Ionizing radiation protection on Earth uses several technical solutions to reduce the exposure of workers: increasing the distance from the radiation source, reducing the exposure time, and implementing ad hoc shielding (3).

Distance is not helpful in space since GCRs are mostly isotropically distributed. Time exposure reduction is a valid approach in space, but not practical due to spacecraft velocity or time to perform scientific tasks. Further, it will be significantly longer than what has been experienced so far for the planned exploration and colonization to Moon and Mars. Shielding, either active or passive, is crucial to reduce radiation exposure significantly but cannot fully absorb all space radiation due to the high-energy component and the time-variable contribution of the GCR spectrum. In addition, shielding materials and thickness need to be optimized considering their efficacy and cost to reduce the unavoidable exposures to the minimum acceptable level. Nevertheless, dose- and equivalent dose-rate of the astronauts are around 0.3–0.6 mGy/day, corresponding to 1–1.8 mSv/day, respectively (4).

Both acute and late effects in the space radiation environment are the most frequent and relevant life-threatening adverse events associated with ionizing radiation exposure. Acute radiation syndrome (i.e., short-term effects) is caused by intense and short exposure to SPEs in case of crews unable to reach areas with adequate shielding. Late radiation morbidity [e.g., carcinogenesis or central nervous system (CNS) damage] is associated with continuous exposure to GCR, which is substantially different both qualitatively and quantitatively from the natural background of the radiation of Earth, depending on various above-described factors (i.e., long- or short-term solar activity and magnetic field features).

Mathematical models of dose-effect relationships are developed and are confirmed not only from human studies but also from in vitro cell or in vivo small animal studies. Such models explain and predict the clinical and subclinical effects recorded during space missions. In addition, it is possible to use clinical diagnostic or radiotherapeutic devices for performing a ground simulation of GCR scenarios and improving the space exposure radiobiological model understanding, due to the similarity of dosage and type of available particles. Moreover, the complete understanding of non-targeted effects induced by charged particles becomes mandatory (5) due to the interaction of secondary particles with several human healthy tissues. Nontargeted effects may dominate cancer risk at space-relevant doses. Furthermore, several investigations are still ongoing to consider the possibility of hibernating astronauts to guarantee additional protection against space radiation effects, given the radioprotective action of hypothermia (6).

Our study aims at reviewing the acute and late adverse effects of space travel to be compared/discussed to the ones currently observed after diagnostic or radiotherapy exposure or through ground simulations to similar dosage/radiations.



MATERIALS AND METHODS


Resource Identification Search Strategy

The performed PubMed search uses the query string reported below to identify the proposed models for acute and late effects related to space mission/exposure and compare these effects with the threshold reported in the diagnostic or therapeutic applications using ionizing radiation. Query search included the following keywords/string: space[title/abstract] model[title/abstract] radiobiol* [title/abstract]. For each detrimental health and tissue effect, an additional search have to be implemented e.g., (model[title/abstract] OR relationship[title/abstract]) AND (radiotherapy[title/abstract] OR space[title/abstract]) AND (radiobiol* [title/abstract] OR dose [title/abstract]).

The research had been restricted to the last 10 years to include only the most recently published studies. The last search was done on August 30, 2021. The authors independently reviewed titles and abstracts to decide study inclusion. Full articles were retrieved when the abstract was considered relevant, and only papers published in English were considered. The bibliographies of retrieved and reviewed papers were also examined to identify other relevant articles to be included and published before 2011. Papers were considered eligible when reporting models and dose-effect correlations.

Analyzed effects included, among others, eye flashes, cataracts, CNS effects, cardiovascular disease (CVD), biomarkers including chromosomal aberrations, cancer induction (including mortality), and other possible risks never evidenced in astronauts but investigated as possible long-term irradiation for future missions to Mars and Moon (Table 1). In the last columns of Table 1, the overall reliability and research priority rates are reported using a 5-point scoring system from very low (*) to very high (*****) values. The reliability of models has been reported considering the number of revealed effects, statistical approaches, and information on dose and GCR spectrum and its modification through shielding materials. We also include an attempt to score the priority for future research considering the possible impact on a long-term mission in deep space, the availability of advanced facilities, and the possible synergies with related medical fields using ionizing radiation.


Table 1. Dose-effect relationship for space radiation risk assessment.
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RESULTS


Identified Studies

Based on Pubmed/Medline search, 61 papers have been found. Among this, 54 were original papers reporting/proposing radiobiology or dose-effects models, while 8 were reviews or relevant reports (which were screened for including additional papers). About 24 papers mainly focused on data obtained from astronauts or spaceflight crews, while 37 were generated using ground experiments and/or simulations. Other reports or commentary papers were included in the discussion.



Dose-Effect Relationships

The identified models based on available data from spaceflight missions or ground/simulation data have been described in Table 1 and more in detail in the subsequent paragraphs. The scores of overall reliability and research priority are also reported in Table 1. The scores of overall reliability and research priority are associated with the robustness of identified models and expected doses calculated for long-term missions considering that astronauts are healthy non-smoker subjects. The higher priorities regard cancer, biomarker/sensitivity, and CNS risk, which can potentially affect the duration and quality of life of space crew/astronauts. Regardless of the relevant efforts in the last decades, the reliability of models is still sub-optimal for most of the medium- and long-term effects.

The effects of radiation exposure in space can manifest themselves at different times; short-term (e.g., eye flashes) are observed immediately and are transient, medium-term [e.g., CVD] after several weeks/months depending on the absorbed dose, and long-term (e.g., cancer) can also occur many years (10 to 30) after exposure. The performance, characteristics, limitations, and uncertainties of these dose-effect models are discussed in the following paragraphs.

Figure 2 shows the several possible ionizing radiation-induced effects during and after space missions, including acute and late effects on normal tissues, as well as neurological disease and lens opacification, and cancer risk. Figure 2 also includes the oral mucositis and CVD, which have never registered at the doses absorbed by astronauts until now but represent a potential risk in case of prolonged exposure as expected after the Mars colonization.


[image: Figure 2]
FIGURE 2. Possible ionizing radiation-related health hazards in space.




Eye Flashes


Spaceflight-Based Studies

More in detail, the first description of the biological consequences of the space radiation exposure on human cells was the subjective sensations of lights on eyes, commonly called eye flashes, first observed by Apollo crews (7). The origin of the eye flashes remained unresolved for several years. Geometrical considerations and the Monte Carlo calculations show that, at least in part, the flashes seen by astronauts are correlated with charged particles traversing the retina. Primary or secondary neutrons and possibly heavy ions, rather than mesons, were suspected to cause eye flashes. Observations on the helmets of Apollo astronauts reveal numerous tracks of metallic ions as heavy as zinc and nickel, which are very rare in space, suggesting that the technical environment of spacecraft itself adds extra complexity to the actual spectrum of secondary particles. Secondary particles, generated by the interaction of very high-energy particles with metallic stuff of spacecraft, having the a LET >5–10 keV/μm were suspected to cause eye flashes (8, 9). The phenomenon of light flashes in space investigated onboard Mir space station correlated the data on particles hitting the eye collected with the SilEye detectors with human observations. Likely, a nucleus in the radiation environment of the Mir has roughly a 1% probability of causing eye flashes, whereas the proton probability is almost of three orders of lesser magnitude. The probability of the eye flashes increases above 10 keV/micrometer as a LET function, reaching about 5% at around 50 keV/micrometer (9). Preliminary studies indicate that light ions are the most probable particles for generating eye flashes (10). The measured rate of ions in the eye produced an average rate of 5 × 10−2 eye flashes per minute (20 in about 420 min of observation).




Cataract


Spaceflight-Based Studies

Cataract risk from space radiation seems linear without a threshold caused by genetic damage leading to aberrant cellular differentiation of lens epithelial cells (11, 12). However, questions on the definition of clinical significance and the progression of cataracts with time must still be addressed for risk assessment.

The systematic investigation of lens opacification among US astronauts studied by Cucinotta et al. (13) compares historical data for cataract incidence in the 295 astronauts participated in the Longitudinal Study of Astronaut Health (LSAH) by NASA and individual occupational radiation exposure data. A dose-effect threshold of about 8 mSv, based on epidemiological [corrected] data link an increased risk of cataracts for astronauts with higher lens doses (>8 mSv) of space radiation relative to other astronauts with lower lens doses (<8 mSv). These results remain preliminary because of subjective scoring methods and suggest that relatively low doses of space radiation may predispose crew to an increased incidence and early appearance of cataracts (13).

The NASA Study of Cataract in Astronauts (NASCA) (14, 15) is a 5-year longitudinal study of the effect of space radiation exposure on the severity/progression and risk of lens opacity. The study included 171 consenting astronauts who flew at least one mission in space, and a comparison group made up of three components: (a) 53 astronauts who had not flown in space, (b) 95 military aircrew personnel, and (c) 99 non-aircrew ground-based comparison subjects. Continuous measures of nuclear, cortical, and posterior subcapsular lens opacities were derived from digitized images and were collected for assessing demographic characteristics, medical history, and habits. The variability and median of cortical cataracts were significantly higher for exposed astronauts than for non-exposed astronauts and comparison subjects with similar ages (P = 0.015). Cross-sectional data analysis revealed a small deleterious effect of space radiation for cortical and possibly posterior subcapsular cataract lens opacities. These results suggest increased cataract risks at smaller radiation doses than have been reported previously.

Preliminary analyses of 5 years of data with an average of 3.8 exams per subject found no relationship between radiation exposure and progression rates for posterior subcapsular cataracts and nuclear cataracts, e.g., the estimated median progression rate from space radiation being 0.25 ± 0.13% lens area/Sv/year (P = 0.062).




Central Nervous System


Ground/Simulation-Based Study

Possible CNS risks during a space mission include cognitive function (e.g., detriments in short-term memory, reduced motor function, and behavioral changes), while late CNS risks comprise neurological disorders, such as premature aging and Alzheimer's disease or other dementia.

The risks of CNS are of concern for long-term exploration missions to Mars or other destinations, while the possible observation of CNS effects in astronauts participating in the past NASA missions is highly unlikely because in low earth orbit (LEO), the astronauts are partially protected by the magnetic field of the Earth, the lengths of past missions which are relatively short, and the small population size of astronauts (16).

The doses used in experimental studies have been much higher than the annual GCRs dose (~0.1Gy/y at solar maximum and ~0.2Gy/y at solar minimum with <50% from high charge and energy particles). Several studies have been conducted to simulate the GCR radiation using heavy-ion or proton beams to provide evidence for the CNS health risk for missions outside of LEO. Britten et al. (17) have shown that doses as low as 20 cGy of simulated GCR radiation (1 GeV/u 56Fe particles) can significantly impair learning and memory in a rodent model, while Hienz et al. (18) demonstrated that proton radiation caused marked neurocognitive deficits at doses as low as 25 cGy.

Radiosensitive animals exhibited significant changes in proteins associated with dopamine receptors and transporters in the brain at mission-relevant doses and dose rates. These results indicate that susceptibility should be considered in dose-effect models predicting the radiation-induced CNS changes (19). Further investigation is still mandatory to elucidate the impact of dopamine changes as a predictor for the CNS morbidity of the astronauts. CNS effects depend on multiple mechanisms leading to synapse changes (20), among other effects. The average lifetime of synapses varies in different brain regions and depends on the exposure time. In addition, the microgravity effects are also to be considered.

Space travel may cause cognitive detriments associated with changes in neuron morphology and plasticity. Observations in mice revealed a dependence on radiation quality and absorbed dose, suggesting that microscopic energy deposition plays an important role. Simplified 3D neuron models with properties equivalent to realistic neuron morphology have been developed using GEANT4 to describe the effect observed in rats after a dose from 0.1 to 2 Gy delivered to the hippocampus (21). Of note, the changes to synapses are one aspect to be considered. The papers (22, 23) provide more detailed neuron morphology and track structures.

Radiation-induced impairment of neurogenesis is a concern due to its reported association with cognitive detriments after exposure to low doses of high charge and energy particles. The possible risks to astronauts chronically exposed to space radiation could prevent astronauts from performing complex executive functions (17, 24, 25) which are to be deeply investigated after radiotherapy for brain cancers.

Cacao E and Cucinotta FA in 2016 (26) reported a predictive mathematical model of radiation-induced changes to neurogenesis for various radiation types after acute or fractionated irradiation, extending a mouse model of impaired neurogenesis in the hippocampal dentate gyrus after exposure to low-LET radiation to heavy ion irradiation. Heavy-ion irradiation leads to poor or no recovery from impaired neurogenesis at doses as low as 0.5 Gy in mice.

More recently, the first quantitative meta-analysis of the dose-response for proton and heavy-ion rodent studies has been published based on the widely used novel object recognition test, which estimates detriments in recognition or object memory (27). The log-normal model predicts a heavy-ion dose threshold of ~0.01 Gy for novel object recognition-related cognitive detriments.




Cardiovascular Disease


Spaceflight-Based Studies

Based on a group of 84 flight astronauts, Delp et al. (28) found no differences in CVD mortality rate between non-flight (9%) and LEO (11%) astronauts, while the CDV risk reported among Apollo lunar astronauts (43%) was 4–5 times higher than in non-flight and LEO astronauts. Unfortunately, Delp et al. (28) did not consider the participation of the Apollo lunar mission crew in other missions, radiation doses, experimental protocols using radioisotopes, and time in space under microgravity conditions. Moreover, the incomplete collection of death certificates was available for only 49%, with the remaining information from newspaper and journal articles (29) raised severe doubt on the above conclusions.

CVD from low-dose radiation exposure represents an important issue for space missions (30) and radiotherapy as experienced in an ever-growing number of cancer survivors (31). There is no demonstrated relationship between CVD risk and low-dose cardiac exposures after a space mission, likely due to the statistical limitations of cohorts of astronauts (30) preselected among health subjects with appropriate life habits. However, associations between CVD and whole-body doses of <1Gy among atomic bomb survivors and the experience from radiotherapy are of potential clinical importance and provide a foundation for assessing astronaut health.



Ground/Simulation-Based Study

Radiotherapy and recent epidemiological studies have suggested that an increased risk of CVD may also arise from low-level exposure (32). The study of CVD mortality from 1950 to 2003 among the Japanese survivors of the atomic bombings of Hiroshima and Nagasaki (33), showing an increased CVD-related death risk at low doses, raised the attention of the scientific community.

Additional information relied on groups of workers exposed to ionizing radiation. The latest study by Azizova et al. (34) examined hypertension incidence (based on 8,425 cases) in Mayak (nuclear installation in the Southern Urals of Russia) workers concerning external radiation and internal plutonium. They found a significantly positive CVD incidence for external exposure, the excess relative risk (ERR) per sievert of external radiation dose being 0.13 (95% CI, 0.08–0.19), but not for plutonium exposure.

The International Nuclear Workers Study (INWORKS) has recently investigated CVD mortality among over 300,000 workers from the United States, United Kingdom, and France, reporting a statistically significant increase of ERR per sievert being 0.22 (90% CI, 0.08–0.37), based on the cumulative recorded occupational dose received from external photons (35).

However, the authors highlighted that the significant heterogeneities of workers preclude a reliable interpretation of the CVD ERR results. A 2008 study done by McGeoghegan et al. (36) on a subgroup of workers (i.e., previously operating in the facilities of British Nuclear Fuels plc.) included in the previously cited study reported the same concerns about the reliability of the CVD ERR result.

A study of CVD incidence from 1986 to 2012 using the data derived from the medical examinations of 53,772 Russian liquidators working in the Chernobyl zone during the first year after the accident found highly significant ERR per sievert estimates for the incidence of CVDs (37, 38).

At present, there is an indicative evidence for a link. However, overall, the findings at low-dose exposure are not yet persuasive due to the possible influence of major nonradiation risk factors (concomitant exposure to organic solvents and acids) on the reported associations and possible misclassification of cause of death and various potential selection effects (32, 39).




Cancer


Spaceflight-Based Studies

About 3% risk of exposure-induced death is generally used as a basis for setting age- and gender-specific dose limits for astronauts based on the National Council on Radiation Protection and Measurements (NCRP) report no.132 (40). After adjusting US cancer rates to remove smoking effects, radiation risks for lung and other cancers, the radiation mortality risks for never-smokers were reduced compared to the average US population by more than 20% and 50% in the mixture model and multiplicative transfer model, respectively (41).



Ground/Simulation-Based Study

Cancer is a stochastic risk, and for this reason may occur even at shallow doses (defined as doses <100 mGy) which is currently estimated using the Linear-No Threshold model (LNT) according to the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) (42), the International Commission on Radiological Protection (ICRP) recommendations (43), and the NCRP commentary (44). However, the debate on the accuracy of the LNT model is still open (45–47). Furthermore, compared to X-rays, multicellular models of tumors and normal tissue due to carbon ions have also been investigated (48).

Of note, the uncertainties of cancer risk predictions to exposure to GCRs have been described within the linear-additivity model using the approach of Monte Carlo sampling from subjective error distributions. One of the sources of uncertainties is related to the behavior of quality factors (QFs) of the particles constituting the GCR at low doses. This issue represents the central gap of knowledge to quantify the overall uncertainty in risk projections. The function of particle type or charge number and energy of QFs have been intensely investigated using track structure models (41, 49). Moreover, the QF extrapolation to low dose has been verified using the sizeable radiation-induced cancer rates from the UNSCEAR (2008). In addition, the overall probability distribution functions of the NASA QF function for solid cancers and leukemia vs. kinetic energy for iron particles have been recently reviewed (50).




Biomarkers and Chromosomal Aberrations


Spaceflight-Based Studies

High-LET radiation is more efficient in producing complex-type chromosome exchanges than sparsely ionizing radiation, and this can potentially be used as a biomarker of radiation quality. Chromosomal aberrations in blood samples of astronauts increase with absorbed doses (51).

The blood lymphocytes of the astronauts were analyzed before and after 3–4 months long duration missions to investigate the complex chromosome exchanges (51). The pooled data for metaphase and premature chromosome condensation analysis for all the four ISS crewmembers revealed 6 complex exchanges preflight in a total of 24,136 cells analyzed, and 12 complex exchanges were detected in 26,065 cells collected after the flight. Chromosome aberrations in the lymphocytes of the crewmembers before and after long-duration permanence on the Mir space station were measured in metaphase cells. The total number of complex exchanges detected was very low; a total of 8 complex exchanges were detected preflight in the 20,910 cells analyzed from all crewmembers combined. After flight, 20 complex exchanges were detected in a total of 30,078 cells from all the astronauts (51).

Similarly, Yang et al. (52) showed that the frequency of chromosomal aberrations increased significantly in postflight samples compared to the samples drawn before the flight and that the frequency of sister chromatid exchanges (SCEs) was similar for both pre- and postflight samples.

Further, they estimated a relative biological effectiveness (RBE) of 2.8 for the Mir-18 mission space radiation environment. To perform the RBE, they calculated the ratio between the estimated equivalent dose from chromosomal aberrations (14.75 cSv) and the measured physical absorbed dose (5.2 cGy). The dose equivalent was derived from a dose-response relationship based on the blood samples of preflight astronauts irradiated at various doses using gamma rays.

Similarly, Cucinotta et al. (53) showed that the chromosome aberration of cosmonauts receiving doses in space ranging from about 0.5 to 15 cGy were in most of the cases 2–5 times higher than the unexposed control samples. The estimated frequency of dicentric aberrations in lymphocytes was in good agreement with the observation in MIR-18 crew members. Moreover, the yield of chromosome aberrations increased after flight for five of the NASA/MIR crew members while two decreases over time, reaching the unirradiated values (i.e., the baseline values observed before the flight) (54). This behavior suggests a non-additive or even infra-additive effect, supporting that a radio-adaptive response could occur (7, 55). The bio-dosimetry based on the dicentric chromosome aberration analysis has been developed and validated (56–58) and represents a fast and reliable tool for dosimetry assessment of populations exposed to radiological incidents for triage purposes.

Two biological response models were compared to the Mir biodosimetry for chromosome aberration in lymphocyte cells; a track-structure model and the linear-quadratic model with LET-dependent weighting coefficients. Both models are in reasonable agreement with data for aberrations in the lymphocytes of Mir crew members. Of note, the difference in the models is the increased effectiveness predicted by the track model for low charge and energy ions with LET near 10 keV/micrometres, indicating that aluminum shielding, although providing necessary mitigation of the effects of trapped radiation, provides no protective effect from the GCR in LEO (53). No significant increase was observed in the yields of chromosome exchanges in the peripheral lymphocytes of astronauts increased after long-duration missions, indicating that the clearance of aberrations from the blood lymphocytes is negligible up to 240 days after the flight (54).

Gao et al. (59) reported that enhanced radiosensitivity recruits more gene and miRNA involved in DNA damage response under space radiation condition, and the microgravity further enhanced the DNA damage response on the transcriptional level. Similarly, Kaur et al. (60) reported that changes in neutrophil functions are affected by factors associated with space flight, and this relationship may depend on mission duration. Moreover, decreased non-major histocompatibility complex (MHC) restricted killer cell cytotoxicity has also been reported in astronauts after spaceflight (61).



Ground/Simulation-Based Study

Some of the proposed biomarkers to predict the risk of carcinogenesis include complex clustered DNA damage, persistent DNA repair foci, reactive oxygen species, chromosome aberrations, and inflammation. Other biomarkers discussed, often assayed for a longer period of postexposure, include mutations and telomere length changes (62).

Experiments performed at the NASA Space Radiation Laboratory revealed that heavy ions induce expression of the TGF-β1 isoform, which can modulate late post-radiation changes and increase the risk of tumor development and metastasis even when cells were irradiated with doses as low as 0.1 Gy (63). Further studies are needed to determine whether the chronic exposures received in space may potentiate this process in astronauts, leading to increased cancer risk.

Proteins, microRNAs (miRNAs), and transfer ribonucleic acid (tRNA)-derived fragments in serum showed great potential as early biomarkers of exposure to energetic heavy ions and might be helpful in dose reconstruction and risk assessment of heavy-ion exposure in deep space exploration (64). These biomarkers increase or decrease with the increase of the dose in the range of 10–50 cGy.

Finally, in rats irradiated with 60 cGy using 1 GeV 56Fe-particle, radiation impacts on hippocampal glutamatergic neurotransmissions at 3 and 6 months after exposure, which might play a critical role in learning and memory, likely causing neurocognitive impairment (65).




Others Risks

Potential induction of mucositis in astronauts after long-term exposure to high LET/high energy particles (such as carbon ions) during extended space flights has been described as related effects (48). The effect in terms of cell density/compactness, double-strand breaks, and induction of NFkB or interleukins has been investigated using doses ranging from 2 to 10 Gy (66). Activation of the transcription factor NFκB, carbon ion, and X-rays induced the activation of NFκB in the mucosa model. Increased secretion of pro-inflammatory cytokines and chemokines is involved in initiating radiation-induced oral exposure mucositis and in linking inflammation to cancer development and progression. Again, the different qualities of radiation appear to affect mucosa cultures in different ways following different kinetics. X-rays induced an early activation of NFκB already 4 h after treatment, which returned to control levels at 24 h after treatment, while heavy-ion-induced effects reached their maximum of 48 h after treatment (66).

