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INTRODUCTION

The understanding of the biodistribution of actinides following internal contamination is an important step in the process of dose estimation and risk assessment, as well as for the determination of an appropriate decorporation treatment. Various isotopes of uranium (U) and plutonium (Pu) and americium ( 241 Am as a decay product from 241 Pu), are the main components of nuclear fuels. Multiple chemical forms are produced during the different steps of the nuclear fuel cycle, including reprocessing. These include particles of oxides, and nitrate forms. The contamination characteristics such as the route of entry and the physicochemical properties of the contaminant highly influence the transportable fraction and consequently biodistribution of actinides (ICRP 1986, ICRP 2015). One of the most likely routes of internal contamination with actinides in cases of accidental occupational exposure in nuclear facilities is inhalation. After deposition in the lungs, the transportable fraction of actinides translocates to the circulatory system and to secondary organs across the air-blood barrier. Transportable fraction varies considerably with the physicochemical form of the contaminant (ICRP 2015). Once in the systemic compartment, a fraction of Pu and Am will deposit mainly in skeleton and liver, whereas U will be preferentially retained in skeleton and kidneys. The fraction of the intake that is eliminated by urinary excretion depends on the initial solubility properties of the actinide.

When radionuclides are retained in the body, radioactive decay results in a deposition of radiation dose in tissues and in a committed effective dose, which may be associated with a risk of stochastic effects (ICRP 2015). Therefore, the current predominant therapeutic strategy proposed in case of internal contamination, i.e., intravenous injection of diethylene triamine pentaacetic acid (DTPA), aims at an increased excretion and a decreased retention of the actinides by targeting the circulating extracellular fraction of actinides under ionized form. However local pulmonary DTPA administration is also advocated as recent animal experiments demonstrated an efficacy of nebulized DTPA for reduction of lung Pu retention [START_REF] Miccoli | Chelation Treatment by Early Inhalation of Liquid Aerosol DTPA for Removing Plutonium after Rat Lung Contamination[END_REF]. Following pulmonary administration, DTPA is able to chelate actinides stored in an acellular transient pulmonary compartment, referred to as the epithelial lining fluid [START_REF] Gremy | Preferential decorporation of americium by pulmonary administration of DTPA dry powder after inhalation of aged PuO(2) containing americium in rats[END_REF]). The DTPA-actinide complex can subsequently cross the airblood barrier to be excreted by the kidney thus reducing retention in systemic organs.

Concerning insoluble compounds, lung clearance has to be considered as a competition between mechanical transport of particles and dissolution/absorption to blood. These processes consist respectively in: (i) the phagocytosis by alveolar macrophages after recognition of the contaminant as a foreign body, and (ii) the dissolution of the contaminant followed by translocation into the systemic compartment after crossing the epithelial barrier. Translocation from lungs to blood concerns the dissolved fraction of particulate matter. Soluble compounds (free cations or complexes of small size) are able to be cleared rapidly from the lungs to reach the blood stream. Interestingly, different studies have shown that the 1 nm PuO2 particles appeared to be readily translocated from lungs to blood whereas particles >25 nm showed negligible translocation [START_REF] Stradling | The biological solubility in the rat of plutonium present in mixed plutonium--sodium aerosols[END_REF]). However, experimental models are lacking to investigate the underlying events controlling translocation across the epithelial barrier.

Lung retention and clearance will determine which tissues, whether local or systemic, will be predominantly exposed to radiation, to what extent and for how long. To assess subsequent radiation dose deposited in tissues, it is therefore crucial to understand these clearance mechanisms.

The International Commission on Radiological Protection (ICRP) adopted the human respiratory tract model to describe lung deposition and clearance following intake of airborne radionuclides (ICRP 1994). In this model, materials are classified according to three default absorption types: Fast (F), Moderate (M) or Slow (S), and associated with corresponding absorption parameters used for biokinetic modeling and prediction. The model, as well as the specific absorption parameters for several compounds, have been recently updated in the Occupational Intakes of Radionuclides (OIR) publication series. Absorption types depend generally on the physicochemical form of the radionuclide. For example, Pu citrate belongs to type M. Pu nitrate has similar parameters as type M but with a smaller absorption rate which indicates a longer lung retention (ICRP 2019). Nevertheless, the mechanisms controlling translocation remain unknown.

The lung epithelium acts as a physical and immunological barrier and in consequence is one of the first lines of defense against foreign body entry into the circulation. Epithelial barrier function is maintained by the tight junctions formed between epithelial cells. These structures restrict the movement of ions and solutes between cells and prevent access of xenobiotics and pathogens. In healthy conditions, particle transportation does not occur across the lung epithelial barrier. However, recent studies have shown some trafficking of nanostructures following cellular uptake by epithelial cells [START_REF] George | Development of an in vitro model of human bronchial epithelial barrier to study nanoparticle translocation[END_REF][START_REF] Murugan | Parameters and characteristics governing cellular internalization and trans-barrier trafficking of nanostructures[END_REF].

Cell culture models may provide a rapid and cost-effective approach to assess translocation of actinides across physiological barriers. However, to be suitable for predicting biodistribution of actinides, and their accessibility to decorporating drugs, in vitro models need to demonstrate correlations between in vitro results and biodistribution data in vivo. Moreover, to fulfill the recommendations of the European directive 2010/63/EU, the principles of the "3Rs" (Replacement, Reduction and Refinement) must be considered systematically at all times when animals are used for scientific purposes. These principles were first proposed by Russell and Burch [START_REF] Russel | The principles of humane experimental technique[END_REF] and are currently recommended as the key strategies of a systematic framework aimed at achieving human use of any drugs. Replacement of in vivo models for research in actinide biokinetics or toxicity can be partly accomplished by the use of in vitro cells models [START_REF] Griffiths | Research on the Radiotoxicology of Plutonium Using Animals: Consideration of the 3Rs-Replace, Reduce, Refine[END_REF]. In this context, we have recently developed an in vitro model to mimic uptake of actinides by alveolar macrophages, their release from cells and their accessibility to chelating drugs [START_REF] Van Der Meeren | In vitro assessment of plutonium uptake and release using the human macrophage-like THP-1 cells[END_REF]). For such studies, three categories of Pu compounds previously found to be differentially cleared from lungs after pulmonary administration in rats were used [START_REF] Van Der Meeren | Plutonium behavior after pulmonary administration according to solubility properties, and consequences on alveolar macrophage activation[END_REF].

These compounds showed different uptake and dissolution properties in the in vitro model of macrophages [START_REF] Van Der Meeren | In vitro assessment of plutonium uptake and release using the human macrophage-like THP-1 cells[END_REF] as well as in an acellular model (Van der Meeren et al.

2019).

