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Auger electron emitters are considered to be a promising strategy for targeted radionuclide therapy of metastatic diseases, given their high linear energy transfer (LET) and short range in tissue which could potentially limit normal tissue toxicity. Particularly Auger electron emitters that can be targeted into the DNA of tumor cells have been considered as an attractive cancer therapy in the past decade. In this study, the efficiency of the Auger electron emitter 123I (half-life 13.2 h) to induce chromosomal damage was investigated by using the cytokinesis-block micronucleus assay. A stannylated deoxyuridine was synthesized and radiolabeled with 123I, resulting in 123IUdR that carried the Auger electron emitter across the nuclear membrane and allowed its incorporation into newly synthesized DNA. The DNA damage caused by the 123I Auger cascade was estimated by evaluating the induced micronuclei frequencies in human peripheral blood lymphocytes obtained from three different donors. The isolated lymphocytes were stimulated with phytohemagglutinin (1 mg/ml) for 48 h before pulse labeling with 123IUdR and the S-phase fraction was determined using flow cytometry. Geant4 Monte Carlo calculations were performed to determine the absorbed dose in cells by the Auger emitter. The relative biological effectiveness (RBE) was calculated by comparing the dose response curves for 123IUdR with the reference dose response curves, obtained with 60Co γ-ray irradiation in this study, for lymphocytes of the same donors. This resulted in a range of individual RBE values from 3 up to 10, depending on the donor and the radiation dose. In addition, dose limiting RBE values (RBEMax) were calculated for each donor and ranged from 5 to 11, dependent on the inherent radiosensitivity of the donors. This study provides valuable information on the RBE of Auger electron emitter 123I, which is identified as a promising theranostic radionuclide for future targeted radionuclide therapy.
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INTRODUCTION
The Auger effect refers to the emission of a cascade of low energy electrons, including Auger, Coster-Kronig (CK), and super-CK electrons (collectively called Auger electrons) as a result of radioactive decay by electron capture or internal conversion. Both processes result in the creation of inner shell electron vacancies that are filled by electron transitions from shells of higher energy, resulting in the release of energy either as characteristic x-rays or as low-energy Auger electrons [1, 2]. The Auger effect was first discovered in independent work by Lize Meitner and Pierre Auger in the 1920’s [3–5]. Many radionuclides that are commonly used in nuclear medicine follow this decay process, including 123I, 125I, 67Ga, 99mTc, 111In, 201Tl and others as described in Ref. 6. However, it took many years since the discovery of Auger electrons before radiobiologists observed the extreme cytotoxic effect of Auger electron emitters, particularly when they are incorporated into the nucleus of cells [7, 8]. This prompted the interest to use Auger electron emitters as a promising radionuclide therapy for the treatment of various types of cancer [6, 9]. Radionuclide therapy, as an alternative to external beam radiotherapy or brachytherapy, almost exclusively uses energetic electrons from particle emitting isotopes. It takes advantage of their limited range in tissue in order to deliver relatively high doses to tumors whilst sparing surrounding healthy tissue. The most commonly used β-particle emitters have a tissue penetration range in the order of up to 1–10 mm, depending on the energy, characterized by a low linear energy transfer (LET) of approximately 0.2 keV/μm [10]. Consequently, high radionuclide concentrations are required in the targeted tissue to make them effective. The β-particle emitters also induce a cross-fire effect, which results in the irradiation of not only the target cell but additional neighboring cells in their range. This might be beneficial to homogenize the radiation dose in large solid tumors, but it is rather disadvantageous for the treatment of a small cluster of tumor cells and it might also result in greater hematological toxicity [10–12]. In recent years, α-particle emitters have regained interest and popularity, based on new, optimized production processes and the availability of various targeting vectors, such as monoclonal antibodies [13, 14]. Their range in tissues is about 50–100 µm depending on the α-particle energy. Since they deposit most of their energy at the end of their track in a very small volume with a high relative biological effectiveness (RBE), cancer cells can be significantly damaged while causing minimal toxicity to surrounding healthy cells. Recent clinical studies have given encouraging results for targeted alpha-particle therapy (TAT) in the treatment of metastatic, castration-resistant prostate cancer and the number of promising radiopharmaceuticals for clinical TAT is growing rapidly [15, 16]. However, while it has been a long-standing research goal, the majority of the Auger electron emitter therapy studies still remain preclinical [10]. Both α-particle and Auger electron emitters are considered as high LET radiation qualities; with an LET of 80–100 keV/μm for α-particle emitters and an LET of 4–26 keV/μm for Auger electron emitters [15]. As a result, the path length of Auger electrons is much shorter compared to α-particles, typically <0.5 µm [16]. Another important difference is the lack of a cross-fire effect for Auger electron emitters. For α-particle emitters on the contrary, recent studies did observe a significant therapeutic effect on large tumors, pointing in the direction of a cross-fire effect [17, 18]. In the situation of DNA-associated decay, the RBE of Auger electrons is very similar to α-particles. The main challenge for Auger emitter therapy remains the requirement to target the radioisotope into individual tumor cells and more specifically, into the nucleus of those cell. On the other hand, this makes Auger emitters even more appealing, since they have a lower toxicity when they decay outside the cell nucleus (e.g., cytoplasm or outside cells), in contrast to α- and β-particle emitters [8, 19]. However, a growing body of evidence suggests that internalization in the cell nucleus is not obligatory for Auger electron emitters to induce cell killing, although the cytotoxic effect is less prominent than in the case of nuclear DNA targeting [20, 21].
