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Targeted alpha therapy (TAT) using alpha particle-emitting radionuclides is in the spotlight after the approval of 223RaCl2 for patients with metastatic castration-resistant prostate cancer and the development of several alpha emitter-based radiopharmaceuticals. It is acknowledged that alpha particles are highly cytotoxic because they produce complex DNA lesions. Hence, the nucleus is considered their critical target, and many studies did not report any effect in other subcellular compartments. Moreover, their physical features, including their range in tissues (<100 μm) and their linear energy transfer (50–230 keV/μm), are well-characterized. Theoretically, TAT is indicated for very small-volume, disseminated tumors (e.g., micrometastases, circulating tumor cells). Moreover, due to their high cytotoxicity, alpha particles should be preferred to beta particles and X-rays to overcome radiation resistance. However, clinical studies showed that TAT might be efficient also in quite large tumors, and biological effects have been observed also away from irradiated cells. These distant effects are called bystander effects when occurring at short distance (<1 mm), and systemic effects when occurring at much longer distance. Systemic effects implicate the immune system. These findings showed that cells can die without receiving any radiation dose, and that a more complex and integrated view of radiobiology is required. This includes the notion that the direct, bystander and systemic responses cannot be dissociated because DNA damage is intimately linked to bystander effects and immune response. Here, we provide a brief overview of the paradigms that need to be revisited.
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INTRODUCTION

Targeted alpha therapy (TAT), based on alpha particle-emitting radionuclides, has become popular in the last decades after the approval of Xofigo (223RaCl2) and the encouraging results obtained for several radiopharmaceuticals under investigation. However, the biological advantages of alpha particles compared with gamma/X rays have been known for more than 60 years. Superficially, the radiobiology of alpha particles is well-understood. Because of their double-positive charge ([image: image]He2+), alpha particles deliver dense ionizations along a linear track, also known as linear energy transfer (LET), ranging from 50 keV/μm to a maximum of 230 keV/μm at the Bragg Peak; Since their energy is between 4 and 10 MeV, their ranges do not exceed 100 μm in water-equivalent tissues and 40 μm in bone. Therefore, alpha particles might offer lower dose conformity compared with beta particles or photon beams, but with less irradiation of normal tissues. It is also generally admitted that the nucleus is the sensitive target and that complex and thus unrepairable DNA double strand breaks (DSB) explain the high cytotoxicity of these particles. Consequently, decreasing the dose rate and fractionating the dose, which promote DNA repair, have no effect on the alpha particle killing potential. Moreover, the presence of O2, which plays a central role in reactive oxygen species (ROS) production during water radiolysis through the production of peroxy radicals, is not required for alpha particle mode of action that mostly involves direct ionization. Therefore, alpha particles are suitable for treating hypoxic tumors. In addition, as their range in tissue is short, they should be dedicated to the treatment of single cancer cells and micrometastases.

However, the most striking results with TAT have been observed in much larger tumors. Kratochwil et al. reported the first-in-human trial showing the efficacy of 213Bi-DOTATOC TAT in patients with progressive advanced neuroendocrine tumor liver metastases, pretreated with beta emitters (1). Two years later, the same group observed in patients with metastatic castration-resistant prostate cancer, the decrease of the tumor burden in liver and of disseminated bone marrow metastases after TAT using a prostate-specific membrane antigen (PSMA) ligand labeled with 225Ac (2). These tumors could be monitored using PET/CT, suggesting that TAT was effective in quite large tumors (e.g., >1 cm) and not only in single cells and micrometastases. Another received idea, also invalidated by this study, is that the physical half-life of the radionuclide (225Ac) must match the biological life of the vector (PSMA ligand).



THE TARGET CELL PARADIGM

The most striking observation when comparing the cytotoxicity of alpha particles, gamma/X rays and beta particles is that for the same radiation dose, alpha particles are much more deleterious. This means that they have a higher relative biological effectiveness (RBE). This was first described by Zirkle when he irradiated fern spores with alpha particles (3). He also identified the cell nucleus as the major target of radiation lethality and demonstrated the importance of LET. From the late 1950s, radiobiology development has been associated with the clonogenic assay, described by Puck and Marcus (4), to measure reproductive death in irradiated cells. The clonogenic assay allows determining the capacity of irradiated cells to divide and to form a macroscopic colony in culture. Clonogenic survival is defined as the ratio between the number of cells that form colonies (n) and the number of seeded cells (n0). The number of colonies must be corrected relative to the number of colonies measured in non-irradiated samples. For their first experiments using alpha particles, Barendsen and Beusker developed an irradiation system with a 210Po (Ealpha = 5.3 MeV) source that corresponded to an alpha range of about 37 μm in water, and in which extra-thin material (Melinex film) was placed between the source and the cells (5–7). By using a dosimetric approach, they showed that the clonogenic survival of cells exposed to high LET (alpha) particles follows an exponential law described by:
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Conversely, they obtained a “less simple shape” for X- and beta radiation. D is the number of particles/μm2 and S is a factor of proportionality in μm2. The RBE was about 2.5 with high doses and about 6 with lower radiation doses. From the survival curve equation, it was possible to determine that S corresponds to 42 μm2. As the irradiation flux is perpendicular to the bottom of Petri dishes, this means that cells contain a sensitive area of 42 μm2, which matches the nucleus cross-section. This ballistic view of alpha particle killing effect was further developed in mathematical models that considered the random and physical nature of the interactions between radiation and biological matter. Cell death was directly correlated with particles traversing the nucleus. This theory was called “one hit one target,” but the relationship was then slightly modified to consider the vital region in the nucleus. Thus, cell death was considered to be related to the probability of hitting this vital target (αD). A Poisson distribution was used to express the probability density function that describes the number of hits to vital cellular targets. The probability for a cell to have k lethal hits could be expressed as follows:
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The probability for a cell to survive would be to have 0 lethal hit:
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The value D0 is the dose (Gy) leading to the average number of one lethal hit per cell (αD = 1). A dose D0 reduces cell survival from 1 to 0.37 (i.e., to e−1).

Explaining the effect of low LET radiation was slightly more complex and the linear quadratic model was proposed:
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where α represents the cell intrinsic radiosensitivity (1 hit = 1 lethal event) and β the cell sparing capacity (i.e., repair) of the cells.



FROM PHYSICAL AND CHEMICAL EVENTS TO DNA DAMAGE

Alpha particle cytotoxicity, measured with the clonogenic assay, is explained by how particles interact with biological matter. Ionizing radiation may release their energy through two pathways. The first one (called direct effect) consists of direct energy transfer to biomolecules (DNA, lipids, proteins), leading to their ionization, namely the loss of one electron and the formation of radical cations. In DNA, guanine has the lowest oxidation potential. Then, even if a radical cation is produced on another base or sugar moiety, a fast electron transfer reaction occurs from guanine to the generated radical cation, repairing the initially produced radical and generating a guanine radical cation (G°+). This unstable cations can give rise to two guanine chemical modifications: 8-oxo-7′8-dihydro-2′-deoxyguanosine (8-oxodGuo) following oxidation and the corresponding formamidopyrimidine derivative FapydGuo. Therefore, oxidation of 2′-deoxyguanosine is considered the hallmark of direct DNA ionization.

In the second pathway (called indirect effect of ionizing radiation), energy is transferred to water, the most ubiquitous molecule, that is then dissociated into ROS species among which the hydroxyl radical HO° is the most reactive. HO° reacts with the biomolecules present in the cell. In the case of DNA, single strand breaks, DSBs, base damage, abasic site, and DNA-protein crosslinks can be produced, at predefined yields, upon low LET radiation. The contribution of the direct and indirect effects depends on the particle LET.



