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For many years, targeted DNA damage caused by radiation has been considered the main cause of various biological effects. Based on this paradigm, any small amount of radiation is harmful to the organism. Epidemiological studies of Japanese atomic bomb survivors have proposed the linear-non-threshold model as the dominant standard in the field of radiation protection. However, there is increasing evidence that the linear-non-threshold model is not fully applicable to the biological effects caused by low dose radiation, and theories related to low dose radiation require further investigation. In addition to the cell damage caused by direct exposure, non-targeted effects, which are sometimes referred to as bystander effects, abscopal effects, genetic instability, etc., are another kind of significant effect related to low dose radiation. An understanding of this phenomenon is crucial for both basic biomedical research and clinical application. This article reviews recent studies on the bystander effect and summarizes the key findings in the field. Additionally, it offers a cross-sectional comparison of bystander effects caused by various radiation sources in different cell types, as well as an in-depth analysis of studies on the potential biological mechanisms of bystander effects. This review aims to present valuable information and provide new insights on the bystander effect to enlighten both radiobiologists and clinical radiologists searching for new ways to improve clinical treatments.
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1 Introduction

Radiation is a known carcinogen that is prevalent in all aspects of daily life, and low dose radiation is present everywhere and is used extensively in nuclear technology, medical examinations, as well as in other fields. In 1986, the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCERA) stipulated (1) that low level radiation refers to low linear energy transfer (LET) radiation at doses of less than 0.2 Gy or high LET radiation at doses of less than 0.05 Gy, provided that the dose rate is within 0.05 mGy/min. Currently, low dose radiation refers to exposure doses that match the aforementioned requirements and have a dose rate greater than 0.05 mGy/min. In contrast, according to the National Academy of Sciences Research Council’s BEIR-VII Phase II report on the Biological Effects of Ionizing Radiation published in 2006, low dose radiation is defined as radiation at doses of 100 mSv or less and dose rates of less than 0.1 mSv/min. Although the definition of low dose radiation varies from one institution to another, the general differences are not significant, and the relevant regulations can be applied depending on the circumstances.

It is known that the Chernobyl incident in 1986 had a lasting impact on the surrounding environment. Since most of the population had evacuated the area after the accident, it is somewhat difficult to understand the effects of low-dose radiation on the long-term effects on humans in the surrounding area. Thus, studies have been carried out on large mammals (dogs) in the area of the accident and have uncovered important effects of long-term low-dose radiation in animal genetic events, such as the sharing of haplotypes likely contribute to differentiation, which has contributed to our understanding of the processing of radiation events and the biological mechanisms behind them (2). Because radiation-related phenomena have been studied in detail, there have been general agreement over the past few decades on the paradigm that radiation causes biologically relevant responses by damaging DNA through direct action on the nuclei of cells, which can be called the ‘‘targeted effect’’. In simple terms, it was thought that the damage caused by radiation to the organism was based on radiation-nucleus interactions. However, with the development of microbeam technology, scientists have been able to target radiation to the cytoplasm, and in subsequent investigations, there have been concrete evidence that cells manifest similar changes even when radiation is not targeted directly at the nucleus. Furthermore, the adjacent unirradiated cells may receive signals from the irradiated cells and produce a damage response. This type of response in unirradiated cells or organisms that resemble irradiated cells is known as “non-targeted effects” (NTEs) (3–5).

In general, the guidelines on radiation protection mainly follow the linear no-threshold (LNT) model. Based on long-term observations of Japanese atomic bomb survivors, the International Commission on Radiological Protection and the United States National Council on Radiation Protection and Measurements recommend using this data set to evaluate the risks associated with radiation at doses above 50 mSv, i.e. using the LNT model. The model contends that there is no so-called “threshold” and that the risk of radiation-induced cancer rises with dose and the risk exists even at low doses. This model is in line with the conventional understanding of radiation that even a low dose of radiation can increase the risk of disease in humans. However, the paradigm has been challenged in recent decades due to the further study of extra-nuclear and extracellular radiation events. In addition, there is growing evidence (6–8) that the LNT model may not be appropriate for use in the low dose field.

Bystander effects, abscopal effects, and genetic instability are the three primary categories of NTE. This review will focus on the bystander effect, and make an effort to evaluate how it might be applied in clinical settings in the future.

Precise parameters and relatively comprehensive models are essential if bystander effects are to be accurately described. With the help of mathematical models, we can compare different candidate signaling molecules and pathways with experimental data, assess the degree of fit between them, and filter them for the prediction of bystander effects in realistic biological systems where conditions are more complex and less easily controlled. Most of the proposed biophysical models (9–17) differ in the fundamental requirements and conditions. They basically fix some parameters or rely only on a single reference system for the analysis of the experimental results to produce a model that is simple to implement and easy to handle, while in reality, the fixation of these parameters is often difficult to achieve. A key reason for preventing the general applicability of many models is that the interactions between variables in the bystander effect are not clear, for instance, is the signal generated by the bystander effect radiation quality dependent? Does the bystander effect vary according to the type of cells that are exposed to radiation? These problems pose a challenge to the current models, leading to a number of models that have been verified under particular circumstances but lack universal applicability. Furthermore, the distortions and inaccuracies in the results caused by various interferences can be diminished if some weighting is given to bystander effects, cohort effects, and abscopal effects induced by low dose radiation.

With a deeper understanding of the bystander effect, various biophysical models have been proposed. Although a lot of recent research has concentrated on the molecular mechanisms underlying the bystander effect in humans or other complex systems, or the confirmation of these effects in these systems, the guidance for particular therapeutic practices remains limited. Nevertheless, treatment techniques that use the bystander effect can be anticipated in the clinical arena if future research in both fields is unified and breakthroughs are achieved.




