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In recent years, FLASH radiotherapy (FLASH RT) has gained attention in preclinical studies as a potential advancement in cancer treatment. The great advantage of FLASH RT is the ultra-fast, high doses delivery that have a similar or greater effect on cancer cells while sparing normal, healthy tissue surrounding the tumor site. This is known as the FLASH effect. However, currently, there are not enough in vitro and in vivo data to transpose FLASH RT to human trials. This mini review summarizes the available in vitro data on electron beam FLASH, focusing on possible mechanisms of the FLASH effect. Current studies have focused on various types of cancer, including lung cancer, glioblastoma, uterus adenocarcinoma, cervix carcinoma, prostate carcinoma, melanoma, breast cancer, head and neck squamous cell carcinoma, and colon adenocarcinoma. Several hypotheses have been proposed to explain the biological mechanisms contributing to the to the selective FLASH effect, including differences between healthy and cancer cells in production of reactive oxygen species and free radicals, limitation of Fenton reaction caused by high Fe2+/3+ levels in tumor cells, and impaired DNA damage repair mechanisms occurring in cancer.
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1 INTRODUCTION
Radiation therapy (RT) consists in the administration of the radiations using different types of beams, such as electron, proton, photon, and heavy ions [1]. RT is one of the most effective strategies used in cancer treatment. Recently, the emerging technique called FLASH-RT, an ultra-fast delivery of RT at dose/rate higher than the one used in conventional RT (CONV-RT), has gained attention as advancement with great potentialities. Indeed, the dose needed to kill cancerous cells in CONV-RT can cause early and late damages to healthy tissues [2], and preclinical studies have suggested that FLASH-RT is able to overcome these CONV-RT problems.
The FLASH effect is defined as the sparing of healthy tissues at same terapeutic doses, and it was observed as a reduction of the ionizing radiation’s (IR) toxicity on normal tissues when using the ultra-fast delivery at high dose/rate RT [2]. The first evidence of FLASH effect goes back to the seventies in a study on gut and skin toxicity in mouse models [3, 4]. Currently, some additional non-biological factors could be implied in this peculiar effect, like pulsed radiation, and other modality of delivery [5]. Despite the beneficial consequences of FLASH effect in preclinical in vivo studies have already been evidenced [6], such as neurocognitive protection [7, 8], reduction of skin toxicity [9], absence of lung fibrosis [10] and reduction of acute intestinal syndrome and intestinal injuries [11, 12], the mechanisms underlying this process are still not well established. The most plausible reason at the root of the FLASH effect is probably the biochemical differences between healthy and cancerous cells. Based on such dissimilarities, the leading hypotheses on the molecular mechanism could be ascribed to biological signatures different between heathy and cancerous cells, such as (i) differences in reactive oxygen species (ROS) and free radical production, (ii) pool levels of Fe2+/3+ and (iii) the defective of DNA repair mechanisms.
2 HYPOTHESISED RADIO-MECHANISM FOR FLASH EFFECT
Regarding the main hypothesis for the realization of FLASH effect, first, the incoming IR induces the radiolysis of water molecules, generating electrons and hydrogen atoms that in aqueous environment react to form free radicals (see Figure 1).
[image: Figure 1]FIGURE 1 | Illustrative scheme of the cascade of events occurring after irradiation at the different time scales (horizontal axis) and size scales (vertical axis). The different stages are represented in boxes in different colors, with processes summarily indicated. The possible origins of differential cancer-vs-normal tissues are reported in the blue harrows.
Then, the formed free radicals perform the abstraction of a hydrogen atom (H•) from aliphatic or unsaturated substrates (RH) resulting in a carbon-centered radical (R•). R• can be trapped by molecular oxygen to form peroxyl radicals (ROO•) [13]. Indeed, kinetic modeling and simulations indicates that the mechanisms of recombination and self-annihilation of radicals are strongly enhanced by the increase of the dose rate, producing a faster reduction of ROO• concentration at very high dose rates, in agreement with the sparing produced by FLASH irradiation modality [13, 14]. At this level, the differential healthy-vs-cancer effect could be ascribed to different concentration/distribution of oxygen, which however do not entirely account for the observations, and/or in other mechanisms finally leading to different saturation levels of ROS.