The human skin is exposed in every external radiation scenario, making epithelial tissue an ideal model to study radiation-induced effects, from in vitro 3D human organotypic skin tissue model to low doses of high LET oxygen (O), silicon (Si), and iron (Fe) ions to investigate the integrity of the barrier function of the skin, which was maintained at various particles and doses (67).




DISCUSSION


Open Issues

For years, astronauts have been exposed to space radiation comprised of high-energy protons and heavy ions, and secondary particles produced in collisions with spacecraft and tissue. Unfortunately, significant uncertainties exist in projecting risks of late effects from space radiation, such as cancer and cataracts due to the paucity/corrected epidemiological data and levels of absorbed doses.

Interactions of the GCRs with the spacecraft hull will significantly impact the radiation exposure of astronauts. Charged particles traversing the hull or “shielding” of the ship will incur nuclear interactions that depend on the composition and thickness of the hull material. These interactions will result in fragmentation products and particles of reduced energy but higher linear energy transfer (LET) that contribute to the radiation dose within the spacecraft. The average radiation dose for the seven deceased Apollo crew was 0.59 ± 0.15 cGy (range 0.18–1.14 cGy). Using similar assumptions, astronauts in LEO would receive 50–100 mSv over a 6–12 month stay, of which the GCR would account for approximately two-thirds of this total dose. Thus, given their mean mission duration of 15.6 days, the deceased LEO astronauts would receive ~0.29 cGy, a GCR dose similar to the Apollo lunar astronauts. The estimated dose for the shortest round-trip to Mars would be in the order of >0.6 Sv (4). This value is close to, or even above, the dose limits proposed by NASA for the entire career of an astronaut (68).

In addition, radiation risk assessment during long-term space flights has an extremely high level of uncertainties due to the space-radiation environment, the solar magnetic field activity, and the presence of shielding with different capabilities of reducing the incident radiation, thus producing heterogeneous secondary radiation particles. Early estimates of the uncertainty on cancer mortality risk due to space radiation ranged from 400 to 1,500%, with more precise estimates showing uncertainties at the 95% confidence level of 4-fold times of the point projection (69).



Eye Flashes

Evidence shows that, at least in part, the eye flashes seen by astronauts are correlated with charged particles traversing the retina, but further studies of the role of the flux of all the GCR particles need to be investigated. Eye flashes have been the first phenomenon suggesting the possible damage to the central nervous system of the astronauts.



Cataract

Cataract risks for astronauts have been reported at doses (8 mSv) lower than ones proposed in the European Directive 53/2013 (15–20 mSv) for workers (70–72). A decreased dose-effect threshold has also been reported for occupational exposure (74). Indeed, the current framework of radiological protection of occupational exposed medical workers reduced the eye-lens equivalent dose from 150 to 15–20 mSv per year (72). The results from systematic investigations of lens opacification based on subjective and no-standardized lens evaluation techniques might represent a limit for the risk prediction, mainly considering that NASA is planning prolonged human-crewed space missions to Moon and Mars. The NASA-funded NASCA (14, 15) study will provide new data for estimating the lens opacification in astronauts using standardized and validated objective techniques. Preliminary data did not reveal any relationship between radiation exposure and progression rates for posterior subcapsular and nuclear cataracts.

However, longer follow-up may be needed to understand better regarding the impact of space radiation on cataract progression rates and characterize visual acuity changes.



Central Nervous System

Space radiobiology studies of CNS effects using particle accelerators simulating space radiation and experimental models attempt to assess the CNS risk relevance relative to doses, dose-rates, and radiation quality expected on a Mars mission (16). However, the definition of clinically significant CNS risks for long-term exploration missions must be fully understood because the doses to the hippocampus of astronauts are under 0.1–0.2 Gy, while in radiotherapy, the mean and maximal doses to the hippocampus are under 10 and 17 Gy, respectively (73) with relevant radiation-induced neurocognitive impairment. CNS and CVDs may affect the health of the astronauts, although the uncertainty of these radiation-induced effects is even higher than cancer induction (44).

One of the most promising ways to prevent and mitigate the acute effects of CNS and the neurocognitive impairment during long-term spaceflight is based on the use of substances (e.g., Dammarane Sapogenins) (75). These and other possible strategies (76) are not yet included in the actual predictive models.



Cardiovascular Disease

Cardiovascular disease due to the ionizing radiation is of paramount interest for radiotherapy treatment being still one of nowadays the most critical side effects of the treatment, nevertheless the high target conformal capability of modern accelerators. CVD depends on the heart and the lung doses (77) and pretreatment hypertensive heart disease (78).

In spaceflight studies, the correlation between CVD risk and absorbed doses is negative, while in ground-based studies, a relationship between CVD risk and low-level exposure to ionizing radiation is reported (32). One of the most critical uncertainty sources is the limited number of subjects involved in the space missions and the number of astronauts/crews with acute or late effects. This aspect leads to limited statistical power (<6%) for cardiovascular and mortalities (29). Due to the low power, further adjustments for other time-related parameters, such as age at first exposure and latency time were not considered, although these factors could change the risk of damage manifestation. NASA uses a 3% risk of exposure-induced death at the upper 95% CI as a basis for setting age- and gender-specific dose limits for astronauts (79). The actual general population of dose-effect models could be too cautionary, being astronauts preselected for many factors, including cardiovascular performance and vision, lowers risks of cancer, and circulatory and pulmonary diseases (3). Since astronauts are considered as healthy and never-smokers (NS) subjects, the expected cancer risks are 20% and 30% lower for males and females, respectively, for NS compared to the average US population (68). On the other hand, different space missions and irradiation conditions allow for investigating the dose-effect relationship in a wide range of absorbed doses and microgravity conditions. Microgravity and ionizing radiations alter the gene sets when considered separately, while they did not alter the gene sets when used in combination. These indicate a complex interaction between these factors (80).

In conclusion, a comprehensive CVD risk prediction model has not yet been achieved. Further investigation is strongly recommended before long-term exploration of space missions.



Cancer

Galactic cosmic ray spectrum can induce cancer, cognitive deficits, changes associated with premature ageing, and degenerative effects in many organs. Most epidemiologic data results from the astronaut cohort are from exposures incurred on missions during the Space Shuttle era, where <100 mSv was accumulated by an astronaut. Nevertheless, the nominal mission length for astronauts has increased to at least 6 months in duration with exposures of 1 mSv to 1.5 mSv per day, depending on the phase of the solar cycle, the number of spacewalks performed, and the level of solar activity (81).

Even with increasing mission length and radiation exposures, it is noteworthy that no astronaut has been diagnosed with cancer attributable to space radiation to date. Although the sample size is small, follow-up times for significant exposures are limited, and cancer latency periods are from years to decades. Epidemiology studies from human exposures to gamma radiation may help predict the cancer risks attributed to GCR, but further work is needed to validate these findings. Age- and gender-specific dose limits based on incidence-based risk transfer for NS are used for a more accurate estimation of cancer risk. Gaining knowledge to improve transfer models, which entails knowledge of cancer initiation and promotion effects, could significantly reduce uncertainties in risk projections (68).

In addition, the uncertainties in estimating the risks for late effects (including cancer) from space radiation exposures arise from the variability and complexity of the radiation fields due to multiple interactions with the vehicular spacecraft or human tissues. Moreover, the limited radiobiology data using high energy and high LET particles increase the uncertainty of the radiation quality and the expected dose-rate effects (82, 83). In addition, estimation of the biological risks from space radiation remains a complex problem because of the many radiation types, including protons, heavy ions, and secondary neutrons, with few epidemiology studies for these radiation types (84). In contrast to conventional dosimetric methods (85), the biophysical description of heavy particle tracks has been addressed in the context of the interpretation of both space radiation dosimetry and radiobiology data to provide insights into new approaches to these problems.

Modern instrumentation and detectors operating in space, built for astroparticle measurements (86), allows for the estimation of GCR properties and absorbed dose with a greater accuracy, thanks to the recent availability of the Alpha Magnetic Spectrometer (AMS) detector (87–91), installed on the International Space Station (ISS), that measures charged components of cosmic rays since 2011 and is approved to be operative for all the life cycle of the ISS. Ad hoc Monte Carlo calculation tools (92) might validate and better estimate dose-effects relationships. This aspect could be relevant also for the improvement of countermeasure, including shielding evaluation and dosimetry of a specific astronaut irradiation condition. In this concern, a study from NASA (93) outlined greater effectiveness of polyethene compared to aluminum shielding in terms of annual dose equivalent resulting from the application of various Monte Carlo transport codes and the NASA-developed deterministic code High Z and Energy TRaNsport (HZETRN), based on solutions to the Boltzmann transport equation.



Biomarkers

A chromosomal aberration has been mainly investigated in both space radiobiology (SPRB) and radiotherapy studies. Ionizing radiation produces a significant effect in increasing chromosomal aberrations and chromosome break, and production of dicentric and ring. For this reason, chromosome gaps are very sensitive and act as helpful biomarkers to predict radiation-induced acute and late effects (94–96).

Robust predictive models are essential to managing the risk of radiation-induced carcinogenesis. It is critical to identify early sensitive and late biomarkers that can unravel how radiation-induced cellular stress alters the risk of carcinogenesis and improves the modeling of individual risk of cancer or other long-term health consequences of exposure (62).

Study on the biological effects after exposure to high LET particles used for radionuclide therapy might further contribute to ground simulation studies and to fully understand the biological effects on radiation-induced chromosome damage in peripheral blood lymphocytes (97).

Auspicious preliminary results have shown that blood cytokine levels, and in general, the alteration of immune system parameters can be considered biomarkers of low doses of radiation exposure.

The identification of predictive biomarkers to determine both the received radiation dose (biodosimetry), as well as the radiosensitivity of individuals, may be an essential aspect for future crew selection (98).

At the state of the art, few models have a reliable and accurate estimation of the dose-effects correlations due to the complexities of the flux of GCR particles and their interactions with the human tissues. Data from radiotherapy might help to improve the risk models for space radiation (99) as for radiological or nuclear attacks due to precise knowledge of absorbed dose and objective determination of effects (100).

Space radiation and microgravity are recognized as primary and inevitable risk factors for humans traveling in space, but the reports regarding their synergistic effects remain inconclusive, and various studies highlight differences in the environmental conditions and intrinsic biological sensitivity (59–61).

The remarkable progress made in cancer research during the last decade indicated that low=dose radiation could lead to various alterations in immune system parameters, including natural killer cell activation modulation of blood cytokine levels, which plays a crucial role in cancer development (101–104) as well as in cancer control (105). This issue needs to be further explored for long-term missions.

The expected absorbed dose range to oral cavity (2–10 Gy) for astronauts is broadly lower than the threshold for the induction of oral mucositis reported for Grade 2 or more toxicity using carbon ion therapy (i.e., 43–54Gy RBE-corrected (106)) or cumulative doses of 32–42 Gy (107, 108) using photon therapy. In addition, in-flight experimentations on intestinal microbiota showed a significant change without alteration of mucosal integrity (109). These data first reinforce the critical need for further studies exploring the impact of spaceflight on intestinal microbiota to optimize long-term space travel conditions.



Strategies for the Improvement of the Models

Further studies are mandatory to guide the development toward novel medical applications and to protect the astronauts during space exploration.

For this reason, the improvements for health hazards related to space exploration are a unique opportunity for the safe conduction of space missions. The first ground-based GCR simulator of NASA (110) enables a new era in space radiobiology research due to its capability to generate a spectrum of ion beams that approximates the primary and secondary GCR field experienced at the locations of human organs within a deep-space vehicle. This facility will accelerate our understanding and mitigation of health risks faced by the astronauts.



Ongoing Space Radiobiology Research

Several limitations have been pointed out regarding the capability of the existing accelerator-based test facility to emulate the particle fluxes of spacecraft or planetary atmosphere shielding. The introduced uncertainties are relatively small for the solid cancer risk while they are challenging to estimate for CNS or other hazards (111).

Due to the new interest in human space exploration, the European Space Agency (ESA) is currently expanding its effort in identifying all the necessary research activities to create a European Space Radiation Risk Model (ESRRM) (112) and to obtain a harmonized set of criteria for maximum allowable exposure between all the space agencies (NASA, Jaxa, etc.). The needed research areas to increase the knowledge in the field are recently identified from a team of experts from the ESA Topical Team. Among this area, the development of a new dose-effect model as part of the “missing biology for risk assessment” has a crucial role. In this context, the ESA Topical Team recommends exploring the shape of the dose-effect relationship for radiation-induced health effects and understanding the potential impact of individual susceptibility. Substantial efforts have been made to delineate biological mechanisms and health-related outcomes of low-dose radiation. These include a sizeable Low Dose research program, funded by the US Department of Energy, operated in the 2000s, and the EU funded programs, previously NOTE and DoReMi, and currently MELODI (113). Nevertheless, QFs still demand further investigation to improve the design of the radiobiological dose-effect model. An overview of available dose-effect models for SPRB has been conducted to identify the potential improvements in this expertise field.




CONCLUSION

Cancer and toxicity risks remain not accurately quantified despite the technological developments and conceptual advances of space radiobiology and considerable efforts. In the latest years, significant improvements have been made in the absorbed dose-effect estimation and the construction and development of novel ground-based galactic cosmic ray simulator facilities. Technological advancements might realize the dream of human space exploration, and crewed spaceflights to explore and colonize the Moon and Mars are on the agenda of space agencies. Radiological devices or linear accelerators might help conduct in vitro or in vivo ad hoc experiments or analyze the available information from the cohort of cancer patients, thus reinforcing our knowledge on cancer and non-cancer space-radiation induced effects. Unfortunately, the number of events helpful in modeling the radiobiological effects is still limited. Consequently, functional dose-effect models/relationships and their uncertainties need further improvement, and we suggest implementing future research to increase the understanding of biological mechanisms.
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Proton radiation (PR) and microgravity (μG) are two key factors that impact living things in space. This study aimed to explore the combined effects of PR and simulated μG (SμG) on bone function. Mouse embryo osteoblast precursor cells (MC3T3-E1) were irradiated with proton beams and immediately treated with SμG for 2 days using a three-dimensional clinostat. All samples were subjected to cell viability, alkaline phosphatase (ALP) activity and transcriptome assays. The results showed that cell viability decreased with increasing doses of PR. The peak ALP activity after PR or SμG alone was lower than that obtained with the non-treatment control. No difference in cell viability or ALP activity was found between 1 Gy PR combined with SμG (PR-SμG) and PR alone. However, 4 Gy PR-SμG resulted in decreased cell viability and ALP activity compared with those obtained with PR alone. Furthermore, Gene Ontology analysis revealed the same trend. These results revealed that PR-SμG may lead to reductions in the proliferation and differentiation capacities of cells in a dose-dependent manner. Our data provide new insights into bone-related hazards caused by multiple factors, such as PR and μG, in the space environment.

Keywords: proton radiation, microgravity, bone function, transcriptome, combined effects


INTRODUCTION

With the comprehensive development of manned space exploration missions (such as manned missions to the Moon and manned missions to Mars), more astronauts need to be sent into space. Astronauts on space missions will experience space environmental stressors, such as continuous microgravity (μG) and uninterrupted doses of ionizing radiation (1). The impact of the space environment on astronauts is directly related to their own health and whether the space mission can be successfully completed. Therefore, it is necessary to perform a risk assessment of the space environment for astronauts.

The risks of the μG environment to astronauts' health cannot be ignored. Long-term space flight causes a variety of physiological and pathological changes in the body of astronauts, such as bone loss, decreased immune function, and muscle atrophy. One of the most obvious is the decrease in bone density caused by space μG. A recent study conducted a systematic retrospective analysis of the bone density of 148 individuals who had performed space missions and found that the changes in bone density values caused by space microgravity depend on the skeletal-site position relative to the gravitational vector. For example, compared with the upper limbs and thoracic vertebrae, the bone density of pelvis, lumbar vertebrae and lower limbs has decreased more severely (2). The average bone loss of 1% per month during space flight is a serious threat to the health of astronauts (3), and the main cause of space bone loss is decreased bone formation and not bone resorption (4, 5). In addition to the effects of μG on astronauts, space radiation also poses a threat to their health. Space agencies have stated that the maximum allowable dose for an astronaut over a lifetime is approximately 1 Sv (6). Radiobiology studies have shown that ionizing radiation damage is divided into physical damage directly caused by charged particles to biologically active molecules and damage indirectly caused by free radicals generated by the reaction of charged ions with water (7). At the molecular level, ionizing radiation can induce gene mutations, gene expression changes, DNA methylation, and protein expression (8–11). At the cellular level, ionizing radiation damage mainly includes decreased cell survival, cell cycle arrest, and chromosomal aberrations (12). At the human level, this damage is not only associated with a higher cancer risk (13) but can also cause temporary or permanent damage to organs such as the cardiovascular system (14), central nervous system (15), and eyes (16) and can even endanger the life of astronauts in severe cases. However, the influence of space radiation on bone remains unclear.

Furthermore, the combined effect of space radiation and μG has been widely considered. Horneck et al. showed that various organisms are irradiated before space flight to test the influence of μG on the repair of radiation-induced DNA damage, but again, no significant differences were detected between space and ground (17). It has been reported that the presence of μG enhances the DNA damage, mutagenic effects and chromosome aberrations induced by radiation (18–20). However, the combined effects of radiation and μG on bone cells are not well-understood.

Protons are one of the main components of space radiation and exhibit the largest proportion and highest flux (21). In spacecraft and space stations, high-energy protons can directly pass through the shielding layer. The nuclear reaction of high-energy heavy ions in galaxy cosmic rays with the shielding material will also produce a large number of secondary protons (22, 23). Obtaining more basic data based on the combination of proton radiation (PR) and simulated μG (SμG) is necessary to reasonably evaluate the effects of the space environment. In this study, we evaluated the viability and alkaline phosphatase (ALP) activity of osteoblast MC3T3-E1 cells to investigate the biological effect of PR combined with SμG (PR-SμG).



MATERIALS AND METHODS


Cell Culture

Mouse embryo osteoblast precursor MC3T3-E1 cells were purchased from Institute of Basic Medical Sciences Chinese Academy of Medical Sciences. MC3T3-E1 cells were cultured in α-MEM (HyClone, Logan, UT, USA). All growth media contained 10% fetal bovine serum (HyClone), penicillin (50 units/ml), and streptomycin (50 μg/ml). For the examination of ALP activity, untreated control cells and PR- and/or SμG-treated cells were plated in 12-well plates and incubated in osteogenic medium consisting of growth media supplemented with 50 μg/ml L-ascorbic acid (vitamin C), 10 mM β-glycerophosphate and 100 nM dexamethasone. All cells were maintained at 37°C in an incubator containing 5% CO2.



Experimental Design

Mouse embryo osteoblast precursor cells (MC3T3-E1) were plated in a T25 flask at a density of 2 × 105 cells/flask. After 24 h of incubation, the cells were exposed to 1 Gy (astronaut career limit dose) (6) or 4 Gy (half lethal dose of bone marrow cells) (24) proton beams (22 MeV, 0.8 Gy/min) at the Beijing Tandem Accelerator Nuclear Physics National Laboratory, and SμG (~10−3 G) was immediately applied for 2 days using a three-dimensional clinostat (Gravite, Space Bio-Laboratories Co., Ltd., Hiroshima, Japan). All the samples were subjected to cell viability, ALP activity and transcriptome assays (Figure 1).


[image: Figure 1]
FIGURE 1. Experimental schedule. After 1 day of incubation, the cells were exposed to proton beams, and 1G or SμG was immediately applied for 2 days. All the samples were subjected to subsequent analysis.




Cell Viability Assay

A Cell Counting Kit-8 (CCK-8) assay (DOJINDO, Kumamoto, Japan) was used to estimate the cell viability of osteoblasts after PR and/or SμG treatments. Briefly, untreated control cells and PR- and/or SμG-treated cells were plated in 96-well plates at a density of 4 × 103 cells/well, and 6 replicate wells of each cell group were included in the plates. The cells were cultured for 0, 12, 36, 60, 84 h. At each end point, 10 μl of CCK-8 reagent was added to the corresponding wells, and the plates were incubated for 2 h at 37°C in an incubator containing 5% CO2. The absorbance values at 450 nm were read using an automated microplate reader (Beijing Perlong New Technology Co., Ltd., Beijing, China). The cell viability (fold change) of each group at different time points was normalized by the cell viability on Day 0 (0 h).



Cell ALP Activity Assay

Untreated control cells and PR- and/or SμG-treated cells were plated in 12-well plates at a density of 2 × 104 cells/well and cultured for 4, 7, and 10 days. The medium was changed every 3 days. At each end point, the cells were washed three times with PBS and suspended in 200 μl of Triton X-100 lysis buffer (Beijing Leagene Biotechnology Co., Ltd., Beijing, China) for 10 s. The homogenate was centrifuged at 12,000 × g for 10 min, and the supernatant was used for subsequent BCA protein and ALP activity assays. Total protein was quantified using a Pierce BCA Protein Assay Kit according to the manufacturer's instructions (Pierce Biotechnology, Rockford, IL, USA). ALP activities in the cultured cells were determined by measuring released p-nitrophenyl (FUJIFILM Wako Pure Chemical Co., Osaka, Japan). After 15 min of incubation at 37°C, the absorbance of p-nitrophenyl at 405 nm was measured using an automated microplate reader (Beijing Perlong New Technology Co., Ltd., Beijing, China). The relative ALP activity was defined as the concentration of released p-nitrophenyl per minute per μg of protein.



RNA Isolation and Library Preparation

Total RNA was extracted using TRIzol reagent according to the manufacturer's protocol. The RNA purity and quantification were evaluated using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were then constructed using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions.



RNA Sequencing and Transcriptome Analysis

The libraries were sequenced on an Illumina HiSeq X Ten platform, and 150-bp paired-end reads were generated. Approximately 50 M raw reads were generated from each sample. The raw data (raw reads) in FASTQ format were first processed using Trimmomatic (25), and the low-quality reads were removed to obtain clean reads. The deep sequencing data from the RNA sequencing analyses have been deposited under accession number PRJNA754381 in the NCBI (National Center for Biotechnology Information) Sequence Read Archive.

The clean reads were mapped to the mouse genome (GRCm38) using HISAT2 (26). The FPKM (27) value of each gene was calculated using Cufflinks (28), and the read counts of each gene were obtained with HTSeq-count (29). Differential expression analysis was performed using the DESeq (2012) R package. To investigate the profile of genes that exhibit changes in expression, a screening of genes was performed based on a threshold of p-value < 0.05 and a fold change > 2 or fold change < 0.5. A hierarchical cluster analysis of differentially expressed genes (DEGs) was performed to demonstrate the expression pattern of genes in different groups. To gain a general idea of the biological functions of the DEGs, a gene ontology (GO) enrichment analysis was performed using R based on the hypergeometric distribution. A false discovery rate (FDR) <0.05 served as the threshold to select the GO categories that were significantly enriched.



Statistical Analysis

The statistical significance of the differences was tested using Student's t-test. The differences between the means were considered statistically significant if p < 0.05.