THE DNA CENTERED APPROACH: ALPHA PARTICLES GENERATE MULTIPLE DAMAGE SITES IN DNA

Because of their high LET, alpha particles produce locally high density of ionization in biological matter. Therefore, water radiolysis leads to the production of high concentrations of radicals, including HO°, that will tend to recombine before attacking biomolecules. Direct effects should be predominant when using high LET particles, such as alpha particles. Indeed, we showed that the yield of some base damage (involving mostly HO°) is lower with high LET radiation than with γ-rays, likely because of radical recombination (8). However, we found that 8-oxodGuo, the signature of a direct effect, is not the most frequent lesion with high LET radiation. This indicates that the contribution of indirect effects to the high LET particle-induced damage could be larger than what thought (8), but this hypothesis needs to be further investigated. Another feature of high LET radiation is that multiple direct ionization events on DNA are accompanied by the production of damage clusters (i.e., multiple damage sites). These are defined as two or more modifications per helix turn (9, 10), and DNA DSBs are one of the best examples. It has been shown that alpha particles activate ATM. This is a master kinase in the DNA damage response and is involved in many cell functions that are induced in response to irradiation, including cell cycle arrest, apoptosis and DNA repair (11, 12). DNA repair is mediated by the non-homologous end-joining (NHEJ) system, which is active in all cell cycle phases, and by homologous recombination (HR) in the S/G2 phase when cells have duplicated their DNA. However, cells cannot repair most of the complex lesions, and misrepaired lesions could lead to genomic instability or cancer (13). Consequently, alpha particles are highly deleterious and this also explains their high RBE values.

The DNA centered view of radiobiology was further comforted in the 1980–1990s by the finding that the level of unrepaired DNA lesions can be correlated with the cell sensitivity to radiation. However, events occurring in the cytoplasm or at the cell membrane also have consequences on nuclear DNA. As it is not possible to discriminate between nuclear damage caused by nuclear and non-nuclear events, assessing nuclear damage could overestimate the contribution of nuclear hits to the final cell outcome.



REVISITING PARADIGMS: SUBCELLULAR TARGETS

Besides the DNA centered approach, in the last two decades, many studies have promoted a more integrated view of TAT radiobiology. They propose that other subcellular targets, including the cell membrane, mitochondria, and lysosomes (14), participate in the response to radiation. It should not be forgotten that alpha particles must traverse the cell membrane, cytoplasm including organelles, and nuclear membrane to reach the nucleus. Therefore, they might have some effects in these compartments, and the contribution of these extranuclear effects to cell death needs to be accurately assessed.

The study of extranuclear targets has been facilitated by the development of microbeam technologies. The first microbeam device was used by Zirkle and Bloom, and consisted of a 2 MV Van de Graaff accelerator that delivered protons (15). Today, new-generation microbeam devices allow reducing the radiation beam to sub-cellular dimensions using collimation assemblies and electromagnetic focusing (16). External alpha particle microbeam irradiation has been and is a very attractive tool for exploring the radiobiology of alpha particles at the subcellular scale (17), although different from TAT in terms of the used dose and dose rate, and the absence of vector (18, 19). The first reports using these microbeams in the 1990–2000s indicated that direct DNA damage hits and the whole cell should be considered as a sensor of radiation exposure (20, 21). Interestingly, dosimetric approaches confirmed the role of extranuclear targets during alpha particle irradiation (22). Microbeam technology has been also very useful to investigate bystander effects measured in neighboring non-irradiated cells (see below).



ALPHA IRRADIATION OF THE CELL MEMBRANE

Biological membranes are ubiquitous in cells and organelles. However, only few studies have investigated the cell membrane response to irradiation [reviewed in (23–25)]. The cell membrane is a 10-nm thick, orientated and dynamic bilayer constituted of lipids (30–80%; glycerophospholipids, sphingolipids), proteins (20–60%), and carbohydrates (0–10%). As molecules can move in the plane of the membrane (26), any fluidity change may have biological consequences. Lipids contain polyunsaturated fatty acids, and therefore they can be oxidized by HO° to generate lipid hydroperoxides (27) that are then degraded to reactive aldehyde products, including malondialdehyde and hydroxyalkenals (e.g., 4-HNE), with great reactivity toward DNA, proteins, and lipids. Lipid peroxidation disrupts the cell membrane conformation and biological functions.

In reality, cell membranes are not just a fluid mosaic explained by the low melting temperatures of phospholipids existing in a liquid disordered phase (26). Indeed, domains of about 50 nm in size that contain sphingolipids and are resistant to detergents have been identified in cell membranes. Their origin is explained by the higher melting temperature of sphingolipids (e.g., ceramide) and their tendency to interact with each other via hydrophilic interactions between lipid head groups. These domains, called lipid rafts, are stabilized by cholesterol (28, 29). Moreover, they can be extended into large domains by the addition of ceramide. This process might be favored by radiation because it can activate acid sphingomyelinase that catalyzes sphingomyelin hydrolysis into ceramide (30, 31). Then, ceramide aggregates into ceramide-enriched large platforms (lipid rafts) that contain ions channels, NADPH oxidase, receptors and enzymes, but it can also be a second messenger of apoptosis (32, 33). Ceramide is generated in the outer leaflet of the cell membrane, but can flip into the cytosolic side where it activates cytosolic phospholipase A2, protein phosphatase 2 and protein phosphatase 1. These serine/threonine phosphatases in turn activate MAP kinases, including extracellular signal-related kinase (ERK) 1 and 2, ERK5, c-Jun N-terminal kinase (JNK) 1 and 2, p38, protein kinase C isoforms, retinoblastoma proteins, and BCL-2 (34). Finally ceramide-enriched large domains participate in many cellular signaling pathways implicated in the regulation of potassium (35) and calcium (36) channels, cell death, cell survival, and inflammatory response. Several studies have reported the cell membrane role in alpha particle irradiation-induced cell death. For instance, Narayanan et al. suggested that plasma membrane-bound NADPH-oxidase is mainly responsible for the increased intracellular ROS production and that ROS response does not require direct nuclear or cellular hits (37). Nagasawa et al. showed by incubating CHO cells with filipin, a drug that disrupts lipid rafts and effectively inhibits membrane signaling, that signals arising in the cell membrane are involved in the bystander effects of low-fluence alpha particles (21). Similar findings were reported by Hanot et al. in osteoblastic cells exposed to alpha particle irradiation using a microbeam device (38). Seideman et al. showed that alpha particles produced by 225Ac-labeled antibodies can activate the sphingomyelin pathway to induce apoptosis (39). We demonstrated, using radiolabeled antibodies, that the cell membrane is a sensitive target of Auger (125I) (40, 41) and alpha (213Bi, 212Pb/212Bi) particle irradiation [(42); Figure 1]. We also showed that lipid raft formation and downstream signaling pathways participate in the cytotoxic and genotoxic effects in irradiated and also bystander cells. For example, although 125I is localized at and mostly irradiates the cell membrane, we found DNA damage also in the nucleus. When using Auger and alpha particle emitters, lipid raft formation contributes to nuclear DNA damage through signaling pathways that involve AKT, ERK1/2, p38 kinase, and JNK, together with phospholipase C-c, proline-rich tyrosine kinase 2, and paxillin (involved in Ca2+ fluxes) (40). Finally, we demonstrated that radiation-induced membrane modifications lead to cell death, and that inhibition of lipid raft formation restores cell survival.
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FIGURE 1. Overview of targeted and non-targeted effects of radiation. Alpha-particle irradiation of a cell population can induce targeted effects (in cells hit directly by particles) and non-targeted effects (in non-irradiated cells). Non-targeted effects can be detected at short distance (bystander effects) or at long distance (systemic effects). Genomic instability, another class of non-targeted effects, is not described here. In irradiated cells (targeted effects), alpha particles induce DSBs and non-DSB clustered DNA lesions (MDS) that are detected by ATM and activate the DNA damage response (11, 12). Alpha-particle irradiation of the cell membrane generates lipid peroxidation products (4-HNE, 4-hydroxy-2-nonenal; MDA, malondialdehyde) from polyunsaturated fatty acids (PUFA) (43). Alpha-particle irradiation can also activate acid sphingomyelinase (ASMase) and this leads to the rapid formation of ceramide through hydrolysis of sphingomyelin, a cell membrane phospholipid (38, 42). Ceramide-enriched large domains (lipid rafts) are formed by aggregation of ceramide, leading to activation of the mitogen-activated protein kinase (MAPK) pathway and its downstream effector, nuclear factor kappa B (NF-κB) (41). NF-κB induces the transcription of target genes, such as those encoding cytokines, COX-2, and inducible nitric oxide synthase (iNOS), followed by production of ROS and nitric oxide (NO) that contribute to oxidative stress (44). Irradiation can also increase the intracellular Ca2+ level (45) through release from the endoplasmic reticulum via calcium release mechanisms (46). Ca2+ can in turn activate protein kinase C, the MAPK pathway and transcription factors (NF-κB, AP1) that promote various downstream pathways (iNOS, COX-2). Mitochondria also are affected by alpha-particle irradiation (47–52). Ca2+ can be taken up by mitochondria, leading to ROS and RNS increase, mitochondrial DNA damage, altered ATP synthesis, mitochondrial depolarization, and release of cytochrome C and caspase 3. Mitochondrial fission also has been observed. Targeted cells can communicate with bystander cells through gap junctions or through the release of soluble factors. Extracellular vesicles, including exosomes, containing nucleic acids, lipids and proteins, might be released, and contribute to bystander immunity. Systemic effects may involve the immune system through the release of DAMPs that are recognized by antigen-presenting cells (e.g., dendritic cells, DC, that present antigenic peptides to CD4+ and CD8+ T lymphocytes for immune response activation). Altogether these effects contribute to tumor cell death.