Since nuclear localization seems to be of critical importance for the efficacy of Auger emitter therapy, several labeling methods and experimental approaches have been tested in the past decades in order to target Auger emitter to the nucleus of cancer cells [6]. More recent radiolabeling efforts are focused on monoclonal antibodies or peptides that recognize cell surface receptors displayed on cancer cells [22]. However, most of the pioneering work has come from using radiolabeled iododeoxyuridine, in particular with 125I- or 123I-5-iodo-2-deoxyuridine (IUdR) [16]. These thymidine analogues are directly incorporated into cellular DNA during the synthesis-phase (S-phase) of the cell cycle and provide one of the most reliable methods for the experimental measurement of the radiobiological effects of these nanometer range Auger emitters [10]. The dependence on the synthesis phase of the cell cycle for the incorporation poses a restriction to in vivo applications, but it is still very useful for in vitro proof of principle studies.
While 125I is one of the more commonly used radioisotopes to study in vivo and in vitro Auger electron induced DNA damage, 123I was chosen for this study. Despite the fact that it only releases about 14% of its decay energy in the form of Auger electrons, its relatively short half-life of 13.2 h makes it possible to deposit biologically detectable quantities of radiation energy over a short period of time. It makes this radioisotope also a good candidate for therapy, since this half-life would adapt well for peptide or oligonucleotide labeling and the biodistribution could be followed by scintigraphy based on the 159 keV γ-radiation [10]. The relatively long half-life of 125I (59.4 days) would require exposing the cells to the isotope for weeks to accumulate enough disintegrations that result in detectable levels of biological damage. Using such long lived isotopes requires cryogenic freezing of in vitro cell samples in a mixture containing dimethyl sulfoxide (DMSO). The latter is a free radical scavenger with radio-protective properties and previous studies have shown a significant reduction in biological effects of DNA-bound Auger emitters in the presence of DMSO, pointing to the importance of indirect effects [23]. Therefore, it was decided to use 123I in this study, so the cell samples could be exposed to the radionuclide under normal physiological conditions.
The short range of the Auger electrons coincides with the 2 nm diameter of the DNA helix, since the typical high LET Auger emitter cascade will deposit its highest energy in a range of 1–2 nm [24]. Therefore, it is generally accepted that one decay of 125I and 123I associated with the DNA, will result in one DNA double-strand break (DSB). In addition, Auger electron emitters also damage the cells indirectly via the radiolysis of water and the production of free radicals, such as reactive oxygen species (ROS). More recently, several studies have investigated the non-targeted effect of Auger-electron emitters, known as bystander effects, on more distant cells [25–27]. Previous studies which made use of 125I- and 123I-iododeoxyuridine (IUdR) measured RBE values of 8 and 7 respectively in Chinese hamster V79 lung fibroblasts [24, 28]. It has been demonstrated by several authors that Auger electron emitters will cause complex and multiple DSB to the DNA via direct interaction or through the ROS production [29, 30], which can result in cell death if unrepaired or chromosomal aberrations in the case of misrepair [31–33]. The induction of complex DNA damage that challenges the cells’ repair capacity, is generally accepted to be the underlying mechanism of the high genotoxic potential of Auger emitters. However, a recent study by Schmitz et al. highlighted that only a limited number of studies are available on chromosomal aberrations induced by Auger emitters [32]. In their study, the authors illustrated a strong genotoxic effect on 125IUdR, even at a low dose of 0.2 Gy, by analyzing chromosomal aberrations and apoptosis in human peripheral blood lymphocytes for the first time [32]. To the best of our knowledge, similar in vitro data on 123IUdR is not available yet, however Hindorf et al. did establish the feasibility of treating B-cell lymphoma with internalized 123I or 125I using Monte Carlo dosimetry calculations [34, 35]. In the current study, the micronucleus assay was used since it is considered to be one of the most reliable methods to determine chromosome damage as it enables the measurement of both chromosome loss and chromosome breakage. Micronuclei (MNi) are small extranuclear bodies resulting from chromosome breaks. The cytokinesis-block micronucleus (CBMN) assay is the preferred method to measure MNi in genetic toxicology testing, since it restricts the scoring to once-divided binucleated (BN) cells. This BN appearance is obtained by adding cytochalasin-B (Cyto-B) to the cell cultures, which inhibits the completion of cytokinesis. Restricting the scoring of MNi to these BN cells prevents confounding factors due to suboptimal or altered cell division kinetics [36]. Over the years, the CBMN assay has proven to be a very reliable, thoroughly validated and standardized technique in the field of radiation biology to evaluate in vivo radiation exposure of occupational, medical and accidentally exposed individuals and to assess individual in vitro radiosensitivity or cancer susceptibility [37].
Dosimetry calculations are needed in order make a good interpretation of the radiobiological effects caused by an internally distributed radionuclide and to allow comparison with the effects observed with an external beam source. Early attempts to determine the absorbed dose used semi-analytical methods according to the MIRD schema [38, 39]. Monte Carlo methods have been used to overcome the limitations of analytical methods in describing the transport of low energy charged particles at the cellular level [40–42]. Direct comparisons of radionuclide microdosimetry are complicated since different radionuclide emission spectra, particle interaction cross section tables, low-energy physics models, simulation geometry and other approximations are employed by the different Monte Carlo codes. In this work, we employ the open-source and well-documented Geant4-DNA Monte Carlo toolkit which has been widely used for nano- and microdosimetric applications [43], and previously described in [44]. The 123I-iododeoxyuridine (123IUdR) was synthesized to carry 123I across the cell membrane and be incorporated into synthesizing DNA. Human lymphocytes were used in this study, which reside predominantly in the G0 phase, the DNA pre-synthetic stage of the cell cycle. Therefore, lymphocytes were stimulated to undergo in vitro mitoses using phytohemagglutinin (PHA) in order to push the cells into the S-phase and allow maximum incorporation of 123IUdR. As previously mentioned, chromosomal damage was evaluated with the CBMN assay and RBE values were calculated at several levels of biological effect as well as RBEMax by comparison with 60Co γ-ray irradiations.