DNA damages inflicted by RT are a combination of both IR direct effect and the indirect effect of generated ROS [2]. Indirect DNA damages caused by ROS can be exacerbated by O2 through the formation of peroxyl radicals, resulting in a more significant permanent damage [2, 15]. Additionally, DNA damages can result from the reaction of ROO• with nearby nucleobases inducing “tandem lesions”, which could result in a strand break [16].
The DNA damage response (DDR) pathway represents a physiological signaling pathway essential for DNA damage repair. However, in cancer cells these mechanisms could be impaired. Indeed, most human cancers present mutations in genes that are implicated in the DDR signaling pathways, like BRCA1 and BRCA2, which are crucial for the double strand break (DSB) repair, RAD51C and RAD51D, involved in the homologous recombination, CHK1 and CHK2, for DNA damage checkpoints, and MSH1 and MSH2, as mismatch repair genes [17]. The absence of a complete working DNA repair system in tumor cells is therefore implicated in the potentially lethal IR damage, while healthy cells remain untouched thanks to their proper functioning.
As mentioned, a second bio-signature differentiating substantially the healthy and cancerous cells is the levels of ROS and free radicals, much higher in the former with respect to the latter. When cells become tumorigenic, various events take place leading to a higher production of ROS and free radical, including mutations in mitochondrial DNA, which generate mitochondrial dysfunction, mutations in genomic DNA, especially in proto-oncogenes, and the increase of metabolism activity, involving peroxisome activity [18, 19]. Furthermore, levels of antioxidant enzymes are usually lower in cancer cells [20], therefore, the increased production of ROS and free radicals is flanked by an inefficient antioxidant activity, finally resulting in increased oxidative stress. Peroxyl radicals are highly reactive and can undergo three different pathways, two for nucleic acids and one for lipids. In nucleic acids, ROO• can either undergo self-rearrangements or disproportionation via tetroxide intermediates releasing O2 and substrate, like 6-hydroperoxy-5-hydroxy-5,6-dihydrothymine (HHDT) and 5,6-dihydro-5,6-dihydroxythymine (DHDT), leading to chromosome break, mutations, and cell death, or tandem lesions. In lipids, ROO• can free a R• by oxidating an RH and starts a peroxidation chain reaction [13, 16]. Therefore, pre-existing and IR generated ROS and free radicals, combined with a lower level of antioxidant enzymes, might lead to a higher killing effect in tumor cells and a sparing effect in normal healthy cells.
Another crucial biochemical difference between cancer and healthy cells is the labile iron pool availability. Cellular iron is fundamental for the proper functioning of Fe-incorporating enzymes, like mitochondrial cellular respiration enzymes and DNA synthesis enzymes, and it is therefore key to cellular growth and metabolism. On the other hand, iron also takes part in the Fenton reaction, to generate radicals, due to its exchanging electron capacity. Cancerous cells present higher levels of the transferrin receptor ferroportin, an iron efflux pump, and from 2 to 4-folds higher levels of labile iron compared to healthy cells. Labile iron in excess is sequestered inside ferritin to keep it away from entering the Fenton chain reaction and generate free radicals. However, superoxide anion produced by water radiolysis can react with ferritin, and other iron containing proteins, and liberate redox active iron. The latter can therefore enter Fenton chain and react with hydrogen peroxide (H2O2) generating HO• and RO•, and it can also create complexes with O2 (Fe-O2) enhancing oxidative stress [21, 22]. The higher availability of Fe2+ in cancer cells leads to major oxidative damages by the formation of FLASH induced organic hydroperoxide, which is instead promptly removed by healthy cells with lower labile iron levels.
To date, none of the available mechanisms completely and convincingly explains the sparing effect. Already at the early stages of irradiation, the ultra-fast delivery at high dose/rates seems to generate oxygen depletion creating a transient hypoxic environment, which, in turn would reduce oxygen-related radiosensitivity.
It was shown that a mechanism, depending on oxygen depletion, causes a reduction of the produced amount of ROS and free radicals [8]. A lower production of H2O2 in FLASH-irradiated cells, compared to CONV-RT, less DNA damages, and a limitation in the Fenton reaction were also assessed, in both cancer and healthy cells. Therefore, oxygen appears to be involved in many of the possible pathways generating differential effects, and all the mentioned biochemical differences could play a pivotal role in guaranteeing the toxic effect of the radiation on cancer cells and a sparing effect on normal cells.