ALPHA IRRADIATION OF CYTOPLASM AND MITOCHONDRIA

The first studies on cytoplasm irradiation were done by Zirkle and Bloom in 1953 (15), and in 1970, Munro showed that the cytoplasm is much less sensitive to irradiation than the nucleus (53). The notion that cytoplasm is not sensitive to radiation has been progressively reconsidered, and cytoplasm irradiation has been associated with bystander effects in studies using microbeams. Several groups (20, 43, 47, 48) found that targeted cytoplasmic irradiation induces oxidative DNA damage and also lipid peroxidation, as shown by the increased formation of 4-hydroxynonenal (43).

The cytoplasm contains many different organelles among which mitochondria represent up to 25% of the cell volume and constitute a prominent radiation target. The number and biogenesis of mitochondria are modified by alpha-particle irradiation through upregulation of genes encoding mitochondrial biomarkers (LONP1, TFAM) and mitochondrial DNA-encoded genes (MT-CYB, MT-RNR1) (45). Mitochondria are polarized organelles with a membrane potential (negative inside) that plays a crucial role in energy homeostasis. Loss of this potential is accompanied by cytochrome C release and then caspase activation involved in apoptosis. Moreover, mitochondria contain a circular double-stranded genome (mitochondrial DNA) that encodes proteins, as well as transfer and ribosomal RNAs. Mitochondrial DNA can be damaged by alpha particles and this affects mitochondrial functions (54, 55). It was also shown that high LET irradiation with carbon ions leads to mitochondria depolarization (49), and alpha-particle microbeam irradiation causes their fragmentation through mitochondrial fission that requires the mitochondrial fission protein dynamin-related protein 1 (DRP1) (50). Mitochondrial fission also participates in the phosphorylation of AMP activated protein kinase (AMPK) and in the activation of ERK1/2 signaling pathways (48). In addition, DRP-1 has a role in autophagy for the degradation of dysfunctional mitochondria to maintain the cellular energy homeostasis. Conversely, mitochondrial impairment following irradiation contributes to the persistence of oxidative stress through dysfunction of respiratory complex I, leading to intracellular increase in ROS production and mitochondrial DNA damage.

Mitochondrial damage plays a role also in bystander effects (see below). Indeed, signals detected in irradiated mitochondria could be transmitted to neighboring mitochondria via a reversible Ca2+- dependent mitochondrial permeability transition that results in enhanced ROS/reactive nitrogen species (RNS) generation (56). On the other side, impaired mitochondrial function in alpha-particle irradiated cells is associated with reduction in DNA mutations in bystander cells (51). Moreover, functional mitochondria are required for 53BP1 focus formation in directly hit and in bystander cells during cytoplasmic irradiation, independently of the dose to the nucleus (47).



REVISITING THE TARGET CELL THEORY: INVOLVEMENT OF BYSTANDER EFFECTS

Another change in the last 20 years concerned the reanalysis of the target cell theory (i.e., only cells traversed by particles can be killed) after the description of non-targeted effects. In vitro, non-targeted effects commonly comprise bystander effects, genomic instability, adaptive response, and low-dose hypersensitivity. In vivo, they also include long-range effects induced by the immune response activation (i.e., systemic or abscopal response to radiotherapy).

Bystander effects are characterized by cytotoxic and genotoxic modifications (DNA damage, chromosomal aberrations) in cells that are located in the proximity of irradiated cells, but that are not traversed by particles. In 1992, Nagasawa and Little were the first to show the involvement of bystander effects in alpha particle irradiation in CHO cells irradiated with low fluences of alpha particles produced by 238Pu (57). Their findings were confirmed and expanded by many other researchers (58–61). They observed that sister chromatid exchanges were increased in 30% of cells, although only 1% of nuclei were traversed by particles. This demonstrated that cells do not need to be traversed by particles (dose equal to zero) to be killed and that intercellular communications play a role (59, 60) because bystander effects are inhibited by drugs that block gap junctions, such as lindane (61). In turn, bystander cells also can communicate with irradiated cells (62).

As the cell membrane plays a central role in intercellular communications, many studies focused on its function in bystander effects. For example, in a model in which alpha-particle irradiated human macrophage-like cells (U937 line) are co-cultured with HL-7702 hepatocytes (bystander cells), inhibition of the cell membrane signaling pathway (cAMP transmission) by filipin prevents the protective effect (i.e., reduction of micronuclei) of bystander cells on irradiated cells (62). Hu et al. also showed that incubation of alpha-particle irradiated (241Am) fibroblasts with lindane, a drug that blocks gap junctions, strongly reduces the percentage of bystander cells harboring DNA DSBs, suggesting that genotoxic agents are transmitted via gap junctions (62).

We made similar observations by exposing different tumor cell lines (colorectal HCT116, squamous vulvar A-431, ovarian SK-OV-3 cells) to antibodies radiolabeled with an alpha particle emitter. First, we showed that clonogenic survival of cells incubated with conditioned medium from irradiated cells was significantly decreased, and determined that about 30–35% of cells were killed by bystander effects. We also highlighted the role of cell membrane in these bystander effects because irradiation in the presence of filipin or methyl-beta-cyclodextrin (MBCD), two compounds that disrupt lipid rafts, abolished these effects (40, 42). We then confirmed this finding in vivo in mice where combining Auger or alpha particle-based targeted radiotherapy with MBCD or pravastatin (inhibitor of cholesterol synthesis) decreased the therapy effect (tumor growth delay) (40, 42). This was accompanied by a decrease in the global DNA damage yield in tumors, indicating that lipid raft disruption has an effect on DNA damage. Moreover, in the tumors collected from these mice, DNA DSBs could be observed up to 1 mm from sites of radioactivity decay (40, 42). Finally, the consequence of these bystander effects in vivo is that tumor growth in mice treated with 212Pb-labeled monoclonal antibodies was less important than what one might have expected based on voxel dosimetry (42). These results are quite similar to those obtained by Belyakov et al. who using alpha-particle microbeam irradiation of reconstructed skin in a three-dimensional system found that radiation-induced biological effects can be measured also in non-irradiated tissue up to 1 mm from the directly irradiated area (63).