The present study therefore represents the next logical step in the evaluation of lung clearance of inhaled actinides, i.e., translocation of actinides across the respiratory epithelium. We have chosen human airway epithelial (Calu-3) cells, as a model to assess translocation of actinides. Calu-3 cells grown on permeable filter supports allow the formation of a functional epithelium that has been described as a suitable model for pulmonary translocation studies by multiple research teams [START_REF] Foster | Characterization of the Calu-3 cell line as a tool to screen pulmonary drug delivery[END_REF][START_REF] Florea | Drug transport and metabolism characteristics of the human airway epithelial cell line Calu-3[END_REF][START_REF] Haghi | Time-and passagedependent characteristics of a Calu-3 respiratory epithelial cell model[END_REF][START_REF] George | Development of an in vitro model of human bronchial epithelial barrier to study nanoparticle translocation[END_REF]. In conclusion of their study comparing various lung epithelial cells, Stewart CE recommended the use of Calu-3 because of their stable and reproducible TEER [START_REF] Stewart | Evaluation of differentiated human bronchial epithelial cell culture systems for asthma research[END_REF]. Furthermore, in an in vitro-in vivo correlation study, Mathia et al. have demonstrated that the Calu-3 cell culture model is potentially useful to predict the absorption of inhaled compounds [START_REF] Mathia | Permeability characteristics of calu-3 human bronchial epithelial cells: in vitro-in vivo correlation to predict lung absorption in rats[END_REF]. Although it is recognized that absorption is likely to be faster in the alveolar region where the air-blood barrier is thinner than in the conducting airways, it is assumed (by default) to occur at the same rate in all regions in the Human Tract Respiratory Model described by ICRP. Thus, the use of the bronchiolar Calu-3 cells, although they are not of alveolar origin, offers a good compromise, given their ability to form polarized monolayers with tight junction complexes that are an essential prerequisite for epithelial barrier function.

In our model of human lung epithelial cells, we sought to mimic translocation of actinides across the air-blood barrier, in the presence or not of DTPA. Pu, Am and U were studied, as well as different physicochemical forms of Pu. The use of three chemical forms of Pu allows the comparison of preformed Pu colloids, Pu potentially able to form polymers or complexes at physiological pH and in the presence of bioligands (Pu nitrate), and stable monomeric soluble forms (Pu citrate). To facilitate the overall analysis of these large biodistribution datasets the statistical tool STATBIODIS was used.

This statistical tool has been primarily developed in the laboratory to facilitate manipulation and comparison of experimental data obtained from wound contamination in rat [START_REF] Lamart | Analysis methodology and development of a statistical tool for biodistribution data from internal contamination with actinides[END_REF][START_REF] Lamart | Americium biodistribution in rats after wound contamination with different physicochemical forms in the presence or absence of plutonium: analyses using STATBIODIS[END_REF]. STATBIODIS was extended to handle, clean and analyze the numerous in vitro data derived in this work from various contamination and treatment conditions.

The results of the present study indicate that the Calu-3 experimental model can be of interest to predict differential translocation of inhaled actinides as well as the consequences of treatment with known or potential chelating agents.

MATERIALS AND METHODS

Actinide compounds

Three different physicochemical forms of Pu were prepared and will be referred to as citrate, nitrate or colloids. They were prepared from a stock solution of Pu (12.5 % in activity 239 Pu and 86% 238 Pu, CEA, France) in 2N HNO3 as previously described [START_REF] Van Der Meeren | Plutonium behavior after pulmonary administration according to solubility properties, and consequences on alveolar macrophage activation[END_REF]. Briefly, following evaporation of stock solutions, the "citrate" and "nitrate" compounds, were made so final concentrations were 20 mM citrate and 25 mM nitrate respectively. For the "colloid" compound, colloids were formed in vitro as follows: after evaporation of the stock solution, Pu was diluted so Pu concentration was 25 µM and nitrate concentration was 25 mM then the pH was increased to 11 with NaOH (5 M). Filtration through 10 nm and 100 nm filters (Millipore), placed in a filtration device allowed a rough control of the physical state for each compound. Both Pu nitrate and citrate showed >85% filtrability across the 10 nm filter, whereas colloids were almost totally retained by filter of both sizes suggesting the particulate state of these compounds.

A solution containing 241 Am (nitrate) was prepared from a stock solution in 2N HNO3. 233 U was obtained from Eckert Ziegler (les Ulis, France) as uranyl (uranium stock solution in HNO3 1 N). After evaporation of the stock solutions, Am or U were resuspended in water and thereafter referred to as Am or U nitrate.

Cell culture and assessment of epithelial barrier properties

Human lung adenocarcinoma cells (Calu-3, ATCC, France) were cultured at 37° C in 5 % CO2 atmosphere in DMEM media supplemented with glutaMAX (1%), penicillin-streptomycin (1%) and fetal bovine serum (FBS, 10 %). Cells were seeded onto polyester membranes of inserts (Transwell®, Corning) at a density of 2.0 x 10 5 cells/well. Inserts had a growth area of 0.33 cm 2 and porosity of 0.4 µm. Calu-3 were cultured for approximately 10 days under liquid-covered conditions with culture medium changed every 2-3 days. Cell monolayer formation was evaluated by measuring transepithelial electrical resistance (TEER) using an epithelial Voltohmmeter (EVOM) with electrodes STX-2. TEER readings were obtained by subtracting the resistance in ohms of the blank insert (no cells) from the recorded resistance of the cell monolayer, and subsequently multiplying the resulting value by the effective membrane surface area of the insert to yield ohms.cm 2 . Inserts with TEER > 1000 Ω.cm² were then used for the translocation studies. As TEER values > 400 Ω.cm 2 are usually accepted for formation of a tight epithelium [START_REF] Kreft | The characterization of the human cell line Calu-3 under different culture conditions and its use as an optimized in vitro model to investigate bronchial epithelial function[END_REF], samples with TEER< 400 Ω.cm 2 were excluded from the study. Paracellular permeability of fluorescent markers was investigated by measuring transfer of apicallyadded Lucifer Yellow (LY, MW 457, Sigma-Aldrich France) across epithelial monolayers at Day 7. After TEER was measured, an aliquot of LY was added to the apical side of each insert (4 µl of a stock solution of 25 mg/ml). After a one-hour incubation at 37°C, an aliquot of 100 µl was taken from the basolateral chamber and transferred to a 96 well-plate. The amount of Lucifer yellow was determined by measuring fluorescence using a microtiter plate reader (Modulus Microplate multimode reader, Turner Biosystems, Promega, France, ƛex = 428 nm, ƛem = 540 nm). Paracellular permeability was assessed by dividing fluorescence values in the basolateral chamber after a 1 hourincubation, by the fluorescence value in the apical chamber at the initiation of the incubation and expressed as a percentage.

Translocation studies

At Day 0, when epithelial monolayers have reached satisfying properties, the medium was changed and radionuclides (approximately 400 Bq/well) were added to the apical chamber. Sampling of medium in the basolateral chamber was done for almost all experiments at 2 h, then at 1, 2, 3 and 7 days after actinide addition. At each collection time, the total volume of medium in the basolateral chamber was collected and replaced by an equivalent volume of fresh medium (750 µl). Cells were then returned to 37 °C incubation for the indicated periods of time (e.g., 2 h -7 days). At Day 7, the insert content was collected in addition to the medium from receiver well as for the other time points. Cells were thoroughly rinsed using DPBS and lysed with triton 0.5 %.

All samples (medium from apical and basolateral chambers and cell lysates) were added to scintillation vials and activity was determined by liquid scintillation counting (Tricarb Packard counter) in Ultimagold A/B (Packard, France). The total activity recovered over 7 days was then compared to the initial activity added to the insert well. The percentage of transfer is expressed as cumulated activity measured in the basolateral chamber at each sampling time as percentage of the initial activity in the apical chamber.