2 Background of the bystander effect

Radiation-induced bystander effect (RIBE) proposes that signals generated from irradiated cells induce a similar effect in unirradiated cells as in the irradiated cells. The so-called bystander effect was first discovered in 1992 by Nagasawa and Little, who used 0.31 mGy alpha particles to irradiate Chinese hamster ovary (CHO) cells and found that although less than 1% of the nuclei were traversed by alpha particles, approximately 30% of the cells showed an increased frequency of sister chromatid exchange. Contrarily, under normal circumstances, a radiation dose of approximately 2.0 Gy would be required to produce a comparable radiobiological effect (18).

Murphy and Morton described a phenomenon called the “bystander effect” in 1915 (19). Using tumor transplantation experiments, they found that approximately 50% of mice exhibited tumor immunity after irradiation due to the “bystander effect”. They hypothesized that exposure of normal tissue to irradiation could affect tumor growth and explained the phenomenon relative to their previous hypothesis of “lymphoid elements”. Gene mutation studies had not started when the Murphy experiments were completed, hence a definite connection between radiation exposure and chromosomal damage was not demonstrated at that time. The “target model” was not established until the 1930s, when Muller’s mutation experiments (20) were conducted and combined with the related work of Timofeev-Ressovsky (1936), Zimmer (1936), and Delbruck (1940). In the 1940s, the indirect effects of radiation were correlated with free radical formation, and although it can explain the indirect effects of radiation, the effects of free radicals have proven to be secondary and transient. Thereafter, researchers mostly considered DNA as the key target, and the “signaling molecules” were not identified because of the inability to establish mechanisms of action. It was not until the late 1980s to early 1990s that this paradigm changed, shifting from the study of DNA to signal regulation and tissue responses. The possible reasons for this are the increased discovery of low-dose radiation effects and the increased questioning of the applicability of the LNT model. After decades of research, the study of bystander effect-related phenomena has yielded breakthroughs and changes in paradigms, molecular mechanisms, and signaling events, ultimately leading to the development of the modern bystander effect theory (Table 1).


Table 1 | The history of the study of radiation-induced bystander effect.



Besides the RIBE studies conducted with low-LET (linear energy transfer) radiations, such as X-rays, β-rays, γ-rays, etc., many studies were also carried out with high-LET radiations such as alpha particles, neutrons, and heavy ions in the context of heavy ion radiotherapy and manned spaceflight, which are of significance for the improvement of both radiotherapy efficacy and radioprotection. As mentioned above, Nagasawa and Little used alpha particles to irradiate cells and found the RIBE for the first time (18), thus inspiring later researchers to study the modern “bystander effect”. Later in this review, we will discuss a number of experiments using low or high-LET radiations, and most of them have led to some important conclusions. For example, in experiments exploring markers of bystander effects, researchers have found that high-LET particles upregulate MAPKs in bystander cells more significantly compared to low-LET radiations (34). However, low- and high-LET radiations often co-exist in nature, forming a complex radiation environment that affects cells and organisms at the same time. Radiation workers such as astronauts are often exposed to a complex environment composed of gamma, neutron, proton and heavy ion radiation at the same time. Many previous studies have shown that low- and high-LET radiations can interact with each other and lead to results beyond expectations (35–38). So if we want to draw more accurate conclusions about the bystander effect, we have to consider the combined effects of low- and high-LET radiations, which are currently missing in most of the studies.

In the past few years, although some studies have obtained further direct evidence of bystander effects in animal experiments (39–41), the evidence from human samples is still inadequate. This may be because there are too many parameters in the field of radiation protection that dictate how much radiation is exposed to humans, including exposure dose, tissue type, radiation quality, and dose distribution. We question whether changing these factors can alter the likelihood of inducing bystander effects in humans; however, even after inducing bystander effects in humans, the weight of the effects of these factors is not yet known. Therefore, due to the lack of specific in-human bystander effect research results, most researchers mainly discuss data from in vitro experiments related to human exposure scenarios. These studies may be roughly categorized into three groups (Figure 1), and our discussion is mostly based on these experiments while some important animal experiments will also be discussed later.




Figure 1 | The main research methods of radiation-induced bystander effect (by Figdraw).






3 Mechanisms of the bystander effect

A charged particle microbeam facility (42, 43) at the Gray Cancer Institute in the United Kingdom can enable the precise targeting of a single cell with a controlled dose of radiation, thereby realizing the measurement of radiation damage to a single cell. The laboratory measured the killing effect and the bystander effect manifested as micronucleus (MN) formation after irradiating primary human fibroblasts with charged particle microbeams and concluded that the indirect damage effect was even greater than the direct damage from radiation (44, 45). If the cells were not in direct contact, a bystander effect would also be found at a distance (44, 45). This shows that at least two distinct pathways are involved in RIBEs. Based on mechanistic studies of the bystander effects, the underlying mechanisms can be classified into two categories: (i) the existence of physical contact between irradiated and non-irradiated cells, which generates intercellular communication mainly through gap junctions (31), and (ii) the release of a series of soluble signaling molecules by irradiated cells that mediate the bystander effect in non-irradiated cells (30). Although the two have been divided into two research areas in most studies, at present they are not shown to be mutually exclusive. In fact, the two categories involve some common response steps that play a joint role in eliciting the bystander effect. However, a portion of the studies also suggests that physical signals may also be an important mechanism in the induction of the bystander effect. It has been found that UV photons from irradiated cells can also induce bystander effects in unirradiated cells (32, 33, 46–48). In terms of whether DNA is directly altered, most evidence suggests that epigenetic mechanisms play an important role in the bystander effect. Many studies have demonstrated the importance of epigenetic mechanisms in radiation-induced and maintained bystander effects from different perspectives by observing alterations in DNA methylation, histone methylation, and miRNA expression. In this section, we will discuss the results of in vitro and in vivo studies to explain the two main mechanisms involved in the bystander effect described above and their potential relationship with epigenetic alterations.