RESULTS


Characterization of MC3T3-E1 Cell Viability After PR-SμG Treatment

We examined the cell viability of MC3T3-E1 cells after PR-SμG treatment. MC3T3-E1 cells were irradiated with 1 Gy or 4 Gy proton beams, and SμG was then immediately applied for 2 days using a three-dimensional clinostat. After these treatments, a cell viability analysis was performed using the CCK-8. No detectable difference in cell viability was found between the control and SμG groups (Figure 2). Cell viability decreased with increasing doses of PR alone. No difference in cell viability was detected between 1 Gy PR-SμG and 1 Gy PR alone after 36 hours, whereas the 4 Gy PR-SμG treatment resulted in significantly lower viability than that obtained with the 4 Gy PR alone (p < 0.05).


[image: Figure 2]
FIGURE 2. Time course of the effects of SμG, PR, and their combination on cell viability. Symbols: control (black closed circles), SμG (orange closed circles), 1 Gy PR (gray closed circles), 1 Gy PR-SμG (yellow closed circles), 4 Gy PR (blue closed circles), and 4 Gy PR-SμG (green closed circles). The bars indicate the standard errors calculated using data from three independent trials.




Evaluation of the ALP Activity of MC3T3-E1 Cells After PR-SμG Treatment

To further understand the effect of PR-SμG treatment on the function of osteoblasts, we evaluated the ALP activity of MC3T3-E1 cells on days 4, 7, and 10 after PR and/or SμG treatment. ALP activity was significantly increased in all the groups from days 4 to 7 after treatment. The highest ALP activity was observed at day 7 in all the groups. ALP activity in the SμG and 4 Gy PR-SμG groups did not significantly change from day 7 to day 10, but the other four groups showed a significant decrease during this period (Figure 3A). At day 4 after treatment, no significant difference in ALP activity was found among the groups (Figure 3B). At day 7 after treatment, ALP activity was inhibited in all five treatment groups compared with the control group. Although no significant difference in ALP activity was found between the 1 Gy PR and 1 Gy PR-SμG groups, that of the 4 Gy PR-SμG group was significantly lower than that of the 4 Gy PR group (Figure 3C). At day 10 after treatment, although no significant difference in ALP activity was found between SμG alone and the control groups, that of the PR-SμG group was significantly lower than that of the PR group (Figure 3D). Therefore, the SμG alone and PR alone can each inhibit ALP activity, and the PR-SμG treatment can further reduce the activity of ALP.


[image: Figure 3]
FIGURE 3. Effects of SμG, PR, and their combination on ALP activity. (A) Time course of ALP activity. ALP activity at day 4 (B), day 7 (C), and day 10 (D) posttreatment. The mean values with standard errors are shown. *p < 0.05, NS indicates not significant (p > 0.05) (Student's t-test). Symbols: day 4 (blue column), day 7 (orange column), and day 10 (gray column). The bars indicate the standard errors calculated using data from three independent trials.




Transcriptome Features of MC3T3-E1 Cells After PR-SμG Treatment

In this study, 20 samples from the five experimental groups (three independent biological replicates of each group) and the control group (five replicates) were sequenced, and a total of 936,781,862 high-quality reads were obtained from the experimental groups (Supplementary Table 1). A nucleotide composition analysis showed that the total GC content of the transcriptome data was 52.40%. The analysis of the base composition and quality showed that the base composition of the original sequencing data was in good condition. For each replicate, 98.28-98.85% of the reads could be mapped to the mouse genome (GRCm38) using HISAT2, and among these mapped reads, 92.11-93.01% achieved a unique match. All sequences covered the reference genes evenly, which showed that the overall quality of the sequences was good and that the sequencing data were random and could be used for subsequent analysis.

To clarify the mechanism underlying the characteristic changes after PR-SμG treatment, the transcriptome features of PR and/or SμG treatment were assessed by RNA-seq analysis, and an osteogenesis-related GO enrichment analysis was performed (Table 1). The GO analysis of the DEGs identified from the comparison of 1 Gy PR vs. 1 Gy PR-SμG resulted in the selection of only the bone morphogenesis-related category (GO:0060349). In contrast, three osteoblast proliferation- or differentiation-related GO categories (GO:0033690, GO:0045667, and GO:0045779) were found to be changed in the comparison of 4 Gy PR vs. 4 Gy PR-SμG. We did not find any GO category from the comparison of SμG vs. 1 Gy PR-SμG, whereas four osteogenesis-related GO categories were found to differ between the SμG and 4 Gy PR-SμG groups.


Table 1. List of gene function annotations related to PR and/or SμG.
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DISCUSSION

The effect of the space environment on cell viability is due to many factors, such as space radiation and μG. Previous studies have shown that short-duration space travel can cause significant changes in the number and size of osteoblasts (30). Consistently, our experimental data suggest that PR-SμG also inhibits cell viability (Figure 2). Furthermore, treatment with PR alone but not SμG alone could induce the inhibition of cell activity. Therefore, compared with μG factors, radiation factors may be an important factor affecting osteoblast viability. In contrast, a large solar proton event (SPE) could be encountered during a long-duration deep-space flight or during long-term missions such as landing on Mars. The risk to astronauts of high-dose proton irradiation in the SPE cannot be ignored. Our experimental results show that a high dose (4 Gy) of PR combined with SμG has a stronger inhibitory effect on cell viability than PR alone. Although a previous study showed that the radiation-induced DNA damage repair of fibroblasts is not affected by μG (17), our results suggest that the radiation-induced osteoblast DNA damage repair ability may be affected by μG. These results indicate that PR combined with SμG may induce an additional inhibitory effect on osteoblastic viability, and the level of inhibition increases with increasing radiation dose.

ALP is a glycoprotein that can catalyse the hydrolysis of monophosphoric acid in alkaline environments. This protein can hydrolyse inorganic phosphate, increase the concentration of local inorganic phosphate, promote bone mineralization, and provide conditions for the formation of hydroxyapatite crystallization in bone tissue, which results in initiation of the processes of extracellular matrix mineralization and calcium and phosphorus deposition (31, 32). Therefore, ALP is an important marker of the differentiation and maturation of osteoblasts, and its activity is one of the important indicators of osteocyte function, which can indirectly reflect the function of osteoblasts (33). The effect of the space environment on the bone formation process has been confirmed by space missions (Euromir 95) (34). This study revealed the trends in the change in bone metabolic markers during the 180-day stay on the Mir space station. The results showed that the concentration of the bone formation marker ALP decreased sharply from 0 to 50 days during space flight, whereas the concentration of the bone absorption marker D-pyridinoline increased. The above experimental results prove that the differentiation function of bone cells is reduced in the space environment. Because osteoblasts secrete ALP during differentiation, once osteoblasts differentiate into osteocytes, these cells will not secrete ALP (35). Our results showed that the ALP levels were low 4 days after treatment, which indicated that the cells were in prophase of osteoblastic differentiation (Figure 3A). The ALP level reached the highest level after 7 days, which indicated the highest differentiation level of osteoblasts. After 10 days, ALP gradually decreased, indicating that some osteoblasts had differentiated into osteocytes. Our experimental data indicated that PR and/or SμG inhibited ALP activity at the highest differentiation phase of osteoblasts (day 7, Figure 3C). Consistent with the cell viability results, only a high dose (4 Gy) of PR combined with SμG significantly inhibited ALP activity compared with the results obtained with PR alone. These results suggest that a higher dose of PR combined with SμG may produce an additional ALP activity inhibitory effect on osteoblasts due to the lower cell viability. At day 10 after treatment, no significant difference in ALP activity was found between the SμG group and the control group, whereas the ALP activity level in the irradiation groups was significantly lower (Figure 3D). The results indicated that the ALP activity of the SμG alone group recovered completely, and the recovery ability of the other groups was weak. Compared with that in the PR group, the ALP activity in the PR-SμG group was lower, indicating that the recovery of osteoblast differentiation function was more difficult under the environment induced by the combined effects of PR-SμG treatment.

The cell viability and function of osteoblasts showed differences between the 4 Gy PR and 4 Gy PR-SμG groups but not between the 1 Gy PR and 1 Gy PR-SμG groups. Our transcriptome analysis data strongly support this result (Table 1). Only the comparison of 4 Gy PR vs. 4 Gy PR-SμG revealed a change in GO:0033690, which is related to activating or increasing the rate or extent of osteoblast proliferation, whereas the comparison of 1 Gy PR vs. 1 Gy PR-SμG showed no significant change in GO:0033690. This result is consistent with the cell viability results. In addition, only the comparison of 4 Gy PR vs. 4 Gy PR-SμG showed changes in GO:0045667, which is related to modulating the frequency, rate or extent of osteoblast differentiation, whereas 1 Gy PR vs. 1 Gy PR-SμG showed no significant changes in GO:0045667. This result was consistent with the results from the analysis of cell ALP activity. Together, these results suggest that PR-SμG treatment has the ability to alter genes involved in osteoblast proliferation and differentiation and that the expression of these genes ultimately leads to changes in cell viability and ALP activity.

One limitation of this experiment lies in the use of only ALP activity assay to explore the possible effect of PR and/or SμG on bone function; however, the ALP expression still shows similar trends with GO term among groups. These results provide valuable reference evidence for further studies using other bone functional markers and even the rodent hindlimb unloading model on the combined biological effects of PR-SμG.

In conclusion, our results suggest that PR-SμG may exert additional inhibitory effects on the proliferation and differentiation of osteoblasts in a dose-dependent manner. Radiation may be an important factor affecting the recovery of the differentiation ability of osteoblasts, regardless of treatment with PR alone or PR-SμG. Our data provide new insights for understanding bone-related hazards caused by multiple factors, such as PR and μG, in the space environment.
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Purpose: The radioactivity induced by proton and heavy ion beam belongs to the ultra-low-activity (ULA). Therefore, the radioactivity and space range of commercial off-line positron emission tomography (PET) acquisition based on ULA should be evaluated accurately to guarantee the reliability of clinical verification. The purpose of this study is to quantify the radioactivity and space range of off-line PET acquisition by simulating the ULA triggered by proton and heavy ion beam.

Methods: PET equipment validation phantom and low activity 18F-FDG were used to simulate the ULA with radioactivity of 11.1–1480 Bq/mL. The radioactivity of ULA was evaluated by comparing the radioactivity in the images with the values calculated from the decay function with a radioactivity error tolerance of 5%. The space range of ULA was evaluated by comparing the width of the R50 analyzed activity distribution curve with the actual width of the container with a space range error tolerance of 4 mm.

Results: When radioactivity of ULA was >148 Bq/mL, the radioactivity error was <5%. When radioactivity of ULA was >30 Bq/mL, the space range error was below 4 mm.

Conclusions: Off-line PET can be used to quantify the radioactivity of proton and heavy ion beam when the ULA exceeds 148 Bq/mL, both in radioactivity and in space range.

Keywords: ultra-low activity, off-line PET, proton therapy, beam range, PET verification


INTRODUCTION

In vivo biological verification using positron emission tomography (PET) is one of the most important estimation methods in proton or heavy ion precision radiotherapy (1–4). Models of in vivo biological verification using PET can be classified into three types: in-beam, in-room and off-line. In-beam and off-line methods are most frequently used in research studies and clinical practice to evaluate the precision of proton or heavy ion beam. The in-beam PET is an ensemble of PET and particle radiotherapy terminals that can gather the β+ signal throughout particle beam delivery. In-beam imaging is little influenced by human metabolism and blood flow, and it can increase measurement accuracy (5–7). In-room PET uses a stand-alone and full-ring PET scanner positioned in the treatment room to scan the patient (still in the treatment bed) soon after treatment. In-room PET is a compromise between in-beam and off-line PET (8). The off-line PET is more applicable: patients are transferred to the PET/CT equipment room for gathering of the β+ signal after particle beam delivery (9, 10).

Compared with the in-beam PET, the off-line PET has several advantages such as much lower cost, shorter treatment time, and increased suitability for clinical practice (11, 12). Off-line PET offers a practical and easy-to-implement method of treatment verification for particle radiotherapy centers with PET/CT scanners located near their treatment rooms. In particle therapy, the detectable activation results from nuclear fragmentation reactions between the projectiles and the target nuclei of the traversed tissue. Proton-induced radioactivity is thus very sensitive to the elemental composition. These sources of uncertainty are reduced in the off-line scenario because of the small number of production channels that yield long-lived positron emitters (13, 14). Because of these two prominent advantages, off-line PET has achieved wide recognition in clinical practice.

In practice, the β+ signal of acquisition in off-line PET is mainly emitted by 11C (20.39 min). However, there is a 10-min interval between beam delivery and PET acquisition, which can also cause large reductions in radioactivity. PET image quality (radioactivity and beam range) is compromised when the interval time of off-line PET is too long. The radioactivity in the tumor of off-line PET imaging is 37–370 Bq/mL, which is far below the level of conventional 18FDG (fluorodeoxyglucose) PET/CT imaging (over 7,400 Bq/mL) (15). In clinical practice, the mean radioactivity of 289 Bq/mL in proton radiotherapy for breast cancer has been obtained by calculating the radioactivity of each spot within the target area. The average radioactivity of carbon ion radiotherapy in the anterior gland, liver and head tumors were 90.65, 109.89, and 138.75 Bq/mL, respectively. Hence, whether radioactivity and space range of off-line PET at ultra-low-activity (ULA) is reliable needs further verification.

The radioactivity and space range of commercial off-line PET acquisitions based on ULA should be evaluated accurately to guarantee the reliability of clinical verification. The purpose of this study is to quantify the radioactivity and space range of off-line PET acquisition by simulating the ULA triggered by proton and heavy ion beam using verification phantom.



MATERIALS AND METHODS


Equipment and Verification Phantom

The PET-CT device used in this research was a Biograph mCT PET/CT scanner (Siemens Medical Solutions USA), which has four rings of 192 blocks in total, each of which contains 13 × 13 lutetium-oxyorthosilicate (LSO) crystals with dimensions of 4 × 4 × 20 mm. The voltages of the X-ray tube in CT were 80, 100, 120, and 140 kV, respectively. The planar resolution of the reconstruction image was 4 × 4 mm, and its thickness was 0.6 mm. The PET detection system had four detection rings, each of which contained 48 detection blocks. Each detection block was uniformly divided into 13 × 13 basic detection units, and the crystal size of each detection unit was 4 × 4 × 20 mm. The aperture of the detector was 78 cm and the field of view of the detector's axial was 21.8 cm. The detector's gating window was 4.1 ns and its energy window was 435–650 keV. We used the Truex image reconstruction algorithm which incorporates OSEM (Ordered Subsets Expectation) iterative algorithm and point-spread-function correction. CT attenuation correction is used in image reconstruction.

Using a PET validation phantom (Flanged Jaszczak ECT Phantom), referring to the National Electrical Manufacturers Association (NEMA) standard, we simulated the ULA of the target after beam delivery. The phantom was cylindrical in shape, its external height was 22.24 cm, its bottom diameter was 19.24 cm, its wall thickness was 3.2 mm, and the material was PTFE. As shown in Figure 1A, six cylindrical containers of the same height were arranged in a ring inside the phantom. Their diameters were 8 mm (No. 1), 12 mm (No. 2), 16 mm (No. 3), and 25 mm (Nos. 4, 5, and 6), and their height was 38.1 mm. Thus, the cylinders' volumes were 1.92 ml (No. 1), 4.31 ml (No. 2), 7.66 ml (No. 3), and 18.70 ml (Nos. 4, 5, and 6). During the loading of radiopharmaceuticals into the container, small bubbles often appeared inside the small containers, so we chose the larger containers. The containers (Nos. 4 and 6) were selected as the research objects because of their large volumes and reduced bubble effects.


[image: Figure 1]
FIGURE 1. Imaging of PET validation phantom (A) under PET/CT (B). CT images (D–F) and PET images (G–I) form fused images (J–L). The activity of container 4 (red arrow) and container 6 (black arrow) changes with time (C). Ractu of container 4 (blue triangle), Rmeas of container 4 (red dot), Ractu of container 6 (green triangles), R_meas of container 6 (black dot) are distributed between 11.1 and 1,480 Bq/mL.




Experimental Design

The ULA of the experimental design was 11.1–1,480 Bq/mL. Smaller radioactivity would lead to a greater error when measuring activity. Because the measurement error of high-activity radiopharmaceuticals is small, to obtain accurate values for the activity during the measurements, the active compounds were filled into the containers 10 half-lives in advance. The radioactivity of radiopharmaceuticals was measured by the radio activity meter CRC-25R with resolution of 0.01 MBq. The radiopharmaceutical (18F-FDG) at the dose of 27.09 MBq was loaded into each container (Nos. 4 and 2). The radiopharmaceutical at the dose of 95 MBq was loaded into container No. 6 with an error rate lower than one-thousandth. Then, the dye is injected into the container. After freezing, the dye and solution became solid. The container was subsequently full filled with distilled water. The interval between charging radioactive radiopharmaceuticals and scanning is 10 half-lives.

In this experiment, to account for attenuation correction, the phantom was filled with water. PET acquisition was initiated when the radioactivity in the container reached the expected range of radioactivity (Figure 1B). The selected parameters were weight of 50 kg, dose of 10 mCi, reconstruction layer thickness of 5 mm and Na element collection for acquisition (16). The decay parameter was not added in the process of PET reconstruction because the half-life of 22Na is 2 years. Therefore, we set the acquisition method as Na-22 to avoid any decay correction. The phantom was positioned on the scanner couch and did not moved during acquisitions. Each acquisition time was 15 min, the acquisition interval was 15 min, the total number of scans was 15, and the total acquisition time was 8 h.



ULA Was Quantitatively Analyzed Based on Comparing Measured and Actual Radioactivity

The radioactivity in the containers was evaluated from the PET images; the methods are according to the half-life formula:

[image: image]

where A0 is the radioactivity before decay, the t is the decay time, and T is the half-life. The variable A would express the activity at time t.

There are two ways to measure the radioactivity in the container: (1) measurement of the radioactivity of the whole container, and then dividing it by the volume of the container to calculate the radioactivity; (2) The radioactivity distributed at the points inside the container (at points above 5 mm from the container wall) was sampled and measured. These two methods are used, respectively, to measure radioactivity.

Comparing the measured radioactivity (Rmeas) with the actual radioactivity (Ractu), Ractu was calculated from the decay formula. Rmeas is compared Ractu to obtain the error value according to the following formula:

[image: image]

An appropriate function of radioactivity was obtained by fitting the error rate, from which the error rate (and its confidence interval) could be calculated. In this study, the measurement error of the radioactivity obtained from the PET images was allowed to be <5% according to the report of The American Association of Physicists in Medicine (AAPM) TG 126 (17).



Space Range of ULA Was Quantitatively Analyzed Using the Method of R50

First, we marked the center points of cylinders Nos. 4 and 6 on each layer of the PET-CT images. Then, across the center of the circle and along the X-axis and Y-axis, we created sampling lines to obtain the radioactivity values of the PET image on their paths. We used the R50 method (17) to analyze the width of the radioactivity distribution curve (Figure 2). R50 refers to the distance between the points where the anterior and posterior two functional values are equal to half of the peaks, in one peak of the function.


[image: Figure 2]
FIGURE 2. Radioactivity distribution curve of a line through the center of the container obtained by the sampling line. V50 is the horizontal line where half of the maximum value is located. R50 refers to the distance between the points where the anterior and posterior two functional values are equal to half of the peaks, in one peak of the function.


An appropriate function of radioactivity was obtained by fitting the width error, from which the width error (and its confidence interval) could be calculated. According to the report of AAPM Task Group 126 (17), the allowable error in PET/CT joint registration is ±1 PET voxel, meaning that a 4-mm error is allowed in the space range.




RESULTS


The Model of ULA Was Built Using the Validation Phantom

The change in radioactivity throughout the entire acquisition time is shown in Figure 1C. Ractu of container 4 (blue triangle), Rmeas of container 4 (red dot), Ractu of container 6 (green triangles) and Rmeas of container 6 (black dot) are distributed between 11.1 and 1,480 Bq/mL. Ractu is the actual radioactivity. Rmeas is the measured radioactivity. The resulting PET-CT image is shown in Figures 1D–L. CT images (Figures 1D–F) and PET images (Figures 1G–I) form fused images (Figures 1J–L).



Quantitative Results of ULA

Both method 1 (overall measurements) and method 2 (sampling measurements) analyzed PET images for activity values. Depending on measured radioactivity at drug loading, time and decay formula, radioactivity error at different radioactivity from container 4–6 is calculated. The comparison results between the Rmeas and Rpred by method 1 are shown in Figures 3A–C. The comparison results between the Rmeas and Rpred by method 2 are shown in Figures 3D–F. The results of the measure radioactivity error of the overall and sampling measurement are shown in Table 1. When radioactivity between 11.1–111, 111–370, and 370–1,480 Bq/mL, the mean activity errors of the overall measurement were 8.83, 2.04, and 1.45%, respectively, and the mean activity errors of sampling measurement were 4.1 ± 26.43, 2.69 ± 14.6, and 1.60 ± 8.73%, respectively. An appropriate function of radioactivity was obtained by fitting the radioactivity error rate, which was calculated to be 2.81%, with a confidence interval of [1.09–4.54%] at 148 Bq/ml. When radioactivity of ULA was >148 Bq/mL, the radioactivity error was <5%.


[image: Figure 3]
FIGURE 3. Results of measuring radioactivity by method 1 (C) and method 2 (F). Red dot and red bar represent the mean radioactivity error and the standard error of container 4 (A,D), respectively. Black dot and black bar represent the mean radioactivity error and the standard error of container 6 (B,E), respectively. When radioactivity between 11.1–111, 111–370, and 370–1,480 Bq/mL, the mean activity errors of the overall measurement were 8.83, 2.04, and 1.45%, respectively. When radioactivity between 11.1–111, 111–370, and 370–1,480 Bq/mL, the mean activity errors of sampling measurement were 4.1 ± 26.43, 2.69 ± 14.6, and 1.60 ± 8.73%, respectively. The blue line is the radioactivity error fitted curve for ULA.



Table 1. Radioactivity errors between measured radioactivity and actual radioactivity.

[image: Table 1]



Quantitative Results of ULA Space Range

The spatial range reliability verification analysis was performed using the R50 method (i.e., active depth curve) to compare container widths. The results are shown in Figure 4. Comparison of container width measured by R50 method with actual width is shown in Table 2. When radioactivity between 11.1–111, 111–370, and 370–1,480 Bq/mL, the average width was 2.189 ± 0.253, 2.426 ± 0.09, and 2.521 ± 0.047 cm, respectively. An appropriate function of radioactivity was obtained by fitting the width error. When radioactivity of ULA was 30 Bq/mL, the width error was 3.8 mm [3.66–3.97 mm]. When radioactivity of ULA was 148 Bq/mL, the width error was 0.87 mm [0.84–0.90 mm]. When radioactivity of ULA was 259 Bq/mL, the width error was 0.3 mm [0.12–0.48 mm]. When radioactivity of ULA was >30 Bq/mL, the width error was below 4 mm.


[image: Figure 4]
FIGURE 4. Comparison of container width measured by R50 method (C) with actual. Red dot and red bar represent the mean width and the standard deviation of container 4 (A), respectively. Black dot and black bar represent the mean width and the standard deviation of container 6 (B), respectively. When radioactivity between 11.1–111, 111–370, and 370–1,480 Bq/mL, the average width was 2.189 ± 0.253, 2.426 ± 0.09, and 2.521 ± 0.047 cm, respectively. The blue line is the radioactivity width error fitted curve for ULA.



Table 2. Comparison of container width measured by R50 method with actual width (2.5 cm).