The consequences of DTPA treatment on actinide transfer were assessed as follows: at the initiation of the experiment, DTPA 50 µM (Pharmacie Centrale des Armées, France) was added in both apical and basolateral chambers. Two DTPA treatment frequencies were simulated and evaluated. For "single" treatment, DTPA was not re-added to the basolateral chamber at the collection time points.

For "repeated" treatment, DTPA 50 µM was included in the fresh medium at each collection time.

In parallel, the various actinides were added to insert wells without cells (approximately 400 Bq/well) to evaluate the amount of activity able to cross the insert membrane. The same sampling times and experimental protocols for activity measurement as those applied in the presence of cells were used.

Toxicity studies

To evaluate the potential toxicity of Pu associated or not with DTPA, an independent experiment was carried out to avoid interferences with translocation studies. To detect loss of membrane integrity associated with cell death,the lactate dehydrogenase (LDH) release from cells was evaluated using the Homogeneous Membrane Integrity Assay (CytoTox-ONE™, Promega, France). Cell culture in insert wells was carried out similarly to what was used for contamination with Pu and DTPA treatments. However, activity level was not measured. In addition, cells without Pu but treated or not with DTPA were used as controls. At each time of toxicity evaluation ( days 1, 2, 3 and7), 50 µl of culture medium were taken from basolateral chambers and placed into a 96-well plate. After 20 min incubation at room temperature, 50 µl of CytoTox-ONE™ reagent were added to each sample. The amount of fluorescence was measured after addition of a stop solution, using a microtiter plate reader (TriStar 2S, Berthold) with excitation 560 nm and emission 600 nm. The leftover medium in the basolateral chamber was discarded and replaced by fresh medium, similarly to the translocation studies. Results are expressed as percentage of fluorescence in the sample/mean fluorescence of the negative control (not treated cells) from triplicate. Positive control represent LDH content in cell lysate obtained from similar cell number of not treated cells. TEER was measured before the contamination, as well as at D3 and D7. Lucifer Yellow transfer was also evaluated at D7, as described above. sample, experimental identification codes, contamination conditions (e.g., element, physicochemical form, deposited activity in Bq), treatment parameters (e.g., drug, treatment times), and transferred activity in Bq were recorded in standardized tables.

Individual data were manipulated and new variables were computed such as the percentage of transferred activity compared to the deposited activity in the well. To facilitate the data cleaning and validation, numerous graphical representations were generated to visualize easily data according to several parameters simultaneously (e.g., experiment, element, physicochemical form, and DTPA treatment). The {lattice}, {ggplot2} and {cowplot} R packages were particularly useful in this purpose [START_REF] Sarkar | Lattice: Multivariate Data Visualization with R[END_REF][START_REF] Villanueva | ggplot2: Elegant Graphics for Data Analysis Using the Grammar of Graphics[END_REF].

Box-and-Whisker plot representation was used to illustrate the distribution of the datasets [START_REF] Tukey | Box-and-Whisker Plots Reading[END_REF]. Boxplots display the full range of variation (from minimum to maximum), and allow the visualization of five summary statistics (the median, two hinges and two whiskers), and all "outlying" points individually. The lower and upper limits of the boxes correspond to the first and third quartiles (the 25th and 75th percentiles). The upper whisker extends from the upper limit of the box to the largest value no further than 1.5 * IQR from the hinge (where IQR is the inter-quartile range, or distance between the first and third quartiles). The lower whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge. Data beyond the end of the whiskers are called "outlying" points and are plotted individually. In addition, extensive summary tables were produced using the {openxlsx} R package to display each percent transferred activity by element, form, treatment, and measurement time [START_REF] Schauberger | The retention of 14C-DTPA in human volunteers after inhalation or intravenous injection[END_REF]. Based on these graphics and tables, outliers were identified. The corresponding measurements of quality criteria for evaluation of epithelial barrier integrity (TEER, Lucifer Yellow transfer) were checked to decide whether the well should be excluded from the analysis.

To determine the appropriate statistical analysis and tests, the data characteristics were identified and the experimental parameters were classified as fixed or random effects. The follow-up of transferred activity in each well as a function of time resulted in the acquisition of dependent, i.e., paired or longitudinal data. Data obtained in different contamination or treatment conditions were independent and associated to fixed effects. It was not possible to control fully the variability between wells, which was associated with random effects. Graphical representations enabled making hypotheses for the statistical analysis.

The overall analysis of statistical effects was carried out using the {nparLD} R function, which runs a non-parametric test accounting for longitudinal data and mixed effects [START_REF] Noguchi | nparLD: An R Software Package for the Nonparametric Analysis of Longitudinal Data in Factorial Experiments[END_REF]. When an effect was significant, multiple comparisons were carried out using the Wilcoxon rank test at each time point (wilcox.test R function). The obtained p-values were corrected by the Holm method as there were 4-5 comparison pairs. Significant levels were set to 0.05 and 0.025 for bilateral or unilateral hypothesis, respectively. The p values are given in descriptive tables of the statistical analyses.

For comparisons of two or more independent groups at a unique time point, the Kruskal Wallis test was applied.

RESULTS

1-Actinide translocation in a cell-free system

To evidence potential interactions between the radionuclides and the membrane, we first evaluated the translocation of Pu under various physicochemical forms, and that of Am and U under the nitrate form in a cell-free system. The transfer of the different actinide compounds across the insert membranes of the Transwell® can also provide an approximate estimation of their solubility properties in physiological pH conditions and in the presence of various ions and proteins. Analysis of results was descriptive using boxplot representations.

The results from figure 1A show that the initial form of Pu influences the transfer across the membrane. Pu-citrate complexes cross the membrane more rapidly than Pu nitrate, which is faster than Pu colloids, which reflects the influence of their solubility properties on transfer, as previously described in an acellular bioavailability assay [START_REF] Van Der Meeren | A quick and simple in vitro assay to predict bioavailability of actinides following accidental exposure[END_REF]. For preformed colloids, the activity present in the basolateral chamber corresponds to the transferred fraction of Pu dissolved from the colloids and/or passage of the smaller sized colloids. The lower transfer of Pu nitrate as compared to citrate might be explained by the formation of polymeric complexes of Pu. Indeed, Pu nitrate consists in an unbound form of Pu. As soon as its addition in the culture medium, various complexes might be formed between Pu and the ligands present in the culture medium.

Like Pu-citrate, Am and U easily and rapidly cross the membrane (figure 1B). At 24 h, before the plateau was reached, 4% of the activity of Pu colloids (median), 37% of Pu nitrate, 68% of Pu citrate, 63% of Am and 80% of U has crossed the membrane. At day 7, except for Pu colloids, the cumulated transfer is almost 100% of the deposited activity for all elements and forms. This high recovery is due to the renewal of the medium from the receiver well at the different collecting time points leading to equilibrium in both compartments. Results for Pu presented a greater variability between experiments than for Am and U nitrate (Supplemental Figure S1). The distribution in size of preformed colloids or polymers formed from Pu nitrate in the culture medium at pH 7.4 may explain this variability in the resulting transfer through insert membrane. 