3 IN VITRO STUDIES ON ELECTRON FLASH-RT USING HUMAN CELL LINES
The majority of FLASH in vitro studies use an electron beam sources, but, even if the literature is limited, there are also some works on different type of beams, such as protons, photons and heavy ions.
Regarding electron beams, to elucidate the peculiar CONV and FLASH radiotherapy-induced effects on cell life/death balance, as well as, on molecular mechanisms several in vitro studies have been conducted using tumor cell lines or normal cell models. In this mini-review, we decided to focalize the attention only on those studies addressing the investigation of FLASH irradiation on cell lines derived from human specimens, in order to limit the confounding effects that could arise using animal cells.
Most of such in vitro studies are comparable one to each other because they report data relating to the clonogenic assay that assess the colony formation capacity of irradiated cells. This in vitro assay has been considered the gold standard method to evaluate the cell reproductive capacity after treatment with ionizing radiation; it is based on the ability of a single cell to grow into a colony (at least 50 cells). In brief, before or after irradiation, cells are seeded to form colonies in a few weeks. Colonies are then fixed with glutaraldehyde, stained with crystal violet, and counted [23].
Town et al. [24] irradiated a suspension of human cervix cancer cells (HeLa S-3 cells) with a 15 MeV electron beam, delivered with a single pulse of steady radiation or radiation in pulses on the scale of ms. In the first set of experiments, cells were kept in a static aerobic suspension. In the second set of experiments, air or nitrogen were bubbled in the suspension before and during the irradiation to create gas equilibration and verify if the sparing effect was due to oxygen consumption. Results showed that the survival fraction, up to total delivered dose of 10 Gy, was the same for steady and pulsed radiations, while for higher doses, steady irradiation had a lower effect on cancer cells killing, showing a higher survival fraction. Survival curves from the second set of experiments indicated a higher survival fraction in hypoxic conditions both in single pulse steady and in pulsed irradiation. Though showing an oxygen dependent effect on cell survival, these observations would also indicate an exploitable differential effect of high dose pulsed irradiation on cancer tissues killing.
To further characterize the influence of intracellular oxygen, Epp and colleagues [25] studied the FLASH effect on the same in vitro tumoral model (HeLa S-3 cells) by conducting the experiment at different oxygen concentration. HeLa S-3 cells were cultured at 0%, 0.26%, 0.59%, 0.77%, and 0.91% of O2 and then were irradiated with a 350 keV electron beam. The results indicated a much higher surviving fraction in cells kept at percentage lower than 1% compared to those kept at atmospheric O2. Both these studies indicate a higher cell survival in the presence of a hypoxic environment.
The influence of O2 was recently studied also in human prostate cancer. Adrian et al. [26] performed experiments on DU-145 cell line. Irradiation was delivered with a 10 MeV electron beam, with an average dose/rate of 600 Gy/s. Cells response was investigated at different doses, from 0 to 25 Gy, with both FLASH- and CONV-RT, in both normoxic and hypoxic (1.6% O2) conditions. Additionally, cells were tested at different percentages of oxygen (1%, 2%, 4%, 8%, and 20%) at the same administered dose of 18 Gy. To obtain the desired oxygen concentrations, 1 h prior the irradiation cell cultures were put with specific oxygen percentages. The clonogenic assays were performed, and the survival fraction of cells, treated with different radiation doses, showed no differences in normoxic conditions. On the contrary, under hypoxia, particularly for doses of 15 and 18 Gy, the authors suggested a high sparing effect on cells treated with FLASH-RT. In the case of cells tested at different oxygen percentages, the survival fraction seemed to be higher at lower oxygen concentration. From these results, Adrian and colleagues suggested that the sparing effect was better observed in cells that are already hypoxic, since a dose of few Gy is too low to generate an oxygen depletion in an environment, where the percentage of O2 is similar to the one found in the atmosphere.