[image: Table 2]




DISCUSSION

The material of the quality control phantom (Flanged Jaszczak ECT the Phantom) is PMMA, which top consists are six containers and a cylindrical PMMA, and the resolution module can be placed inside. The NEMA PET quality control phantom used in this research is one of the most widely accepted standards, which can provide a variety of measurement methods for the quality control of PET scanning. Standards for quality control models were developed with reference to the requirements of PET by many institutions, including the Society of Nuclear Medicine and Molecular Imaging (SNMMI), International Electrotechnical Commission (IEC), International Atomic Energy Agency (IAEA), American College of Radiology (ACR), and National Electrical Manufacturers Association (NEMA) (18).

In this study, the ULA of off-line PET was investigated in terms of both radioactivity and space range. When radioactivity of ULA was >148 Bq/mL, the radioactivity error was <5%. This indicates that the off-line PET can meet the radioactivity requirement when the ULA exceeds 148 Bq/mL. When radioactivity of ULA was >30 Bq/mL, the space range error was below 4 mm. This indicates that the off-line PET can meet the space range requirement when the ULA exceeds 30 Bq/mL. Our study complements previous work on off-line PET.

To the best of our knowledge, there have been no reports on quality control for the ULA of off-line PET. Bauer et al. (19) proves the feasibility of the implemented strategy for offline confirmation of scanned carbon ion irradiation. On this basis, Knopf et al. (14) evaluated the impact of the following aspects on the feasibility and accuracy of the off-line PET/CT method by Monte Carlo: (1) biological washout procedure, (2) patient motion, (3) tissue classification based on Hounsfield units (HU) for simulating activity distribution, and (4) tumor site specificity. But the assessment of the reliability of PET imaging at ULA is missing.

Spacer range was set for parameters of beam range and depth verification in vivo PET verification (16, 20). Parodi et al. (6, 16) suggested that beam range could be verified within an accuracy of 1–2 mm in head off-line proton verification. Zhang et al. (21) investigated the feasibility of depth verification of off-line PET/CT treatment verification in phantom. The mean radioactivity of 289 Bq/mL in proton radiotherapy for breast cancer has been obtained by calculating the radioactivity of each spot within the target area. When radioactivity of ULA was 259 Bq/mL, the width error was 0.3 mm [0.12–0.48 mm]. This represents that ULA may result in a 0.3 mm error for breast cancer proton off-line PET verification.

Slight errors may lead to unreliable results when operating at low radioactivity, so the accurate filling of quality control phantom determines its reliability for testing. This problem was solved by filling the phantom with radiopharmaceuticals 10 h in advance. The radioactivity was still high when the radiopharmaceuticals were loaded, so the measurement error can be ignored. The position of the quality control phantom was fixed, and the continuous acquisition for a long period ensured not only location registration but also the continuity of the data. The assessment of radioactivity was greatly affected by the leakage of liquid. In practical operation, liquid leakage is very easy to occur in the process of removing air bubbles. Therefore, we used dye in solution to observe if leakage of fluid occurred. A method of freezing radiopharmaceuticals was used to reduce the effect caused by leakage of fluid during dilution. Therefore, we could solve the problem of radioactive liquid leakage by freezing and dyeing, which could facilitate more accurate comparisons of the radioactive values.



CONCLUSIONS

PET equipment validation phantom with ulter- low activity 18F-FDG can used to simulate the radioactivity of ULA. When radioactivity of ULA was >148 Bq/mL, the radioactivity error was <5%. When radioactivity of ULA was >30 Bq/mL, the space range error was below 4 mm. Off-line PET can be used to quantify the radioactivity based on proton and heavy ion beam when the ULA exceeds 148 Bq/mL, both in radioactivity and in space range.
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Introduction: Carbon ion radiotherapy (CIRT) is a novel treatment for prostate cancer (PCa). However, the underlying mechanism for the individualized response to CIRT is still not clear. Metabolic reprogramming is essential for tumor growth and proliferation. Although changes in metabolite profiles have been detected in patients with cancer treated with photon radiotherapy, there is limited data regarding CIRT-induced metabolic changes in PCa. Therefore, the study aimed to investigate the impact of metabolic reprogramming on individualized response to CIRT in patients with PCa.

Materials and Methods: Urine samples were collected from pathologically confirmed patients with PCa before and after CIRT. A UPLC-MS/MS system was used for metabolite detection. XCMS online, MetDNA, and MS-DIAL were used for peak detection and identification of metabolites. Statistical analysis and metabolic pathway analysis were performed on MetaboAnalyst.

Results: A total of 1,701 metabolites were monitored in this research. Principal component analysis (PCA) revealed a change in the patient's urine metabolite profiles following CIRT. Thirty-five metabolites were significantly altered, with the majority of them being amino acids. The arginine biosynthesis and histidine metabolism pathways were the most significantly altered pathways. Hierarchical cluster analysis (HCA) showed that after CIRT, the patients could be clustered into two groups according to their metabolite profiles. The arginine biosynthesis and phenylalanine, tyrosine, and tryptophan biosynthesis pathways are the most significantly discriminated pathways.

Conclusion: Our preliminary findings indicate that metabolic reprogramming and inhibition are important mechanisms involved in response to CIRT in patients with PCa. Therefore, changes in urine metabolites could be used to timely assess the individualized response to CIRT.

Keywords: prostate cancer, metabolites, carbon ion radiotherapy, metabolic reprogramming, individualized response, metabolite profiles


INTRODUCTION

Carbon ion radiotherapy (CIRT) is a novel and powerful tool to treat prostate cancer (PCa). Studies have shown an excellent five-year biochemical disease-free survival (bDFS) and low levels of late gastrointestinal and genitourinary toxicities (1, 2). This benefit has been attributed to the physical and biological advantages of CIRT that limits dose to normal tissue while allowing for safe dose escalation. In the past 7 years, our center has treated 162 pathologically confirmed patients with PCa with CIRT, and the three-year bDFS reached 93%. However, these patients with PCa showed an individualized treatment response after CIRT. Yet, the underlying mechanism is still not clear. Moreover, there are still no effective indicators that could be used to timely predict treatment response. Patients might have to wait several months for serum total prostate-specific antigen (PSA) and magnetic resonance imaging (MRI) results after the completion of CIRT, which adversely impacts decision-making. Therefore, there is a need to understand the underlying mechanism involved in response to CIRT in patients with PCa, so as to facilitate the identification of suitable treatment response makers and to evaluate the treatment prognosis.

Metabolic reprogramming is one of the main hallmarks of malignancy, in which tumor cells alter their metabolism, microenvironment, and immune cell function to promote their growth, proliferation, and immune evasion (3). Significant changes in the serum metabolite profiles were detected after photon radiotherapy in different malignancies such as hepatocarcinoma and breast cancer (4, 5). However, it has been shown that carbon ion is associated with a different metabolic response toward photon (6). Meanwhile, the impact of CIRT-induced metabolic changes on PCa treatment response is still not known.

A pilot study conducted in Poland evaluated the free serum and urine amino acid profiles in patients with PCa (7). The results of the study indicate that these metabolite parameters might have great performance for PCa detection. Several metabolites have already shown similar or even better performance for PCa detection when compared with PSA (AUC ranging from 0.53 to 0.83) (8). Therefore, metabolites could potentially be used to evaluate early treatment response following CIRT. Nalbantoglu evaluated the PCa treatment response to radiotherapy and showed that the most significant alterations after photon irradiation were linked with the nitrogen, pyrimidine, purine, porphyrin, alanine, aspartate, glutamate, and glycerophospholipid metabolic pathways (9). Cheema found a correlation between individualized radiation toxicities and metabolite profiles (10). However, these studies were based on photon radiotherapy, highlighting the need to evaluate the impact of CIRT on metabolic reprogramming and individualized treatment response in patients with PCa.

As urine contains over 2,500 metabolites, it can be easily used to evaluate global metabolic changes in patients with cancer (11). Therefore, the study aimed to perform a preliminary investigation to assess the impact of metabolic reprogramming on individualized CIRT response in patients with PCa by measuring variations in urine metabolites following CIRT. We expect this primary investigation of CIRT metabolic reprogramming and the individualized response will further step up the PCa CIRT and will also add value to either CIRT or photon radiotherapy for other malignancies.



MATERIALS AND METHODS


Study Samples and Population

From July 2020 to December 2020, 15 patients with pathologically confirmed prostate adenocarcinoma were enrolled in this study. CIRT was delivered using the Siemens IONTRIS particle therapy device. The clinical target volume (CTV) included prostate with or without proximal seminal vesicles based on different risk group types. The median CIRT dose to the prostate was 60.4 GyE (range 55.2–65.6 GyE) in 12–16 fractions and was prescribed to the 99% isodose line. Risk stratification was based on NCCN guidelines version 2.2020. The demographic and clinical characteristics of enrolled patients are summarized in Table 1.


Table 1. Patients' demographic and clinical characteristics.
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Sample Collection and Preparation

The patients' urine samples were collected in the 4 h before receiving the first fraction and 4 h after finishing the last fraction and then stored at 4°C immediately after collection. A 0.22-μm membrane filter was used to remove contaminated bacteria, and 800 μl of chilled methanol/acetonitrile (1:1, v/v) solution was added to 200 μl of the thawed samples. The supernatant was extracted from the centrifuged mixture, transferred into a new Eppendorf tube, and evaporated into a dry solid. The dry supernatant was redissolved into 200 μL chilled acetonitrile/water (1:1, v/v) and transferred into smaller sample vials. Quality control (QC) samples were prepared by mixing equal amounts (50 μL) of each sample.



High-Throughput UPLC-MS/MS Analysis

High-throughput UPLC-MS/MS (high-performance liquid chromatography, coupled to tandem mass spectrometry) analysis of urine samples was performed on an AB SCIEX ExionLCY system combined with AB SCIEX 500R QTOF. The urinary metabolites were separated in an ACQUITY UPLC BEH Amide 1.7 μm (2.1 × 100 mm) column. Two mobile phases were prepared. Mobile phase A contained water with 10 mM NH4FA and 0.1%FA, and mobile phase B was acetonitrile: water = 95:5 (V/V) with 10 mM NH4FA and 0.1%FA. A 17-min gradient was applied as follows: 2 min, 100% B; 11 min, 45% B; 12 min, 45% B; 12.1 min, 100% B; and 17 min, 100% B. Electrospray ionization mode was performed in the mass spectrometry analysis. Three blanks and six replicates of the QC samples were injected at the beginning of the batch for column conditioning, and the QC sample was analyzed every ten injections. Auto-calibrations were performed every five analyses.



Data Collection and Metabolite Identification

A UPLC-MS/MS was used to acquire the raw data, and XCMS online was used for peak detection and dataset alignment. MetDNA and MS-DIAL software were used for the identification of metabolites. The acquired peak tables were then uploaded onto the MetaboAnalyst for statistical analysis and metabolic pathway analysis. Concentrations of metabolites were represented by peak area and normalized according to the creatinine levels.



Data Analysis

MetaboAnalyst 5.0 was used to analyze data. A volcano plot consisting of a combination of fold change (FC) analysis and non-parametric tests was used to identify any statistically significant differences in the metabolites between the pre-CIRT samples and post-CIRT samples. The unsupervised principal component analysis (PCA) was performed to detect the significant separation shift between compared groups. Supervised multivariate analysis and partial least-squares discriminant analysis (PLS-DA) were performed to achieve maximum separation among the groups. The sparse PLS-DA (sPLS-DA) algorithm was used to reduce the number of variables (metabolites) to produce robust and easy-to-interpret models. Hierarchical cluster analysis (HCA) was used to separate the metabolite profiles between compared groups. Boxplots showed the minimum, lower quartile, median, upper quartile, and maximum values of metabolite concentrations. Error bars stood for the minimum values to the maximum.




RESULTS


The Impact of CIRT on Urine Metabolite Profiles in Patients With PCa

A total of 1,701 metabolites were monitored by UPLC-MS/MS. Multivariate analysis was performed using PCA, PLS-DA, and sPLS-DA (Figures 1A–C). All samples were analyzed with the unsupervised model PCA to examine possible sample group separations and sample clustering behavior. The PCA score plot revealed significant variations in the patient's urine metabolite profiles before and after CIRT. The pre-CIRT sample clusters are located on the left side of the score plot, and the post-CIRT sample clusters are located on the right side. The small overlap between the two demonstrates the significant difference in the metabolite profiles before and after CIRT. Moreover, the metabolite HCA can clearly discriminate the majority of pre-CIRT samples from the post-CIRT samples (Supplementary Figure 1). The heat map shown in (Figures 1D,E) further confirms that the concentration of metabolites in the urine sample experienced downregulation in most patients after CIRT. The volcano plot identified 35 significantly altered metabolites after CIRT (Figure 1F), with 33 of these metabolites were downregulated after CIRT after CIRT including L-glutamate, L-glutamine, L-cystine, glutathione, anthranilate, 5'-methylthioadenosine, and two were upregulated, including (R)-4'-phosphopantothenoyl-L-cysteine and betaine (Figure 1G). The above results indicate that CIRT can significantly alter the PCa metabolism, mainly by decreasing the amino acid metabolism in urine.


[image: Figure 1]
FIGURE 1. Changes in metabolite profiles before and after CIRT. (A) PCA scores, (B) partial least squares-discriminant analysis (PLS-DA), (C) sparse partial least squares-discriminant analysis (sPLS-DA), (D) heat map of the average level of metabolite concentrations in pre-CIRT and post-CIRT urine samples, and (E) heat map of the metabolite concentrations in pre-CIRT and post-CIRT urine samples. Upregulated metabolites are shown in red and downregulated in blue. The intensity of the color estimates the magnitude of the change. (F) Volcano plot of pre-CIRT samples and post-CIRT samples. Significantly altered metabolites (FDR < 0.05, FC > 2) are indicated in pink; nonsignificantly altered metabolites are indicated in gray. (G) Boxplots of L-glutamate, L-glutamine, L-cystine, glutathione, anthranilate, 5'-methylthioadenosine, (R)-4'-phosphopantothenoyl-L-cysteine, betaine.




CIRT-Induced Metabolic Pathway Changes

We further performed pathway enrichment analysis of the identified metabolites, and we found that these metabolites could be enriched in eight pathways (FDR < 0.05, impact > 2), including histidine metabolism, arginine biosynthesis, glutathione metabolism, cysteine and methionine metabolism, pantothenate, and CoA biosynthesis, biotin metabolism, alanine, aspartate and glutamate metabolism, D-glutamine and D-glutamate metabolism. These metabolic pathways are part of amino acid metabolism, carbohydrate metabolism, and also vitamins and cofactors metabolism. The bubble plot shown in Figure 2A demonstrates the significance and the impact of each pathway. Figure 2B demonstrates the altered pathway sorted by impact factor from top to bottom. Figures 3A,B shows the metabolites in arginine biosynthesis and histidine metabolism. Supplementary Figures 2, 3 demonstrate the details of the other six pathways that were significantly altered. Supplementary Table 1 shows the FDR and the impact of the enriched metabolite pathways before and after CIRT. The alterations of the arginine biosynthesis and histidine metabolism pathways by CIRT are the most significant. L-glutamine, L-glutamate, L-arginine, L-citrulline, N-(L-arginino) succinate, and L-ornithine in arginine biosynthesis are all downregulated (Figure 3C), and L-histidine, L-glutamate, urocanate, N(pi)-methyl-L-histidine, carnosine, and imidazole-4-acetate in the histidine metabolism are downregulated as well (Figure 3D).


[image: Figure 2]
FIGURE 2. Metabolic pathway alteration by CIRT. (A) The bubble chart shows the enrichment of altered metabolite pathways between pre-CIRT samples and post-CIRT samples. The size and color of the bubbles represent the impact and –log10(p) values for each pathway. (B) Scheme illustrating the altered pathway sorted by impact factor from top to bottom.
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FIGURE 3. Altered metabolites in arginine biosynthesis and histidine metabolism pathways. Identified compounds within the pathway of arginine biosynthesis (A) and histidine metabolism (B). Light blue means that those metabolites are not in our data and are used as background for the enrichment analysis; other colors (varying from yellow to red) indicate the level of significance of the metabolites in the data. Boxplots of L-glutamine, L-glutamate, L-arginine, L-citrulline, N-(L-arginino) succinate, L-ornithine in arginine biosynthesis (C), and L-histidine, L-glutamate, urocanate, N(pi)-methyl-L-histidine, carnosine, imidazole-4-acetate, 4-imidazolone-5-propanoate in histidine metabolism (D). *p < 0.05, **p < 0.01, and ***p < 0.001.




Potential Metabolite Profile Response Indicators for CIRT

The relation of metabolic clustering with different risk classifications was further explored. Patient risk stratification was performed under the NCCN guidelines. The low-risk and medium-risk patients were considered as a relatively low-risk group, and the high-risk and very high-risk patients were considered as a relatively high-risk group (Supplementary Table 2).

The patient's urine metabolites in pre-CIRT were further analyzed by PLS-DA and were clustered into two groups. The results were matched with the risk subtype (Figure 4A). However, the PLS-DA analysis of post-CIRT urine metabolites shows more overlap (Figure 4B), indicating that patients assessed as the same risk subtype no longer represented similar urine metabolite profiles, which means CIRT could significantly decrease the discrimination of the risk stratification.


[image: Figure 4]
FIGURE 4. The individualized difference in metabolite profiles among patients after CIRT. (A) PLS-DA analysis of relatively low-risk group and the relatively high-risk group shows less overlap in the pre-CIRT samples; (B) PLS-DA analysis of relatively low-risk group and the relatively high-risk group shows less overlap in post-CIRT samples; (C) heat map of the average level of metabolite concentrations in PM1 and PM2 urine samples. (D) HCA of metabolites in post-CIRT samples. Upregulated metabolites are shown in red, and the downregulated metabolites are shown in blue. The intensity of the color indicates the magnitude of the change post-CIRT, (E) schematic description of the individualized metabolomic response difference, (F) schematic description of CIRT-induced disappearance of metabolomic difference between relatively high-risk and low-risk patients.


The HCA also revealed that after CIRT, the patients could be clustered into two groups, PM1 and PM2, according to their metabolic profiles (Figure 4D). This clustering was different from the risk subtype. The PCa patients in the PM2 group had a higher level of urine metabolite concentrations than PM1 group (Figure 4C), which means the patients in the two groups may have different responses to CIRT. Figures 4E,F illustrate the schematic diagrams of this process.



Metabolic Pathways Enrichment Analysis After CIRT

Pathway enrichment shows the response diversity of PCa to CIRT. The bubble chart of the discriminatory metabolic pathway is shown in Figure 5A. Supplementary Table 3 demonstrates the FDR and the impact of the enriched pathways in discriminating between metabolites in post-CIRT urine samples. Discriminatory metabolites are mainly enriched in eight pathways (FDR <0.05, impact > 2), including phenylalanine, tyrosine, and tryptophan biosynthesis, phenylalanine metabolism, biotin metabolism, cysteine and methionine metabolism, glutathione metabolism, arginine biosynthesis, alanine, aspartate, and glutamate metabolism, D-glutamine and D-glutamate metabolism. The arginine biosynthesis and the phenylalanine, tyrosine, and tryptophan biosynthesis pathways are the most significant. Figure 5B shows that the concentration of L-glutamine, L-glutamate, L-arginine, L-citrulline, N-(L-arginino) succinate, L-ornithine in the arginine biosynthesis, and L-phenylalanine in phenylalanine, tyrosine, and tryptophan biosynthesis are higher in PM2 when compared with PM1.
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FIGURE 5. Individualized difference in response to CIRT within the metabolic pathways. (A) The bubble chart shows the enrichment pathways of the discriminatory metabolites between PM1 and PM2. The size and color of the bubble represent the impact and –log10(p) values for each pathway, (B) boxplots of L-glutamine, L-glutamate, L-arginine, L-citrulline, N-(L-arginino)succinate, L-ornithine in arginine biosynthesis, and L-phenylalanine in phenylalanine, tyrosine, and tryptophan biosynthesis.





DISCUSSION

Carbon ion radiotherapy is a relatively new radiotherapy technique, and few studies have evaluated the impact of CIRT on cancer metabolism, especially PCa. Therefore, in this study, we evaluated the impact of this new technology on PCa metabolism.

Carbon ion radiotherapy showed a strong ability to inhibit metabolism in PCa. Compared to the concentrations of the metabolites in untreated patients' urine samples, almost all discriminated metabolites (33/35) were downregulated after CIRT. This result demonstrates the ability of CIRT to inhibit tumor metabolism. Moreover, CIRT could generally inhibit most of the metabolic processes involved in the proliferation, metastasis, and finally the progression of PCa. The results in this study primarily suggest that CIRT has the ability to significantly downregulate metabolism in patients with PCa.

Carbon ion radiotherapy inhibited the production of metabolites that are mainly enriched in the arginine biosynthesis and histidine metabolism pathways. The main alteration of amino acid in the process of prostate tumorigenicity involves histidine and arginine metabolism, and also the metabolism of alanine, aspartate, and glutamate, and some aromatic amino acid metabolism (12). The arginine biosynthesis pathway plays a key role, and it is known to be upregulated in PCa progression (13, 14). The deprivation of arginine in cancer cells can lead to dysfunction of mitochondria, reprogramming of transcription, and result in cell death (15). Arginine deprivation therapy for PCa has been found to be an effective treatment (16) and has a strong radiosensitizing impact (17). Moreover, increased metabolism of L-arginine by myeloid cells can result in an impaired lymphocyte response to antigens and tumor growth (18). Therefore, the downregulation of arginine metabolism will inhibit PCa progression and also has the potential to promote antitumor immune effects. Histidine metabolism is another pathway that is significantly inhibited after CIRT. Histidine metabolism has been found elevated in men with T2 PCa, and its metabolite 4-imidazoleacetate shows cumulative effect in serum from T2 to T4 PCa (19). Herein, through a high-resolution metabolomic technique based on UPLC-MS/MS, we found carbon ion downregulated almost all of the amino acid metabolism, especially the histidine, arginine, and glutamine, presenting the unique inhibition effects of the carbon ion beam on PCa. This effect was significantly different from the reported photon radiation effects (20). Considering the role of these amino acids in PCa progression, further exploring the effects of the carbon ion beam on PCa metabolism was necessary for the future.

Interestingly, we found the urine metabolites of these patients with PCa have different responses to CIRT. All patients could be clustered into two groups, PM1 and PM2. PM2 showed relatively higher concentrations of metabolites after CIRT. The clustered result was different from the clinical risk stratification. Therefore, the difference in the concentrations of metabolites between PM1 and PM2 can be attributed to tumor sensitivity to CIRT. PCa in the PM2 group patients seemed to be less sensitive to CIRT when compared with the PCa in the PM1 group. However, long-term follow-up is necessary to confirm the role of urine metabolites as treatment response markers for CIRT in PCa.

The metabolic results also confirm the response to CIRT of PCa in the PM2 group, shown by the higher levels of metabolites related to arginine biosynthesis and also phenylalanine, tyrosine, and tryptophan biosynthesis. These results further confirm that arginine biosynthesis is important for PCa and may play a central role in response to CIRT.