3.1 Gap junction-mediated bystander effect

As one of the most versatile cellular junctions, gap junctions are widely present among a variety of cells, and they allow cells to exchange information as well as small molecules. As a specialized membrane structure, gap junctions are low-resistance channels that connect adjacent cells, transmit electrical impulses in an excited state, and transport small molecules involved in metabolism and growth in a normal state (49, 50). The effect of gap junctional intercellular communication (GJIC) in bystander cells was first discovered by Azzam et al. in 1998 (31) and later confirmed experimentally in 2001 (51). The researchers exposed cells to low-flux alpha particles and observed the difference in bystander effects induced by the GJIC-blocked and normal groups, finally obtaining direct evidence for the involvement of GJIC in bystander effects.

At present, most teams investigate the relationship between GJIC and bystander effects from two perspectives: (i) the use of gap junction inhibitors, such as lindane, octanol, and dieldrin; and (ii) the use of cells deprived of gap junctions after gene editing to eliminate interference from GJIC. In experiments using gap junction inhibitors (52), human-hamster hybrid (AL) cells were exposed to a non-cytotoxic, mutagen-free dose of octanol (1 mM) 2 hours before and 3 hours after exposure to alpha particles. It was discovered that octanol decreased the induced CD59-mutant yield from 92 ± 35 to 16 ± 3 per 105 survivors, indicating that the bystander effect was suppressed. Similarly, in another set of experiments, AL cells and Chinese hamster ovary (CHO) cells were treated with a 40 μM dose of lindane, and it was also found that treatment significantly reduced the bystander effect (53, 54). Taken collectively, these findings indicate that GJIC appears to mediate the commencement of the bystander effect, but lindane and octanol are both non-specific inhibitors of the gap junction and may have an impact on other cellular processes (e.g., membrane function, etc.). Considering this, the researchers also used cells defective in connexin 43 for their experiments (connexin 43 is one of the proteins required for gap junction formation (55)). The bystander effect was eliminated or attenuated in cells with dominant negative connexin 43 (52).

The significance of the gap junction in the bystander effect has been questioned by several investigators in recent years. For example, Imaizum et al. observed in human lung cancer cell lines and rat cancer cell lines that the bystander effect was not altered by gap junction inhibitors or enhancers (56). Banaz-Yasar et al. found that the bystander effect in non-communicating Jeg3 malignant trophoblast cells was not affected by either gap junctions or connexin isoforms; Yang et al. demonstrated that the bystander effect induced in human fibroblasts was also not affected by gap junctions, as the cells were separated from each other (57).

The above experiments raise some questions about the role of GJIC in the bystander effect, and the results seem somewhat contradictory, but the fact remains that a different mechanism for the bystander effect may manifest in cells at different distances and in different locations. However, the results of these experiments also suggest that another mechanism may mediate the bystander effect: soluble signaling. We will go into more detail on the bystander impact caused by soluble signaling in the following sections.




3.2 Soluble signaling molecule-mediated bystander effects



3.2.1 What are they?

Several studies have shown that soluble signaling molecules, in addition to gap junctions, are crucial in the transmission of bystander effects. The signaling process can be subdivided into the intercellular transmission of signals generated by irradiated cells and the intracellular signal transduction in bystander cells after receiving the signals.




3.2.2 Intercellular signals



3.2.2.1 Reactive oxygen species (ROS) and NAD(P)H

It is well known that some cellular organelles, such as mitochondria, endoplasmic reticulum, and peroxisomes, are involved in regulating the metabolic reactions of reactive oxygen species (ROS) (58–60). Normal cellular life activities depend on the balance of oxidants and antioxidants, and if this balance is disrupted, a state of oxidative stress occurs, leading to the development of a range of pathological phenomena, including cancer and degenerative diseases (61).

Nagasawa and Little (18) hypothesized that ROS were involved in the induction of sister chromatid exchange (SCE) and that this result could also be inhibited by superoxide dismutase (SOD), which inhibited the activity of SCE-promoting related cytokines in bystander cells, thus weakening the bystander effect. Later, a laboratory demonstrated by a more direct approach (hydroethidine probe to detect superoxide anion and 2’, 7’-dichlorofluorescein diacetate to detect hydrogen peroxide) that exposure of human cell cultures to low doses of alpha particles induced intracellular hydrogen peroxide as well as superoxide anion production via NAD(P)H oxidase (62). Studies using microbeams further supported the role of oxidative stress in the induction of DNA damage in α-particle irradiation-induced non-targeted effect (63). It was discovered that α-particle irradiation dramatically increased the number of CD59 point mutations in AL-CHO hybrid cells, whereas dimethyl sulfoxide (DMSO), a substance that scavenges free radicals, inhibited the mutations. The use of glutathione also reduced mutation induction (which acts as a redox buffer to prevent oxidative stress (64)).

Further data suggest that the upregulation of oxidative metabolism levels mediates the bystander effect in human fibroblasts. Using immunoblotting and in situ immunofluorescence to detect cellular p21Waf1 expression, Azzam et al. (65) found that active Cu-Zn SOD and active catalase inhibited the upregulation of p21Waf1 in human fibroblasts and micronuclei formation in bystander cells. The study also showed that metabolic ROS induced by alpha particles is involved in the signaling pathway that activates bystander effects. These experiments directly demonstrate how ROS and NAD(P)H contribute to the bystander effect.




3.2.2.2 Interleukin (IL)-8

Interleukin (IL)-8, a cytokine of the chemokine family, is extensively involved in the life activities of organisms by binding to its specific receptor. In the experiment mentioned above (62), IL-8 was found to be associated with an increase in ROS levels. In another study by the same team, it was shown that exposure to a low dose of alpha particles (3.6–19 cGy) led to a significant increase in IL-8 protein production. Enzyme-linked immunosorbent assay (ELISA) and northern blot analysis showed that the increase of IL-8 protein after irradiation of normal human lung fibroblasts using alpha particles coincided with an increase in ROS levels. So the team hypothesized that the alpha particle-induced increase in IL-8 promoted an inflammatory response in the respiratory tract and was a key factor in promoting an increase in ROS levels.