Interestingly, Adrian et al. [27] recently studied the sparing effect of FLASH through a comparative study between FLASH and CONV, using six human cancer lines and a healthy cell line: breast cancers (MDA-MB-231, MCF7), colon cancer (WiDr), squamous cell cancer (LU-HNSCC4), an early passage and subclone of HeLa cells, and the healthy human fibroblast cell line (MRC5). Cells were irradiated using a 10 MeV electron beam, for a total dose of 3 Gy, 6 Gy, 9 Gy, and 12 Gy with both FLASH- and CONV-RT. Two weeks following irradiation, the clonogenic assay was performed. HeLa, MDA-MB-231 and MCF7 expressed the higher survival fraction at doses higher than 6 Gy, compared to CONV-RT, while all the other cell lines, did not show significative statistical difference in surviving, compared to CONV RT. Furthermore, DSB-Foci and cell cycle assessment were conducted on MDA-MB-231, LU-HNSCC4 and HeLa, resulting in no differences for double strand DNA break detection. Cell cycle synchronization was observed, but no differences compared to CONV-RT. Such results indicate that the sparing effect could depend on biological factors other than [O2] that vary among different kind of cells. Regarding MRC-5, despite not having a statistically significant data, a higher survival trend is noticeable in those cells treated with FLASH compared to CONV RT, suggesting a sparing effect on the healthy cells.
Khan et al. [6] have studied the FLASH effect using human multicellular spheroids, a 3D cell culture able to recreate the internal hypoxic environment typical of solid tumors. In particular, lung alveolar epithelial adenocarcinoma (A549), colorectal adenocarcinoma (HT-29) and breast cancer (MDA-MB-231) cell lines were employed in this work. Spheroids were irradiated using 16 MeV electrons for a total dose of 5 Gy, 10 Gy, 15 Gy, and 20 Gy with both FLASH- and CONV-RT. Viability and clonogenic assays were conducted on irradiated cells. The researchers expected to observe an increase in the fraction of hypoxic cells proportional to the rising dose, resulting in a more radioresistant tumor. The results showed the 10 Gy showed a higher survival, compared to the same dose delivered with CONV RT, indicating the presence of a sparing on cancer cells.
Finally, the recent study performed by Fouillade et al. [28] have been focused to investigate the molecular mechanisms related to DNA damage potentially involved in sparing effect. This work studied the CONV- vs. FLASH-RT responses of healthy cell models, including two human fibroblast cell line (IMR-90 and MRC5) and the human model of stem cells of pulmonary basal epithelium (PBECs), which were obtained from tissues resected during lobectomies on patients, who underwent surgery for lung cancer. The use of this latest cellular model is justified by the important role that stem cells play following the damage induced by radiotherapy. Indeed, in the presence of damage, stem cells present in the lung epithelium can proliferate and differentiate into ciliated and secretory cells to replace the lost cells. In this study, a human cancer lung epithelial cell line, A549, was also used. Cells were irradiated with a 4.5 MeV electron beam, with total doses of 2 Gy and 4 Gy with both FLASH- and CONV-RT. IMR-90, MRC5 and A549 cells were then examined to investigate the radioinduced damaged on the DNA, 30 min following irradiation, by performing immunofluorescent assays on 53BP1 foci and γH2AX phosphorylation (early DNA damage response). The obtained data indicated that 53BP1 foci formation was significantly lower in IMR-90 and MRC5 exposed to FLASH-RT, compared to those exposed to CONV-RT, and γH2AX phosphorylation was slightly lower, but not statistically significant in FLASH treated cells. No difference was detected for cancer cells during the two irradiation modalities. All together, these results suggested that FLASH minimizes DNA damage in normal cells. Interestingly, the results obtained using PBEC cells showed that the number of stem cells was greater with FLASH- vs. CONV-RT, suggesting the maintenance of stemness in these cells. This phenomenon could ensure the preservation of the cellular reservoir used for the recovery of tissue integrity. All these in vitro studies, conducted using various human tumor cell lines or normal cells, are summarized in Table 1.
TABLE 1 | Biological parameters induced by Flash radiotherapy in human cancer and healthy cell lines.
[image: Table 1]As reported above, few studies carried out with different sources of beams were reported in literature. About proton beam FLASH, the work of Buonanno and colleagues [29] have focused on the biological effect understanding on human lung fibroblast (IMR90). They observed (i) no significant differences in the clonogenic assay between FLASH- and CONV-RT, but (ii) a reduction of cellular senescence following FLASH, (iii) a decrease of the radiation-induce inflammatory marker expression and (iv) a reduction of foci formation at 20 Gy FLASH.