2-Actinide transfer across a Calu-3 monolayer

Influence of the physicochemical form of Pu

As in vivo the transfer of Pu from lungs to blood is correlated to the physicochemical properties of the contaminant, we evaluated if different forms of Pu showed different abilities in crossing the epithelial barrier. For this purpose, the cumulated transferred activity was measured in each well as a function of time after contamination for Pu in colloid, nitrate and citrate forms (Figure 2 and Supplemental Figure S2). Regardless of the physicochemical form, there was much less transfer than without cells with all individual cumulated values < 12% at day 7 in presence of cells. The comparison of the 24 h-transfer data between the cell free system and the epithelial monolayer indicates that over 98% of activity was retained by the epithelial layer. At this time point, the translocation (median values) was 0.07% for Pu colloids, 0.2 % for Pu nitrate and 0.85 % for Pu citrate. The increase in cumulated transferred activity tends to be linear with time. There was generally little variability within triplicates but greater variability between experiments (see Figure S2 for individual values). This variability could result from differences (i) in barrier properties between experiments, although only epithelium with TEER values above 400 ohm.cm 2 were used, and (ii) in the physicochemical properties of Pu obtained during the preparation of the 3 forms due to the very complex chemistry of Pu. The homogeneity of triplicates in a given experiment is in favor of these two possible origins of variability. Despite the variability between experiments, cumulated transferred activity appeared greater for citrate, than nitrate and colloid (figure 2).

The use of STATBIODIS enabled an easier manipulation and cleaning of the large data set including numerous experimental conditions. Moreover, the traceability and reproducibility of results was largely facilitated by the adopted approach: a unique numerical tool used to generate the figures for the descriptive analysis and run the statistical tests based on the same source of formatted data; as well as the development of user-defined functions and R scripts, which automated repetitive steps.

The following paragraph describes each of the steps used for all of the statistical analyses of the data. Similar approach will be used for the subsequent analyses of data. However, the detailed analyses will be given only in the supplemental files.

To select the adapted statistical tests, data characteristics and effects were identified. Individual data obtained for different Pu physicochemical forms were independent and associated to a fixed effect, whereas data obtained as a function of time were paired or longitudinal (Table 1). The variability between cell monolayers was associated to a random effect. To evaluate whether the physicochemical form had an influence on the cumulated transferred activity, overall effects of the form, the time after contamination and the interaction between form and time were estimated using the f1.ld.f1 function of the {nparLD} R package (Table 1). S2.

Fixed effect

Type of fixed effect p-value (Wald-type) Significance, yes/no (significance level: 0.05)

Physicochemical form

Between-subject (independent groups) 2 x 10 -24 yes Time after contamination Within-subject (longitudinal data) 3 x 10 -30 yes Interaction between form and time -1.2 x 10 -04 yes

Table 1 : Test of the overall effects of physicochemical form, time after contamination and interaction between form and time on Pu cumulated transferred activity across Calu-3 cell layer.

A non-parametric test for independent (form effect) and paired (time effect) data was used, accounting for the cellular well as a random effect (f1.LD.f1 function from the {nparLD} R package).

All effects were found to be significant. In particular, the interaction between form and time indicated that the effect of the form depended, in magnitude and direction, on the time after contamination (Table 1). Therefore, multiple comparisons were carried out at each time after contamination. It was evaluated whether activity transfer was greater for citrate than nitrate form, for nitrate than colloid form and for citrate than colloid form, respectively (Table 2). These corresponded to unilateral alternative hypotheses (H1). 

Evaluation of the translocation of different actinides

The translocation profiles over time of the three different elements are shown on Figure 3.

A great dispersion of data is observed for Am transfer, possibly associated with variation in the barrier properties between experiments (see supplemental figure S3 for individual data).

Nevertheless, our results show that the transfer of U across the epithelial barrier was statistically significantly greater than that of Am and Pu, all of which in nitrate form, as expected from the properties of the three actinides (see supplemental Tables S1 andS2 for detailed statistical analysis).

Twenty-four hours after contamination, 0.5 % of Am and 1.2 % of U (median values) has translocated through the epithelial monolayer, which can be compared to the 0.2 % transfer obtained for Pu nitrate. The overall transfer over 7 days followed the same order, i.e U>Am>Pu (fig 3 andtable 3).

These results are in accordance with the in vivo behavior of these different elements, for which transfer from lungs to blood is faster for U than Am than Pu (ICRP 2019). Multiple comparisons (Supplemental tables S4, S6 and S8) indicate a significant increase in Pu transfer measured as early as the 24 h-time point after both treatment frequencies, except for the unique treatment on Pu citrate. However, Pu transfer was not further enhanced by a repeated treatment as compared to a single one

To better quantify and compare the effect of DTPA, we calculated an enhancement factor which is the cumulative transferred activity over 7 days in the presence of repeated treatment with DTPA as compared to untreated cells (see supplementary file 3 for detailed calculation). This factor is approximately of 20 for Pu colloids, 10 for Pu nitrate but only of 2 for Pu citrate (see figure S7 for individual data), indicating that transfer enhancement in the presence of DTPA is higher for Pu colloid, than for Pu nitrate which is higher than Pu citrate. Regarding Pu colloids, DTPA may act on two parameters. Firstly, as previously shown, DTPA enhances dissolution of preformed colloids both in an acellular model and in macrophages in vitro [START_REF] Van Der Meeren | In vitro assessment of plutonium uptake and release using the human macrophage-like THP-1 cells[END_REF]. This increased dissolution is also likely to occur in the culture medium. Secondly, similarly to what is observed in the cell-free system, the rapid formation of DTPA-Pu complexes occurs especially when Pu is under an unbound form (newly released from polymeric Pu or as nitrate). However, in addition to the DTPA induced increased dissolution, a facilitated translocation across the epithelial barrier in the presence of DTPA also occurs, as illustrated by the increased transfer of Pu citrate.

Next, similar DTPA treatments were used in Am and U treated cells, to evaluate their impact on transfer across the epithelial monolayer. To facilitate the comparison between the three elements, Pu under nitrate form from figure 5 is also shown on figure 6. An overall effect of DTPA is obtained for Am, whereas for U no significant enhancement of transfer is observed in the presence of DTPA (supplemental table S9). Similarly to what is observed for Pu colloid and nitrate, the repeated addition of DTPA in the culture medium does not enhance further Am transfer (Supplemental table S10). The enhanced factor in the presence of DTPA for the cumulated 7-day Am transfer is five-fold, quite similar to that observed for Pu nitrate. The absence of any effect of DTPA on U transfer is in accordance with the low affinity of DTPA towards U. In addition, this result suggests that the enhanced transfer of Pu and Am observed in the presence of DTPA does not result from an alteration of the integrity of the epithelial barrier in the presence of DTPA, but rather is strictly controlled by the epithelium. 

4-Cellular retention of actinides

Our Calu-3 experimental model can also provide interesting information regarding the cell-associated actinide to evaluate whether the physicochemical properties of the contaminant, as well as the presence of chelating agent, influence the actinide binding/uptake and retention within cells (Figure 6 and supplemental Figure S6).