By transferring the medium of irradiated cells to bystander cells, Facoetti et al. evaluated the role of IL-8 and its receptor (CXCR1) in the bystander effect of T98G cells after gamma irradiation, demonstrating that radiation could change IL-8 and CXCR1 expression levels in a non-dose but time-dependent manner (66). Subsequently, further experiments also demonstrated that the clonal survival of AG01522 and TG98 cells was significantly reduced at 5 h and 20 h after exposure to low doses of gamma radiation. Although there was no significant change in the concentration of IL-6, the amount of IL-8 released by the glioblastoma cells was significantly dependent on the amount of transfer medium, suggesting that IL-8 could influence the bystander effect (67).




3.2.2.3 Transforming growth factor-beta1 (TGF-β1)

Iyer et al. mentioned that TGF-β1 and tumor necrosis factor alpha (TNF-α) were also involved in bystander signaling (68). Previous studies have shown that cellular oxidative stress caused by alpha particle irradiation can cause a rapid increase in the effective utilization of TGF-β1. Other studies have shown that TGF-β1 levels increase in low-dose radiation and other oxidative environments (69–72), and that substances may be released either by the rapid secretion of TGF-β1 or from silent-glycan receptors or an extracellular matrix (72–74). In terms of the long-term responses to radiation exposure, TGF-β1 is associated with the regulation of a range of inflammatory responses, which can ultimately influence the severity of inflammation in the body (75).

From a macromolecular perspective, TGF-β1 can associate with a bunch of clusterin (CLU) proteins, thereby mediating RIBEs (76). There are two main types of CLU, a secretory glycoprotein (sCLU) and a nuclear protein (nCLU). When nCLU is activated by TGF-β1 signaling, which involves the AP-1 transcription factor, there is a greater likelihood of apoptosis or quiescence (77, 78). On the other hand, however, TGF-β1 can also cause an increase in sCLU expression, which can act as a protective factor to block the TGF-β1-mediated bystander effect and thus perform a protective function (79). This suggests that CLU can play an opposing role in the bystander effect. These findings reveal the potential for TGF-β1 to crosstalk with other regulatory pathways to mediate the bystander effect

In recent years, studies have linked TGF-β1 to various small molecules to explore the oncogenic mechanisms of these molecules in bystander effects. Hu et al. (80) found that miR-663 was down-regulated in direct irradiation, but interestingly, in bystander cells, miR-663 was extensively upregulated. According to bioinformatic analysis, TGF-β1 is a direct target of miR-663. The researchers also found that miR-663 could directly target TGF-β1 to inhibit its expression, thereby suppressing the bystander effects. Besides, TGF-β1 was also associated with various lncRNAs (81). They used human lung bronchial epithelial cells (BEAS-2B) to demonstrate the important role of TGF-β1 in radiation-induced tumorigenesis and found that the crucial roles of TGF-β1 in the oncogenic transformation and tumorigenesis were regulated epigenetically by several lncRNAs. Taken together, these findings reveal the potential for TGF-β1 to crosstalk with other regulatory pathways to mediate the bystander effect. If future studies can map in detail the biological network of TGF-β1 in the mediation of the bystander effect, then TGF-β1 is likely to have important implications and breakthroughs for clinical radiation therapy.




3.2.2.4 Nitric oxide (NO)

NO, which is mainly produced by different isoforms of nitric oxide synthase (NOS) with arginine as a substrate, is closely associated with vascular endothelial cells and nerve cells, and can cause muscle diastole by increasing cGMP and decreasing Ca2+ concentrations in smooth muscles through a series of processes. Because of its relative stability and hydrophobicity, NO is distinguished from other signaling molecules because it can diffuse among a few cells and does not need to cross intercellular connections to reach bystander cells. Many studies have shown that low dose radiation stimulates the production of NO and NOS. For instance, Matsumoto et al. found that the expression of inducible NOS (iNOS) was activated as early as 3 h after X-ray irradiation and continued to increase for 24 h after irradiation (82).

There are different isoforms of NOS, and Leach et al. found that activation of a combinatorial nitric oxide synthase (cNOS) induced early events in the bystander effect. After exposing CHO cells to 2-Gy X-ray irradiation, they found that the activity of cNOS was enhanced within just 5 minutes and returned to normal levels only after 30 minutes (83). In addition, MN formation has been demonstrated as an important event in the bystander effect, and Shao et al. observed a significant increase in MN formation in bystander cells after irradiating human salivary gland tumor cells (HSG) with alpha particles. To verify the role of NO, they used the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1oxyl-3-oxide (c-PTIO) to eliminate excess MN production after pretreatment (84, 85), clearly suggesting that NO has a key role in MN formation. Other studies (86) have also shown that MN as well as double-strand breaks (DSBs) increased in bystander cells upon irradiation with low doses of alpha particles (10 cGy), where NO played an important role.





3.2.3 Intracellular signaling pathways



3.2.3.1 COX-2 related cascade reactions

Before discussing the COX-2-related cascade response, it is important to demonstrate the role of COX-2 in the bystander effect. Zhou et al. (87) used normal human lung fibroblasts (NHLF) and NS-398, a specific COX-2 inhibitor, to examine bystander effects and found that there were 4.2 ± 1.2 bystander effect-induced mutations per 106 surviving cells in the control group, whereas bystander effect-induced mutations were reduced by more than 6-fold to 0.7 ± 0.2 per 106 surviving cells in the NS-398-treated group (87). The activation of the mitogen-activated protein kinase (MAPK) signaling cascade by insulin growth factor and other cytokines, and the phosphorylation of extracellular signal-related kinase (ERK) were found to be upstream events for the increase in COX-2 expression. The researchers discovered that at 4 hours after irradiation, phosphorylated ERK levels were significantly upregulated in both normal and bystander NHLF cells. In addition, the ratio of phosphorylated ERK to normal ERK increased from 2 to 13 in bystander cells, whereas MAPK p38 kinase activity increased at 4 hours and remained elevated at 16 hours. If these two kinases are indeed upstream molecules in the pathway of the bystander effect, then they can be inhibited by relevant inhibitors. For example, treatment with a specific MAPK kinase (MEK)-ERK inhibitor, PD 98059, could almost completely inhibit the bystander effect.