Another example of bystander effects comes from studies on 223RaCl2 that has been approved for patients with metastatic castration-resistant prostate cancer or with symptomatic bone metastases after at least two prior lines of systemic therapy (64, 65). Due to the range of bone sizes (from few millimeters to centimeters in thickness), cancer cells within bones do not receive a uniform dose and may also not be irradiated (Figure 2). In these non-irradiated or only sparsely irradiated cells, the impact of non-targeted effects may be crucial to achieve tumor control and regression. Suominen et al. monitored the localization of alpha particles by autoradiography in mice harboring LuCaP 58 (prostate cancer) cells in the tibia after a single intravenous administration of 223Ra (67). They detected 223Ra deposits mostly within the bone matrix and especially in the vicinity of osteoblasts, and less frequently co-localized with prostate cancer cells (67). Abou et al. used a mouse model of prostate cancer bone metastases in which osteoblastic (LNCaP) and osteolytic (PC3) cells are inoculated in the tibia to monitor the acute micro-distribution of 223Ra by autoradiography (68). They found that 223Ra does not localize directly in the tumor cells, but accumulates at the bone surface surrounding the lesion and at active bone modeling/remodeling sites (68). These radiologic features make conventional dosimetry less relevant. Indeed, stochastic variations in the energy deposited in cell nuclei are important because of the microscopic target size, low number of crossing alpha particles, and LET variation along the alpha particle track (69). These results are supported by a recent study indicating the participation of 223Ra-induced antiproliferative/cytotoxic bystander effects in delaying the growth of tumor cell xenografts (70). Overall, these preclinical results suggest that the better survival observed in patients treated with 223Ra could be explained also by cancer cell death induced by non-targeted effects arising from irradiated osteoblasts/osteoclasts.


[image: Figure 2]
FIGURE 2. Example of bystander effects at tissue scale and abscopal effects in patients exposed to TAT. Examples of bystander effects: (1) Strong heterogeneous distribution of radioactivity (212Pb-labeled monoclonal antibodies) in tumors of mice treated with TAT was unexpectedly accompanied by homogenous distribution of DNA damage, measured by immunofluorescence analysis of 53BP1 expression (modified from Ladjohounlou et al.). (2) Model of 223RaCl2 (Xofigo)-induced bystander effects in a bone metastasis. (3) Systemic effect induced in a patient with cutaneous squamous cell carcinoma (cSCC) who received alpha brachytherapy to one tumor lesion. Surprisingly, another tumor lesion far from the radiation area also was cured (66) (modified from Bellia et al.).


It is acknowledged that ROS and RNS, Ca2+ ions, ATP, and cytokines are involved in bystander effects (71–73). Extracellular vesicles (EVs) also might play a significant role in these intercellular communications. Exosomes are the smallest (50–150 nm) EVs released by irradiated cells through the fusion of multivesicular endosomal bodies with the plasma membrane (74). EVs are involved in many cellular processes, bystander effects, and activation of the immune system (75, 76). We recently showed that EVs are also are implicated in bystander effects during Auger-based targeted radiotherapy (77).



BYSTANDER IMMUNITY AND ABSCOPAL EFFECTS

Communications of irradiated cells with their microenvironment also include long-distance effects. In the 1950s, the possible role of radiotherapy-induced immune response against cancer cells was suggested. The description of cancer cell death at a distance from the radiation field led to the introduction of the abscopal effect concept (78). Briefly, irradiated cells can release damage-associated molecular patterns (DAMPs), including ATP, HMGB1, calreticulin, at the tumor cell surface. In normal conditions, antigen-presenting cells (APC) are present in the blood or in peripheral tissues. According to a precise spatiotemporal pattern, irradiation and the subsequent release of DAMPs can generate a local inflammatory microenvironment that favors the recruitment of immune cells through the secretion of cytokines by macrophages and immature dendritic cells. The subsequent recruitment of APCs (particularly dendritic cells) promotes their phagocytic activity mediated by toll-like receptors, leading to their maturation. Mature APCs express co-stimulating molecules (CD40, CD80, CD86, MHC I and II) of the immune response and chemokine receptors (CCR7) that drive mature APCs to lymph nodes where they prime a specific cytotoxic T lymphocyte-dependent immune response through cross-presentation of tumor-derived antigens to CD8+ and CD4+ T cells. This corresponds to the so-called adaptive immune response that is specific for dead cell-associated antigens.

Several reports indicate that alpha particle irradiation elicits an immune response. Gorin et al. showed that 213Bi irradiated MC-38 tumor cells release DAMPs that activate dendritic cells (79). In mice injected with 213Bi-treated MC-38 cells, this induces the adaptive immunity, and an efficient antitumor protection, and therefore alpha particles are an immunogenic cell death inducer, providing an attractive complement to their direct cytolytic effect on tumor cells.

There are also clinical evidences of the immune response involvement in TAT. A preliminary study on 15 men with metastatic prostate cancer without any autoimmune or immune deficiency condition found that 223Ra treatment was associated with a lower mean percentage of memory CD8+ T cells that express programmed cell death protein 1 (PD-L1), without any change in CD8+ T cells producing IFN-γ, TNF-α, and IL-13 (80). Another study reported the complete remission of a patient with cutaneous squamous cell carcinoma 76 days after intratumoral treatment with 224Ra-loaded seeds. Two other non-treated distant lesions also disappeared, possibly due to an immune-mediated abscopal effect. One year after the treatment, a complete remission of the treated lesion was observed as well as spontaneous regression of the untreated distant lesions [(66); Figure 2]. An ongoing phase Ib study combines the anti-PD-L1 antibody atezolizumab with 223Ra (NCT02814669) in metastatic castration-resistant prostate cancer.

Another attractive field actually supporting a more integrated view of radiobiology is the use of TAT to overcome resistance to medications of fungal or bacterial infections (81–84). Although bacteria do not present a nucleus as eukaryotic cancer cells, 213Bi-MAb D11 directed against pneumococcal capsular polysaccharide 8 (PPS8) was able to efficiently kill Streptococcus pneumoniae in vitro and to reduce bacterial load in C57BL/6 mice (81). Moreover, TAT was also efficient against fungal pathogen such as Cryptococcus neoformans by using 213Bi-18B7 mAb against capsular glucuronoxylomannan (81). TAT was associated with changes in concentration of the cytokines interleukin (IL)−2, IL-4, IL-10, tumor necrosis factor–α, and interferon-γ, suggesting that the therapeutic effects of TAT may result from changes in the inflammatory response (82). It is noteworthy that, conversely to cancer cells, infected cells are antigenically very different from host cells such that TAT is associated with specificity and low cross-reactivity (83).

It is worth noting also that non-targeted effects could also explain why some studies reported that non-specific control antibodies labeled with alpha-emitters were as efficient as specific ones for treating tumors (85). An hypothesis would be that tumor cells irradiated by the circulating non-specific antibody according to a cross fire mechanism could initiate a bystander and/or systemic response against tumor. This is likely to depend on several parameters such as tumor vascularization and radioactivity tumor uptake.



INVOLVEMENT OF CYTOSOLIC DOUBLE-STRANDED DNA IN THE SYSTEMIC RESPONSE?

Amongst DAMPs, unrepaired DNA damage in irradiated cells and the presence of cytosolic double-stranded DNA (dsDNA) seem to be critical signals for the establishment of the anti-tumor immunity response. Bioinformatic and meta-analyses highlighted the link between DNA damage repair/response components and mediators of the systemic response as well as the interactions between components of the innate immune response (pattern recognition receptors) and DNA repair proteins (BRCA1, XRCC1, DNA-PK, Ku70/80, and others) (25, 86).