CONCLUSION

In this study, CIRT showed its strong ability to inhibit metabolism pathways in PCa. CIRT-induced changes in the metabolite profiles mainly enriched in arginine biosynthesis and histidine metabolism. Urine metabolites of patients with PCa had different responses to CIRT. More sensitive PCa showed lower levels of metabolites in urine samples, especially the arginine biosynthesis and also phenylalanine, tyrosine, and tryptophan biosynthesis pathway. CIRT-evoked metabolic reprogramming seems to be one of the most important underlying mechanisms of CIRT to inhibit PCa. Our preliminary results indicate that some urine metabolites could potentially be used to identify the individualized response to CIRT in patients with PCa. However, further longitudinal studies with a larger sample size are recommended to confirm these results.
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The coronavirus disease 2019 (COVID-19) pandemic has greatly disrupted the normal treatment of patients with liver cancer and increased their risk of death. The weight of therapeutic safety was significantly amplified for decision-making to minimize the risk of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Herein, the safety and effectiveness of carbon ion radiotherapy (CIRT) for unresectable liver cancer (ULC) were evaluated, and Chinese experiences were shared to solve the predicament of ULC treatment caused by SARS-CoV-2. Worldwide studies were collected to evaluate CIRT for ULC as the world has become a community due to the COVID-19 pandemic. We not only searched five international databases including the Cochrane Library, Web of Science, PubMed, Embase, and Scopus but also performed supplementary retrieval with other sources. Chinese experiences of fighting against COVID-19 were introduced based on the advancements of CIRT in China and a prospective clinical trial of CIRT for treating ULC. A total of 19 studies involving 813 patients with ULC were included in the systematic review. The qualitative synthetic evaluation showed that compared with transarterial chemoembolization (TACE), CIRT could achieve superior overall survival, local control, and relative hepatic protection. The systematic results indicated that non-invasive CIRT could significantly minimize harms to patients with ULC and concurrently obtain superior anti-cancer effectiveness. According to the Chinese experience, CIRT allows telemedicine within the hospital (TMIH) to keep a sufficient person-to-person physical distance in the whole process of treatment for ULC, which is significant for cutting off the transmission route of SARS-CoV-2. Additionally, CIRT could maximize the utilization rate of hospitalization and outpatient care (UHO). Collectively, CIRT for ULC patients not only allows TMIH and the maximized UHO but also has the compatible advantages of safety and effectiveness. Therefore, CIRT should be identified as the optimal strategy for treating appropriate ULC when we need to minimize the risk of SARS-CoV-2 infection and to improve the capacity of medical service in the context of the unprecedented COVID-19 crisis.

Keywords: liver neoplasms, carbon ion radiotherapy, telemedicine, COVID-19, SARS-CoV-2, medical resource


INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, an infectious disease caused by a novel coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1, 2), was declared a pandemic by the WHO on March 11, 2020 (3). COVID-19 has been spreading around the world and bringing unprecedented catastrophe to humans (2–4). The figures released by WHO on November 23, 2021 showed that SARS-CoV-2 had infected more than 257.46 million people and caused more than 5.15 million deaths in over 220 countries and regions worldwide (4). The COVID-19 pandemic has impacted every aspect of human life, especially in the health care of all countries (5, 6). Patients with cancer are susceptible to being infected by it because of the poor systemic immunosuppressive state caused by the malignancy and conventional anticancer treatments, such as surgery or chemotherapy (7–12). Moreover, cancer and its conventional treatments are associated with deteriorating conditions and a worse prognosis of patients with COVID-19 concomitant (7–12). In order to reduce the risk of SARS-CoV-2 infection, postponing treatment was proposed in some guidelines to adjust cancer management (13); however, it is becoming increasingly inapplicable because of the increasing cancer malignant death (5, 14, 15). What is the solution for this dilemmatic predicament caused by the COVID-19 pandemic (16)? Obviously, we should find a way of fighting against cancer and SARS-CoV-2 synchronously (4, 14, 15). Some evidence has indicated that the optimization of anti-cancer safety is a realistic and feasible solution for the predicament during the COVID-19 crisis (7–12). What is the revised optimal treatment strategy for unresectable liver cancer (ULC) in the context of the COVID-19 crisis?

The weight of therapeutic safety is enlarged due to SARS-CoV-2 (7–12). Therefore, non-invasiveness and telemedicine within the hospital (TMIH) should be the crucial considerations for anti-cancer treatment during the COVID-19 crisis, especially for patients in the worst-hit areas (7–12). The principles of non-invasiveness and TMIH are necessary to get the optimal risk-benefit results in the fighting against SARS-CoV-2 and liver cancer synchronously (7–12, 17–19). There are unique superiorities of non-invasive carbon ion radiotherapy (CIRT) (20, 21), especially when it comes to the ability of TMIH concerning the controllable risk of SARS-CoV-2 infection, as well as preserving the patient's systemic function (including immunity) at relatively good levels to reduce the risk of SARS-CoV-2 infection (21–30). Several similar studies are helpful to fully understand the unique potentiality of CIRT in preserving cancer patients from the SARS-CoV-2 infection (31–35). Therefore, non-invasive CIRT seems to be the optimal strategy among multifarious therapies for treating ULC during the COVID-19 crisis when an oncologist needs to minimize the risk of SARS-CoV-2 infection (7–12, 21–30). However, the evidence for decision-making is lacking in terms of CIRT for ULC. Accordingly, the safety and effectiveness of CIRT for treating ULC were comprehensively evaluated by this systematic review to give evidence-based references in decision-makings and the advancements of CIRT in China together with clinical experiences were shared to provide references for other countries struggling with SARS-CoV-2 and liver cancer.



MATERIALS AND METHODS

A pre-retrieval procedure was implemented to ensure that the best results of literature retrieval could be obtained, which started on March 11, 2020. A preliminary and rapid systematic review was conducted before this study to ascertain how to design this study scientifically and accurately.


Inclusion and Exclusion Criteria of Study Selection

Studies were included if they matched the following criteria based on the pilot study of a systematic review. (1) Participants: patients were diagnosed with liver cancer by histopathology and imageological examination, ineligible or infeasible for resection; regardless of primary liver cancer or metastatic liver cancer. (2) Intervention and comparison: there were few studies with a control group for the assessment of CIRT in treating patients with liver cancer on the basis of pre-retrieval. Therefore, a study should be included if CIRT was evaluated with effectiveness and/or adverse effects in treating liver cancer, whether there was a comparison group or not. (3) Outcomes: the outcomes of evaluation included overall survival (OS), local control, short-term effects, adverse effects, and complications. (4) The study type was unrestricted due to the development stage of CIRT. All study types of clinical research were included to evaluate CIRT for liver cancer on the basis of the pre-retrieval and preliminary systematic review. Publications were excluded if they had inappropriate research designs including cellular or animal experiments, letters, editorials, commentaries, protocols, reviews, systematic reviews, or meta-analyses.



Search Strategy and Study Screening

The pre-retrieval was performed on March 11, 2020 and the comprehensive retrieval was started on April 15, 2020, following the pilot systematic review. The retrieval was updated every month during the research process in order to acquire the latest data of reports. The final retrieval time was May 31, 2021.

We searched five international databases including the Cochrane Library, Web of Science, PubMed, Embase, and Scopus from the database inception to May 31, 2021. We also searched other supplementary resources, such as Google Scholar, Medical Matrix, reference lists of relevant reviews and included papers, COVID-19 Open Research Dataset Challenge (CORD-19), COVID-19 Research Database (WHO), and the WHO International Clinical Trials Registry Platform. The search terms contained the target disease group and intervention groups, such as liver neoplasms, CIRT, SARS-CoV-2, and COVID-19. No restrictions were set for the study language, publication date, and publication status. All relevant clinical trials were collected to evaluate CIRT for patients with liver cancer.

All records were imported into the EndNote software of the X9 version (Clarivate Analytics, Clarivate, London, England) for further management and screening. Studies were selected according to the inclusion and exclusion criteria. The articles were reviewed by the researchers independently in two stages for the study screening: the first stage was an evaluation of the titles and abstracts, followed by a full-text review as the second stage. The researchers discussed the discrepancies and re-evaluated the articles until a consensus was reached.



Data Extraction and Data Analysis

Data were extracted from each included article using standardized forms. The subset of interventions that satisfied the inclusion criteria was kept in the analysis after having discarded the groups that did not satisfy the inclusion criteria when the trials have multiple groups. The list of the collected data included: (1) the basic characteristics of the included studies; (2) the outcomes from the research results. All data were extracted from the text, tables, or figures of the included papers. CIRT was assessed using the method of qualitative synthetic analyses due to its development stage. The data of CIRT were synthesized in both tabular and narrative formats according to the qualitative analysis method of the systematic review.



Chinese Experience of Fighting Against SARS-CoV-2 and Liver Cancer

The experiences of fighting against SARS-CoV-2 from different countries are necessary due to the unprecedented crisis worldwide. We explored the optimal strategy for treating ULC in the context of the COVID-19 crisis via the included studies combined with the experience of Chinese citizens. No ethical approval or patient consent was required for the systematic review as the data originated from previously published studies online. The clinical trial of the first Chinese carbon ion therapy system (CITS) in Wuwei, China was conducted in accordance with the Good Clinical Practice Guidelines and the Declaration of Helsinki, and this trial was approved by the ethics committee of the research institute. All patients provided written informed consent.




RESULTS


Results of Study Search and Screening

From our systematized search, a total of 1,065 records were imported into the EndNote software for further identification, including 1,049 records identified through traditional database searching and 16 records identified through additional sources. A total of 575 reduplicative records were removed because of the repeats included by the different databases. After the elimination of duplicates, 490 records were screened for eligibility by their titles and abstracts at the first stage and by full-text screening at the second stage. A total of 19 eligible studies (36–54) were finally included (Figure 1).


[image: Figure 1]
FIGURE 1. Identification flow chart of the studies to evaluate carbon ion radiotherapy (CIRT) for liver cancer. CIRT, carbon ion radiotherapy.




Characteristics of the Included Studies

All of the included studies (36–54) were published in Science Citation Index (SCI) journals and included in the Web of Science with good quality reports. The main features of the 19 included studies (36–54) are presented in Table 1. One propensity-score matching study (43) compared CIRT with transarterial chemoembolization (TACE) for liver cancer, while the other studies (36–42, 44–54) have a single-arm design for the evaluation of CIRT with measurements of safety and efficacy. There were seven phase I/II clinical trials (41, 42, 48, 50, 52–54) and 12 retrospective studies (36–40, 43–47, 49, 51). One study (50) was done in Germany, while the other studies all came from Japan (36–49, 51–54). The total sample size was 813 patients at a rough estimate, which contained 807 patients from Japan. We could not calculate the total sample size accurately because of the existence of overlapping populations, however, the bias of data analysis was low risk because CIRT was assessed using the method of qualitative analyses instead of meta-analyses (Table 1).


Table 1. Assessment of the basic characteristics of the 19 included studies.
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Qualitative Synthetic Analysis for CIRT

A total of 19 studies (36–54) were eligible for the qualitative synthetic analysis of CIRT for liver cancer. The main clinical outcome data after CIRT have been summarized in Table 2. Both prospective and retrospective studies from Japan and Germany have demonstrated encouragingly high rates of OS and local control and low rates of hepatotoxicity with CIRT for treating patients with liver cancer. The reported actuarial OS rates ranged from 90 to 100% at 1 year, from 50 to 88% at 3 years, and from 22 to 48.9% at 5 years, respectively. The local control rates ranged from 81 to 93% at 5 years. A total of four patients with grade 3 adverse events of the hepatotoxicity of transaminase level elevation were reported among the 813 patients included in this qualitative analysis. All studies (36–54) affirmed that severe radiation morbidities were uncommon, and no treatment-related deaths of CIRT were observed (Table 2).


Table 2. Clinical outcomes of the included CIRT studies for patients with liver cancer.
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Shiba et al. (43) reported a propensity-score matching (PSM) study that compared CIRT with TACE for patients with single hepatocellular carcinoma. Seventeen matched pairs of patients from each group were included for further analyses after PSM. The results demonstrated that CIRT significantly improved the clinical outcomes over TACE with regard to the 3-year OS rate (88% with CIRT vs. 58% with TACE, p < 0.05), 3-year local control rate (80% with CIRT vs. 26% with TACE, p < 0.01), and 3-year progression-free survival rate (51% with CIRT vs. 15% with TACE, p < 0.05), respectively. Compared with TACE, CIRT was associated with a significant reduction regarding the number of patients whose liver function progressed to a worse Child-Pugh class within 3 months from the initiation of treatment (p < 0.01). There were two studies (41, 49) regarding single fraction CIRT for metastatic liver cancer, and the results showed that single fraction CIRT was safe and effective. As a special case, a woman with a 6 cm chemo-resistant metastatic liver tumor from breast cancer was successfully cured with a single shot of 36-GyE CIRT, and the woman survived more than 8 years without local recurrence (49).



Chinese Experience of Fighting Against SARS-CoV-2 and Liver Cancer

The CITS in Wuwei, China, which was independently developed by the Institute of Modern Physics (IMP), Chinese Academy of Sciences in 1993, successfully completed the treatment of 46 cancerous cases as a clinical trial and was officially registered as a medical device of Class 3 in China on September 29, 2019. The CITS in Wuwei is the first Chinese CIRT equipment with the serial number 20193050713 and the type specification HIMM-01-GS-WW-1, and several CITSs in other areas of China are now under construction. A total of 47 cancer cases were enrolled into the clinical trial for the medical device registration of CITS in Wuwei. One patient withdrew from the trial after enrolment, and 46 subjects completed the trial finally. There were a total of seven patients with ULC in the trial, including six cases with primary hepatocellular carcinoma and one case with hepatic metastasis from rectal cancer. All of these patients were advanced and intractable cancer cases. No severe radiation morbidities and treatment-related deaths of CIRT were observed during the treatment and follow-up. The data acquired from the clinical trial in Wuwei, China demonstrated that the Chinese CITS encouraged safety and anti-cancer effectiveness in treating liver cancer (Table 3).


Table 3. Clinical outcomes of CIRT with the first Chinese carbon ion therapy system (CITS) for patients with liver cancer.
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According to the experience of Chinese citizens, compared with other locoregional treatment (LRT) (including surgical resection, thermal ablation, transarterial chemoembolization, percutaneous ethanol injection, and so on), CIRT allows TMIH with controllable risk of SARS-CoV-2 infection in the whole process of treatment for ULC. Compared with photon (or proton) radiotherapy modalities, CIRT could achieve the optimal utilization rate of hospitalization and outpatient care (UHO). Therefore, non-invasive CIRT is identified as the optimal treatment strategy for appropriate patients with ULC concerning the need to cut off the transmission route of SARS-CoV-2 and to improve the capacity of healthcare service in the context of the unprecedented COVID-19 crisis. Based on Chinese foundations, ultramodern projects of CIRT have been planning and preparing to bring its superiorities into full play. A schematic diagram for the development planning of the CIRT center is exhibited in Figure 2. As shown in Figure 2, the new-style CIRT center has the excellent ability of TMIH and is non-contact. In addition, the burgeoning digital medicine of CIRT possesses many other superiorities including non-invasion, precision, automation, multimedia, and multi-discipline, which is beneficial to protect vulnerable cancer groups from SARS-CoV-2 infection by minimizing toxicities to cancer patients (especially for immune-system). Therefore, the Chinese CITSs will play a crucial role in pulling the appropriate patients with liver cancer through crises such as the COVID-19 pandemic.
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FIGURE 2. A schematic diagram for the development planning of the CIRT center during the COVID-19 crisis. CIRT, carbon ion radiotherapy; ‡liver cancer patients with concurrent SARS-CoV-2 infection; †liver cancer patients without SARS-CoV-2 infection.





DISCUSSION

Globally, COVID-19 has caused unprecedented social turmoil, triggering a comprehensive transformation of global healthcare systems (3–6, 13, 55–59). From the perspective of cancer patients, any policy or strategy that neglects their benefit due to the COVID-19 pandemic, such as delaying treatment in some guidelines after the COVID-19 outbreak as a typical example, has immensely increased the risk of cancerous malignant death (13, 60–62). Based on fully respecting the interests of patients with ULC worldwide, herein, we put forward a kind of brand new perspective and method to fight against SARS-CoV-2 and ULC simultaneously by optimizing the treatment strategy of ULC.


CIRT for Liver Cancer During the COVID-19 Crisis

Aitken et al. (32) suggested that photon-based stereotactic ablative radiotherapy (SABR) could be considered as an effective and feasible alternative to surgery for patients with liver cancer because of the unprecedented impacts of the COVID-19 pandemic on the United Kingdom cancer services. Maybe the COVID-19 pandemic is primetime for the application of SABR in cancer treatment and the single fraction SABR has been further placed great expectations (31, 34). Why was CIRT identified as the optimal strategy for ULC in the context of the COVID-19 crisis? Primarily, TMIH and non-invasiveness are the crucial considerations for decision-making (7–12). What is more, CIRT possesses multidimensional superiorities compared with either photon or proton radiotherapy (21, 29, 63, 64). CIRT is superior to SABR for treating patients with liver cancer due to its unique advantages in terms of target conformity and normal liver tissue sparing, relative biological effectiveness (RBE), duration of treatment, risk of subsequent primary cancers, and so on (20, 21, 29, 30, 35, 63–68). Additionally, CIRT is beneficial to protect the immune system and activate specific anti-cancer immunity by triggering the immunoreaction on account of its excellent superiorities in the aspects of dose localization and RBE (21–28), which is extremely significant for patients to fight against cancer and SARS-CoV-2 synchronously (7–12).

The qualitative synthetic analyses results of CIRT for liver cancer demonstrated encouragingly high rates of OS and local control and low rates of hepatotoxicity. One of the most limiting factors of the use of radiotherapy for liver cancer is the significantly poor radiation tolerance of the normal liver tissues, especially when the liver function is impaired by some chronic liver disease (50, 51). CIRT is the optimal radiation modality for maximizing anti-cancer effectiveness while minimizing radiation-induced hepatotoxicity due to its inherently physical and biological superiorities (65, 66). A propensity-score matching (PSM) study (43), a method that could minimize potential selection bias of patients in retrospective studies by mimicking some characteristics of RCT, has manifested that CIRT possesses significantly more effectiveness and less toxicity than TACE in the treatment of liver cancer. A synthetical study by Zhang et al. indicated that CIRT is more therapeutically beneficial with adequate safety than the radiotherapy modality of proton or photon (20). Based on the evidence, CIRT was identified as the optimal strategy for appropriate patients with ULC during the COVID-19 crisis, especially the single fraction CIRT for specific ULC patients concerning the need to minimize the risk of SARS-CoV-2 infection.



China's Experience in Combating COVID-19 and Liver Cancer

The statistics showed that liver cancer was the third leading cause of cancer death worldwide in 2020, with about 906,000 new cases and 830,000 deaths annually (69). In addition, nearly half of the world's morbidity and mortality of liver cancers are distributed in China (69, 70). There exists a dilemmatic predicament with regards to conventional therapies for liver cancer in the context of the COVID-19 crisis, which is significantly different from the real world before the COVID-19 pandemic (7–12). Protecting patients from the SARS-CoV-2 infection generally results in delaying (even giving up) conventional treatment for liver cancer patients on account of the high risk of SARS-CoV-2 infection caused by conventional treatment (7–13). But on the other hand, what is the optimal alternative strategy for the conventional treatment for reducing the risk of cancer malignant death? In order to find the way out of this unprecedented predicament, we have identified CIRT as the optimal treatment strategy for applicative patients with ULC after a comprehensive investigation.

The IMP of China has started to develop CITS independently since 1993, and now, we have many original innovations not only in the equipment and clinical technology but also in the supporting theoretical basis, such as the relative biological effectiveness (RBE) modeling for CIRT (71). Why was CIRT identified as the optimal strategy for ULC concerning the need to minimize the risk of SARS-CoV-2 infection? Based on the Chinese CITS foundations and the successful experiences in fighting COVID-19, the reasons could be summarized as follows. (1) The first reason is with respect to cutting off transmission routes. CIRT has the excellent ability of TMIH and non-contact in the whole process of treatment for ULC, thereby allowing quarantine and keeping a sufficient person-to-person physical distance between patients and others. This peculiarity of CIRT is crucial to realize cutting off the transmission route of SARS-CoV-2. (2) The second reason is with respect to protecting vulnerable populations. (a) CIRT is a non-invasive and precision treatment modality for ULC. Therefore, CIRT could minimize toxicities to patients (especially for the immune system) and concurrently obtain excellent anti-cancer effectiveness, which is significant to preserve patients with ULC in a relatively good systemic and immune condition for fighting against SARS-CoV-2 and cancer in the context of the COVID-19 crisis. (b) Compared with photon (or proton) radiotherapy modalities, CIRT is associated with significantly fewer fractions and a shorter duration of hospitalization, which is beneficial to reduce the risk of nosocomial cross-infection of SARS-CoV-2, as well as to increase the turnover rate of hospitalization. Accelerating the turnover rate of hospitalization is necessary for healthcare systems in the context of the COVID-19 crisis because of the widespread shortage of medical resources. (c) All the advantages of CIRT, especially the unique capacity of a single fraction regimen for completing the treatment, make it feasible to offer an outpatient ablative approach with minimal hospital footfall and duration, which is significant to minimize the risk of SARS-CoV-2 infection by minimizing the exposure frequency of nosocomial SARS-CoV-2 sources. Therefore, single fraction CIRT would be the optimal choice of radiotherapy during the COVID-19 crisis for specific patients with liver cancer. As a response to this pandemic, the use of CIRT will become more and more important due to the increasing need to offer optimal risk-benefit results. We propose that personalized treatment recommendations should be addressed to minimize the risk of SARS-CoV-2 infection and malignant death synchronously along with meticulous personal protective protocols for liver cancer patients.

In the summer of 2021, the SARS-CoV-2 Delta Variant surge has caused a new wave of the epidemic peak in America and other countries (4, 59, 72, 73). As a matter of fact, there has been an unprecedented shortage of hospital beds and other medical resources due to the severe COVID-19 epidemic, causing the increasing death of both patients with and without COVID-19 (4, 5, 16, 59). Therefore, it is imperative to accelerate the turnover rate of hospitalization and increase the capacity of outpatient care in the context of the COVID-19 crisis (5, 16, 32, 59). CIRT could maximize the UHO of ULC patients on account of the shortened hospital stay (due to shortened treatment course) and the excellent capacity of the outpatient approach. Consequently, CIRT is helpful not only to improve the capacity of medical service but also to minimize the risk of nosocomial cross-infection of SARS-CoV-2 by reducing the exposure frequency and total duration in the SARS-CoV-2 environment.



Study Limitations

The present study has a few limitations. With the exception of a PSM study (43) for CIRT in comparison with TACE, the other studies (36–42, 44–54) for the CIRT assessment were all case reports or single-arm studies lacking a contrastive control group. This is mainly due to the growing stage of CIRT. While the evidential strength of the CIRT assessment is limited, the evidence of CIRT is urgently needed and important for global oncologists to fight against SARS-CoV-2 and liver cancer concurrently in the context of the COVID-19 pandemic because of its unique superiorities. All of this evidence and experiences are necessary for decision-making because timely life-saving is the foremost principle in the unprecedented crisis worldwide.