For all elements at seven days after contamination, around 1% of the initially deposited activity is found to be cell-associated, with no significant differences between elements or forms (P>0.05 Kruskal Wallis). It has to be noted that we cannot discriminate between membrane-bound activity and intracellular content. However, cells were thoroughly rinsed before lysis, ensuring that activity is either intracellular or strongly bound to the membrane.

As shown on figure 7, DTPA has no major effect on the intracellular content after Pu and U contamination but significantly limits Am cellular content at Day 7 by two fold (ANOVA on ranks, P<0.05). However, due to the delayed time-point, it is not possible to determine if this decrease is a consequence of a decreased uptake of the Am-DTPA complexes or an increased release by the cells. 

5-Effect of various treatments and culture conditions on the maintenance of barrier integrity and cell viability

To ensure that the epithelial barrier integrity was not affected by the chronic exposure to alpha-rays and/or by DTPA, we evaluated the integrity of the epithelial barrier 7 days after contamination. Two parameters were used: TEER values and the ability of Lucifer Yellow (LY) to cross the epithelial barrier through paracellular transport. TEER is widely accepted as an index of tight junction integrity.

However, due to the potential risk of cross contamination between wells, the monitoring of TEER was not possible during the experimentation, and thus was only measured at Day 7.

Table 3 reports the cumulated percentage of transferred actinide at day 7, TEER values for corresponding experiments, as well as the percentage of LY recovered in the basolateral chamber/ deposited in the apical chamber. In the absence of cells, an equilibrium of LY between apical and basolateral chambers occurred in one hour but in the presence of the Calu-3 monolayer only a small fraction (<1%) of the deposited fluorescent compound was recovered in the basolateral chamber. No difference in the transfer of LY was observed regardless of element or Pu physicochemical form as well the presence or not of DTPA (table 3, p> 0.05 ANOVA on ranks). In the presence of DTPA, slightly elevated TEER values are observed in the Pu-and Am-treated cells. Although not statistically significant (p> 0.05 ANOVA on ranks), these increased TEER would be expected to result in a limitation of transfer across the epithelium, rather than an increased transfer. Therefore, these results suggest that the enhanced Pu and Am transfer observed in the presence of DTPA is underestimated.

Despite the absence of barrier disruption in our experimental conditions, we evaluated the toxicity of Pu and DTPA by measuring the release of LDH in the culture medium of cells treated or not with DTPA (unique or repeated treatment) in the presence or not of Pu (supplemental S5). An elevated LDH release was observed following DTPA treatment in both Pu-treated and not treated cells. This increase was transient, as it was not anymore observed after DTPA removal from the culture medium. In addition, this increase remains quite modest with a maximum of 1.3 fold as compared to cells with no DTPA treatment whereas this increase reached 4.3 fold for the positive control (figure S9). In addition, of greater importance is the absence of modification of TEER values at Days 3 and 7 whatever the culture conditions (supplemental table 12) as well as of the Lucifer yellow transfer (supplemental table 13). 

Discussion

The main goals of the present work were i) to establish and characterize a relevant in vitro model to study the actinide translocation across an epithelial lung barrier, ii) to identify the main characteristics of actinides influencing the transfer and iii) to evaluate the influence of a chelating agent on the transfer of the various actinides. Understanding actinide behavior within the body after internal contamination is essential for an accurate assessment of dose, and the development of optimal medical treatment of contaminated workers. Thus, an in vitro cell culture model closely mimicking the respiratory epithelium would be a valuable tool to study the translocation of actinides.

Using the Calu-3 cells grown on a filter device in submerged conditions, we first evaluated the transfer kinetics of different physicochemical forms for Pu (colloid, nitrate, and citrate) and different actinides (Pu, Am, U) through the epithelial cell barrier from 2 h to 7 days. These elements and physicochemical forms were considered to represent various scenarios of contamination at the work place in the nuclear industry.

The differential translocation of the three forms of Pu across the Calu-3 monolayer indicates that epithelial cells strictly control the passage of the contaminants, accordingly to intrinsic solubility properties. These Pu compounds have been previously shown to behave differently in rats following pulmonary contamination [START_REF] Van Der Meeren | Plutonium behavior after pulmonary administration according to solubility properties, and consequences on alveolar macrophage activation[END_REF], as well as in vitro in a macrophage model [START_REF] Van Der Meeren | In vitro assessment of plutonium uptake and release using the human macrophage-like THP-1 cells[END_REF] and in an acellular assay [START_REF] Van Der Meeren | A quick and simple in vitro assay to predict bioavailability of actinides following accidental exposure[END_REF]. Pu citrate translocates through the epithelial barrier more rapidly and to a higher extent (5.8 % in 7 days, median) than the nitrate (0.6 %) and colloid forms (0.2 %). This is in accordance with in vivo data,

showing that Pu-citrate complexes behave as a type M compound according to the ICRP classification and are cleared more rapidly from the lungs than nitrate form (ICRP 2019). Uptake to body fluids of dissolved material is usually assumed to be instantaneous. For some elements, however, a significant fraction is absorbed more slowly because of binding to respiratory tract bioligands, such as transferrin which is present in lung fluids [START_REF] Muller | Bronchoalveolar lavage proteins[END_REF]. In this case, a fraction of Pu deposited in the lungs may become bound to the lung tissue once dissolved rather than being directly transferred to blood (ICRP 1994). The biological half-life of this fraction remains unknown [START_REF] Puncher | A Bayesian analysis of plutonium exposures in Sellafield workers[END_REF]. This is the case for Pu nitrate which may rapidly bind to bioligands. The low potency of colloids to cross the Calu-3 epithelial barrier correlates with in vivo data. However, [START_REF] Ansoborlo | Actinide speciation in relation to biological processes[END_REF]). These observations are in line with the specific absorption parameter values recently published by ICRP for Am and U respectively describing their higher solubility properties as compared to Pu (ICRP 2015, ICRP 2019). The absence of statistically significant difference between Pu nitrate and colloid might be explained by the difficulty to handle stable Pu preparations, due to the complexity of redox properties of Pu and the possibility of hydrolysis and colloid formation at physiologic pH. This hypothesis is supported by the variability of transfer data observed in the cell free system. Of note is the decrease in variability between experiments of transfer with the increasing solubility of the compound.

this
Two possibilities for transfer across the epithelial barrier exist: the transcellular route and the paracellular route, involving a passage between cells. In normal circumstances, the paracellular route is believed to not be involved in an active translocation process. Translocation via the transcellular route involves two steps, the first is uptake of the compound by the cells at the "exterior" apical membrane representing the face exposed to the air and the second the exocytosis at the basolateral membrane of the cells, mimicking the "interior" or blood. Although the question of different cellular uptake mechanisms for actinides was not addressed in the present study, we evaluated the activity associated with the cellular lysate at day 7. We did not find any evidence for differences in intracellular Pu content whatever the initial properties of the deposited compound, or indeed between the different elements. It has to be noted, that the intracellular activity level at Day 7 reflects not only the continuous uptake, but also the exocytosis over this time period.