In summary, the binding of TNF-α, IGF, and various leukotrienes to cell surface receptors activates the MAPK signaling pathway, which in turn upregulates COX-2 downstream, thereby mediating the bystander effect. Several studies have also shown that MAPK and NF-κB transcription factors alone or together can stimulate the expression of COX2 and NOS in the nucleus (68, 88, 89).




3.2.3.2 Intracellular calcium fluxes

The activation of the calcium influx pathway increases the intracellular calcium flux in cells. Lyng et al. (88) used two fluorescent calcium-sensitive molecular probes, Fluo 3 and Fura Red (Fluo 3 binds calcium with enhanced green fluorescence and Fura Red binds calcium with reduced red fluorescence (90)), to measure calcium levels. They incubated the cells with Fluo 3 and Fura Red for 1 hour and found that the irradiated cell conditioned medium (ICCM) increased the celluar calcium level. The calcium level could be inferred by measuring the ratio of Fluo 3 to Fura Red. The basal calcium ion concentration was 106.2 ± 2.2 nM (n=12). When calcium ionophore A23187 was added to the induced cells, the calcium level increased from 283.8 ± 5.7 to 342.3 ± 9.7 nM compared to the 0.5 Gy ICCM group (88).

To verify the role played by calcium influx in the death of bystander cells, the investigators inhibited calcium inward flow with the calcium channel blockers EGTA and phenylalkylamine (verapamil), thus observing different phenomena. Significant apoptosis was observed in ICCM-induced HPV-G cells, whereas cells induced by ICCM after the addition of EGTA or phenylalkylamine did not produce significant apoptosis (88).

Shao et al. also treated T98G and AG0 cells with the highly calcium-selective A23187 vector and found that the intracellular calcium concentration increased to 140 ± 15 nM in T98G cells and 186 ± 10 nM in AG0 cells, and rapid calcium fluxes within 30 seconds were partially observed in both cell types. However, when the team used ICCM to induce the bystander effect, they found that T98G cells could not increase calcium flux when NOS was inhibited by the non-selective inhibitor aminoguanidine, suggesting that NO may be involved in the induction of calcium influx in response to conditioned medium in T98G cells.

Moreover, cells exposed to ICCM and pretreated with inhibitors of calmodulin or inhibitors of mitochondrial calcium uptake can inhibit the production of γ-H2AX and NO in the bystander effect (91). These results suggest that calcium inward flow might regulate the downstream events of γ-H2AX and NO and finally mediate the bystander effect.




3.2.3.3 Nuclear factor-kappa B activation (NF-κB) activation

Ataxia telangiectasia mutated (ATM) kinase, an autophos-phorylated protein that is normally found as an inactive dimer in the nucleus and cytoplasm, functions in DSB repair. After the radiation-induced production of DSBs in genomic DNA, downstream ATM-related events are initiated (92–94). ATM directly phosphorylates three related proteins, p53, CHK2, and MDM2, which are involved in the regulation of p53 function and levels and are among the key events affecting irradiated cells. The RIBE of ATM/ATR (ATM and Rad3-related) has been described (95). In addition, ATM initiates downstream events that cause cell cycle arrest and apoptosis by affecting mitochondria-related functions (96).

However, NF-κB proteins, first discovered by David Baltimore (97–99), are a family of proteins that selectively bind to the κ-light chain enhancer of B cells to regulate the expression of many genes. Upon initiation in the nucleus, NF-κB can activate the ATM kinase-mediated pathway (100), which can rapidly upregulate NF-κB-dependent gene expression (100–102), including IL-6, IL-8, and TNF-α.

In another study, the TNF/TNF-R1 pathway was found to activate the inhibitor κB kinase (IKK) complex via the TRADD/TRAF2/RIP complex-1, thereby targeting NF-κB (IκB) inhibitors and regulating gene expression after delivering NF-κB into the nucleus (103–105). In addition, NF-κB-dependent IL-6 expression can also establish a link between ATM, NF-κB, and signal transducer and activator of transcription 3 (STAT3) in another pathway (103, 104).







4 Several important issues in the study of RIBE

Up to now, a number of studies have attempted to demonstrate the mechanisms underlying RIBE and some specific biological molecules involved have been identified, however, there are still some issues in RIBE to be resolved, which are important to both a better understanding of RIBE and the practical modulation of RIBE in the fields of radiotherapy and radioprotection. We have focused on these issues and discussed them below in the hope of providing some ideas and directions for future researchers.



4.1 Triggering of bystander signals

Many studies now use various doses for parallel comparisons rather than attempting to understand bystander signals at a single dose as they did in earlier research. Some have produced interesting results, but the relationship between the magnitude of the induced effect and the dose cannot yet be determined accurately.