Cytosolic tumor-derived dsDNA is sensed by cyclic GMP-AMP synthase (cGAS) to generate cGAMP required for the activation of stimulator of interferon genes (STING), resulting in the production of interferon-β and induction of several interferon-stimulated genes (87–89). The radiation-induced immunity and toxicities mediated by the cGAS-STING pathway were recently reviewed by Constanzo et al. (90). In addition, the use of high LET particles to trigger the immune response was reported by Durante and Formenti (91).

To date, it is still unclear how cytoplasmic dsDNA is transferred from cancer cells to immune cells, especially to dendritic cells. Transfer via exosomes has been suggested (75, 92). Radiation-induced pro-immunogenic effects in cancer cells are observed in conventional radiotherapy using X-rays with radiation doses from 2 Gy up to 30 Gy or more; however, the optimal radiation regimen to induce a clinically relevant anti-tumor immunity remains to be defined (93, 94). Although radiation-induced cytosolic dsDNA accumulation triggers the cGAS-STING pathway, Vanpouille-Box et al. demonstrated that the absorbed dose delivered to the tumor is critical. Indeed, at doses higher than 12 Gy, cytosolic dsDNA is cleared by three prime repair exonuclease 1 (TREX1), precluding the activation of the cGAS pathway to induce type I interferon, and abolishing the radiotherapy-induced anti-tumor immune response (95, 96). Based on these preclinical results, a phase II clinical trial was started in 2014 in patients with non-small-cell lung carcinoma who progressed after chemotherapy and with at least two measurable disease sites to determine whether radiation (6 Gy × 5 fractions) and immunotherapy (ipilimumab within 24 h of radiotherapy initiation) can stimulate the immune system and stop the growth of tumors that are outside the field of radiation (NCT02221739).



CONCLUSION: CONSEQUENCES OF NEW PARADIGMS FOR TAT RADIOBIOLOGY

The new concepts of TAT radiobiology described in the previous chapters and represented in Figures 1, 2 have several consequences. First, it seems unreasonable to state that only the cell nucleus plays a role in the outcome of irradiated cells and to ignore the other cell compartments. Literature data clearly indicate that all subcellular compartments communicate and that signals produced at the cell membrane or in the cytoplasm can have consequences in the nucleus and vice versa. For example, damaged DNA released in the cytoplasm of irradiated cells can activate immune cells. Irradiated cells also communicate with their neighbors, at short distance (bystander effects) or at longer distance via immune cell activation. These non-targeted effects may have immediate consequences on TAT efficacy (i.e., the probability of cancer cell death increases) and also on healthy tissues. They might also influence the dose-effect relations because cells receiving zero Gy might die.

In bystander effects, cells communicate with neighboring cells via gap junctions or by releasing soluble factors. A plethora of molecules (ROS, nitric oxide, cytokines, ATP, Ca2+ etc.) can be involved. EVs also might have a role. As oxidative metabolism is at the center of these signaling pathways, it seems difficult to state that alpha particles only act through direct ionization of DNA, although it might be predominant. We found that bystander effects contributes to 30% of cell killing after irradiation. It is likely that the contribution of non-targeted effects depends on the biological models (tumor, host) but also on physical parameters, including dose and dose rate. Particularly, non-targeted effects might modify the dose-effect relationship. For long time, it was thought that the survival curves of irradiated mammalian cells could be explained by unrepaired DSBs. Therefore, two hits should be required for low LET radiation (which are more likely to produce single-strand breaks), whereas a single hit of alpha particle should be enough to produce this lethal event. However, this is unlikely in term of dose required to produce simultaneously two hits in DNA (97), and also in terms of radiobiology.



AUTHOR CONTRIBUTIONS

J-PP and JC wrote the mini-review. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by SIRIC Montpellier Cancer Grant INCa_Inserm_DGOS_12553, by French National Research Agency as part of the Investissements d'Avenir program (ANR-10-LABX-53-01), by AVIESAN PCSI [grant number: ASC20025FSA], and by Fondation ARC pour la Recherche.



REFERENCES

 1. Kratochwil C, Giesel FL, Bruchertseifer F, Mier W, Apostolidis C, Boll R, et al. 213Bi-DOTATOC receptor-targeted alpha-radionuclide therapy induces remission in neuroendocrine tumours refractory to beta radiation: a first-in-human experience. Eur J Nucl Med Mol Imaging. (2014) 41:2106–19. doi: 10.1007/s00259-014-2857-9

 2. Kratochwil C, Bruchertseifer F, Giesel FL, Weis M, Verburg FA, Mottaghy F, et al. 225Ac-PSMA-617 for PSMA-targeted -radiation therapy of metastatic castration-resistant prostate cancer. J Nucl Med. (2016) 57:1941–4. doi: 10.2967/jnumed.116.178673

 3. Zirkle RE. The radiobiological importance of linear energy transfer. In: Hollaender A, editor. Radiation Biology. New York, NY: McGraw-Hill (1954). p. 315–50.

 4. Puck TT, Marcus PI. Action of x-rays on mammalian cells. J Exp Med. (1956) 103:653–66. doi: 10.1084/jem.103.5.653

 5. Barendsen GW. Dose-survival curves of human cells in tissue culture irradiated with alpha-, beta-, 20-KV.X- and 200-KV.X-radiation. Nature. (1962) 193:1153–5. doi: 10.1038/1931153a0

 6. Barendsen GW, Beusker TL. Effects of different ionizing radiations on human cells in tissue culture. I. Irradiation techniques and dosimetry. Radiat Res. (1960) 13:832–40.

 7. Barendsen GW, Beusker TLJ, Vergroesen AJ, Budke L. Effects of different ionizing radiations on human cells in tissue culture: II. Biological experiments. Radiat Res. (1960) 13:841. doi: 10.2307/3570859

 8. Pouget J-P, Frelon S, Ravanat J-L, Testard I, Odin F, Cadet J. Formation of modified DNA bases in cells exposed either to gamma radiation or to high-LET particles. Radiat Res. (2002) 157:589–95. doi: 10.1667/0033-7587(2002)157[0589:fomdbi]2.0.co;2

 9. Lomax ME, Gulston MK, O'Neill P. Chemical aspects of clustered DNA damage induction by ionising radiation. Radiat Prot Dosimetry. (2002) 99:63–8. doi: 10.1093/oxfordjournals.rpd.a006840

 10. O'Neill P, Wardman P. Radiation chemistry comes before radiation biology. Int J Radiat Biol. (2009) 85:9–25. doi: 10.1080/09553000802640401

 11. Horn S, Brady D, Prise K. Alpha particles induce pan-nuclear phosphorylation of H2AX in primary human lymphocytes mediated through ATM. Biochim Biophys Acta Mol Cell Res. (2015) 1853:2199–206. doi: 10.1016/j.bbamcr.2015.06.010

 12. Cheng L, Brzozowska-Wardecka B, Lisowska H, Wojcik A, Lundholm L. Impact of ATM and DNA-PK inhibition on gene expression and individual response of human lymphocytes to mixed beams of alpha particles and X-rays. Cancers. (2019) 11:2013. doi: 10.3390/cancers11122013

 13. Mavragani I, Nikitaki Z, Souli M, Aziz A, Nowsheen S, Aziz K, et al. Complex DNA damage: a route to radiation-induced genomic instability and carcinogenesis. Cancers. (2017) 9:91. doi: 10.3390/cancers9070091

 14. Persson HL, Kurz T, Eaton JW, Brunk UT. Radiation-induced cell death: importance of lysosomal destabilization. Biochem J. (2005) 389:877–84. doi: 10.1042/BJ20050271

 15. Zirkle RE, Bloom W. Irradiation of parts of individual cells. Science. (1953) 117:487–93. doi: 10.1126/science.117.3045.487