Uptake of actinides by phagocytic cells, such as lung macrophages or Kupffer cells in the liver, depends on the physicochemical properties of the compound; phagocytosis being predominant for the particulate matter or polymeric forms. The mechanisms involved in the cellular uptake of actinides by non-phagocytic cells remain largely speculative. While in vivo studies have shown the presence of Pu in epithelial lung cells [START_REF] Sanders | Ultrastructural localization of inhaled 239PuO2 particles in alveolar epithelium and macrophages[END_REF], to our knowledge, no in vitro study has been dedicated to actinide uptake evaluation by non-phagocytic lung cell. Studies concerning uptake mechanisms have been carried out on a variety of cell models and have mainly focused on the involvement of various proteins such as transferrin [START_REF] Planas-Bohne | Factors influencing the uptake of iron and plutonium into cells[END_REF][START_REF] Vidaud | Structural consequences of binding of UO2(2+) to apotransferrin: can this protein account for entry of uranium into human cells?[END_REF], Jensen et al. 2011), ferritin [START_REF] Muller | Cellular aspects of retention and transport of inhaled soluble and insoluble actinide compounds in the rat lung[END_REF][START_REF] Taylor | The biodistribution and toxicity of plutonium, americium and neptunium[END_REF], siderocalin [START_REF] Allred | Siderocalin-mediated recognition, sensitization, and cellular uptake of actinides[END_REF], fetuin [START_REF] Basset | Revision of the biodistribution of uranyl in serum: is fetuin-A the major protein target?[END_REF]. The influence of the actinide physicochemical form and speciation in the experimental environment on cellular uptake and/or subcellular distribution has also been demonstrated [START_REF] Taylor | Interactions between transuranium elements and the components of cells and tissues[END_REF][START_REF] Mirto | Intracellular behaviour of uranium(VI) on renal epithelial cell in culture (LLC-PK1): influence of uranium speciation[END_REF][START_REF] Paredes | Impact of uranium uptake on isotopic fractionation and endogenous element homeostasis in human neuron-like cells[END_REF] as well as differences between elements [START_REF] Mirto | Intracellular behaviour of uranium(VI) on renal epithelial cell in culture (LLC-PK1): influence of uranium speciation[END_REF], Aryal et al. 2011[START_REF] Allred | Siderocalin-mediated recognition, sensitization, and cellular uptake of actinides[END_REF]. However, the diversity of cellular models precludes an easy interpretation of the findings.

The second phase of our study deals with the ability of DTPA to influence the translocation of actinides across the epithelial barrier. For this purpose, we evaluated the transfer of actinides in the presence or absence of DTPA, with two modes of treatment (single and repeated). First we showed that Pu transfer is facilitated whatever the initial physicochemical properties of Pu. It can be assumed that due to the strong complexing capacity of DTPA towards Pu, all available monomeric Pu will rapidly bind to DTPA in the cell culture, avoiding formation of other complexes such as with serum proteins. The formed complex can then cross the epithelium more easily. The lower overall effect of DTPA in facilitating the translocation of Pu citrate as compared to the less transportable forms might be explained by the rapid transfer of Pu citrate-complexes across the epithelial monolayer before DTPA can chelate Pu from a Pu citrate complex. Following pulmonary contamination with actinides, DTPA has been shown to be poorly effective in decorporating insoluble compounds [START_REF] Fukuda | Efficacies of three chelating agents on the removal of Plutonium in Rats: comparison of CBMIDA, 3,4,3-LIHOPO and Ca-DTPA[END_REF][START_REF] Gremy | Preferential decorporation of americium by pulmonary administration of DTPA dry powder after inhalation of aged PuO(2) containing americium in rats[END_REF]. This could result from the lower bioavailability of polymeric or particulate Pu compounds, which are rapidly engulfed by macrophages. Our results suggest that as soon as Pu is available for complexation with DTPA, it rapidly translocates through the epithelium. In such a simplified culture model, DTPA might favor the transfer of preformed colloid by DTPA by enhancing the solubility of the compound as previously demonstrated [START_REF] Griffiths | Forecasting the In Vivo Behavior of Radiocontaminants of Unknown Physicochemical Properties Using a Simple In Vitro Test[END_REF], Van der Meeren et al. 2019). Re-adding DTPA at the medium change did not further enhance the effect on translocation.

Used at 50 µM at the initiation of the culture, DTPA is largely in molar excess as compared to Pu (0.9 nM). In addition, because only the medium from the basolateral chamber is collected, the amount of DTPA remaining in the apical chamber is sufficient to chelate the bioavailable Pu still present in the culture medium. Improved efficacy of chronic DTPA administration in animal experimental models has been shown following contamination with poorly soluble Pu [START_REF] Guilmette | Decorporation therapy for inhaled plutonium nitrate using repeatedly and continuously administered DTPA[END_REF].

The apparent discrepancy between in vitro and in vivo data can be explained by the short biological half-life of DTPA in vivo [START_REF] Stevens | The Retention and Distribution of <sup>241</sup> Am and <sup>65</sup> Zn, Given as DTPA Chelates in Rats and of <tex-math>$[{}^{14}{\rm C}]{\rm DTPA}$</tex-math> in Rats and Beagles[END_REF], Stather et al. 1983). The repeated administration compensates for the short biological half-life of DTPA, and allows the chelation of newly released monomeric Pu. In addition, in the lungs, part of the actinides is retained in less bioavailable compartments, such as macrophages.

Am transfer across the Calu-3 monolayer is also facilitated in the presence of DTPA, however to a lesser extent than for Pu nitrate. This result is in accordance with previously reported results on skin transfer [START_REF] Tazrart | Skin absorption of actinides: influence of solvents or chelates on skin penetration ex vivo[END_REF]. The lower efficacy could result from a lower affinity of DTPA towards Am as compared to Pu, but more likely the rapid translocation of Am even in the absence of DTPA is involved. One explanation for in vivo higher decorporation potential of Am by DTPA as compared to Pu is the higher bioavailability of Am as a consequence of the lower affinity of Am towards biological ligands, such as Tf. Such an explanation may also be proposed in the present work, where serum proteins are present. The absence of an effect of DTPA on U transfer across the epithelial monolayer illustrates the lower affinity of DTPA for U [START_REF] Ansoborlo | Actinide speciation in relation to biological processes[END_REF].

Interestingly, the level of cell-associated Am content in the presence of DTPA is lower than that of untreated cells. Such a difference was not observed for any of the Pu compounds. This lower cellular content could result either from an accelerated exocytosis of the Am-DTPA complexes or from a lower retention at the cell surface. However, further studies are needed to be able to confirm these hypotheses.