Giuseppe et al. (106) irradiated individual cells with X-rays of less than 0.5 Gy and found that the likelihood of inducing bystander effects increased with increasing radiation dose, whereas once a response was induced, their effects were nearly equal. Interestingly, however, if the dose was less than 0.3 Gy, the dose-effect curve changed considerably, with the likelihood of triggering a bystander effect decreasing with increasing irradiation dose and showing an “all or none” response. For alpha particles, a single particle passing through a cell is adequate to induce the bystander effect (45). When cells were exposed to single cell microbeam, Sawant et al. discovered (107) that the frequency of morphological transformations was roughly comparable irrespective of whether 10% or 100% of the cells were transversed. Additionally, several studies have shown that the bystander effect induced by exposing cells to either one or many alpha particles is similar (44, 85, 108, 109), a finding that is consistent with other heavy ion irradiations (110–112). For beta particles, a dose-dependent bystander effect was also observed when their radionuclide activity was increased (113). In medium transfer experiments (114), human keratin-forming cells were irradiated with 0.01–0.5 Gy low-LET cobalt 60 radiation followed by medium transfer, after which the clonal survival and number of cells killed after medium transfer were measured. It was found that the bystander effect appeared saturated in the range of 0.03–0.05 Gy. By contrast, once the irradiation dose was greater than 0.5 Gy, the resulting death curve was due to a combination of the direct effect of irradiation and a non-dose-dependent bystander effect.

Taken together, these findings indicate that bystander effects involve an “all or none” switch mechanism (106, 115–117). Once triggered, it does not depend on the irradiation dose and exhibits approximately the same response effect, which can last for a long time and be transmitted to the next generation as the cells reproduce (118–120). Even more intriguingly, the created signal can elicit reactions in various species (121, 122), indicating that the response is highly conserved during evolution and may be one of the most basic ways that individuals react to their surroundings.

One explanation for the saturation of the bystander effect is the limitation of the signaling molecules that can be produced by the irradiated cells. As long as the dose threshold is reached, even if the irradiation dose is further increased, no other signaling molecules can be induced. If the dose threshold is reached at the beginning of the specified irradiation, then the subsequent responses are dose-independent (within a certain range). Another explanation is that although there is a positive relationship between the induction of the effect and the dose within a certain range, the bystander cells are already completely responsive to the signaling molecules produced by the induction and are no longer sensitive to any subsequent signals.

Although the “all or none” nature of the bystander effect has been extensively studied, it is still not precisely defined because there may be a series of chain reactions in the signaling cascade, and each of these reactions may have a corresponding threshold, which eventually leads to the macroscopic “all or none” nature of the bystander effect.




4.2 How long can the signaling molecule exist? What are the exact dynamics of the changes?

Findings suggest that bystander signals can remain active in organisms for extended periods of time. For instance, in the plasma of atomic bomb survivors, 10.9% of leukocyte chromosomes were found to be broken, which was significantly more than that in control individuals (123). The study showed that the factors related to bystander effects remained active for at least 30 years after radiation exposure. In the Chernobyl accident, factors detected in the blood of survivors that could cause chromosomal breaks persisted for at least 9–20 years (124, 125). Researchers have endeavored to isolate and explore the nature of these factors, but convincing results have yet to be reported.

Experimental methods that have been used for bystander effect characterization include cell clone formation assays, SCE assays (18), and locus mutation assays (126). The average time it takes to reach the experimental endpoint varies, but, in general, it takes anywhere from a few minutes to several days or even weeks. As a result, it has been challenging to determine the precise values of time for the development, existence, and reception of bystander effect signals. Moreover, the measurement of certain signals is still not known. For longer bystander signals, it is likely that other biological signals are interfering with the response, making it much more difficult to identify the precise bystander signal. Most experiments currently focus on measuring the peak concentrations of the bystander signal, which are more sensitive and easier to test, or analyzing changes in cell phenotype (e.g., colony aggregation, clonal survival) to infer the endpoint of the bystander signal-induced response, although few experiments can specifically account for the dynamic nature of the signal.

Fortunately, as research on RIBE has progressed, a framework for assessing RIBE within a few hours has now been established. This enables researchers to detect the rapid production (within 5 minutes) of DSBs (127–129) or the expression of specific genes or associated proteins in bystander cells to assess the degree of risk. One thing that can be ascertained is that the increased knowledge of the specific timing of bystander signaling, transmission, and reception can broaden our overall knowledge of bystander effects. The following sections discuss some findings on the timing of bystander signaling in general terms.

The family of histones includes the H2AX proteins. One of the early responses of cells to DSBs caused by various injuries is the phosphorylation of γ-H2AX. Sedelnikova et al. assessed H2AX levels in whole cells by counting the number of γ-H2AX in the nucleus (130). This approach is currently one of the most sensitive methods to assess DSBs, and it has been used by several investigators to examine RIBE (57, 131–134). For example, within 1 hour of iron ion irradiation, Yang et al. observed the formation of γ-H2AX foci in bystander cells in a co-cultured system that last for more than 24 hours (135). It was also found that γ-H2AX foci were significantly higher in non-irradiated bystander cells within 10 min than in controls and peaked after 30 min (127, 129), suggesting that γ-H2AX could act as a rapid signal to induce RIBE. In other respects, the connection between the formation of γ-H2AX foci and DSB aids in our evaluation of RIBE injury.

Some researchers have observed that 53BP1 can co-localize with γ-H2AX in bystander human skin fibroblasts (136). Therefore, using this connection, many teams have assessed RIBE with 53BP1 in vitro and in vivo. For example, Tartier et al. found that the proportion of 53BP1-positive bystander cells peaked 1–3 h after the onset of irradiation.

Phosphorylated ATM can also co-localize with γ-H2AX. RIBE is eliminated entirely if ATM is not functional (95, 136). In another study, ATM foci in bystander cells can be identified as early as 0.05 hours after X-ray exposure and last for at least 48 hours at levels that are much higher than in controls (4–5-fold higher). In line with expectations, DSB repair induced by direct irradiation was faster than that induced by bystander effects (137). Most studies examining the generation, transmission, and decay of bystander signals often use ICCM, as it allows for the rapid detection and collection of relevant signal parameters. In terms of the critical time point for bystander signaling, some current opinions suggest that the transduction of the signal is somewhat rapid. Within 30–60 seconds of irradiation, irradiated cells or irradiated medium have been separated from non-irradiated cells, and it has been discovered that the likelihood of bystander effects manifesting was greatly decreased (108, 138).