MATERIALS AND METHODS
Synthesis of 123I-Iododeoxyuridine
All reagents were received from commercial sources (Sigma-Aldrich, Merck South Africa) and were used without further purification. All reactions were performed under a nitrogen atmosphere; unless otherwise stated. 123IUdR synthesis was performed using a modified protocol from that of Uddin et al. [45]. Hexabutylditin (200 µL) was added to a solution of 5-iodo-2′-deoxyuridine (50.0 mg) and tetrakis (triphenylphosphine)palladium (0) (Pd(PPh3)4) (7.00 mg) in anhydrous dioxane (3 ml) and heated at 100°C for 18 h. The reaction progress was monitored by thin layer chromatography (TLC) using aluminum backed silica-gel 60 F-254 plates (Merck, South Africa) and was observed using both ultraviolet and fluorescent light. Following completion, the reaction mixture was cooled to room temperature, concentrated under vacuum and subjected to flash chromatography using Kieselgel 60 silica gel (Sigma, South Africa), hexane and ethyl acetate to afford 5-(tributylstannyl)-2′-deoxyuridine (48.2 mg, 67%) as a yellow oil.
Synthesis of 123IUdR, 2
5-(Tributylstannyl)-2′-deoxyuridine (0.50 mg) and Na123I (8 μL, 123I produced via the 127I (p, 5n) 123Xe cyclotron reaction and recovered as no-carrier-added Na123I in 0.01 M NaOH solution) were reacted at room temperature in the presence of N-chlorosuccinimide (1.00 mg) in a (1:2) DMSO: phosphate-buffered saline (PBS) solution for 20 min. The reaction was then quenched by the addition of an aqueous solution of sodium thiosulfate (0.5 mg) in deionized water (0.5 ml). The quenched mixture was further diluted with deionized water (2 ml) and loaded on a pre-conditioned (3 ml methanol; 2 ml deionized water) reversed phase C18 mini-cartridge (500 mg C18, 3 cc, Sep-Pak, Waters, United States). Elution was carried out with the eluent composed of 5% ethanol in 95% deionized water with a flow rate of 1 ml/min, at λ = 254 nm and produced a peak at tr = 17.1 min on a high-performance liquid chromatography (HPLC) C18 column (250 mm × 4.6 mm, 5 µm) (Phenomenex Luna, United States). The radiochemical content of the labeled product was determined using a CsI (Tl) radioactivity detector (Carroll and Ramsey Model 105S-1). The radioactivity content of 123IUdR constituted approximately 52.9 MBq (or 1.43 mCi), was further diluted to 2.00 ml of 5% ethanol in water. The collected fraction of 123IUdR was diluted in Roswell Park Memorial Institute (RPMI) medium (Gibco, ThermoFisher, South Africa), supplemented with 10% fetal calf serum (Lonza, South Africa) and 1% penicillin and streptomycin (Lonza, South Africa) to a final activity concentration of 26.5 MBq/mL.
Blood Sample Collection and Experimental Conditions
The ethics approval for the study was obtained from the Human Research Ethics Committee at Stellenbosch University (reference number: S12/04/091). Blood samples were collected by venipuncture from three male adult volunteers (25–50 years), from whom informed consent was obtained prior to the experiments. Blood samples were collected in lithium-heparin collection tubes and peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using density gradient cell separation medium (Histopaque-1077, Merck). The PBMCs were counted and suspensions of approximately 1 × 106 cells/1.00 ml were pipetted into a 15 ml round bottom tube. Samples were divided for irradiations with 60Co γ-rays and the labeling with 123IUdR. Each sample set included a sham-irradiated control sample. For all radiation exposure conditions, lymphocytes were stimulated to divide in culture using phytohemagglutinin (PHA, 1 mg/ml) and kept at 37°C in a humidified 5% CO2 incubator for 48 h.
Thereafter, the cell suspensions from each donor were exposed to graded doses of 123IUdR (0, 0.19, 0.37, 0.56, 0.74, 0.93, 1.9, and 3.7 MBq) diluted in culture medium at 37°C. After a 1 h pulse labeling, samples were washed (two times) with cold PBS to remove excess 123IUdR that was not incorporated into the cell. The radioactivity levels were then measured in a 3-inch well type NaI (Tl) scintillation detector (CANBERRA model 802 series) that was coupled to a multi-channel analyzer (Silena). The Silena EMCA 2000 software was used to collect the characteristic γ-ray emissions of 123I at 159 keV. The readings were corrected for detector efficiency, photo-peak abundance, and decay. After readings were completed, the culture tubes were left at room temperature for 24 h in order to accumulate radiation damage. After these 24 h, the cell pellet was resuspended in fresh complete RMPI medium containing PHA (1mg/ml, Sigma Aldrich, South Africa) and cytochalasin B (6mg/ml, Sigma Aldrich, South Africa) at 37°C in a humidified 5% CO2 incubator for 24 h.
For the cultures irradiated with 60Co γ-rays, the isolated, stimulated lymphocytes were exposed to graded doses of 0, 0.5, 1, 2, and 4 Gy. Cell suspensions were placed between a 5 mm thick sheet of Perspex (build-up) and 50 mm backscatter material with a dose rate of 0.49 Gy/min for a 300 mm × 300 mm field size at 750 mm Source to Surface Distance (SSD). Thereafter, cytochalasin B (6mg/ml, Sigma Aldrich, South Africa) was added and cultures were incubated for a further 24 h.
Cytokinesis Block Micronucleus Assay
After exposure to either 60Co γ-rays or 123IUdR, the cell cultures were harvested at total culture time of 72 h. This involved washing the pelleted sample with a cold hypotonic KCl solution (0.075 M). Samples were then washed using methanol: acetic acid: ringer fixative solution (10:1:11) and stored at 4°C overnight. Samples were then washed with methanol: acetic acid (10:1) solution. Thereafter, concentrated cell suspensions were dropped on clean microscope slides and stained with acridine orange. For each sample, approximately 500 binucleated lymphocytes were manually scored using a fluorescent microscope (Zeiss, Axio Imager A1) at 20× magnification. At least 3 slides were analyzed per exposure condition and the average number of micronuclei per 500 BN cells was calculated for each condition.