CONCLUSIONS AND FUTURE PROSPECTS

In order to optimize the treatment strategy of patients with ULC due to the COVID-19 crisis worldwide, multi-angle methods were implemented to evaluate the non-invasive CIRT for treating ULC, from which we concluded that CIRT could obtain favorable anti-cancer effectiveness and concurrently, minimize toxicities to patients for preserving patients in a relatively good systemic and immune condition. In addition, CIRT has the ability of TMIH with the controllable risk of SARS-CoV-2 infection exposure, as well as the optimal utilization rate of both hospitalization and outpatient care concurrently. Therefore, we have definitively judged CIRT as the optimal treatment strategy for appropriate patients with ULC when we need to minimize the risk of SARS-CoV-2 infection and improve the capacity of medical service in the COVID-19 crisis. We believe that CIRT will be greatly helpful to reduce the risk of SARS-CoV-2 infection and cancer malignant death concurrently during the COVID-19 pandemic. We also firmly believe that the trajectory of this unprecedented pandemic caused by SARS-CoV-2 will become better and better worldwide with international cooperation and mutual assistance, innovation, and sharing.
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Radiation mutation breeding has been used for nearly 100 years and has successfully improved crops by increasing genetic variation. Global food production is facing a series of challenges, such as rapid population growth, environmental pollution and climate change. How to feed the world's enormous human population poses great challenges to breeders. Although advanced technologies, such as gene editing, have provided effective ways to breed varieties, by editing a single or multiple specific target genes, enhancing germplasm diversity through mutation is still indispensable in modern and classical radiation breeding because it is more likely to produce random mutations in the whole genome. In this short review, the current status of classical radiation, accelerated particle and space radiation mutation breeding is discussed, and the molecular mechanisms of radiation-induced mutation are demonstrated. This review also looks into the future development of radiation mutation breeding, hoping to deepen our understanding and provide new vitality for the further development of radiation mutation breeding.
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INTRODUCTION

Crops provide the most basic guarantee for human survival on Earth, its domestication plays an important role in developing wild plants to produce cultivated crops through the long-term screening of desirable characteristics caused by gene mutations (1, 2). However, spontaneous mutation appears at an extremely low frequency in nature (~10−6), rendering the process of excellent variety cultivation screening tedious. How to accelerate the frequency of mutation has always been a key problem in crop variety development, with a long history from natural evolution to cross breeding and mutation breeding in crop breeding.

Mutation breeding refers to the method of using artificial mutagenesis to obtain new biological cultivars, mainly through chemical or radiation mutagenesis. Chemical mutagenesis refers to the biochemical reaction between chemical agents and genetic material, and the result is mostly point mutations in genes. Although chemical mutagenesis is effective, its environmental optimization and biological safety need to be improved. Comparatively, radiation mutagenesis has the characteristics of more complex genetic mutations and more beneficial mutant phenotypes.

Radiation mutation breeding is generally divided into classical radiation mutation breeding, particle mutation breeding and space radiation mutation breeding. Classical radiation mutation breeding methods mainly include X-ray and gamma ray applications. As a commonly used method, classical radiation mutation breeding has been proven to be useful for crop variation, which mainly refers to the process of using various rays to induce a large number of genomic mutations and speed up the production of mutant traits through energy deposition directly or indirectly onto DNA. This approach offers the possibility of inducing desirable attributes that either cannot be expressed in nature or have been lost during evolution, and a large number of new varieties widely used in production have been bred by classical radiation mutation technology (3).

Particle mutation breeding mainly uses accelerated particles, such as heavy-ions or protons. They have unique physical properties, such as diversified radiation parameters, complex track structure and depth-dose distribution. Accelerated particle has been considered a powerful mutagen for crop breeding because it induces excellent biological mutagenic effectiveness at relatively low radiation doses (4). A notable feature of the particle radiation mutagenesis technology is that it can produce novel cultivars with good traits without affecting other phenotypes (5).

With the steady advancement of manned space projects, space exploration activities will become more frequent in the future. The space environment refers to the outer space outside the atmosphere accompanied by radiation, microgravity, and alternating magnetic fields. This special and complex environment brings new opportunities for mutation breeding. Compared with traditional radiation, space breeding has the characteristics of a high mutation frequency and multiple directions; its mutation rate can reach 10% (6), and a series of new plant varieties have been developed in this way (7, 8).

Radiation mutation breeding has played an important role in the cultivation of new crop varieties. In this review, we first briefly discuss achievements through radiation breeding in recent decades as well as some concerns on the process and mechanism of classical radiation, accelerated particle and space radiation mutagenesis. This review will deepen our knowledge and provide a theoretical foundation for improving the efficiency of future crop radiation mutation breeding and promoting improvement under the challenge of other newly emerging breeding methods.



DEVELOPMENT AND MECHANISM OF CLASSICAL RADIATION MUTATION BREEDING


Past and Present of Classical Radiation Mutation Breeding

Radiation was suggested as a mutagen since Muller demonstrated that exposure to X-rays can cause genetic mutations in 1928 (9). After Stadler first published papers on mutations induced by irradiation in maize and barley (10, 11), radiation has been widely applied to develop new cultivars used for crop production and as genetic resources. Compared to other breeding methods, such as cross-breeding and chemical mutagenesis, radiation mutation breeding has incomparable advantages, with a wide mutation spectrum and high mutation efficiency (12). To date, 3,365 mutant varieties have been registered in the Mutant Variety Database of the International Atomic Energy Agency (IAEA), and more than 1,000 new varieties have been used and promoted worldwide. Here, we analyse the varieties bred by mutation in the past 60 years from 1960 to 2020 (13). Figure 1 shows that most of the registered varieties bred by various mutation approaches were concentrated before 2010, with a peak in the 1980s. Seventy percentage of the overall registered varieties were produced by classical gamma rays and X-rays irradiation, which laid a crucial foundation for the agriculture development. However, great challenges have been brought to traditional breeding methods with the development of advanced mutation technology, such as targeted gene editing represented by CRISPR (clustered regularly interspaced short palindromic repeat) technology in recent years (14), which might explain the steep decline in the number of varieties registered in Mutant Variety Database of IAEA after 2010. Of course, it is possible that many new varieties might have been bred by traditional radiation during this period without being registered. Nevertheless, the downward trend suggests that after years of continuous breeding, variation traits have been basically saturated from a macroscopic view, especially in some important crop varieties, and it is difficult to obtain new breakthrough variation traits under current knowledge on radiation mutation. Therefore, more research should be performed to elucidate the mechanism of radiation mutagenesis.


[image: Figure 1]
FIGURE 1. Numbers of mutant varieties registered in IAEA during 1960–2020 (data from IAEA Mutant Variety Database).




The Mutagenesis Mechanism Under Classical Radiation Mutation Breeding
 
Radiation-Induced DNA Damage

The process of radiation mutation breeding begins with interactions between radiation and DNA, including direct structural and functional changes to DNA molecules via radiation energy and indirect damage by free radicals generated through interactions between water molecules and ionizing radiation (15). To maintain genomic integrity, cells have evolved a set of repair mechanisms to address DNA damage. Indeed, the repair method is invoked according to the type of DNA damage incurred (16). DNA damage can be divided into two categories: single-strand break (SSB) and double-strand break (DSB). The SSB repair pathways are mainly base excision repair (BER), nucleotide excision repair (NER) and mismatch repair (MMR). In contrast, DSBs are mainly repaired by non-homologous end-joining (NHEJ) and homologous recombination (HR) (16, 17). However, DNA damage is not equivalent to mutation. If DNA damage is repaired correctly, no mutation will remain. Gene mutation is the result of “errors” in the process of DNA damage repair. Some of these errors are accidental, such as replication errors caused by some single-strand breaks not being detected before DNA replication, unstable DNA single strands in the process of repair, and the participation of low-fidelity polymerase, among others; the mutation type is basically a point mutation with base substitution (18). For severe DSBs, deletion and translocation of fragments are introduced in the repair process (19). If these mutations are retained in subsequent cell division and inherited by progeny, they become the source of mutant traits, as shown in Figure 2.


[image: Figure 2]
FIGURE 2. Two sources of the mutant in progeny, left shows that the mutant originated from direct transmission from irradiated seeds, right shows that the mutant was formed through genomic instability.




Radiation-Induced Genomic Instability

In addition to the direct inheritance of DNA damage caused by radiation to progeny, there is another method of inheritance that can result in mutant traits in offspring, as shown in Figure 2. As mentioned above, the genetic stability of the genome is key to maintaining normal cell proliferation and differentiation. Normal cells have efficient DNA damage monitoring and response mechanisms to deal with the pressure on the genome caused by internal and external stress, and maintain genome damage and repair in a relatively balanced state. When this balance is broken, however, cells enter a DNA mutation susceptibility state called genomic instability, which can be caused by genetic mutation or epigenetic modification (20). Radiation-induced genomic instability is a concept that describes delayed and persistent genetic alterations in progeny of the irradiated cells, which was first detected in in vitro cell system experiments in the 1950s (21). Subsequent studies have found that gamma rays, neutrons, protons and α particles can induce genomic instability in cells, which manifests as an increase in various types of mutations, such as single-nucleotide mutations, an increase or decrease in genomic copy number, gene amplification, rearrangement and deletion (22, 23). Using a homologous recombination reporter system, radiation-induced genomic instability has also been confirmed in plant systems, with increased frequencies of homologous recombination persisting in subsequent generations (24–26).





DEVELOPMENT AND MECHANISM OF PARTICLE RADIATION MUTATION BREEDING


The New Generation Particle Radiation Mutagenesis Technology

Unlike classical gamma rays and X-rays, which are essentially electromagnetic waves, the emerging mutagens represented by accelerated heavy-ions or protons are essentially charged particles. Compared with classical radiation, accelerated particle irradiation can deposit more energy along the ion track and can maintain a higher mutation frequency and mutation spectrum at a relatively low dose (4). This is because accelerated particles with high linear energy transfer (LET) cause high-density ionization along the ion track, causing a large amount of damage to DNA in a small area, which is termed clustered DNA damage (27–29). Such clustered DNA damage is difficult to repair effectively and correctly, leading to the generation of free DNA fragments, which contribute to the formation of chromosome rearrangements and large deletions (30–32). These rearrangements and large deletions can generate more combinations of gene mutation sites, thereby breaking the linkage inheritance of traits, and it is expected that more mutants with excellent traits will be obtained.

The technology of particle radiation mutagenesis based on advanced particle accelerators originated in Japan in the 1990s (4). Although there are many particle accelerator facilities in the world, most of them are used for nuclear physics research, and there are few irradiation facilities that can be used for crop breeding. Particle accelerators can be divided into medium- and high-energy (MeV or GeV level) particle accelerators and low-energy (KeV level) particle accelerators according to the energy of the accelerated particles. In general, medium- and high-energy particles are considered to penetrate the target material, whereas low-energy particle cannot penetrate the target material, which is commonly referred to as ion implantation. To date, the medium- and high-energy particle accelerator facilities used for particle radiation mutation breeding include RIBF of the Institute of Physical and Chemical Research (RIKEN, Japan), TIARA of the National Institutes for Quantum Science and Technology (QST, Japan), W-MAST of the Wakasa Wan Energy Research Center (WERC, Japan), LNS of the National Institute for Nuclear Physics (INFN, Italy), HIRFL of the Institute of Modern Physics, Chinese Academy of Sciences (CAS-IMP, China), and CYCIAE100 of the Chinese Institute of Atomic Energy (CIAE, China) (Table 1). In the field of low-energy particle mutagenesis, the most representative research facilities are the IBBe-Device of the Hefei Institute of Physical Science, Chinese Academy of Sciences (CAS-HIPS, China), IBBT of Chiang Mai University (CMU, Thailand)..


Table 1. Particle accelerator facilities that can be used for radiation breeding.
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In the early stage of the development of particle radiation mutagenesis, the technology was used for the improvement of ornamental plants, and most of the new cultivars created were exported all over the world, demonstrating its excellent cultivar improvement ability (33). Since the early twenty-first century, research on the variety improvement and mutagenesis mechanism of food crops has been successively carried out (5). More than 30 years of experience in particle radiation mutagenesis shows that the frequency of new traits in crops induced by this technology is relatively high, that the mutation trait is relatively stable and that the breeding period is greatly shortened. Mutants of food crops and ornamental plants with excellent traits generated by this technology can directly launch new cultivars or as parental materials for cross-breeding, contributing to solutions for food and environmental problems. Therefore, particle radiation mutagenesis technology has broad economic benefits and important social significance, and it is a breeding method worthy of promotion.



Application and Mutagenesis Mechanism of High-Energy Particle Mutation Breeding

High-energy particle mutation breeding has a history of nearly 30 years thus far. The earliest high-energy particle radiation mutagenesis was used to improve the phenotype of ornamental plants, including sterility and flower color and shape. Since 2002, new flower cultivars, including the new sterile cultivar verbena and new color or shape cultivars chrysanthemum, dahlia and rose, have been developed (34). High-energy particles have also been widely used in the development of agricultural products with excellent traits, such as dwarfed buckwheat, barley and pepper (34), tearless and non-pungent onion (35), lettuce with low browning characteristics (36), rice with a stay-green phenotype (37). High-energy particle radiation mutagenesis technology also plays an important role in the field of biofuels, such as the successful mutagenesis of lipid-rich Parachlorella kessleri (38) and Euglena gracilis (39).

The successful mutagenesis of the abovementioned variants promoted the development of basic research related to particle radiation mutagenesis. To make particle radiation mutagenesis technology more efficient, it is necessary to find the most suitable physical radiation parameters, such as radiation dose and LET, which are important parameters to be considered in particle radiation mutagenesis. The survival rate of both model plants and model microbes decreases with increasing dose, and the radiation physical parameters most suitable for mutagenesis must balance survival and mutation. For example, a study by Kazama et al. using the model plant Arabidopsis thaliana showed that a 300–400 Gy irradiation dose and a 30 keV/μm LET carbon ion beam can generate the maximum number of mutants (40). Further mechanistic studies at the genomic level in both model plants and model microbes showed that a smaller LET is better at inducing small deletions but that larger LET radiation would lead to large deletions (41–43). In addition, through whole-genome sequencing, Kazama et al. found that relatively high LET Ar ions can cause more complicated rearrangement errors in Arabidopsis thaliana than C-ion irradiation technology (44). In general, mutations are generated on the basis of the damage being repaired incorrectly, and the nature of DNA damage caused by high-energy particle radiation is mainly a large number of SSBs and DSBs. SSBs are easily repaired in a short period of time, whereas DSBs constitute damage that has the greatest impact on DNA and usually requires more time to repair (45). DSB damage is mainly repaired competitively through HR or NHEJ pathways (46, 47), as shown in Figure 3. The HR is highly accurate while the NHEJ is error prone. For example, a study by Ma et al. using the model microbe Neurospora crassa reported that compared with the NHEJ-deficient strain, the HR-deficient strain results in higher mutation frequency after high-energy particle irradiation (48). Another study based on rice transcriptome sequencing suggested that alternative NHEJ (aNHEJ) may be involved in the DNA repair of complex damage induced by high-LET irradiation (49). These studies revealed that NHEJ has a greater contribution to mutagenesis, and NHEJ enhancement and/or HR suppression strategies may significantly increase the mutagenic efficiency of high-energy particle irradiation.


[image: Figure 3]
FIGURE 3. DSB repair pathways induced by high-energy particle radiation.


Furthermore, the new trait mutants obtained by particle radiation mutagenesis are suitable for gene function mining, gene mapping, and even the creation of elite alleles. Several mutants of Arabidopsis thaliana, wheat, buckwheat, and rice have been isolated following particle irradiation based on gene mutations formed through error-prone DSB repair pathways such as canonical NHEJ and aNHEJ. These mutants can help us to understand the function of affected genes; for example, FRL1 impacts sepal development (50), VRN1 influences flowering (51), S-ELF3 is associated with a dwarf phenotype (52), CSV1 is related to chloroplast development (53), and LIN1 controls rice grain length (54). In addition, the Y chromosome genes of Silene latifolia have been physically mapped using sex chromosome mutants induced by particle irradiation (55). A recent study showed that particle radiation has the ability to create neutral alleles at the rice S1 locus, making it possible to cross distantly related species and broadening crop breeding (56).



Application and Mutagenesis Mechanism of Low-Energy Particle Mutation Breeding

The biological effect of particle irradiation has always been an important part of radiobiology. However, for a long time, low-energy particles (10–200 KeV) have been underestimated due to their extremely short penetration depth in matter, which leads to the hypothesis that it is impossible to induce high-level biological effects via their interaction with organisms. In the early 1980s, Yu et al. first confirmed the genetic effect of low-energy particle implantation on rice (57, 58). After years of application in breeding, low-energy particle has been proven to be a high-efficiency mutagenic source for genetic modification, leading to great achievements (59, 60) and promoting the formation of a new interdiscipline of low-energy particle biology (61). Nevertheless, the debate regarding the mutagenesis mechanism of low-energy particle implantation remains. In the 1990s, Yu et al. proposed the four-factor theory of energy absorption, mass deposition, momentum transfer and charge neutralization, whereby energetic ions are transferred into organisms to cause serious etching to cells and physical damage to biological macromolecules (61). Combining the following ion channel and soft X-ray theory provided an explanation of the physical interaction process. Then, the mutagenesis mechanism of low-energy particle implantation was further elucidated from the biological process. Considering that the theoretical range for low-energy particles in water is <1 μm, which could hardly penetrate the seed coat, the possibility of inducing biological genetic effects might be due to the radiation-induced bystander effect (RIBE). RIBEs are the phenomenon in which non-irradiated cells exhibit biological effects as a result of signals received from nearby irradiated cells (62). To test this hypothesis, the shoot apical meristem (SAM) and root apical meristem (RAM) of Arabidopsis seeds were shielded, and only the middle of each seed was irradiated. After 30 KeV 40Ar irradiation, various postembryonic development endpoints of SAM and RAM were inhibited (63). In another study, different parts of Arabidopsis R3L66 seeds (SAM-, RAM-, cotyledon-, and radicle-oriented) were irradiated, and significant increases in genetic changes (HR frequency and HR-related gene expression) were observed in the non-irradiated aerial parts of the irradiated plants (26). These results confirmed that long-distance bystander effects occur in plants. The temporal and spatial characteristics as well as the molecular mechanism of radiation bystander signals in plants have also been elucidated (64–67), and such mechanistic studies have provided strong evidence for clarifying the biological effects induced by low-energy particle irradiation. Currently, big data analysis technology is used to associate the radiation parameters of low-energy particles with the trait variation induced. It is expected that adjusting radiation parameters, such as the type of irradiated particles, dose or energy, will overcome the randomness of mutation and promote further development in the field of low-energy particle mutation breeding.




RESEARCH ON SPACE BREEDING OF PLANTS


Continuous Low-Dose and Combined Irradiation of Different Radiation Sources in a Space Environment May Be Important Factors Inducing Genetic Variation

Compared with on Earth, radiation and microgravity are two important factors that affect living organisms in space (68). Radiation is mainly produced by solar cosmic rays (SCRs) and galactic cosmic rays (GCRs). The radiation in low-Earth orbit also includes particles captured by the Earth's radiation belt, such as high-energy protons, heavy-ions, electrons, neutrons, and gamma rays (69). Among them, high atomic number and high energy particles in the heavy ion component, typically referred to as HZE particles, which are able to penetrate the spacecraft cabin and produce many secondary particles (70) in the spacecraft cabin, including gamma rays, electrons, protons, neutrons, and other heavy ions with different LET values. Long-term space flight test results show that the overall average absorbed dose rate in a low-Earth orbit spacecraft cabin is generally 0.1 to 0.5 mGy/d (71).

Although the space radiation dose rate and total absorbed dose are very low, the peak energy of HZE particles can reach 103 MeV, and LET can reach more than 100 keV/μm, which has strong penetrability and ionization ability. Studies have shown that clustered DNA damage and DSBs induced by high-LET radiation are often difficult to accurately repair, especially in heterochromatin areas, and may even be irreparable (72). In addition, cells exhibit hyper-radiosensitivity (HRS) (73) and inverse dose rate effects (IDREs) (74). Therefore, long-term continuous exposure to low-dose composite radiation from different radiation sources in the space environment may produce considerable mutagenic effects. After short-term space flight, the mutation frequency of specific genes in yeast and Caenorhabditis elegans is 2 to 3 times higher than that of the ground control (75). The measurement results of rice seeds by the nuclear track radiation detection device carried by “Shenzhou 3” spaceship showed that 7 seeds directly bombarded by HZE particles introduced 10–15% molecular polymorphisms vs. contemporary control plants (76). Sun et al. also reported that space radiation induces epigenetic changes in plants and produces high-frequency mutations (77).

The microgravity of the space environment is another potential mutagenic factor. Anikeeva et al. found that microgravity can interfere with the DNA damage repair system, hinder or inhibit the repair of DNA damage, increase the sensitivity of plants to other mutagenic factors, and have a synergistic effect with radiation to aggravate biological mutations and increase the mutation rate (78). However, some studies have shown that the microgravity environment will not interfere with the biological effects of radiation (79). At present, it remains controversial whether there is a joint effect between radiation and microgravity (80).



A Series of New Plant Varieties Derived From Space Mutation Have Been Released and Widely Applied in China

Many germplasm resources have been created using space breeding technology, and a large number of new plant varieties have been released in China. For example, in 1987, the Institute of Genetics of the Chinese Academy of Sciences cooperated with Guangxi Agricultural University to breed a new indica-japonica intersubspecific hybrid rice variety with strong hybridization, high seed-setting rate and full-filled grains (81). Xie et al. bred the restoration lines “Hang 1” and “Hang 2” by using space-based mutagenesis technology and developed a series of superhybrid rice varieties for large-scale production and application (82). Wang et al. obtained space-induced materials such as “Hanghui 1173”, “Hanghui 1179”, and highly rice blast-resistant “H4” and bred more than 50 rice varieties, including “Huahang 1” (83). In addition, stable and excellent varieties of wheat and sorghum developed by researchers from the Chinese Academy of Sciences and Chinese Academy of Agricultural Sciences have been obtained, such as wheat “Luyuan 502” (84). The Horticulture Branch of the Heilongjiang Academy of Agricultural Sciences and the Chinese Academy of Sciences have sent green pepper and tomato seeds on returnable satellites many times and selected high-yield, disease-resistant and good-quality space varieties “Yufan 1” and “Yufan 2” (85). The new space danshen variety “Tiandan No. 1” cultivated by the Tasly group has a single-plant quality three times that of ordinary danshen, and its active ingredient content is significantly higher than that of the control (86). Yuan et al. studied the variation frequency of mutated offspring derived from Robinia pseudoacacia seeds carried by the “Shijian 8” recoverable satellite and cultivated the new variety “hangci 4,” which showed a non-thorn trait (87).