Our controls for an effective barrier do not show significant alterations following a seven dayincubation period in the presence of actinides or DTPA. Neither the short-term passage of Lucifer Yellow nor the TEER values differ significantly between untreated cells and treated cells. These observations might suggest that the actinide-DTPA complexes transfer occurs through the transcellular route. However, a paracellular passage of these complexes cannot be excluded. Indeed, DTPA is a small charged molecule with no known mechanism for transcellular movement [START_REF] Corcoran | Liquid hyper-absorption as a cause of increased DTPA clearance in the cystic fibrosis airway[END_REF]. When cultured in submerged conditions, as it is the case in the present studies, theoretical pore size between cells is of approximately of 15 nm [START_REF] Grainger | Culture of Calu-3 cells at the air interface provides a representative model of the airway epithelial barrier[END_REF], which is large enough to allow the passage of actinide-DTPA complexes as well as Pu-citrate complexes, but not of bigger size complexes like those formed with proteins. Understanding the translocation of actinide-DTPA complexes from lungs to blood is particularly important in the light of the recommendation from FDA and the French National Agency for the safety of medicine and health Products [START_REF] Fda | Guidance for industry on pentetate calcium trisodium and pentetate zinc trisodium for treatment of internal contamination with plutonium, americium, or curium[END_REF][START_REF] Ansm | Base de données publique des médicaments[END_REF] to administrate DTPA solution by nebulization following pulmonary contamination. In this situation, DTPA chelation occurs in situ in the lungs, and actinides translocate as a complex formed with the chelating agent [START_REF] Miccoli | Chelation Treatment by Early Inhalation of Liquid Aerosol DTPA for Removing Plutonium after Rat Lung Contamination[END_REF].

In conclusion, the results reported herein indicate that actinide translocation depends on the nature of the element (Pu, Am, U), as well as on the initial physicochemical form of the contaminant. We also showed that the presence of a chelating agent modifies the transfer of Pu across the epithelial barrier whereas it has little influence on the behavior of Am, and none on U. The use of STATBIODIS facilitated handling of data, and enabled multiple comparisons analyses. This study demonstrates that the Calu-3 epithelial cell line grown on filter devices provides a highly effective in vitro epithelial barrier model that can be used to understand better the biological fate of inhaled actinides. More particularly, the influence of various parameters such as physicochemical properties or the presence of exogenous agents can be assessed. However, considering the complexity of radionuclide deposition, dissolution and translocation from lungs to blood following pulmonary intake, no single in vitro test method will adequately model lung clearance. Our model can thus be considered as a part of a tool box. Furthermore, understanding the mechanisms involved in the transfer of actinide compounds across the epithelial barrier is still an open question and will be the subject of future studies.

Figure 1 :

 1 Figure 1: Actinide transfer across the Transwell® membrane in a cell free system. A: Pu under different physicochemical forms, and B: Am nitrate and U nitrate. Approximately 400 Bq of Pu, Am, or U were added in the apical chamber in culture medium containing 10 % FBS. Medium was collected in the basolateral chamber at 2 h, 24 h, 48 h, 72 h and 7 days after contamination. Activity was measured by liquid scintillation counting. Results are expressed as % of cumulative transferred activity recovered in the basolateral chamber/ initial activity deposited in the apical chamber from n experiments (Pu colloid n=8, Pu nitrate n=11, Pu citrate n=15, Am n=5, U n=3). Boxes and whiskers represent the full range of data and the horizontal black line inside the box the median. Dots represent outliers. Scatter plot of individual data of each well are represented in Supplemental Figure 1.
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  Influence of the presence of the chelating drug DTPA on actinide transfer DTPA administration is the recommended treatment following internal contamination with Pu and Am. Thus, we evaluated the influence of the presence of DTPA on the actinide transfer in vitro. To mimic single or repeated administration protocols used in man, DTPA was added either at the beginning of the incubation and not re-added at the medium change (single administration) or readded at each of the medium change (repeated treatment). Consequences of DTPA treatment in a cell-free system 20 In the absence of cells, the presence of DTPA favors the transfer of Pu across the Transwell® membrane whatever the initial physicochemical form and the frequency of DTPA treatment (Fig 4A and supplemental Fig S4A). This could be explained by a facilitated transfer of the Pu-DTPA complexes across a membrane due to the limitation of interactions of unbound Pu with plastic material or with proteins of lower affinity. For colloids, less Pu is accessible to chelation, thereby leading to a moderate transfer across the membrane.DTPA has no major effect on the transfer of Am and U across the membrane(Fig 4B and supplemental Fig S4B). These two elements show an intrinsic transfer greater than Pu, suggesting fewer interactions with various bioligands present in the culture medium, such as proteins from the serum, or carbonates. Therefore, the complexes eventually formed with DTPA behave similarly to that of "free" elements, or complexes formed with other ligands.

Figure 4 :

 4 Figure 4: Influence of DTPA on actinide transfer across transwell membrane. A: Pu under different physicochemical forms, and B: Am nitrate and U nitrate. Approximately 400 Bq of radionuclides were added in the apical chamber. DTPA (50 µM) was added at the initiation of the incubation and not re-added in the basolateral chamber at the medium change (unique) or re-added at each of the medium change (repeated). Medium was collected in the basolateral chamber at 2h, 24h, 48h, 72h and 7 days after contamination. Activity was measured by liquid scintillation counting. Results are expressed as % of cumulative transferred activity recovered in the basolateral chamber/ initial activity deposited in the apical chamber from n experiments (Pu colloid n=8, Pu nitrate n=11, Pu citrate n=15, Am n=5, U n=3). Boxes and whiskers represent the full range of data and the horizontal black line inside the box the median. Dots represent outliers. Scatter plot of individual data of each well are represented in Supplemental Figure S4. Consequences of DTPA treatment on actinide transfer across a Calu-3 monolayer

Figure 5 :

 5 Figure 5: Effect of DTPA on Plutonium transfer across monolayer of Calu-3 cells according to the physicochemical properties of the contaminant. Approximately 400 Bq of Pu colloids, nitrate or citrate were added in the apical chamber. DTPA (50 µM) was added at the initiation of the incubation and not re-added in the basolateral chamber at the medium change (unique) or re-added at each of the medium change (repeated). Medium was collected in the basolateral chamber at 2h, 24h, 48h, 72h and 7 days after contamination. Activity was measured by liquid scintillation counting. Results are expressed as % of cumulative transferred activity recovered in the basolateral chamber/ initial activity deposited in the apical chamber. Boxes and whiskers represent the full range of data and the horizontal black line inside the box the median. Dots represent outliers. Each experimental condition was done in triplicate and repeated 4 times for colloid, 8 times for nitrate and 6 times for citrate. Scatter plot of individual data of each well are represented in Supplemental Figure S5.

Figure 6 :

 6 Figure 6: Effect of DTPA on Pu, Am, and U nitrate Transfer across monolayer of Calu-3 cells. Approximately 400 Bq of Pu, Am or U nitrate were added in the apical chamber. DTPA (50 µM) was added at the initiation of the incubation and not re-added in the basolateral chamber at the medium change (unique) or re-added at each of the medium change (repeated). Medium was collected in the basolateral chamber at 2h, 24h, 48h, 72h and 7 days after contamination. Activity was measured by liquid scintillation counting. Results are expressed as % of cumulative transferred activity recovered in the basolateral chamber/ initial activity deposited in the apical chamber. Boxes and whiskers represent the full range of data and the horizontal black line inside the box the median. Dots represent outliers. Each experimental condition was done in triplicate and repeated 8 times for Pu, 5 times for Am and 3 times for U. Scatter plot of individual data of each well are represented in Supplemental Figure S6.