S-phase Fraction Determination
The 123IUdR incorporation in the DNA of the lymphocytes depends on the fraction of cells that goes through the S-phase of the cell cycle. Therefore, flow cytometry was used in this study to determine the number of cells which were in S-phase at the time they were labeled with 123IUdR. Two lymphocyte cultures (one stimulated by PHA and one non-stimulated) from each donor were used for this purpose. A bromodeoxyuridine (BrdU) kit (BD Pharmingen, Germany) was used to detect active DNA synthesis, through antibody-based staining of BrdU, together with total DNA content based 7-AAD staining. BrdU is a synthetic nucleoside and well-known thymidine analogue, which can be incorporated into newly synthesized DNA of replicating cells during S-phase. This staining technique makes it possible to clearly separate cells in G1 from early S-phase, or late S-phase from G2/M [46]. The non-stimulated culture was used to determine the background counts which should be subtracted from the stimulated culture. Briefly, cells were stimulated with PHA as described previously, pulse labeled with BrdU for 1 h and analyzed after 48 h in culture. The cultures were fixed and permeabilized using the BD Cytofix/Cytoperm buffer and incubated with DNase for 1 h at 37°C. Thereafter, the samples were washed with the BD Perm/Wash buffer and incubated with the anti-BrdU antibody for 20 min at room temperature in the dark. The samples were washed again and total DNA was stained using 20 uL 7-AAD, resuspended in about 1 ml of the provided staining buffer and events acquired using the BD Accuri C6 Flow cytometer ((BD, Becton Dickinson and Company, San Jose, United States).
Determination of the Absorbed Dose (MBq to Gy)
The Geant4 Monte Carlo toolkit was used to calculate the dose delivered to the cells by the incorporation of 123I into the cellular DNA as previously described in [44]. The dosimetric calculations for these in vitro experiments with 123IUdR involved converting the energy imparted by the incorporated activity A0 in a mass M of cells into an absorbed dose value D. The absorbed dose is defined as the mean energy imparted Ē̅ by ionizing radiation to matter of mass m in a finite volume V by D = Ē/m.
The mass of a spherical shape, m = ρV = 4/3πr3, can be obtained using the density and the volume, or the radius if it is known.
The dependence of the dose absorbed on the size and geometry of the cell is clear from the definition of absorbed dose. For this reason, experimental measurements of the diameters of isolated and stimulated lymphocytes were made using light microscopy and a calibrated imaging system. The total number of intra-nuclear decays during the 24 h period could be derived by integration of the experimentally obtained average incorporated radioactivity [47]. 123I has a half-life τ of 13.2 h (the decay constant [image: image]. The activity at a time t is given by:
[image: image]
The number of disintegrations after a time Δt would then be given by:
[image: image]
As described by Makrigiorgos et al., the cumulated radiation dose to the cells may be calculated by using the total number of decays, the average [image: image] energy deposited in the cell per decay, and the cellular dimensions [28]. Sefl et al. concluded that under relevant clinical conditions, the uptake rate of the radiopharmaceutical is an important additional factor that needs to be considered in radiobiological models of cell survival in targeted radionuclide therapy [48]. In our study, the incorporated activity A0 was measured experimentally in the cell pellet using a 3-inch well type NaI-scintillation detector. To improve the radionuclide uptake, the 123IUdR was introduced to the lymphocytes 48 h after stimulation, when a large percentage of the cells would be in S-phase. To further prevent additional radionuclide uptake, the residual activity was washed out and cold medium was used to prevent further division. Therefore, the uptake rate as defined by Sefl et al. was not taken into consideration in the dose calculations that were performed as part of this study. Following from equation [2] the absorbed dose in the mass M of cells is determined by:
[image: image]
The average energy Ē deposited in a cell per decay was obtained from Monte Carlo simulations using the Geant4-DNA toolkit and described in Fourie et al. [44]. The Geant4-DNA extension of the Geant4 Monte Carlo toolkit simulates electron tracks and their energy deposition, collision-by-collision, down to the excitation threshold of liquid water (7.5 eV); opposed to other MC codes like MCNP or EGS which are limited down to 1 keV. In the study by Fourie et al., spheres of unit density water were used to represent a cell and its nucleus in suspension. The G4EmDNAPhysics physics list and Livermore models were used to describe all particle interactions during the simulation. The G4RadioActiveDecayPhysics class along with the built in ENSDF emission data from Brookhaven National Laboratory was used to simulate the radioactive decay of 123I and resultant x-ray and electron emissions. Readers are referred to [49] for more details.
The mass M in which the cumulative energy is deposited is obtained from the mass of total number of cells seeded per culture, corrected by the S-phase fraction. Sefl et al. investigated the effect of cell geometry on S-values (energy deposited per unit activity) using the Geant4 Monte Carlo toolkit with the Geant4-DNA low-energy extension [50]. For the 125I radionuclide they found the S-values of the commonly used spherical geometry corresponded within 5% to ellipsoid geometries when the radionuclide was distributed within the cell. For the most oblong ellipsoid, the dose to the nucleus was 22% less compared to the spherical geometry when the radionuclide was distributed in the cytoplasm. Similarly to Fourie et al. [44], they found the dose to the nucleus was a factor of 10 less when the radionuclide was distributed outside of the nucleus. The S-phase fraction attempts to approximate the number of cells in the sample which incorporated the 123I into the nucleus.