THE COMBINATION OF THE NEXT-GENERATION EFFECTIVE PARTICLE RADIATION AND A HIGH-THROUGHPUT SCREENING METHOD WILL FURTHER IMPROVE THE EFFICIENCY OF RADIATION BREEDING

Direct or indirect DNA damage caused by ionizing radiation is the most important factor in the introduction of genetic variation. Therefore, constantly developing radiation sources with higher ionization capacity and then controlling the precise release of ionization energy at biogenetically active sites of organisms, such as the shoot apical meristem (SAM) cells of seed embryos (88), through physical parameter adjustment can induce high-density DNA damage at the genome-wide level and introduce more genetic variation. Modern particle radiation technology that can efficiently induce DNA damage is the basis for the future development of radiation breeding. In addition, single-cell radiation treatment can avoid the chimaerism phenomenon of multicellular tissue after radiation, so gamete cells are potential radiation objects. Furthermore, the identification and screening of genetic variation induced by radiation is key in breeding protocols. Identification methods of genetic variation include phenotypic identification (89), cytological identification (90), and molecular identification (91). In recent years, the development of modern high-throughput instruments and their combination with molecular labeling technology have resulted in a variety of efficient, accurate, and systematic breeding techniques, which can be used for high-throughput identification of genotypes and phenotypes of mutagenized populations for multiple consecutive generations. Multispectral machine vision technology and image processing technology improve the efficiency and dimension of phenotype identification and help breeders find potential mutations more quickly (92). The effective combination of the abovementioned technologies and drones will break the bottleneck of phenotype identification and realize high-throughput scanning of yield and stress resistance. For starch, protein, oil and other chemical materials highly related to crop quality, near-infrared technology can realize non-destructive identification at the single seed level and pre-planting screening of seed populations, so identification could be advanced by one genetic generation (93). The screening of specific genomic sequences is the key to mining elite alleles. The combination of a mixed sample strategy, high-throughput targeted sequencing and DNA labeling technology can significantly reduce the identification cost of targeted sequences and greatly improve the efficiency of DNA variation identification (94). Furthermore, the germplasm identified by phenotype and genotype should be closely combined with classical and modern biotechnology breeding procedures to improve the utilization efficiency of germplasm. The mutant germplasm identified can be directly cultivated into new varieties or used as important parental material to indirectly produce new varieties, improving mutagenesis breeding efficiency and offering new germplasm (95). Wang Ping proposed a method combining three factors: the mutagenesis materials as the core, molecular marker screening as an aid, and field identification as a supplement. Based on the above method, a series of new rice varieties were cultivated (96). How to efficiently pyramid and utilize multiple superior mutation sites is an important challenge. The rapid development of genome editing technology provides a new way to solve this problem (97). Breeders can obtain enhanced germplasms harboring multiple elite mutation sites by recombining mutation fragments or accurately replacement mutation sites through genome editing technology. We summarize the next-generation effective modern particle and high-throughput screening combined breeding system, as shown in Figure 4.


[image: Figure 4]
FIGURE 4. Next-generation effective modern particle radiation and high-throughput screening combined breeding system.




DISCUSSION

During the past 60 years, radiation mutation breeding together with other mutation breeding methods has been widely used to improve several crops and determine gene functions, even though it is facing a bottleneck in the development process, and the booming gene-editing technology has also brought great challenges. Nonetheless, with the increasing human population, decreasing in arable farmland area and deterioration of climate and the environment (drought, extreme temperature), there are strong requirements for stress-tolerant crop breeding. Under such circumstances, we should emphasize the mutual development and joint use of multiple breeding approaches to further shorten the crop breeding cycle and improve breeding efficiency (98). A large number of breeding traits are complex quantitative traits, and gene editing or molecular breeding techniques based on a few genes are not ideal for the improvement of quantitative traits. Therefore, it is necessary to strengthen research on mutation breeding. However, similar to other breeding techniques, radiation mutation breeding has limitations, such as beneficial mutant frequency being relatively low and the direction and nature of variation being difficult to predict. Indeed, producing more useful varieties and elucidating radiation mutagenesis mechanisms remain scientific problems worthy of attention. Overall, our understanding of the mutagenesis mechanism of radiation breeding is still insufficient, and in-depth research needs to be conducted, including regarding the origin of mutations in progeny plants. As indicated above, genomic instability also leads to mutations, constituting a double-edged sword for crop breeding: it can not only increase the variation rate of progeny but also result in the instability of mutant traits. Thus, the role of genomic instability in plant mutagenesis needs to be uncovered. Relying on the development of advanced radiation devices and combining high-throughput gene sequencing and other advanced molecular biotechnology, it is expected that the mutagenic effect of radiation might eventually be predictable, allowing research to develop toward directional mutagenesis.

The establishment of an accelerated particle radiation device provides a fundamental guarantee for the application of modern radiation mutation breeding, and its diversified parameter combinations might allow for directional mutagenesis in plant breeding. As a new generation of radiation mutagenesis sources, particle radiation represented by heavy-ions has further improved mutation frequency and the mutation spectrum compared with classical radiation mutagenesis, such as gamma rays and X-rays. This new generation breeding technology can generate more combinations of gene mutation sites, thereby breaking the linkage inheritance of traits, and it is expected that more mutants with excellent traits can be obtained, offering a breakthrough in the creation of new crop cultivars. Although particle radiation mutagenesis has been widely used in crop breeding and molecular genetic mechanism research, the mutagenesis mechanism is very complicated, and the mutagenesis effects of different radiation physical parameters of particles varied. Therefore, the key to the efficient creation of mutants is to select the appropriate types of accelerated particles and their radiation physical parameters. Several screening strategies for optimizing radiation parameters at the phenotypic and molecular levels have emerged (40, 99, 100). These studies provide valuable experience and new ideas for the formulation of optimal radiation conditions in the future particle radiation mutation breeding process. With the continuous development of sequencing technology, the combination of accelerated particle radiation with whole-genome resequencing, transcriptome sequencing, and other technologies can be employed to deeply explore changes in the genome and transcriptome levels in crops after accelerated particle irradiation and to further clarify the mutagenic mechanism of particle radiation. Furthermore, the further upgrade of particle radiation mutagenesis technology is of great significance to improve the efficiency of mutagenesis breeding.

Space radiation further expands the scope of radiation breeding, and the study of mutagenic effects in the space environment involves multiple disciplines, such as space biology, genetics, mutagenesis, and breeding. Although many studies have confirmed the mutagenic effects of the space environment and a series of varieties have been selected through space mutation, there is still a lack of research on the molecular characteristics, molecular spectrum and genetic mechanisms of mutations induced by the space environment. The following aspects are worthy of in-depth discussion: (1) analysis of the synergistic mutagenic effects of microgravity and space radiation; (2) single-factor analysis and ground simulation of space radiation mutagenic factors; (3) single-cell mutation mapping of space radiation-induced mutation and genetic network construction; and (4) high-efficiency identification of space-induced variation and development of rapid fixation technology. The development of single-cell sequencing, high-throughput sequencing, and high-throughput detection technologies provides favorable conditions for studying the effects of space environmental mutagenesis and accelerating the utilization of genetic variation at the whole-genome level.
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Cancer is one of the major diseases that seriously threaten the human health. Radiotherapy is a common treatment for cancer. It is noninvasive and retains the functions of the organ where the tumor is located. Radiotherapy includes photon beam radiotherapy, which uses X-rays or gamma rays, and particle beam radiotherapy, using beams of protons and heavy ions. Compared with photon beam radiotherapy, particle beam radiotherapy has excellent dose distribution, which enables it to kill the primary tumor cells more effectively and simultaneously minimize the radiation-induced damage to normal tissues and organs surrounding the tumor. Despite the excellent therapeutic effect of particle beam radiotherapy on the irradiated tumors, it is not an effective treatment for metastatic cancers. Therefore, developing novel and effective treatment strategies for cancer is urgently needed to save patients with distant cancer metastasis. Immunotherapy enhances the body's own immune system to fight cancer by activating the immune cells, and consequently, to achieve the systemic anticancer effects, and it is considered to be an adjuvant therapy that can enhance the efficacy of particle beam radiotherapy. This review highlights the research progress of the antimetastasis effect and the mechanism of the photon beam or particle beam radiotherapy combined with immunotherapy and predicts the development prospects of this research area.
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INTRODUCTION

Cancer is one of the leading causes of death worldwide (1). About 10 million people died of cancer in 2020 (2). Approximately 90% of cancer-related deaths are caused by distant metastasis (3). Early-stage cancer can be cured by surgery, chemotherapy, and radiotherapy. However, once the cancer has progressed to the advanced stage, the cancer cells spread to other organs; hence, even if the primary tumor can be effectively treated, distant metastasis becomes the key problem affecting the patient's survival and quality of life. Therefore, the development of novel and effective treatment strategies for cancer is urgently needed to treat patients with distant metastasis.

Considerable progress has been achieved in cancer treatment research in recent years (4). With the development of nuclear science and technology, the emerging concept of “precise treatment of tumors by nuclear technology” has gradually been recognized, and the most representative treatment concept is particle beam radiotherapy based on protons and heavy ions (5). Particle beam radiotherapy differs from traditional radiotherapy in terms of its physical and biological characteristics. It possesses excellent depth-dose distribution, which accurately and efficiently induces cancer cell death with limited effect on the surrounding healthy tissue (5), thereby avoiding or reducing the occurrence of complications during the treatment. However, as cancer progresses, the cancer cells are able to enhance their metastatic capacity and escape from immune surveillance, eventually leading to the formation of metastatic cancers in distal organs (6, 7). Particle beam radiotherapy has a excellent therapeutic effect on the irradiated tumors, but this treatment is ineffective for micrometastatic cancer, which is not diagnosed by CT and PET (8–11). Therefore, scientific studies, which are designed to suppress or even cure metastatic cancer, are imperative for enhancing the efficacy of particle beam radiotherapy.

The probability of the induction of the abscopal effect during radiotherapy in clinical practice is negligible. Usually, it can bring survival benefit to patients who have already developed distant metastatic cancer. The abscopal effect was first proposed by Mole in 1953 (12). This phenomenon refers to the regression of distant tumor lesions that have not received radiotherapy following local radiation exposure to the tumor. Presently, the primary manner of deepening one's understanding of abscopal effect is via a small number of published clinical case reports and preclinical studies about the induction mechanism of this effect. Most of the early case reports focused on the abscopal effect that was induced only by local photon radiotherapy (13–17). Some recent case reports have confirmed that both proton beam and heavy ion beam radiotherapy are also able to induce the abscopal effect (18, 19). However, studies on the induction mechanism of the abscopal effect remain limited. For instance, the study conducted by Camphausen et al. using the Trp53-deficient mice suggested that, at the molecular level, the induction of the abscopal effect was dependent on the tumor suppressor gene p53 (20). Overall, the abscopal effect is a very rare phenomenon in clinical practice, and its induction mechanism remains unclear.

Immunotherapy is considered as an auxiliary mean to enhance the efficacy of radiotherapy. The most representative types of immunotherapy include the “dendritic cell (DC)-based vaccine therapy”, advocated by Nobel Prize winner Ralph M. Steinman (21), and the “immune checkpoint inhibitor therapy” (22, 23) developed based on the “immunotherapy targets PD-1 and CTLA-4” discovered by Nobel Prize winners Tasuku Honjo and James P. Allison. Immunotherapy is dependent on the patient's immune system to fight cancer cells; thus, it is a systemic cancer treatment, and it is expected to bring hope to patients with cancer metastasis.

This review discusses the research progress of the antimetastasis effect and its mechanism of photon beam or particle beam radiotherapy combined with immunotherapy, and predicts the future developmental trend.



PHOTON BEAM RADIOTHERAPY COMBINED WITH IMMUNOTHERAPY

Once immunotherapy is combined with other cancer treatments, its remarkable synergy improves therapeutic effects significantly (24–26). The combination of radiotherapy and immunotherapy has become a research focus in tumor treatment, including photon beam radiotherapy combined with DCs or immune checkpoint inhibitors. DCs are a type of antigen-presenting cells that possess the function of antigen internalization and presentation, wherein they present antigens to T cells, which triggers the systemic antitumor immune response in the body (27). The antitumor and antimetastasis effects have been shown in preclinical studies regarding photon beam radiotherapy combined with DCs (28, 29). On the other hand, attention has also been paid to photon beam radiotherapy combined with immune checkpoint inhibitors (30–33). Immune checkpoint molecules, like PD-1 and CTLA-4, can negatively regulate the antitumor immune responses in the body by inducing a decrease in the activation level of killer T cells, which enables cancer cells to escape the attack of immune cells. The treatment with immune checkpoint inhibitors blocks the signal transduction of the immune checkpoint molecules on the surface of the T cell membrane, releasing the anticancer “brake” of the immune system, which is expected to produce effective and lasting activation of antitumor immunity in the body. The New England Journal of Medicine reported a successful case of combining conventional radiotherapy with CTLA-4 immune checkpoint inhibitor for the treatment of pleural-based paraspinal metastatic melanoma, wherein the regression of hilar lymphadenopathy and splenic metastatic lesions was observed (30). This report also found an increase in the proportion of immune-activating CD4+ICOShigh lymphocytes in the blood but a decrease in the proportion of immunosuppressive myeloid-derived suppressor cells following radiotherapy. A similar case showed that the combination therapy, which was used to treat liver metastatic lung adenocarcinoma, led to the regression of liver, lung, and sacrum metastatic lesions and caused significant changes in the proportion of immune cells in the blood and carcinoembryonic antigen concentration after treatment (31). In addition to a few clinical cases, there have also been some basic studies of radiotherapy combined with immune checkpoints. For instance, when photon beam radiotherapy was used in combination with the dual immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-L1), the effects of these two immune checkpoint inhibitors did not cause redundancy, but instead they complemented each other through different immune activation mechanisms, thereby inhibiting the growth of the unirradiated distant metastatic tumor and improving survival (32). Another study revealed that the photon beam radiotherapy combined with the dual immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-L1) had a better antimetastasis efficacy than radiotherapy combined with either CTLA-4 or PD-L1 immune checkpoint inhibitor alone (33). In summary, the combination of photon beam radiotherapy and immunotherapy can potentially inhibit cancer metastasis.

Although radiotherapy combined with immune checkpoint inhibitors brings excellent antitumor and antimetastasis effects, the side effects caused by immune checkpoint inhibitors cannot be underestimated. The CTLA-4 and PD-1/PD-L1 inhibitors lead to side effects such as rash, diarrhea, hepatotoxicity, and endocrine disorders and an overall incidence of adverse drug events of above 50% (34, 35). Apart from the abovementioned side effects of immune checkpoint inhibitors, when they are used in combination with radiotherapy, some other side effects have also been reported. The journal of JAMA Oncology reported that in the treatment of brain metastasis, which comes from primary melanoma, non-small-cell lung cancer, and renal cell carcinoma, symptomatic radiation necrosis of the brain occurred in approximately 20% of the patients who received radiotherapy combined with immune checkpoint inhibitors, whereas, this occurred in only 6.8% of the patients who only received radiotherapy (36). Another report indicated that a history of radiation pneumonitis prior to PD-1 immune checkpoint inhibitor treatment can increase the risk of interstitial lung disease (37). Therefore, to ensure both the safe use and antimetastasis effect of the combination therapy in more patients, safety studies for the combination therapy need to be conducted from a novel perspective.



PARTICLE BEAM RADIOTHERAPY COMBINED WITH IMMUNOTHERAPY

With the development of nuclear science and technology, preclinical studies regarding particle beam radiotherapy combined with immunotherapy for metastasis suppression have also been conducted. Particularly, much attention has been given to the preclinical study of particle beam radiotherapy combined with DC-based immunotherapy, performed by the research team of the National Institute of Radiological Sciences (Japan). In 2010, this team reported that combining particle beam radiotherapy with α-galactosylceramide (α-GalCer) pulsed DC-based immunotherapy could effectively inhibit the formation of metastatic cancer (38). Later on, this team reported that in particle beam radiotherapy combined with DC-based immunotherapy, metastatic cancer suppression could be achieved by intravenous injection of the immature DC amplified in vitro, without the need of loading the DC with α-GalCer. This finding revealed that the killing effect of natural killer T (NKT) cells might not be involved in the primary mechanism of the antimetastasis effect of the combination therapy (39). This study also demonstrated that DC-based immunotherapy combined with particle beam radiotherapy was more effective in suppressing cancer metastasis than when combined with photon beam therapy at equivalent biological effect doses of photon beam or particle beam irradiation. In a recent study conducted by this team, the universality of the abovementioned combination therapy was verified using mice with different genetic backgrounds and their syngeneic types of cancer (40). The results demonstrated that the combination therapy effectively inhibited lung metastasis in Th1-dominant mice but not in Th2-dominant mice. Further analysis of the activation level of DCs suggested that the Th balance-related host genetic background rather than the tumor affected the antimetastasis effect of particle beam radiotherapy combined with DC-based immunotherapy. These results have provided a basis for the clinical screening of patients who are suitable for receiving combination therapy, ensuring that combination therapy is performed on the appropriate patients to achieve better treatment outcomes and its usage is avoided for patients who are not suitable for it.

Moreover, preclinical studies of particle beam radiotherapy combined with immune checkpoint inhibitors have been conducted. For instance, a preclinical study performed by the team of Osaka University (Japan) reported that particle beam radiotherapy combined with dual immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-L1) effectively suppressed both the proliferation of primary tumors and unirradiated distant tumors (41). According to the study jointly conducted by GSI Helmholtzzentrum für Schwerionenforschung GmbH (Germany) and National Institute of Radiological Sciences (Japan), particle beam combined with dual immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-1) induced a higher antimetastasis effect compared with photon beam at the equivalent dose of same primary tumor control level (42). The above two studies have revealed that particle beam radiotherapy combined with dual immune checkpoint inhibitors exhibit potential sensitized antitumor and antimetastasis effects, and may be more effective than the combination of photon beam and dual immune checkpoint inhibitors.

The abovementioned studies have suggested that particle beam radiotherapy combined with immunotherapy is a novel and effective treatment strategy for patients with cancer metastasis, but its universality and safety data are limited and need to be further investigated in preclinical studies and clinical settings in the future.



INDUCTION OF THE ABSCOPAL EFFECT BY RADIOTHERAPY COMBINED WITH IMMUNOTHERAPY

Immunotherapy is a new method of cancer treatment that has been developing in recent years. Local radiotherapy combined with immunotherapy has been performed to induce the abscopal effect in an increasing number of clinical cases. For instance, several clinical cases have reported that the abscopal effect is induced by combining radiotherapy with immune checkpoint inhibitors (30, 31). Furthermore, a clinical trial showed that local radiotherapy combined with the subcutaneous injection of granulocyte-macrophage colony-stimulating factor (GM-CSF) demonstrated a higher probability of inducing the abscopal effect on non-small cell lung cancer, breast cancer, and thymic cancer. Moreover, the cases with induced abscopal effect showed a longer overall survival in most patients (43).

Most of the preclinical studies have focused on the induction of the abscopal effect by combining radiotherapy with immunotherapy. For instance, photon beam radiation exposure combined with FMS-like tyrosine kinase 3 ligand (Flt3-L) on mice bearing 67NR breast cancer induces the abscopal effect (44). Another study showed that radiotherapy combined with tumor-associated antigen specific vaccine induced the regression of unirradiated distant tumors and pulmonary metastases (45). A series studies reported that 6 MeV electron beam therapy combined with chemokine CCL3 variant (eMIP) could also significantly induce the regression of unirradiated distant tumors, and the subsequent study showed that following the implementation of this combination therapy, eMIP combines with the radiation-induced damage-associated molecular patterns in vivo to activate CD8+ and CD4+ T cells and natural killer (NK) cells, which are then involved in inducing the abscopal effect (46–48). Recently, multiple studies by using dual tumors-bearing mouse model regarding immune checkpoint inhibitors have been reported, and their findings suggested that radiotherapy combined with immune checkpoint inhibitors can also induce the abscopal effect. For instance, melanoma B16-F10 tumor-bearing mice were treated with photon beam radiotherapy combined with anti-CTLA-4 antibody immunotherapy. After 3 weeks of radiotherapy, 17% of the mice showed complete response (CR) (32). In addition, photon beam combined with dual immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-L1) applied to mice bearing LM8 osteosarcoma showed more than 40% of the mice with CR (33). Furthermore, compared with photon beam, particle beam combined with dual immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-1/PD-L1) immunotherapy showed an increased proportion of mice with CR (41) and an enhanced inhibition of lung metastasis (42). Some studies on the underlying mechanism for antitumor immunity indicated that particle beam radiation has the ability to induce immunogenic cell death in cancer cells, releasing “eat me” and “danger” signals, such as calreticulin (CALR) and high mobility group box 1 (HMGB1) (49, 50), respectively, thereby promoting the activation of DCs, which ultimately activates antitumor immunity (39). Therefore, immunotherapy is expected to enhance particle beam radiation-induced antitumor immunity, thereby increasing the induction efficiency of the abscopal effect.

In summary, the radiation-induced activation of antitumor immunity may be a key factor in inducing the abscopal effect and immunotherapy further amplifies this immune response and enhances the systemic anticancer effect (Figure 1). The stable induction and deep-level mechanism of the abscopal effect can be studied by using the combination of radiotherapy and immunotherapy. Through these studies, it is expected that the abscopal effect can be turned from a rare phenomenon into a stable and effective tool for antimetastasis therapy in the near future.
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FIGURE 1. A possible mechanism of antitumor immunity by radiotherapy combined with immunotherapy. Following local tumor irradiation, “eat me” signal (cell surface calreticulin) and “danger” signals (such as high mobility group box 1 and adenosine triphosphate) are released from the dying cells and introduced directly by the dendritic cells (DCs). The DCs gradually mature after phagocytizing antigens, and then activate and direct them to present the tumor antigens to T cells, which are active and direct immune cells, to locate out and suppress both local tumor and distant metastasis. Immunotherapy further amplifies this antitumor immune response.




DISCUSSION

Optimizing the radiation parameters of radiotherapy combined with immunotherapy is expected to engender better treatment outcomes. A recent study of radiotherapy combined with anti-CTLA-4 antibody immunotherapy showed that the relatively large total radiation dose that can almost eradicate the primary tumor not only significantly improved the treatment outcomes of the irradiated primary tumor but also inhibited the proliferation of the unirradiated distant tumor (51). Another study showed that combining multifractionated radiotherapy with CTLA-4 immune checkpoint inhibitor induced the abscopal effect better than combining single-fractionated radiotherapy with CTLA-4 immune checkpoint inhibitor (52). Additionally, optimizing the physical parameters of radiotherapy has the potential of reducing the risk of side effects caused by the combination therapies. A mice study conducted by the University of Pennsylvania found that the radiation dose in proton therapy was an important factor affecting hematologic toxicity (53). Vozenin et al. have proven that ultra-high dose rate (FLASH) radiotherapy could significantly reduce acute skin reactions in an animal study using cats (54). Whole abdominal proton FLASH radiotherapy was performed on mice by Diffenderfer et al., and it significantly inhibited intestinal fibrosis compared with standard proton radiotherapy (55). Although there are no current reports on FLASH radiotherapy combined with immunotherapy, the advantages of local tumor control and lower toxic side effects of FLASH radiotherapy indicate that this combination therapy may play a more important role in the future of cancer treatment. Therefore, optimizing the physical parameters of radiotherapy, such as radiation dose, dose rate, and dose fractionation, in combination therapy is associated with both antitumor and antimetastasis effects, as well as the toxic side effects on healthy tissues and organs. The best therapeutic effect of combination therapy is essentially the maximization of the anticancer effect and the minimization of the toxic side effects.