However, although different studies have given a certain “time” for the bystander effect, measurements of different signaling substances can still result in large differences, and in the absence of information on these signaling molecules, it is not possible to determine whether the bystander effect in various cells is caused by a single signal or multiple signals acting together. It is also not possible to determine whether bystander signals are caused by the accumulation of low doses of radiation over long periods of time. These unanswered questions provide directions for future research in the field, whether it is possible to conduct experimental studies at different time intervals and upon different numbers of exposures to simulate the dynamics of bystander signaling more realistically.




4.3 Is the induction of bystander signaling radiation source-dependent or cell-dependent?

The sources of radiation used in the different studies investigating bystander effects vary, as do the doses used by each source. The most typical sources of radiation are alpha particles, beta particles, X-rays, and carbon ion radiation, as demonstrated in the experimental studies mentioned above. In addition, some studies have also used neutrons and other sources of elemental radiation to observe bystander effects. Given that most studies generally use the same radiation source to ensure more predictable results, this makes it more difficult to compare the relationships between individual radiation sources horizontally.

In terms of recent experimental data, changing the type of radiation source within the same study induces different bystander effects. Generally speaking, changing the intensity of a single radiation source causes a change in the magnitude of the bystander effect (84, 139, 140). However, no bystander effect is induced on cells even when the type of radiation source is changed (141, 142). Thus, it is possible that the selection of bystander effect markers in these studies heavily relied on DNA damage indicators. Although the indicators of DNA damage, such as MN formation and γ-H2AX foci, are crucial for bystander effects, it is possible that the effects induced in this experiment were not strong enough to be detected by these means. However, the nature of the phenomenon will be further elucidated if future studies can be conducted with a variety of radiation sources to explore contradictory occurrences.

With regard to the induction of bystander signals, there are also varying degrees of interaction between the radiation source and cell type. The initial studies included different cell types from species such as hamsters, humans, mice, and rats. In current studies, the cell types that are used differ depending on the purpose of the study, and many normal primary cells, transformed cells, and tumor cell lines have been investigated. However, the greatest difficulty in elucidating the differences in RIBEs for different cell lines, as with verifying the source dependence of radiation in bystander effects, is the diverse settings used for different experiments.

In summary, these studies show that the radiation sources or cell types have a complex relationship with the bystander effect. Unless the definition and endpoints of bystander effects are finally harmonized, it will be difficult to obtain reliable results on the dependence of radiation sources and cell types on bystander effects.





5 Bystander effects in vivo

Although the results of in vitro experiments are mostly different from those of in vivo experiments, it is only when the mechanisms of in vivo experiments are validated that bystander effects can be applied to the assessment and treatment of radiation protection in practice. The several possible mechanisms of the bystander effect have been discussed in detail above. The mechanisms of in vitro experiments can mostly explain the results of in vivo experiments, and animal studies mostly support the role of epigenetic mechanisms in the induction and maintenance of the bystander effect.

Koturbash et al. (143) placed one side of a mouse body in a medical protection device while the other side was directly exposed to radiation to observe changes in DNA methylation and protein expression in the exposed and non-exposed skin. Direct exposure suppressed the total methylation level in the irradiated tissue, whereas the changes in bystander skin tissue were not significant. Interestingly, there was a significant decrease in de novo DNA methyltransferases (DNMTs) detected in bystander skin but a significant increase in two methyl-binding proteins, MeCP2 and MBD2, which are associated with transcriptional silencing. To further investigate the epigenetic alterations in animals by local exposure, the investigators exposed rats to 20 Gy localized cranial irradiation in another experiment (144) and observed the induction of epigenetic changes at 24 hours as well as 7 months later. They found that confined cranial radiation caused severe epigenetic dysregulation in splenic tissues distantly under radiation shielding, including an overall decrease in DNA methylation and the overall down-regulation of DNA transferases, and the hypomethylation effect could persist for up to 7 months. It was also found that intracranial irradiation of mice also caused significant changes in p53 aggregation and apoptosis levels in the spleens (145).

More interestingly, recent studies have found that bystander effect signaling may be sex differential in animals (146). In a study of female/male mice exposed locally and systemically, researchers found that specific microRNAs were expressed in the spleen of female/male mice and that the microRNAs were sex differential, suggesting that sex hormones may play an important role in the RIBE.




6 Clinical implications of bystander effect studies

With the development of medical technologies, the theories and types of radiotherapy are gradually diversifying. Radiotherapy is not limited to the use of conventional photons such as X-rays but is gradually developing the practice of particles such as protons and carbon ions. High-energy protons, as well as heavier particles, such as carbon ions, have a more satisfactory energy deposition and greater biological effect than conventional photon therapy. For photon radiotherapy, the peak dose is deposited in the normal tissue and then the dose gradually decreases, meaning that the normal tissue is exposed to a certain dose throughout the irradiation path. In contrast, proton and carbon ion therapy tend to allow the dose to be deposited mainly in the lesion due to the Bragg peak, resulting in a substantially lower dose deposition in normal tissue than photon therapy. The lower dose deposition to non-targeted tissues not only results in a subsequent reduction in radiation-induced toxic effects, but also reduces the incidence of bystander effects in non-irradiated areas. These advantages will improve patients’ tolerance to radiotherapy and thus improve patient outcomes. It has been shown that in younger patients, proton therapy can reduce the deposition dose to normal tissues by approximately 60%, which can reduce the incidence of secondary malignancy (147). A team of researchers used X-rays as well as carbon, neon, and argon ions to investigate bystander effects and found that heavy ions increased the frequency of micronuclei in bystander cells compared to X-rays, thus triggering concern about increased genomic instability and secondary carcinogenesis probability (148). However, more comprehensive in vitro and in vivo data comparing RIBE induced by different radiations are needed to improve radiotherapy outcomes and relevant radioprotection.