Relative Biological Effectiveness
The resulting radiation-induced chromosomal damage is expressed as the number of MNi per 500 BN cells. This value was then plotted against the absorbed dose and a dose-response curve was fitted to the data points. For low-LET radiation (e.g., 60Co γ-rays) the curve usually had the linear-quadratic form, which can be described as y = c+ αD + βD2. Here, y represents the number of micronuclei (per 500 BN cells) induced by a dose D. The background MNi frequency of each donor c (obtained from the control sample which was not exposed to radiation) is subtracted from each data point before the line fitting is done, resulting in y = αD + βD2. For high-LET radiation, the α-term becomes large and eventually the β-term becomes biologically less relevant and also statistically “masked” such that the dose response is approximated by a linear equation.
The RBE is expressed as the ratio of the absorbed doses of a low-LET reference radiation quality (e.g., 250 kV X-rays or 60Co γ-rays) to a test radiation quality which produce the same level of biological effect (i.e., in this specific study: the doses DCo-60 and DI-123 which produce y MN). The dose producing the effect y can be determined by solving for D in the fitted dose-response curves.
[image: image]
The RBE value is dependent on the spatial distribution of the energy imparted, the density of ionizations per path length of ionizing particles and the reference radiation. The IAEA TRS 405 and the ICRP-ICRU RBE Committee defined two representative RBE values: the maximum value of relative biological effect (RBEMax) and the minimum relative biological effect (RBEMin) [51, 52]. RBEmin is the RBE at very high doses; whilst RBEMax, also known as the dose limiting RBE, is the RBE at near zero dose and can be represented by the ratio of the initial slopes (α–values) of the dose-effect curves for the studied radiation and the reference radiation:
[image: image]
Statistical Analysis
Data presented includes the mean number of MN ± standard deviation where applicable and radioactivity levels of independent experiments on different days. Statistical analysis and curve fitting were performed using GraphPad Prism Software Version 5.00 for Windows. Results were considered to be statistically significant at p < 0.05.
RESULTS
Radiolabeling of 123I-Iododeoxyuridine
The radiolabeling of IUdR (Figure 1) was achieved by first producing a tin intermediate by heating 5-iodo-2′-deoxyuridine with hexabutylditin and tetrakis (triphenylphosphine) palladium (0) (Pd(PPh3)4) in anhydrous dioxane for 18 h [45]. The tin intermediate was produced via the palladium-catalyzed metal-halogen exchange reaction, whereby the palladium (0) catalyst is oxidatively added to the carbon-iodine bond, followed by transmetallation of one of the tin groups to the palladium center with removal of bromotributyltin [53]. The reaction progress was monitored by thin layer chromatography (TLC) and once the reaction was completed, the reaction mixture was subjected to column chromatography using ethyl acetate and hexane as mobile phase to isolate 1 as a yellow oil in 67% yield. The structure was confirmed using high performance liquid chromatography (HPLC) and 1H NMR (proton nuclear magnetic resonance) spectroscopy. Then, 123IUdR, 2, was successfully synthesized by adding Na123I to a solution of 1 and N-chlorosuccinimide in DMSO and PBS for 20 min at room temperature. The reaction was stopped by the addition an aqueous solution of sodium metabisulfite to quench any iodine in the reaction mixture. Thereafter, purification was done by reverse phase HPLC using a solution of 5% ethanol in deionized water to obtain 2 with approximately 52 MBq (or 1.4 mCi) radioactivity.
[image: Figure 1]FIGURE 1 | Synthesis and labeling scheme of 123I-iododeoxyuridine, 2.
Incorporation of 123I-Iododeoxyuridine
The 123IUdR incorporation into DNA of isolated lymphocytes is dependent on the fraction of cells that goes through the synthesis phase of the cell cycle. Cell cycle analysis was performed with flow cytometry to determine the percentage of cells that were in S-phase during pulse-labelling with 123IUdR. Two lymphocyte cultures of approximately 1 × 106 cells each (one stimulated by PHA and one non-stimulated) were used from each donor to determine the S-phase fractions. The non-stimulated culture served as the background count which was subtracted from the stimulated culture. After subtraction, the fraction of lymphocytes which incorporated BrdU was found to be approximately 22% for donor 1, 22% for donor 2, 13% for donor 3. The residual radioactivity that was measured after the different wash steps is presented in Figure 2 for donor 3 after 1 h pulse-labelling with 123IUdR. This clearly illustrates that stimulated lymphocytes could incorporate 123IUdR more effectively than their non-stimulated counterparts. Comparing the slopes of the fitted trend-lines, the average uptake of 123IUdR at different activity levels increased by a factor of 2 due to the addition of PHA.
[image: Figure 2]FIGURE 2 | Radioactivity levels incorporated by stimulated (PHA) and non-stimulated (no PHA) lymphocyte cultures of Donor 3 after the 1 h pulse-labelling with 123IUdR activities.
123I-Iododeoxyuridine Dose Response Curve
The lymphocyte samples were exposed to concentrated solutions containing 123IUdR, washed with cold PBS and residual radioactivity levels were measured in a well type sodium iodide scintillation detector. These measured activities were converted to absorbed dose (Gy) as described in a previous publication using equation [3, 44]. The International Atomic Energy Agency reports that peripheral lymphocytes 48 h after stimulation have a cell volume of about 500 μm3. Using a calibrated image analysis system, an average cell diameter for our isolated and stimulated lymphocytes was found to be 9.8 ± 1.7 μm (∼486 μm3). Therefore, in the absorbed dose calculations, a cellular diameter of 10 μm and a nuclear diameter of 8 μm were assumed. The resulting absorbed dose and associated induced MNi per 500 BN cells are presented in Table 1 for the three donors.
TABLE 1 | The mean absorbed dose (Gy) and mean micronuclei (per 500 BN cells) induced following exposure to different levels of123IUdR activity.
[image: Table 1]The 123IUdR activity levels resulted in a higher absorbed dose for donor 3, compared to donors 1 and 2, while the S-phase fraction of donor 3 was only 13%. The higher absorbed dose value might be attributable to the fact that a different synthesis batch was used for donor 3, while donor 1 and 2 came from the same batch. Therefore, it is suspected that the new batch had a higher labeling efficiency, thereby leading to an increase in uptake for donor 3 per added activity.