In both photon beam radiotherapy and particle beam radiotherapy, a significant shrinkage or even regression of unirradiated distant metastatic tumor has been observed in some individual patients after local irradiation of the tumor, and this phenomenon is called the abscopal effect (18, 19, 30). An increasing number of evidence has suggested that the abscopal effect is mediated by the immune system after radiation (30, 44, 56). However, abscopal effect is extremely rare, and current studies mainly focus on the very few clinical case reports and induction mechanism of the effect. To date, although irradiation of cancer cells by particle beam can activate the antitumor immune response (39), no evidence has been found that particle beam radiotherapy alone can stably induce the abscopal effect. Particle beam radiotherapy combined with immunotherapy opens novel perspectives regarding the stable induction of the abscopal effect. For future preclinical studies of particle beam radiotherapy combined with immunotherapy, the following prospects are proposed (Figure 2). First, the efficiency of inducing the abscopal effect should be improved by optimizing the physical parameters of radiation in the combination therapy. Second, the antimetastasis effect should be evaluated after combining particle beam radiotherapy using optimal physical parameters with immunotherapy. Finally, the universality and safety of the combination therapy should be researched to provide a theoretical basis and data support for conducting future clinical trials. Once the combination therapy that can stably induce the abscopal effect has been found, cancer patients with distant metastasis may be eventually cured by receiving particle beam radiation to kill the primary tumor, and then inducing the abscopal effect with the appropriate methods to eliminate the metastatic cancer.


[image: Figure 2]
FIGURE 2. Future preclinical antimetastasis studies of particle beam radiotherapy combined with immunotherapy. (A) Enhancement of the abscopal effect by optimizing the particle beam physical parameters, such as radiation dose, dose rate and dose fractionation. (B) Evaluation of antimetastasis effects that correspond to different primary tumor disease progression levels after combining particle beam radiotherapy using optimal physical parameters with immunotherapy. (C) Confirmation of universality and safety of combination therapy by tumor-bearing syngeneic mice models.
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Objective: Precise segmentation of human organs and anatomic structures (especially organs at risk, OARs) is the basis and prerequisite for the treatment planning of radiation therapy. In order to ensure rapid and accurate design of radiotherapy treatment planning, an automatic organ segmentation technique was investigated based on deep learning convolutional neural network.

Method: A deep learning convolutional neural network (CNN) algorithm called BCDU-Net has been modified and developed further by us. Twenty two thousand CT images and the corresponding organ contours of 17 types delineated manually by experienced physicians from 329 patients were used to train and validate the algorithm. The CT images randomly selected were employed to test the modified BCDU-Net algorithm. The weight parameters of the algorithm model were acquired from the training of the convolutional neural network.

Result: The average Dice similarity coefficient (DSC) of the automatic segmentation and manual segmentation of the human organs of 17 types reached 0.8376, and the best coefficient reached up to 0.9676. It took 1.5–2 s and about 1 h to automatically segment the contours of an organ in an image of the CT dataset for a patient and the 17 organs for the CT dataset with the method developed by us, respectively.

Conclusion: The modified deep neural network algorithm could be used to automatically segment human organs of 17 types quickly and accurately. The accuracy and speed of the method meet the requirements of its application in radiotherapy.

Keywords: convolutional neural network (CNN), human organs, CT images, automatic segmentation, Dice similarity coefficient (DSC)


INTRODUCTION

Radiation therapy, which deliver lethal doses to a target volume while sparing the surrounding normal tissues as much as possible, has been a key modality of cancer treatments. So, accurate and rapid identification and delineation of normal organs and target volumes are the basis for precision radiotherapy (1–5). In the conventional workflow of radiation therapy, medical doctors spend too much time dealing with CT images manually and the accuracy of organs segmentation depends heavily on the professional skills of medical doctors (6). An amateurish job of human organ contour segmentation could seriously influence the curative effect of radiotherapy.

The common organ segmentation algorithms with conventional automaticity and semi-automaticity are based on gray value, texture, template setting, and other features of CT images. Therefore, these methods are often apt to failure in identifying all organs in CT images and delineating the contours (7–9).

With the rapid development of artificial intelligence (AI) technologies, especially in the application of fundamental convolutional neural networks (CNN), the medical image recognition and segmentation are getting more and more higher reliability and accuracy, and this is also a hot issue in current research (10–15), a lot of new CNN net (such as BDR-CNN-GCN) were designed to classified the cancer and achiever a significantly effective (16). The appearance of semantic-based full convolutional network and U-Net enables AI technology to achieve pixel-to-pixel prediction, which had a wide impact on the field of computer vision as soon as they appeared. It has been widely used in the image segmentation, object detection, object recognition, and so on. In the field of biomedical images, CNN is widely used in automatic detection and classification of diseases, prediction of therapeutic effects, segmentation and recognition of special tissues and organs, etc. (15, 17–21). The medical data which has been annotated by experienced physicians was used to train and validate the CNN net, so the CNN can be used to predict and extracts the features from new medical data. Based on these features which obtained from the designed CNNs, the algorithm can accurately predict and segment the medical images (22–26).

In order to achieve the precision radiotherapy, automatic and accurate identification, and segmentation of human organs in medical images are absolutely necessary. Therefore, we designed and modified a U network of CNNs (BCDU-Net: Bi-Directional ConvLSTM U-Net with Dense Connected Convolutions) (27–29), and CT images and corresponding organs (RT-structure) data set from 339 patients were applied to train, validate, and test the network in our work. The method of automatic and accurate segmentation of human organs in medical image definitely can provide support for decreasing the workload of physicians and the development of precision radiotherapy in the future.



MATERIALS AND METHODS


Test Data

In this study, the data were randomly selected from more than 22,000 CT images and corresponding tissue and organ contours from 339 patients who received radiotherapy in a tumor hospital in 2018. All of these tissue and organ contours which had been used in radiotherapy were generated and verified by several experienced physicians using the conventional commercial treatment planning system in the hospital.

The CT images and corresponding tissue and organ contours used in the experiment are outlined as follows: 984 bladder images, 451 brainstem images, 451 left eye (eye-L) images, 359 right eye (eye-R) images, 1,778 left femur (femur-L) images, 1,603 right femur (femur-R) images, 2,059 heart images, 699 intestine images, 964 left kidney images, 908 right kidney images, 2,890 liver images, 1,491 left lung images, 3,397 right lung images, and 754 mandible images, 1,673 rectum images, 550 spleen images, and 890 stomach images.

In this study, 70% of the images of each organ contours and corresponding CT images were randomly selected for training, 20% were selected for verification and 10% were selected for testing.



Deep CNN Algorithm

In order to realize automatic segmentation of organs with CT images, a new U-Net algorithm based on the deep CNN algorithm was designed and developed using python language, in which a BCDU-Net network algorithm of deep neural network which has been published by Azad et al. (27) was referred and improved by us in the present work. In the BCDU-net algorithm the authors included BN after each up-convolutional layer to speed up the network learning process. And BN can help the network to improve the performance. Also the network with dense connections could improve the accuracy. The key idea of dense convolutions is sharing feature maps between blocks through direct connection between convolutional block. Consequently, each dense block receives all preceding layers as input, and therefore, produces more diversified and richer features. So the BCDU-net has a better preference (28, 29).

The schematic diagram of the modified algorithm is shown in Figure 1. In the conventional U-Net algorithm, input images are directly copied and added into the deconvolution decoder part from the code part of network, so that the automatic segmentation prediction could be realized. The Bi-Directional ConvLSTM algorithm (28, 29) is used to extract features in the BCDU-Net network compared with the conventional U-Net one. In this work, several conventional U-Net network algorithms were tested and the BCDU-Net model showed an excellent performance in automatic organ recognition with CT images. Therefore, the BCDU-Net model algorithm was modified for use in this work.


[image: Figure 1]
FIGURE 1. The schematic diagram of the modified BCDU-Net algorithm.


In the process of algorithm development, in order to make the BCDU-Net network model suitable for the input of 512*512*3 CT images and the output of 512*512*3 tissue and organ contour sets, it was modified by adding two convolution computations behind the deconvolution computing layer so as to obtain multi-channel segmentation images. Then, the predicted contours of organs were automatically output.



Assessment Method

Accuracy, Precision, and Dice similarity coefficient (DSC) were used to evaluate the algorithm effectiveness in this paper.

Recall: the proportion of correct prediction results in all test data. The threshold range of accuracy is [0,1], the larger the value of accuracy is, the better the results are.

Precision: the proportion of correct prediction. The threshold range of precision is [0,1], the larger the value of accuracy is, the better the results are.

DSC: an important parameter to evaluate the effect of network prediction. Its calculation formula is as follows:

[image: image]

The threshold range of DSC is [0,1], the closer it is to 1, the more accurate the prediction results will be.

In this paper, all of the mentioned evaluation parameters were used to evaluate the prediction results of each organ contours.



Testing Platform

The hardware platform used in this work is as follows: Dell T5820/P5820X (tower workstation); CPU: I7-7800x 6-core 3.5 ghz Core X series; Graphics GPU: Nvidia Titan RTX-24G; Memory: DDR4 32 GB; Hard disk: solid state 1T+ mechanical 4T.

Operating system: Ubuntu Linux 16.04; Development tools: Spyder + Tensorflow + Keras; Development language: Python.




RESULTS

More than 22,000 CT images and corresponded organ contours from 329 patients were randomly extracted, in which 70% was for training set, 20% for validation set and 10% for testing set. The labeled CT images and corresponded organ contour images were used to train and validate the algorithm modified in this paper. And then the weight parameters of the modified BCDU-Net algorithm model were obtained.

According to the acquired model parameters mentioned above, the testing set was calculated and examined. The performance of the modified algorithm for automatic organ segmentation in CT images is shown in Table 1. The organ contours segmented automatically by the algorithm were similar to those delineated by physicians manually. The model parameters including DSC, Accuracy, Recall, and Precision evaluation ones were served to evaluate the segmentation effectiveness of each organ in the validation and testing sets. In our work, the BCDU-Net CNN algorithm model was used to automatically segment different organs with the different training parameters such as epoch learning rate. The CT images which were randomly selected from the patients were put into the network model for training, and then the contours of different organs which were delineated automatically by the AI technology and manually by medical doctors were evaluated with the similarity coefficients, respectively. The results are given in Table 2. Most of the DSC values were better than 0.85 and among them the best even reached up to 0.9676. Generally, the automatic segmentation results met the requirements of clinical practice.


Table 1. The result of manual and automatic organ segmentation.
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Table 2. Evaluation for the automatic organ segmentation.
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DISCUSSION

At present, it takes medical doctors a lot of time and energy to identify and delineate human organs in CT images for radiotherapy treatment planning. High accuracy and efficiency of manual segmentation is always a big challenge for medical doctors. With the development of AI technology, the performance of the deep learning CNN algorithm which is used in image processing becomes better, and the CNN algorithm gets more applications in medical images processing for automatic detection of diseases and delineation of specific tissues and organs (malignant and benign). New BDR-CNN-GCN algorithm had been designed and used to classify breast cancer and achieved a better results (16). Also some new AI algorithms were designed and applied in different aspects of healthcare which strongly support the development of healthcare automation technology (2–4, 7–9). In our work, the BCDU-Net deep learning CNN model was modified and used for training and validation via 22,000 CT images and corresponding human organs 17 type from 339 patients. Compared with the manual segmentation, the average DSC value of the modified algorithm for the automatic segmentation of 17 type human organs was 0.8376, and the best DSC coefficient was up to 0.9676. Moreover, the DSC coefficient of 13 in 17 organs was better than 0.82. Obviously, the effectiveness of the algorithm after modification was improved.

The number of the images for each human organ in the 17 type, which were employed for training and validation, was different. So various epoch values were set when we trained for the different organs. The results are given in Table 3. The epoch value was set small when the number of the training images was large. Conversely, the epoch value was set large when the number of the training images was small. So, the accuracy of the automatic organ segmentation was improved, and the DSC value became better.


Table 3. The training epoch and CT image numbers for the different organs.
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In this work, the DSC values of four organs (intestine, stomach, rectum, and brainstem) were lower than those of the other organs. The reason probably was that it was difficult to split these four organs accurately by medical doctors. So, the labeling quality of the images which were used to train and validate the network was poor. It took 6–8 h to train and validate the modified BCDU-Net algorithm model parameters for each organ. However, the contour of an organ could be segmented automatically in about 1.5–2 s from CT image. Clearly, the automatic organ segmentation with the modified algorithm is much higher efficient than manual delineation by medical doctors.

Even so, we will improve the precision of the modified model through cooperating closely with more experienced medical doctors, making the proposed method to be applied in clinical practice as early as possible.



CONCLUSION

To achieve accurate automatic organ segmentation in CT images, the structure of the BCDU-Net CNN algorithm model was designed and improved. More than 22,000 CT images and the contours of human organs of 17 types from 339 patients were applied to train and validate the CNN algorithm model. So, the parameters of the algorithm model were obtained. The performance of the algorithm with an average DSC coefficient of 0.8376 and time consumption of about 1.5–2 s was obtained. Thus, the algorithm could be used to segment human organs of 17 types in CT images automatically and efficiently. More cooperation with experienced medical doctors definitely makes the modified model more suitable for clinical use.
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Characteristics Statistics No of patients (%)

(n=15)
Age (years) 73 (50-82)
T T 1 8.7
T2 9 60
T3 4 26.7
T 1 67
N MO 15 100
M NO 14 933
N1 1 6.7
Gleason score 6 7 467
7 4 267
=8 4 267
Risk group for Low 2 133
Localized PCa Intermediate 6 40
High 5 333
Very high 1 67

Data are expressed as numbers (n) and percentages (%) T, tumor; N, lymph node;
M, metastasis.
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References Dosef/# Fx/BED10 os Lc RILD Definition RILD Rate RILD

Deaths
Shiba et al. (36) 60.0 GyE/4/150 GyE;  2-year 100% 2-year 61% CTCAEVA.0; CP Class 0% 0%
60.0 GyE/12/90 GyE progression
648
GyE/12/99.79 GyE
Okazakietal (37) 528 GyE/4/1225 GyE;  MST 183 months 1-year 100% Changein CPscore  Acute phase 0%
52.8 GyE/12/76.03 CP+1: 44%
GyE; Late phase
60 GyE/4/150 GyE CP+1:33%
60 GyE/12/90 GyE CP+2: 1%
Tokakusagi et al. (38) 48 GyE/2/1632 GyE;  1-year 100% 1-year 100% CP Class progression 0% 0%
60 GyE/4/150 GyE
Shiba et al. (39) 52.8 GyE/4/122.5 GyE;  B-year 64% B-year 78% CP Class progression 3 months CP-A— B 0%
60 GyE/4/150 GyE 18% 6 months
60 GyE/12/90 GyE CP-A-> B30%
Vasudaetal (40) 45 GyE/2/14625GyE  1-year 97% 1-year 98% CTCAEVA.0; >G3: 0%; =CP+2:0% 0%
3-year 67% 3-year 91% Change in CP score
5-year 45% 5-year 91%
Makishima et al. (41) ~ 36-58 3-year 78% 3-year 82%, NCI-CTC/RTOG- Acute toxicities 0%
GyE/1/165.6-394.4 high doses; ARMSS/EORTC- G1:17%
GyE 3-year 28%, LRMSS G2:3%
lower doses Late toxicities
G1:21%
G3§: 7%
Shibuyaetal.(42) 60 GyE/4/150 GyE 1-year 100% 1-year 90.5% CTCAEVA.0: Within 90 days 0%
2-year 92.3% 2-year 80.0% GGT, AST <G1:86%
G2: 14%
After 90 days
<G1: 90%
Shiba et al. (43) 52.8 GyE /4/122.5 3-year 88% B-year 80% P Class progression 0%
GyE;
60 GyE /4/150 GyE;
60 GyE /12/90 GyE
Shibuyaetal. (44)  48.0 GyE /2/163.2 1-year 95.4% 1-year 94.6% CTCAEV4.0: 1.7%; one case 0%
GyE; 2-year 82.6% 2-year 87.7% AST, ALT with G8 ALT elevation
52.8-60.0 GyE 3-year 73.3% 3-year 81.0%
/41122.5-150 GyE
Shiba et al. (45) 52.8,60 GyE/4/1225,  Sarcopenia: Sarcopenia: CTCAEVA.0: Acute toxicities 0%
150 GyE B-year 6% Byear 81% AST, ALT G1: 7%
Non-sarcopenia: Non-sarcopenia: G2: 3%
B-year 77% Byear 72% Late toxicities
G1:4%
G2: 4%
Toyamaetal. (46) 60 GyE/4/150 GyE 1-year 100% 1-year 100% NR 0% 0%
Shiba et al. (47) Close-Gl-tract: 60 2-year 82% 2-year 89% CP score and 3months. 0%
GyE/12/90 GyE Class progression CP+1: 18%
Others: 52.8-60 CP+2:3%
GyE/4/122.5-150 GyE 6 months.
CP+1: 16%
CP+2:3%
CP-A- B3%
Kasuya et al. (48) Phase |: 54, 48, 48 1-year 90% 1-year 95% CP score and 3months. 0%
GyE/12,8,4/78.3, B-year 50% B-year 91% Class progression CP+1:29%
768 GYE/1056GyE  5-year 25% 5-year 90% CP+2:3%
Phase Il: 52.8 CP43: 1%
GyE/4/122.5 GyE 6 months
CP+1: 22%
CP+2:5%
CP-A— B 13%
Haradaetal. (49 86 GyE/1/165.6GyE  8-year 100% 8-year 100% NR 0% 0%
Habermehl etal. (50) 40 GyE/4/80 GyE MST 11 months Crude 100% CTCAE4.03 2G2: 40% 0%
AST, AT
Komatsuetal. (51)  52.8-76.0 5-year 36% 5-year 98% CTCAEV2: 0%
GyE/4-20/87.6-1225 AST, ALT
GyE
Imada et al. (52) 52.8 GyE/4/122.5 GyE  5-year 22% 5-yoar 88% Changein CP score  CP-+1:84% 0%
CP+2: 16%
Imada et al. (53) 48.0-795 Larger enlargement NR NR NR 0%
GyE/4-15/65.8-1225  group
GyE 3-year 80.0%
5-year 48.9%
Smaller enlargement
group
3-year 52.2%
5-year 20.4%
Kato et al. (54) 495795 1-year 92% 1-year 92% Changein CP score  CP+1:30% 0%
GyE/15/65.8-121.6 3-yoar 50% 3-yoar 81% CP+2:22%
GyE 5-year 25% 5-year 81%

Fx, fraction; BED10, biologic equivalent dose with a/p of 10; OS, overall survival; LG, local control; RILD, radiation-induced lver disease; NR, not reported; CR? Child-Pugh score;
MST, median survival time; GGT, Gamma-glutamyltransferese; AST, Aspartate aminotransferese; ALT, Alenine aminotransferase; NCI-CTC, National Cancer Institute - Common Toxicity
Criteria; RTOG-ARMSS, Redlation Therapy Oncology Group, Acute Radiation Morbicity Scoring System; EORTC-LRMSS, European Organization for Research and Treatment of Cancer,
Late Radiation Morbidity Scoring System; GTGAE, Common Terminology Criteria for Adverse Events; 32 temporary grade 3 liver toxicity cases dlue to bilary obstruction were observed
at 9 and 21 months after the treatment as late toxicity at 53 Gy (RBE), but both fully recovered.
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Items classification Case 1

Age (years) 72

Gender Male
Pathological type Primary HCC
Treatment-related deaths No

Severe radiation morbicities  No

Efficacy at 3 mon PR

Efficacy at 6 mon PR

Sunvival at 0.5 year Yes

Survival at 1 year Yes

Case 2

49
Male
Primary HCC
No

No

sD

Case 3

63

Male
Primary HCC
No

No

sD

SD

Yes

Yes

Case 4

68

Male
Primary HCC
No

No

sD

sD

Yes

Yes

Case 5

49
Male
Primary HCC
No

No

PR

SD

Yes

Yes

Case 6

a4
Male

Primary HCC
No

No

PR

CcR

Yes

Yes

Case7

72

Female

Hepatic metastasis of rectal cancer
No

No

sD

sD

Yes

Yes

HCC, hepatocellular carcinoma; mon, months post-treatment; CR, complete response; PR, partial response; SD, stable disease; CIRT, carbon ion radiotherapy; CITS, carbon ion

therapy system; ULC, unresectable liver cancer.
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The IAEA recommended
values

Thermal neutron flux
by, (cm2s™)

1.82 x 10°
214 x 10°

1.17 £0.008 x 10°

>1x 10°

Epithermal and fast
neutron components
Deptast/ B (Gy cm?)

1.35 x 10-14
1.70 x 1073

842 x 107

<2x 101

Thermal neutron
ratio
Dt/ Brotal

0.994

0.99

Gamma component
D, /b (Gy om?)

1.94 x 10
9.73 x 1071

1.3840.003 x 10~

<2x10°®

Jre

0.654
0.798
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Epithermal neutron beam

Proposed design
Kyoto University (6)
Nagoya University (7)
Montagnini et al. (19)
Kim et al. (20)

Kim et al. (20)
Fantidis. (21)
Fantidis. (21)

The IAEA recommended
values

Epithermal flux Fast neutron
Bepitn (cm2s™") component
Diast/ Pepitn (Gy cm?)

1.26 x 10° 1.85 x 1070
12 % 10° 58 x10-13
1.06 x 10° 2x 1071
1.226 x 10° 17 x 10718
1.01 x 10° 0.09 x 107
1.08 x 10° 0.08 x 10718
1.096 x 10° 1.40 x 1077
0523 x 10° 1.77 x 10718
>1x 10° <2 x10°1®

Thermal neutron
ratio
Pin/ Pepitn

0033

0.058
0.0096
0048
0.047
0.0056
0.0098
<0.05

Gamma component
D,/®u, (Gy cm?)

1.48 x 10710
7.8x 1071
2.19 x 1071
1.7 x 1071
0.09 x 107"
0.08 x 10718
1.40 x 10713
177 x 10718
<2x10°1®

Jie
0.715

0.71
061

>0.7





OPS/images/fpubh-09-642561/math_1.gif
"B + nyp - B—" He(1.78 MeV) +' Li (1.01 MeV) (6.3%)
98 4 ng —!' B—* He(1.47 MeV) +7 Li (0.84 MeV) + y (0.48 MeV) (93.7%) (1)





OPS/images/fpubh-09-642561/math_2.gif
CyxDg +oy xDy+ayxDy+a,xD,  (2)





OPS/images/fpubh-09-642561/fpubh-09-642561-t001.jpg
Thermal neutron
beam parameters  values

Thermal neutron flux >1 x 10°
iy (cm~2s7")

Thermal neutron ratio >0.9

B/ Drotal

Epithermal and fast <2 x 101
neutron component

Depi-tast/bin (Gy cm?)

Gamma component <2 x 10-'%
Dy /@1, (Gy cm?)

I >07
Thermal energy group
Epithermal energy group depi
Fast energy group Prast

Recommended Epithermal neutron Recommended

beam parameters  values

Epithermal neutron flux >1 x 10°
Pepin (cm~2s7")

Thermal neutron ratio <0.05
P/ bepitn

Fast neutron
component
Diast/Pegitn (Gy cm?)
Gamma component
Dy/epin (Gy cm?)
o >0.7
E<05eV

05 eV<E<10keV
E>10keV

<2 x 1071

<2x 101