Auer et al. [30], who have treated the HeLa-RIKENS cancer cell culture with proton FLASH, both in a pulsed and continuous modality, found an increase in the arrest of G2 phase in cells treated with continuous (conventional) compared to pulsed irradiation. Moreover, Bayart and colleagues [31] have studied the proton FLASH impact compared to CONV-RT, on two glioblastoma cell lines (U87-MG and SF763), and on wild type and p53−/− mutated human colon carcinoma (HCT116) cell lines; they found no differences in double strand breaks formation and in the survival fraction for glioblastoma cells, probably due to the high cell radioresistance. Using HCT116 cells, they [31] and Pommarel et al. [32] have suggested an involvement of PARP1 in radioresistance. Regarding heavy ion beams, Tessonnier et al [33] have used two different lung carcinoma cell lines (A549 and H1437) to investigate the presence of a sparing effect by FLASH- and CONV-RT, also considering a possible pivotal role of the oxygen, finding a higher cell survival in the hypoxic state. About photon beams, to the best of our knowledge, the unique article by Berry et al. [34] reported experiments on HeLa cell line to examine the biological effects of a X ray pulsed high dose-rate irradiation and a60Co γ ray irradiation. For doses higher than 5 Gy, the X ray pulsed high dose-rates were less effective.
4 DISCUSSION
The information obtained from the in vitro studies reported above pointed to the necessity of further studies to investigate the potential mechanisms for the FLASH effect. The theoretical models and simulations can mechanistically explain the faster saturation and decrease of ROS and radicals as the dose rate increases, and the dependence of this effect on concentration of oxygen, in agreement with the observation of the sparing effect due to high dose rate irradiation and its modulation by oxygen. However, only a very few of them have attempted to include a more realistic and complete representation of the cell environment and processes, e.g., involving the DNA damage and its repair or even a more accurate representation of the radical’s production and diffusion. Therefore, quantitative modeling of the healthy-vs-cancer differential effect is still in its infancy and must be complemented with advanced multi-scale approaches to account for the differences due to intra and inter cell architecture, and ultimately for the differential tumor-vs-normal tissue effect [35].
It is anyway worth considering that each organ has a specific normoxia called “physoxia”, ranging from 3.4% to 6.8% [36], but most of the cell lines used in the above reported studies are kept at an atmospheric oxygen level (18%). This difference could be decisive in the actual possibility of observing the FLASH effect, since normally used dose of IR (∼10 Gy) are not sufficient to create a hypoxic environment. Moreover, the FLASH effect was originally observed in vivo, and it referred to the sparing of healthy tissues, maintaining the same effect on cancer ones. While one can measure the sparing of healthy tissues under FLASH irradiation at the same CONV-equivalent released dose, it is more difficult to measure a FLASH effect analyzing only cancer tissues, as done in many of the mentioned papers. In addition, in general, a reduction of the radiobiological effects was observed in cells that were already hypoxic at the time of irradiation, meaning that the effect might depend on the intracellular oxygen concentration [26]. Therefore, further studies should be set to treat cells keeping them at their physiological normoxia. Additionally, when analyzing results, the possibility of different biochemical mechanisms depending on the cell type, which allow them to respond in different ways, should be considered.
Coherently with these considerations, a theory recently gaining ground is worth mentioning, supported by data showing that the effect occurs in cells that are already hypoxic. Each organ presents niches of stem cells that are naturally hypoxic, and the hypothesis is that FLASH-RT could protects healthy tissue by sparing these hypoxic stem cells niches leaving them untouched and capable of repairing damages inflicted by the radiation [37].
In conclusion, we believe that in the route of the comprehension of the FLASH effect, several issues must be clarified. First an assessment of the phenomenology in rigorously controlled oxygenation conditions should be performed, with FLASH-effect defining parameters capable of accounting both for the sparing in healthy tissues and of the effectiveness in cancer tissues. Second, modeling should introduce in a realistic way the differences between healthy and cancer systems at any level, not only at the molecular one (different concentration of oxygen and biomolecules) but also at cellular level (different cytoplasm composition, different morphology, and mechanics) and at tissue level (different architectural organization and inter-cell communication). Clearly, the clarification the FLASH effect calls into play a strong multidisciplinary effort.
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