During the practical radiotherapy of cancer, it is important to protect the normal tissue within the non-irradiated area, thereby reducing the bystander effect. However, in the process of protection, it is also crucial that this protection should not affect the ability of radiation to kill tumor cells. An up-and-coming targeted therapy in the field is the use of gene therapy to deliver radionuclides directly to tumor cells (149–151), intended to apply a signal amplification effect to increase the killing capacity of the rays. However, this therapy still requires the certainty that the induced response is apoptotic rather than protective and ultimately has a positive effect on the therapy.

To overcome the limitations of in vitro experiments and demonstrate whether radionuclide-induced bystander effects can occur directly in vivo, Xue et al. (152) used 5-[(125)I]iodo-2’-deoxyuridine (125IUdR) to label tumor cells. Because DNA-bound 125IUdR has a certain attenuation range (<0.5 μm), which causes little direct radiation to unirradiated cells, the alterations in nearby cells were considered to be caused by bystander effects. Meanwhile, a mixture of human colon LS174T adenocarcinoma cells and LS174T cells labeled with a lethal dose of 125IUdR DNA was injected into nude mice, and a significant inhibitory effect on subcutaneous tumor cells was found. However, the experiment is noteworthy in that the use of lethal doses of 125IUdR-labeled DNA at the beginning may directly cause cell death, thereby releasing radioactive material to have a direct irradiation effect on cells, which may cause some experimental errors.

Many radionuclides do not induce identical bystander effects in vivo, i.e., radionuclides induce bystander effects in vivo that are both tumor-killing and tumor-promoting. Kishikawa et al. (153) implanted nude mice with LS174T adenocarcinoma cells and reduced LS174T growth by DNA tagged with 125I cell growth (equivalent to the inhibition of the bystander effect). However, when the above experiments were repeated using 123I, it was found that the decay of 123I in tumor cells stimulated the proliferation of unlabeled tumor cells (equivalent to promoting the bystander effect). Both isotopes emit oxygen electrons, but the difference in their half-lives leads to different dose rates, with the latter being 109 times higher than the former. So that seemingly contradictory effects can be analyzed from a dosimetric point of view. If further conclusions are desired, then the bystander effects of different nuclides at different doses can be examined. Iodine is an element that is often used not only in animal experiments but also in clinical aspects where several of its isotopes play important roles. For example, 131I decay usually emits beta rays and can be used as a potential contrast and therapeutic agent for neuroblastoma (152, 154), whereas 131I-labeled NaI can be used to treat well-differentiated thyroid cancer (154).

Currently, therapeutic agents that are clinically available and use theories related to the bystander effect include antibody-drug conjugates (ADCs). Paul Ehrlich first presented the notion for this drug at the start of the twentieth century (155), and a modern version of ADCs has been made possible by advancements in bioengineering and related pharmaceutical procedures. However, the first treatment of solid tumors with ADCs occurred in 2013 with ado-trastuzumab emtansine (T-DM1), which targets the human epidermal growth factor 2 receptor (HER2) in metastatic breast cancer. To address the metastatic characteristics and diverse gene expression profiles of tumors, cleavable junctions and hydrophobic carriers have been developed through the ongoing enhancement of monoclonal antibodies and optimization of drug linkages, both of which mainly use the bystander effect to kill tumor cells.




7 Conclusion and future prospects

In summary, the effects of low doses of radiation on humans cannot be explained solely in terms of direct targeting of the cell nucleus. This is because the cells that were not directly exposed to radiation also presented high levels of genetic mutations, chromosomal variations, and cell lethality in their progeny, a phenomenon known as radiation-induced genetic instability (RIGI) (156). RIGI is a type of non-target effect that is similar to RIBE. Direct DNA damage is undeniably frequent in most tests, despite the majority of attention in this article being paid to documenting the phenomena of bystander effects in specific experiments. Genetic instability is thought to be a risk factor for the development of cancer, and it remains difficult for the body to process relevant signals in the cell to reduce the accumulation of DNA damage. The cell cycle checkpoint-related genes CCNB1 and RAD51 are overexpressed in bystander cells (31), and pathways such as ATR, ATM, and CHK1 are potential targets for regulating genotoxicity in bystander cells (95, 157, 158). In most cases, the cellular response to DNA damage is mediated by various protein kinases, including ATR and ATM. ATR primarily targets downstream CHK1 to prevent cells that have been genetically damaged (e.g. after radiotherapy) from entering mitosis. In detail, when DSB is generated, the MRE11/NBS1/RAD51 complex can promote S-phase cell cycle arrest and the p53-associated G1/S-phase checkpoint via activating the ATM/CHK2 pathway (159). However, the ATR/CHK1 pathway is activated when single-strand DNA damage occurs, triggering intra-S- and G2/M-phase checkpoints (160–162). Since most cancer cells have dysregulated G1 checkpoints, they are mostly dependent on S and G2 checkpoints activated by the ATR/CHK1 pathway.

Dahle et al. (163) noted regular increases in ROS in the offspring of radioactive cells, indicating that potentially a modified version of SOD-like principles could be used in humans to lessen radiation-caused injury to surrounding healthy tissues. Similarly, the use of inhibitors that target the above-mentioned molecules can lead to a reduction or elimination of the bystander effect (18, 64). In other words, to apply RIBE and other non-targeted effects in clinical treatment, the process of RIBE, RIGI, and abscopal effect should be artificially regulated. However, this necessitates an adequate recognization of the mechanism and signaling pathways involved in RIBE. Nowadays, some radioprotective agents have been developed to reduce damage from RIBE. For example, DNA-binding agents, like meprobamate, prevent DNA damage by acting as a reducing agent in electron transfer and have been proved by Burdak et al. that it can prevent RIBE (164).

In summary, using the bystander effect as an entry point can give us new insights into radiation therapy and the associated off-target effects. Exploring the key molecular pathways, as well as specific signaling molecules, would be extremely beneficial for the clinical sensitization to radiation therapy and radiation protection.
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