 16. Ghita M, Fernandez-Palomo C, Fukunaga H, Fredericia PM, Schettino G, Bräuer-Krisch E, et al. Microbeam evolution: from single cell irradiation to pre-clinical studies. Int J Radiat Biol. (2018) 94:708–18. doi: 10.1080/09553002.2018.1425807

 17. Barberet P, Seznec H. Advances in microbeam technologies and applications to radiation biology: table 1. Radiat Prot Dosimetry. (2015) 166:182–7. doi: 10.1093/rpd/ncv192

 18. Pouget J-P, Lozza C, Deshayes E, Boudousq V, Navarro-Teulon I. Introduction to radiobiology of targeted radionuclide therapy. Front Med. (2015) 2:12. doi: 10.3389/fmed.2015.00012

 19. Pouget J-P, Navarro-Teulon I, Bardiès M, Chouin N, Cartron G, Pèlegrin A, et al. Clinical radioimmunotherapy—the role of radiobiology. Nat Rev Clin Oncol. (2011) 8:720–34. doi: 10.1038/nrclinonc.2011.160

 20. Shao C, Folkard M, Michael BD, Prise KM. Targeted cytoplasmic irradiation induces bystander responses. Proc Natl Acad Sci USA. (2004) 101:13495–500. doi: 10.1073/pnas.0404930101

 21. Nagasawa H, Cremesti A, Kolesnick R, Fuks Z, Little JB. Involvement of membrane signaling in the bystander effect in irradiated cells. Cancer Res. (2002) 62:2531–4.

 22. Chouin N, Bernardeau K, Davodeau F, Chérel M, Faivre-Chauvet A, Bourgeois M, et al. Evidence of extranuclear cell sensitivity to alpha-particle radiation using a microdosimetric model. I. Presentation and validation of a microdosimetric model. Radiat Res. (2009) 171:657–63. doi: 10.1667/RR1371.1

 23. Corre I, Guillonneau M, Paris F. Membrane Signaling induced by high doses of ionizing radiation in the endothelial compartment. Relevance in radiation toxicity. Int J Mol Sci. (2013) 14:22678–96. doi: 10.3390/ijms141122678

 24. Prise KM, Schettino G, Folkard M, Held KD. New insights on cell death from radiation exposure. Lancet Oncol. (2005) 6:520–8. doi: 10.1016/S1470-2045(05)70246-1

 25. Pouget J-P, Georgakilas AG, Ravanat J-L. Targeted and off-target (bystander and abscopal) effects of radiation therapy: redox mechanisms and risk/benefit analysis. Antioxid Redox Signal. (2018) 29:1447–87. doi: 10.1089/ars.2017.7267

 26. Singer SJ, Nicolson GL. The fluid mosaic model of the structure of cell membranes. Science. (1972) 175:720–31. doi: 10.1126/science.175.4023.720

 27. Catalá A. Lipid peroxidation of membrane phospholipids generates hydroxy-alkenals and oxidized phospholipids active in physiological and/or pathological conditions. Chem Phys Lipids. (2009) 157:1–11. doi: 10.1016/j.chemphyslip.2008.09.004

 28. Lingwood D, Simons K. Lipid rafts as a membrane-organizing principle. Science. (2010) 327:46–50. doi: 10.1126/science.1174621

 29. Reynolds CP, Maurer BJ, Kolesnick RN. Ceramide synthesis and metabolism as a target for cancer therapy. Cancer Lett. (2004) 206:169–80. doi: 10.1016/j.canlet.2003.08.034

 30. Scheel-Toellner D, Wang K, Craddock R, Webb PR, McGettrick HM, Assi LK, et al. Reactive oxygen species limit neutrophil life span by activating death receptor signaling. Blood. (2004) 104:2557–64. doi: 10.1182/blood-2004-01-0191

 31. Santana P, Peña LA, Haimovitz-Friedman A, Martin S, Green D, McLoughlin M, et al. Acid sphingomyelinase–deficient human lymphoblasts and mice are defective in radiation-induced apoptosis. Cell. (1996) 86:189–99. doi: 10.1016/S0092-8674(00)80091-4

 32. Haimovitz-Friedman A, Kan CC, Ehleiter D, Persaud RS, McLoughlin M, Fuks Z, et al. Ionizing radiation acts on cellular membranes to generate ceramide and initiate apoptosis. J Exp Med. (1994) 180:525–35. doi: 10.1084/jem.180.2.525

 33. Kolesnick R, Fuks Z. Radiation and ceramide-induced apoptosis. Oncogene. (2003) 22:5897–906. doi: 10.1038/sj.onc.1206702

 34. Chalfant CE, Kishikawa K, Mumby MC, Kamibayashi C, Bielawska A, Hannun YA. Long chain ceramides activate protein phosphatase-1 and protein phosphatase-2A. J Biol Chem. (1999) 274:20313–7. doi: 10.1074/jbc.274.29.20313

 35. Bock J, Szabó I, Gamper N, Adams C, Gulbins E. Ceramide inhibits the potassium channel Kv1.3 by the formation of membrane platforms. Biochem Biophys Res Commun. (2003) 305:890–7. doi: 10.1016/S0006-291X(03)00763-0

 36. Church LD. TNFR1-induced sphingomyelinase activation modulates TCR signaling by impairing store-operated Ca2+ influx. J Leukocyte Biol. (2005) 78:266–78. doi: 10.1189/jlb.1003456

 37. Narayanan PK, Goodwin EH, Lehnert BE. Alpha particles initiate biological production of superoxide anions and hydrogen peroxide in human cells. Cancer Res. (1997) 57:3963–71.

 38. Hanot M, Hoarau J, Carrière M, Angulo JF, Khodja H. Membrane-dependent bystander effect contributes to amplification of the response to alpha-particle irradiation in targeted and nontargeted cells. Int J Radiat Oncol Biol Phys. (2009) 75:1247–53. doi: 10.1016/j.ijrobp.2009.07.014

 39. Seideman JH, Stancevic B, Rotolo JA, McDevitt MR, Howell RW, Kolesnick RN, et al. Alpha particles induce apoptosis through the sphingomyelin pathway. Radiat Res. (2011) 176:434–46. doi: 10.1667/RR2472.1

 40. Paillas S, Ladjohounlou R, Lozza C, Pichard A, Boudousq V, Jarlier M, et al. Localized irradiation of cell membrane by auger electrons is cytotoxic through oxidative stress-mediated nontargeted effects. Antioxid Redox Signal. (2016) 25:467–84. doi: 10.1089/ars.2015.6309

 41. Pouget J-P, Santoro L, Raymond L, Chouin N, Bardiès M, Bascoul-Mollevi C, et al. Cell membrane is a more sensitive target than cytoplasm to dense ionization produced by auger electrons. Radiat Res. (2008) 170:192–200. doi: 10.1667/RR1359.1

 42. Ladjohounlou R, Lozza C, Pichard A, Constanzo J, Karam J, Le Fur P, et al. Drugs that modify cholesterol metabolism alter the p38/JNK-mediated targeted and nontargeted response to alpha and auger radioimmunotherapy. Clin Cancer Res. (2019) 25:4775–90. doi: 10.1158/1078-0432.CCR-18-3295

 43. Hong M, Xu A, Zhou H, Wu L, Randers-Pehrson G, Santella RM, et al. Mechanism of genotoxicity induced by targeted cytoplasmic irradiation. Br J Cancer. (2010) 103:1263–8. doi: 10.1038/sj.bjc.6605888

 44. Tomita M, Matsumoto H, Funayama T, Yokota Y, Otsuka K, Maeda M, et al. Nitric oxide-mediated bystander signal transduction induced by heavy-ion microbeam irradiation. Life Sci Space Res. (2015) 6:36–43. doi: 10.1016/j.lssr.2015.06.004