Figure 7 :

 7 Figure 7: Intracellular content 7 days after contamination with actinides. Approximately 400 Bq of Pu colloids, nitrate or citrate, Am nitrate and U nitrate were added in the apical chamber. DTPA (50 µM) was added at the initiation of the incubation and not re-added in the basolateral chamber at the medium change (unique) or re-added at each of the medium change (repeated). Cell lysate was collected after extensive washing 7 days after contamination. Activity was measured by liquid scintillation counting. Results are expressed as intracellular activity / initial activity deposited in the apical chamber. Boxes and whiskers represent the full range of data and the horizontal black line inside the box the median. Dots represent outliers. Each experimental condition was done in triplicate and repeated 5 times for Pu colloid, 7 times for Pu nitrate, 7 times for Pu citrate, 5 times for Am and 3 times for U Scatter plot of individual data of each well are represented in Supplemental Figure S8

  

Figure 2: Plutonium transfer across monolayer of Calu-3 cells according to the physicochemical properties of the contaminant. Approximately

  

	400
	Bq of Pu colloid, nitrate or citrate were added in
	the apical chamber. Medium was collected in the
	basolateral chamber at 2h, 24h, 48h, 72h and 7
	days after contamination. Activity was measured
	by liquid scintillation counting. Results are
	expressed as fraction of cumulative activity
	recovered in the basolateral chamber/ initial
	activity deposited in the apical chamber. Boxes and
	whiskers represent the full range of data and the
	horizontal black line inside the box the median.
	Dots represent outliers. Each experimental
	condition was done in triplicate and repeated 4
	times for colloid, 8 times for nitrate and 6 times for
	citrate. Scatter plot of individual data of each well
	are represented in Supplemental Figure

Table 2 : Multiple comparisons of Pu cumulated transfer data

 2 

	Alternative hypothesis (H1)	Time (hours)	Corrected p-value (Holm)	Significance, level: 0.025) yes/no (significance	Pseudo-(%) median difference	95% CI (%)
		24	5.84e-04	yes	0.44	0.24 to infinity
	Citrate > Nitrate	48 72	2.51e-04 1.18e-04	yes yes	0.84 1.23	0.50 to infinity 0.73 to infinity
		168	2.50e-06	yes	2.81	1.58 to infinity
		24	5.65e-02	no	0.13	0.05 to infinity
	Nitrate > Colloid	48 72	8.47e-02 8.47e-02	no no	0.19 0.26	0.03 to infinity 0.02 to infinity
		168	8.47e-02	no	0.30	-0.016 to infinity
		24	1.86e-07	yes	0.74	0.45 to infinity
	Citrate > Colloid	48 72	1.86e-07 1.86e-07	yes yes	1.40 2.06	0.73 to infinity 1.02 to infinity
		168	1.86e-07	yes	4.20	2.01 to infinity

(% of Pu deposited activity) 

for each time after contamination between the citrate, nitrate and colloid forms. The Mann-Whitney non-parametric test (or Wilcoxon rank sum test) for independent groups was used. Unilateral alternative hypotheses (H1) were used. For example, "Citrate > Nitrate" means that the test evaluated whether data for citrate were greater than those for nitrate. CI: confidence interval.

Results in table 2 indicate that, from 24 h to 168 h, Pu cumulated transfer was significantly greater for citrate than nitrate and colloid forms. Pseudo-median differences in Pu transfer increased from 0.4 to 2.8% between citrate and nitrate. No significant differences when comparing nitrate and colloid forms were obtained, possibly because of the high variability between experiments.

Table 3 : Day 7 cumulative transferred activity, TEER, LY transfer for

 3 Pu different forms, Am and U -Effect of DTPA treatment. Results are expressed as median from n samples. The range of the values is also shown.

			Cumulated transfer	TEER (%/non treated	LY transfer (%/ initial
			(%/initial activity)	cells)	fluorescence)
			Median	Median	Median	Median	Median	Median
			(n)	range	(n)	range	(n)	range
		No treatment	0.19 (11)	0.10-0.86	100	-	0.61 (11)	0.3-1.32
	Pu colloid	DTPA unique	2.29 (12)	1.17-8.04	109.8 (9)	42-154	0.53 (12)	0.46-0.75
		DTPA repeated	4.08 (15) 1.63-12.22 146.6 (9)	118-266	0.61 (15)	0.42-1.04
		No treatment	0.58 (20)	0.03-7.42	100	-	0.63 (21)	0.41-0.88
	Pu nitrate	DTPA unique	3.84 (15)	2.87-7.34	127 (9)	111-156	0.60 (15)	0.43-1.60
		DTPA repeated	5.19 (19) 3.65-11.24 116.2 (9)	63-171	0.59 (21)	0.47-1.60
		No treatment	5.78 (16)	1.4-11.0	100	-	0.67 (12)	0.58-0.83
	Pu citrate	DTPA unique	6.93 (15) 3.58-22.94 142.3 (9)	125-198	0.60 (9)	0.50-1.19
		DTPA repeated	10.33 (12) 5.28-16.58 151.6 (9)	99-221	0.55 (12)	0.45-0.76
		No treatment	0.76 (14)	0.18-5.64	100	-	0.53 (9)	0.42-0.72
	Am nitrate	DTPA unique	4.67 (15)	1.14-8.96 120.7 (12)	68-153	0.49 (9)	0.43-0.66
		DTPA repeated	3.76 (15) 1.07-13.60	145 (12)	118-266	0.45 (9)	0.41-0.75
		No treatment	6.02 (6)	5.76-6.38	100	-	0.48 (6)	0.44-1.44
	U nitrate	DTPA unique	5.86 (5)	4.91-7.84	98.21 (5)	40-111	0.45 (6)	0.44-1.92
		DTPA repeated	9.48 (6)	6.76-11.53 71.32 (6)	30-106	1.03 (6)	0.32-3.49

  low translocation is not the only reason for the slow in vivo clearance of colloids. Those can be particulate in nature, which results in rapid recognition and uptake by macrophages. Although Pu nitrate is poorly spontaneously recognized by macrophages, the interactions with biological ligands of this unbound form, can lead to the progressive formation of "structures" recognizable by macrophages and with slow lung clearance[START_REF] Van Der Meeren | Plutonium behavior after pulmonary administration according to solubility properties, and consequences on alveolar macrophage activation[END_REF][START_REF] Birchall | The Importance and Quantification of Plutonium Binding in Human Lungs[END_REF]. Am and U, although initially in nitrate form, cross the epithelial barrier more rapidly, possibly because of a lower ability to form complexes with serum proteins than Pu nitrate or to form complexes of weaker affinity
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Data processing

All transfer experiments were carried out using triplicate cell samples and were repeated 3-8 times depending on experimental conditions. Samples from the cell free system were obtained from each experiment and for each experimental condition from a unique well.

To facilitate the manipulation and analysis of these large number of data obtained in multiple experimental conditions, the statistical tool STATBIODIS, developed in the laboratory using the R code to handle in vivo data, was extended to in vitro data and applied (R Core Team 2019) (Lamart et al. 2017[START_REF] Lamart | Americium biodistribution in rats after wound contamination with different physicochemical forms in the presence or absence of plutonium: analyses using STATBIODIS[END_REF]. Individual data from 21 experiments representing over 1000 data points were organized and stored in tables according to the format defined for STATBIODIS. Thus, for each
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