A linear relationship between micronuclei frequency and 123I activity (converted to absorbed dose values) could be established, as shown in Figure 3. The background counts are subtracted from the individual dose points, hence the linear fit intercepts the origin. The lowest activity level of 0.19 MBq 123IUdR did not induce a significant increase in MNi compared to the background MNi frequency of each donor (p = 0.24), but a significant increase was observed from 0.37 MBq 123IUdR onwards (p < 0.05). The MNi frequencies induced by the higher dose points (>1 Gy) deviate significantly from a linear response. This under-response could be a characteristic of cell death or mitotic delay due to the high biological effectiveness of Auger electrons. Therefore, these higher dose points were not taken into account for the linear fit presented in Figure 3. In addition, the 1.85 MBq of 123IUdR activity induced a very high level of MNi for donor 2 (207 MNi/500 BN cells). This point was considered as an outlier and not included in the fitting.
[image: Figure 3]FIGURE 3 | Dose-response curves following exposure to 123IUdR activities presenting micronuclei formation as a function of absorbed radiation dose (Gy). The error bars are the standard deviations of the mean micronuclei frequency/500 BN cells for each dose point.
Dose Response Curve Donor After 60Co Dose Response Curve
In order to determine the biological effectiveness of the 123I Auger electrons, lymphocytes from the same donors were exposed to a reference radiation quality, 60Co γ-rays, with graded doses ranging from 0.5 up to 4 Gy. The observed number of MNi per 500 BN cells for each donor were plotted against the dose, which resulted in the characteristic linear-quadratic dose-response curves for low-LET radiation for each donor, as shown in Figure 4. Again, the induced MNi frequencies were plotted, where the background counts from the sham-irradiated controls were subtracted for each dose point. Table 2 shows the α- and β-values obtained from the linear-quadratic curves as described in Eqs 4 and 5. The α-values for the Auger emitter are significantly greater than that of the reference radiation, indicating that the lymphocytes are more radiosensitive to the Auger electron emitter thereby causing more biological damage than the 60Co reference radiation quality.
[image: Figure 4]FIGURE 4 | Dose-response curves following exposure to 60Co γ-rays radiation. The error bars are the standard deviations of the mean micronuclei formation per dose point.
TABLE 2 | Slopes of the fitted curves for123IUdR and60Co γ-ray exposures. The α- and β-values correspond to the linear-quadratic curve fitting.
[image: Table 2]The Relative Biological Effectiveness
Using the fitted curves obtained from the 123I and 60Co experiments with the same donors, the RBE was calculated using equations [4] for each 123I dose point reported in Table 1 (which induces a specific number of MNi, i.e. the biological effect). In this way, a range of RBE values was obtained for each donor, depending on the dose under investigation. This calculated RBE range is given in Table 3 and visually presented in Figure 5. The dose-limiting RBE (RBEMax) was obtained from the α-values of the fitted dose-response curves as outlined in equation [5] and is also listed in Table 3.
TABLE 3 | The RBE ranges and RBEMax values for123I as test radiation and 60Co as reference radiation.
[image: Table 3][image: Figure 5]FIGURE 5 | RBE values based on the data points in the linear region of the 123I dose-response curves for each donor. The error bars are the standard deviations of the mean RBE per dose point.
As shown in Figure 5 the RBE plateaus for each donor, reaching RBEMin values between 3 and 5, suggesting that above a certain dose level, the relative effectiveness of the Auger electrons to induce a certain response remains constant. Much larger RBE values were observed at the radiation doses below 0.1 Gy, particularly for donor 1 and 2 (see Figure 5). This observation is in line with the general rule that RBE values increase with decreasing dose. Based on our findings, it seems that the variation in the RBE values for the different donors is much more pronounced at low doses. This could be indicative of donor specific cellular response at low doses. In addition, a rather large variation was observed in RBEMax values, where the dose limiting RBE for donor 3 was almost half the value of donor 1 and 2.
DISCUSSION
Owing to the ability of Auger electron emitters to deposit their energy in an extremely small volume, typically in the range of cubic nanometers, Auger electron emitters are now increasingly considered for therapeutic purposes [54]. There are few satisfying vectors available for specifically targeting the nuclear DNA of cancer cells; historically antibodies or peptides are used to target cancer cell membranes but, following internalization in the cells using these vectors, the transport from the cytoplasm to the nucleus is one of the key stages in the delivery of Auger emitter therapy as recently described by Rosenkranz et al. [55]. The number of pre-clinical studies with Auger electron emitters is growing, which is illustrated in two very recent publication with the 123I-Meitner-Auger PARP1 inhibitor (123I-MAPi) and a small-molecule Auger electron emitter targeting the prostate-specific membrane antigen (PSMA) [56, 57]. 123I-MAPi the first Auger-based theranostic PARP inhibitor able to directly deliver its lethal damage in the DNA of glioblastoma cells [56]. The isotope 123I is an ideal candidate for targeted radionuclide therapy, due to its Auger decay and the opportunity to simultaneously image the tumor with SPECT imaging based on its characteristic 159 keV γ-ray, which provides the option to calculate dosimetry and treatment efficacy. However, 123I is less often studied compared to its 125I counterpart for radiobiology investigations and therefore, information on the RBE of the Auger emitter 123I remains limited. This study aimed to add to the evidence of the high-LET characteristics of this radionuclide, by using 123IUdR incorporated in the DNA of lymphocytes of healthy adult volunteers in order to get a better understanding of the induced chromosomal damage and respective RBE values. When comparing the dose response curves obtained with 60Co γ-rays and 123IUdR Auger electrons, RBE values ranging from 3 to 10 were observed, depending on the radiation dose and the donor.