 45. Baljinnyam E, Venkatesh S, Gordan R, Mareedu S, Zhang J, Xie L-H, et al. Effect of densely ionizing radiation on cardiomyocyte differentiation from human-induced pluripotent stem cells. Physiol Rep. (2017) 5:e13308. doi: 10.14814/phy2.13308

 46. Dong C, Tu W, He M, Fu J, Kobayashi A, Konishi T, et al. Role of endoplasmic reticulum and mitochondrion in proton microbeam radiation-induced bystander effect. Radiat Res. (2019) 193:63. doi: 10.1667/RR15469.1

 47. Tartier L, Gilchrist S, Burdak-Rothkamm S, Folkard M, Prise KM. Cytoplasmic irradiation induces mitochondrial-dependent 53BP1 protein relocalization in irradiated and bystander cells. Cancer Res. (2007) 67:5872–9. doi: 10.1158/0008-5472.CAN-07-0188

 48. Wu J, Zhang B, Wuu Y-R, Davidson MM, Hei TK. Targeted cytoplasmic irradiation and autophagy. Mutat Res. (2017) 806:88–97. doi: 10.1016/j.mrfmmm.2017.02.004

 49. Walsh DWM, Siebenwirth C, Greubel C, Ilicic K, Reindl J, Girst S, et al. Live cell imaging of mitochondria following targeted irradiation in situ reveals rapid and highly localized loss of membrane potential. Sci Rep. (2017) 7:46684. doi: 10.1038/srep46684

 50. Zhang B, Davidson MM, Zhou H, Wang C, Walker WF, Hei TK. Cytoplasmic irradiation results in mitochondrial dysfunction and DRP1-dependent mitochondrial fission. Cancer Res. (2013) 73:6700–10. doi: 10.1158/0008-5472.CAN-13-1411

 51. Zhou H, Ivanov VN, Lien Y-C, Davidson M, Hei TK. Mitochondrial function and nuclear factor-κB–mediated signaling in radiation-induced bystander effects. Cancer Res. (2008) 68:2233–40. doi: 10.1158/0008-5472.CAN-07-5278

 52. Zhang B, Davidson MM, Hei TK. Mitochondria regulate DNA damage and genomic instability induced by high LET radiation. Life Sci Space Res. (2014) 1:80–8. doi: 10.1016/j.lssr.2014.02.006

 53. Munro TR. The relative radiosensitivity of the nucleus and cytoplasm of Chinese hamster fibroblasts. Radiat Res. (1970) 42:451. doi: 10.2307/3572962

 54. Nugent S, Mothersill CE, Seymour C, McClean B, Lyng FM, Murphy JEJ. Altered mitochondrial function and genome frequency post exposure to γ-radiation and bystander factors. Int J Radiat Biol. (2010) 86:829–41. doi: 10.3109/09553002.2010.486019

 55. Kim JG, Chandrasekaran K, Morgan FW. Mitochondrial dysfunction, persistently elevated levels of reactive oxygen species and radiation-induced genomic instability: a review. Mutagenesis. (2006) 21:361–7. doi: 10.1093/mutage/gel048

 56. Leach JK, Van Tuyle G, Lin PS, Schmidt-Ullrich R, Mikkelsen RB. Ionizing radiation-induced, mitochondria-dependent generation of reactive oxygen/nitrogen. Cancer Res. (2001) 61:3894–901.

 57. Nagasawa H, Little JB. Induction of sister chromatid exchanges by extremely low doses of alpha-particles. Cancer Res. (1992) 52:6394–6.

 58. Wang R, Coderre JA. A bystander effect in alpha-particle irradiations of human prostate tumor cells. Radiat Res. (2005) 164:711–22. doi: 10.1667/3475.1

 59. Matejka N, Reindl J. Influence of α-particle radiation on intercellular communication networks of tunneling nanotubes in U87 glioblastoma cells. Front Oncol. (2020) 10:1691. doi: 10.3389/fonc.2020.01691

 60. Morgan WF. Non-targeted and delayed effects of exposure to ionizing radiation: I. Radiation-induced genomic instability and bystander effects in vitro. Radiat Res. (2003) 159:567–80. doi: 10.1667/0033-7587(2003)159[0567:nadeoe]2.0.co;2

 61. Hu B, Han W, Wu L, Feng H, Liu X, Zhang L, et al. In situ visualization of DSBs to assess the extranuclear/extracellular effects induced by low-dose α-particle irradiation. Radiat Res. (2005) 164:286–91. doi: 10.1667/RR3415.1

 62. He M, Dong C, Xie Y, Li J, Yuan D, Bai Y, et al. Reciprocal bystander effect between α-irradiated macrophage and hepatocyte is mediated by cAMP through a membrane signaling pathway. Mutat Res. (2014) 763–764:1–9. doi: 10.1016/j.mrfmmm.2014.03.001

 63. Belyakov OV, Mitchell SA, Parikh D, Randers-Pehrson G, Marino SA, Amundson SA, et al. From the cover: biological effects in unirradiated human tissue induced by radiation damage up to 1 mm away. Proc Natl Acad Sci USA. (2005) 102:14203–8. doi: 10.1073/pnas.0505020102

 64. Gazzilli M, Durmo R, Cossalter E, Cerudelli E, Panarotto MB, Albano D, et al. Three years' clinical practice of Radium-223 therapy in patients with symptomatic bone metastases from metastatic castrate-resistant prostate cancer: a single-centre experience. Nucl Med Commun. (2020) 41:300–7. doi: 10.1097/MNM.0000000000001164

 65. Parker C, Nilsson S, Heinrich D, Helle SI, O'Sullivan JM, Fosså SD, et al. Alpha emitter radium-223 and survival in metastatic prostate cancer. N Engl J Med. (2013) 369:213–23. doi: 10.1056/NEJMoa1213755

 66. Bellia S, Feliciani G, Duca M, Monti M, Turri V, Sarnelli A, et al. Clinical evidence of abscopal effect in cutaneous squamous cell carcinoma treated with diffusing alpha emitters radiation therapy: a case report. J Contemp Brachytherapy. (2019) 11:449–57. doi: 10.5114/jcb.2019.88138

 67. Suominen MI, Fagerlund KM, Rissanen JP, Konkol YM, Morko JP, Peng Z, et al. Radium-223 inhibits osseous prostate cancer growth by dual targeting of cancer cells and bone microenvironment in mouse models. Clin Cancer Res. (2017) 23:4335–46. doi: 10.1158/1078-0432.CCR-16-2955

 68. Abou DS, Ulmert D, Doucet M, Hobbs RF, Riddle RC, Thorek DLJ. Whole-body and microenvironmental localization of radium-223 in naïve and mouse models of prostate cancer metastasis. J Natl Cancer Inst. (2016) 108:djv380. doi: 10.1093/jnci/djv380

 69. Chouin N, Bardies M. Alpha-particle microdosimetry. Curr Radiopharm. (2011) 4:266–80. doi: 10.2174/1874471011104030266

 70. Leung CN, Canter BS, Rajon D, Bäck TA, Fritton JC, Azzam EI, et al. Dose-dependent growth delay of breast cancer xenografts in the bone marrow of mice treated with 223 Ra: the role of bystander effects and their potential for therapy. J Nucl Med. (2020) 61:89–95. doi: 10.2967/jnumed.119.227835

 71. Azzam EI, de Toledo SM, Little JB. Oxidative metabolism, gap junctions and the ionizing radiation-induced bystander effect. Oncogene. (2003) 22:7050–7. doi: 10.1038/sj.onc.1206961

 72. Lyng FM, Maguire P, McClean B, Seymour C, Mothersill C. The involvement of calcium and MAP kinase signaling pathways in the production of radiation-induced bystander effects. Radiat Res. (2006) 165:400–9. doi: 10.1667/RR3527.1

 73. Hei TK, Zhou H, Ivanov VN, Hong M, Lieberman HB, Brenner DJ, et al. Mechanism of radiation-induced bystander effects: a unifying model. J Pharm Pharmacol. (2010) 60:943–50. doi: 10.1211/jpp.60.8.0001

 74. Malloci M, Perdomo L, Veerasamy M, Andriantsitohaina R, Simard G, Martínez MC. Extracellular vesicles: mechanisms in human health and disease. Antioxid Redox Signal. (2019) 30:813–56. doi: 10.1089/ars.2017.7265

 75. Diamond JM, Vanpouille-Box C, Spada S, Rudqvist N-P, Chapman JR, Ueberheide BM, et al. Exosomes shuttle TREX1-sensitive IFN-stimulatory dsDNA from irradiated cancer cells to DCs. Cancer Immunol Res. (2018) 6:910–20. doi: 10.1158/2326-6066.CIR-17-0581

 76. Jelonek K, Widlak P, Pietrowska M. The influence of ionizing radiation on exosome composition, secretion and intercellular communication. Protein Pept Lett. (2016) 23:656–63. doi: 10.2174/0929866523666160427105138

 77. Karam J, Constanzo J, Pichard A, Chopineau J, Gros L, Morille M, et al. Rapid communication: insights into the role of extracellular vesicles during auger radioimmunotherapy. Int J. Radiat. Biol. (2021).

 78. Mole RH. Whole body irradiation; radiobiology or medicine? Br J Radiol. (1953) 26:234–41. doi: 10.1259/0007-1285-26-305-234

 79. Gorin J-B, Ménager J, Gouard S, Maurel C, Guilloux Y, Faivre-Chauvet A, et al. Antitumor immunity induced after α irradiation. Neoplasia. (2014) 16:319–28. doi: 10.1016/j.neo.2014.04.002

 80. Kim JW, Shin MS, Kang Y, Kang I, Petrylak DP. Immune analysis of radium-223 in patients with metastatic prostate cancer. Clin Genitourin Cancer. (2018) 16:e469–76. doi: 10.1016/j.clgc.2017.10.010

 81. Dadachova E, Burns T, Bryan RA, Apostolidis C, Brechbiel MW, Nosanchuk JD, et al. Feasibility of radioimmunotherapy of experimental pneumococcal infection. Antimicrob Agents Chemother. (2004) 48:1624–9. doi: 10.1128/AAC.48.5.1624-1629.2004

 82. Dadachova E, Bryan RA, Apostolidis C, Morgenstern A, Zhang T, Moadel T, et al. Interaction of Radiolabeled antibodies with fungal cells and components of the immune system in vitro and during radioimmunotherapy for experimental fungal infection. J Infect Dis. (2006) 193:1427–36. doi: 10.1086/503369

 83. Shah M, Garg G, Dadachova E. Preclinical testing of radiopharmaceuticals for novel applications in HIV, bacterial and fungal infectious diseases. Q J Nucl Med Mol Imaging. (2015) 59:317–26.

 84. van Dijk B, Lemans JVC, Hoogendoorn RM, Dadachova E, de Klerk JMH, Vogely HC, et al. Treating infections with ionizing radiation: a historical perspective and emerging techniques. Antimicrob Resist Infect Control. (2020) 9:121. doi: 10.1186/s13756-020-00775-w

 85. Milenic DE, Garmestani K, Brady ED, Albert PS, Ma D, Abdulla A, et al. Targeting of HER2 antigen for the treatment of disseminated peritoneal disease. Clin Cancer Res. (2004) 10:7834–41. doi: 10.1158/1078-0432.CCR-04-1226

 86. Nikitaki Z, Mavragani IV, Laskaratou DA, Gika V, Moskvin VP, Theofilatos K, et al. Systemic mechanisms and effects of ionizing radiation: a new ‘old' paradigm of how the bystanders and distant can become the players. Semin Cancer Biol. (2016) 37–38:77–95. doi: 10.1016/j.semcancer.2016.02.002

 87. Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, Röhl I, et al. cGAS produces a 2'-5'-linked cyclic dinucleotide second messenger that activates STING. Nature. (2013) 498:380–4. doi: 10.1038/nature12306

 88. Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, et al. STING-dependent cytosolic DNA sensing promotes radiation-induced type I interferon-dependent antitumor immunity in immunogenic tumors. Immunity. (2014) 41:843–52. doi: 10.1016/j.immuni.2014.10.019

 89. Vanpouille-Box C, Demaria S, Formenti SC, Galluzzi L. Cytosolic DNA sensing in organismal tumor control. Cancer Cell. (2018) 34:361–78. doi: 10.1016/j.ccell.2018.05.013

 90. Constanzo J, Faget J, Ursino C, Badie C, Pouget J-P. Radiation-induced immunity and toxicities: the versatility of the cGAS-STING pathway. Front Immunol. (2021) 12:680503. doi: 10.3389/fimmu.2021.680503

 91. Durante M, Formenti S. Harnessing radiation to improve immunotherapy: better with particles? Br J Radiol. (2020) 93:20190224. doi: 10.1259/bjr.20190224

 92. Kitai Y, Kawasaki T, Sueyoshi T, Kobiyama K, Ishii KJ, Zou J, et al. DNA-containing exosomes derived from cancer cells treated with topotecan activate a STING-dependent pathway and reinforce antitumor immunity. J Immunol. (2017) 198:1649–59. doi: 10.4049/jimmunol.1601694

 93. Kumari A, Simon SS, Moody TD, Garnett-Benson C. Immunomodulatory effects of radiation: what is next for cancer therapy? Future Oncol. (2015) 12:239–56. doi: 10.2217/fon.15.300

 94. Vanpouille-Box C, Pilones KA, Wennerberg E, Formenti SC, Demaria S. In situ vaccination by radiotherapy to improve responses to anti-CTLA-4 treatment. Vaccine. (2015) 33:7415–22. doi: 10.1016/j.vaccine.2015.05.105

 95. Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y, Diamond JM, Schneider RJ, et al. DNA exonuclease Trex1 regulates radiotherapy-induced tumour immunogenicity. Nat Commun. (2017) 8:15618. doi: 10.1038/ncomms15618

 96. Vanpouille-Box C, Formenti SC, Demaria S. TREX1 dictates the immune fate of irradiated cancer cells. Oncoimmunology. (2017) 6:e1339857. doi: 10.1080/2162402X.2017.1339857

 97. Joiner MC, Bentzen SM. Fractionation: the linear-quadratic approach. In: Basic Clinical Radiobiology. CRC Press (2009). p. 360.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Pouget and Constanzo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_2.gif
2L
Probabxhty(}{:khxts):%e 2 (2)





OPS/images/math_3.gif
0
Probability (X = 0 hits) = % Ead

®





OPS/images/inline_1.gif





OPS/images/math_1.gif
n/n0

B

0]





OPS/images/math_4.gif
NG
D40 o 1n(SF) = —eD — 8D






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Revisiting the Radiobiology of Targeted Alpha Therapy



		Introduction



		The Target Cell Paradigm



		From Physical and Chemical Events to DNA Damage



		The DNA Centered Approach: Alpha Particles Generate Multiple Damage Sites in DNA



		Revisiting Paradigms: Subcellular Targets



		Alpha Irradiation of the Cell Membrane



		Alpha Irradiation of Cytoplasm and Mitochondria



		Revisiting the Target Cell Theory: Involvement of Bystander Effects



		Bystander Immunity and Abscopal Effects



		Involvement of Cytosolic Double-Stranded DNA in the Systemic Response?



		Conclusion: Consequences of New Paradigms For TAT Radiobiology



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Revisiting the Radiobiology of
Targeted Alpha Therapy





OPS/images/fmed-08-692436-g001.gif





OPS/images/fmed-08-692436-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