The CBMN assay was used to estimate the radiation damage in this study, instead of the dicentric and chromatid aberration assays that were previously used by other research group to investigate the biological effects of Auger emitting isotopes [32, 58–60]. As outlined in a study of Slabbert et al. on inter-donor variations in radiosensitivity to high- and low-LET radiation, the CBMN assay is a useful endpoint for RBE studies that involve high-LET radiation qualities [61]. The radiation-induced MNi stem from acentric chromosome fragments that are directly associated with dicentric formations [62]. In addition, the fact that lymphocytes present a synchronous population of resting G0 cells at the start of the experiments, with a uniform radiosensitivity, is an advantage compared to cell lines which are distributed in different phases of the cell cycle. The work of Slabbert et al. used the same CBMN method on lymphocytes of four different donors to illustrate that variations in the RBEMax of high-LET radiation, namely fast p (66)/Be neutrons (29 MeV), differ due to a different inherent radiosensitivity to low-LET radiation [61]. Therefore, dose-response curves of 60Co γ-rays, generally accepted as the reference radiation quality for RBE calculations, of the same donors were included in this study. From the sets of lymphocyte data of the three donors, a slight inter-donor variability in the dose-responses to 60Co γ-rays was noted, being indicative for the inherent radiosensitivity, which was also observed by Vral et al. [63]. A linear relationship between micronuclei frequency and 123I activity could be established as shown in Figure 3 for all donors. In general, even low doses of approximately 0.15 Gy of 123I already induced a significant increase in chromosomal damage. Furthermore, it was observed that the higher dose points deviated significantly from linearity. This stunted response might be attributable to a critical amount of lethal damage or a G2/M cell cycle arrest at the higher damage, which limits the number of viable or BN cells expressing MNi for scoring. However, this plateau was not observed in the linear fit of Schmitz et al. for chromosomal aberrations after exposure to 125IUdR [32]. In the current study, the higher dose points were not taken into account for the linear fit. The observed plateau in our study indicates that the type of DNA damage caused by 123IUdR is structurally more complex and therefore comparable with clustered high LET-type damage, which challenges the DNA damage repair machinery of the cells [29]. Another explanation for the observed plateau effect might be attributable to bystander effects, which are estimated to contribute approximately 30% to the total cell killing effect of Auger electron emitters [27]. In this study, the uptake at the higher radioactivity level might have been inferior, meaning that the observed plateau is coming from the bystander effect which might be less dose dependent compared to the direct cell killing effect. While there is no reason to assume that the uptake at 3.7 MBq did not increase compared to 1.85 MBq in our study, further investigations on the contribution of direct and bystander effects to the MN results could be interesting.
As previously mentioned, the attempts to use Auger emitters as cancer therapy have been hindered by the limited range of the emitted radiation and the difficulty of reliably deliver the electron close enough to the DNA target [64, 65]. The short range of Auger emitters makes them advantageous for disseminated cells and metastasis, but for larger solid tumors, a larger number of Auger electron emitting radionuclides might be needed to obtain the same level of cytotoxic effects as cross-firing β-emitters. This was previously illustrated in a study where tumor bearing rats were exposed to 111In-octreotide peptide receptor radionuclide therapy, where a complete response was observed in rats with a small (<1 cm3) tumors, but only partial regression was observed in rats with larger lesions [66]. The short range of most Auger electron emitters requires a very close proximity to the DNA. Therefore, it was decided to use a carrier molecule in this study that allows to build the radionuclide directly into the DNA, namely 5-iododeoxyuridine. However, the lack of a satisfying vector to specifically target nuclear DNA of cancer cells remains a limitation since IUdR would also target healthy cells in S-phase. In addition, radiolabeled deoxyribonucleotides are known to have a rapid washout and the limitation to only target cells in the S-phase. However, it is well known that the percentage of cells in S-phase is higher in tumors compared to normal tissue [67]. In this in vitro study, lymphocytes were stimulated with PHA, since human lymphocytes reside predominantly in the G0 phase. In order to determine the fraction of cells that was in S-phase during the pulse labeling this cell proliferation was compared to non-stimulated lymphocytes of the same donor. As shown in Figure 2, incorporated 123I radioactivity increased linearly with the added total activity and stimulated lymphocytes are able to incorporate approximately double the 123IUdR amount than their non-stimulated counterparts. This trend was also noted by Kassis et al. in their studies using 125IUdR [68]. A difference in S-phase fraction was observed between the different donors in this study. This variability is not unusual, since it is generally accepted that the time when PHA-stimulated lymphocytes enter their first S-phase can range from 24 h up to 100 h. Sörén et al. calculated that the total number of lymphocytes that entered S-phase during a 6 days culture period with PHA was approximately 40% of the initial population [69].
Previous cell killing experiments illustrated that DNA-incorporated 125I is as effective as 5 MeV alpha-particles, which could be useful for the treatment of radioresistant tumors [19]. However, RBE values differ significantly between different studies. As previously mentioned, RBE values on 123IUdR are limited, however some studies using 125IUdR found RBE values that are within the range of RBE values observed in this study. Roa et al. reported RBE values of 7.9 ± 2.4 for 125IUdR for spermatogonial cells [70]. The RBE relative to X-rays was estimated to be 7.3 by Kassis et al. in the 125IUdR in the radiotherapy of brain tumors in rats [71]. While a study by Yasui et al. gives a RBE of 3.1 for 125IUdR based on cell survival in Chinese hamster ovary cell line transfected with human estrogen receptor [72]. The difference in RBE values can be attributable to the fact that RBE is an empirical value which depends on several parameters such as radiation dose, biological effect and cells type, to only name a few. Another important consideration which is receiving growing attention recently, is the dose rate effect in targeted radionuclide therapy [73]. While the absorbed dose rate in conventional external beam radiotherapy is approximately 60 Gy/h, the irradiation in targeted radionuclide therapy is usually protracted from hours to days at a low dose rate of <1 Gy/h. This could be considered as a limitation in the current study, where the dose rates for the 123IUdR exposures were very low (0.02 Gy/min at the activity level of 3.7 MBq) compared to the dose rate of the reference 60Co γ-rays radiation quality (0.49 Gy/min) that was used to calculate the RBE. This limitation also applies to the previously mentioned studies where RBE values were calculated for Auger electron emitters. While it has long been considered that the dose rate dependence of high-LET radiation qualities is negligible, there is a growing body of evidence that suggest the contrary [73–76]. In addition, several studies describe an inverse dose rate effect, where increased cytotoxic effects per Gy are observed at low dose rates compared to high dose rates, while others studies contradict these findings [77–80]. Future studies are needed to confirm these observations and investigate the underlying mechanisms. Furthermore, the RBE values might also depend on the exposure conditions and the type of Auger emitter that was used. Direct comparison of various Auger electron emitting radionuclides is complicated due to the diverse electron emission spectra of these isotopes [67]. As already mentioned in the introduction, it was decided to use 123I in this study instead of the more frequently used other Auger electron emitters, such as 125I, in order to avoid the need to freeze the samples to accumulate disintegrations in the presence of anti-freeze agent DMSO. Since it is known that both the presence of DMSO and the irradiation of cells in frozen state has a radioprotective effect on cellular damage, it was decided that these conditions were best avoided for the assessment of the RBE of Auger electron emitters. This might also be important to have a clear idea of the impact of the two main damaging effects associated with Auger decay as described by Adelstein et al. [54]. Including a direct effect at the immediate decay site and an indirect effect many bases away from the decay site, which is due to radiolysis and the subsequent production of ROS. 123I might also be more interesting for clinical applications than 125I, due to its potential to function as a theranostic radionuclide. In addition, the physical half-life of radionuclides used in targeted radionuclide therapy should preferably be in the same order of magnitude as biological half-lives. It is therefore assumed that the most suitable physical half-life ranges from a few hours up to some days when a targeted approach is considered for disseminated cells [67].
The energy deposited in the cell is required to calculate the absorbed dose from the radioactive decay of 123I. It has been shown that this depends highly on the subcellular localization of the Auger electron emitter [28, 44]. The nucleus of the target cell, its cytoplasm, and the extracellular region can be considered as source regions. In the study done by Fourie et al., using Geant4 simulations, it was found that the energy deposited in the target nucleus per 123I decay in the nucleus equals 4.1 keV/decay and the energy deposited in the nucleus per decay in the cytoplasm equals 0.5 keV/decay [44]. That is, the overall contribution from the cytoplasm source region to the energy deposited in the cell nucleus per decay is ∼10% of the total. Furthermore, the contributions from decays external to the cell stemming from photons and the few high-energy conversion electrons amounts to a nuclear deposition of 0.024 keV/decay, less than 0.5% of the total energy deposited in the nucleus. Correspondingly, Makrigiorgos et al. concluded in their studies that cytoplasmic (7%) and external (<0.5%) dose contributions to the nucleus were negligible and that the cell survival mainly depends on the nuclear dose from 123I decays in the cell nucleus [28]. However, Humm et al. stated that considerable in vitro experimental evidence exists to suggest that the absorbed dose to the nucleus alone is insufficient to predict the biological effects of Auger electron emitters concentrated in the cell nucleus [2]. Therefore, the microdosimetry calculations should include the energy deposition in all regions of the cell, especially when in use in comparison studies in radiobiological experiments. Using a calibrated microscopic image analysis system, the average cell diameter for our isolated and stimulated lymphocytes in suspension was found to be 9.8 ± 1.7 μm (∼486 μm3). The IAEA reports that peripheral lymphocytes 48 h after stimulation have a cell volume of about 500 μm3 [81]. In our dosimetric calculations, a cellular diameter of 10 μm and a nuclear diameter of 8 μm were assumed. These mathematical assumptions were also used by Kassis et al. and Bousis et al. [24, 42, 47, 82]. The average energy deposited within the entire cell with the above geometry was calculated to be 4.5 keV per 123I decay when distributed uniformly in the nucleus and this energy value was used to determine the absorbed dose values listed in Table 1 [44].
There is a growing body of evidence that other sensitive sites besides the DNA, such as the cell membrane and mitochondria, could be critical targets in Auger emitter therapy. This would mean that nuclear uptake is not strictly required for Auger electron emitters in order exhibit their cytotoxic effect. The group of Pouget et al. could illustrate tumor growth delay with 125I labeled non-internalizing antibodies [21, 27]. Furthermore, a different research group used an 111In labeled non-internalizing peptide F3, which induced a marked drop in colony survival and a delay in tumor growth [83]. However, the mechanisms by which membrane-associated Auger electron emitters can cause cytotoxicity has not yet been elucidated and should be the focus of future research efforts. In addition, recent studies also described radiation-induced bystander effects (RIBE) from Auger electron emitters, which might induce cytotoxicity in neighboring cells that have not been directly irradiated themselves [6]. These bystander effects might overcome the limitation that only a limited number of tumor cells get damaged by the Auger electrons directly because it is impossible to target every single cell in a tumor. These recent observations illustrate that nuclear localization might not be an absolute requirement and could open up the scope to label 123I in the future with small molecules or peptides to develop novel targeted theranostic applications.
The current investigation found a linear increase in MNi induction with increasing 123IUdR activity. This linear dose-response for 123IUdR exposures is indicative of the high-LET nature of Auger electron emitters, which is also reflected in the high RBE that goes up to values of 10 for some of the donors. To our knowledge, no other study has evaluated chromosomal damage in human lymphocytes induced by DNA incorporated 123I. Previous studies have reported a reduction in the variation of inter-donor radiosensitivity in lymphocytes for other forms of high-LET radiation like fast neutrons and α-particles when compared to low-LET radiation, however this could not be confirmed in this study. The current study provides useful information on the RBE of the Auger electron emitter 123I, which might play a growing role as theranostic radionuclide in the near future.
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