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Introduction

Radioimmunotherapy (RIT) consists in treating tumours using monoclonal antibodies (mAbs) radiolabeled with βor α-emitting radionuclide, either directly (e.g. radioiodination on tyrosine residues) or through a radiolabeled prosthetic group (most notably couplings between Nhydroxysuccinimidyl (NHS) esters and lysines or hetero-Michael additions between maleimides and thiol group of cysteine residues). RIT efficiency has been well established in hematological diseases, such as Non-Hodgkin Lymphoma with the approval in 2002 of ibritumomab tiuxetan (Zevalin ® , Bayer). However, RIT of solid tumors faces two major drawbacks, namely poor mAb diffusion in tumors and hematotoxicity caused by their slow blood clearance. [START_REF] Pouget | Introduction to radiobiology of targeted radionuclide therapy[END_REF][START_REF] Pouget | Clinical radioimmunotherapy-the role of radiobiology[END_REF] Recent advances have led to the development of pretargeting approaches (PRIT) to limit irradiation of healthy tissues (Figure 1A). [START_REF] Goldenberg | Pretargeted Molecular Imaging and Radioimmunotherapy[END_REF][START_REF] Patra | New insights into the pretargeting approach to image and treat tumours[END_REF] Figure 1. Principle of the pretargeting strategy (A) and major checkpoints to optimize the TCO/Tz IEDDA cycloaddition (B-C).

Unlike RIT, PRIT relies on a specific recognition between a functionalized mAb and a fast blood cleared radiolabeled probe, injected 24 to 48 h after the modified mAb. However, only few PRIT approaches have so far been investigated in clinical trials. [START_REF] Stéen | Pretargeting in nuclear imaging and radionuclide therapy: Improving efficacy of theranostics and nanomedicines[END_REF][START_REF] Bailly | Pretargeting for imaging and therapy in oncological nuclear medicine[END_REF][7] The (strept)avidin-biotin system, which was the first PRIT system assessed in humans, demonstrated important (strept)avidin-based immunogenicity and non-specific interaction with endogenous biotin. The bispecific antibodies/hapten system successfully reached phase II/III but requires a long and expensive engineering. [START_REF] Magnani | Diagnosis of persistent ovarian carcinoma with three-step immunoscintigraphy[END_REF][9][START_REF] Stickney | Bifunctional antibody: a binary radiopharmaceutical delivery system for imaging colorectal carcinoma[END_REF][START_REF] Kalofonos | Imaging of tumor in patients with indium-111-labeled biotin and streptavidin-conjugated antibodies: preliminary communication[END_REF][START_REF] Weiden | Pretargeted radioimmunotherapy (PRIT) for treatment of non-Hodgkin's lymphoma (NHL): initial phase I/II study results[END_REF][START_REF] Liu | Y labeled Phosphorodiamidate Morpholino Oligomer for Pretargeting Radiotherapy[END_REF][START_REF] Bagshawe | Antibody-directed enzyme prodrug therapy (ADEPT) for cancer[END_REF] Copper-free click chemistry strategies offer an attractive alternative due to their selectivity, fast reaction rate, ease and modularity of ligation, particularly for the "second generation" bioorthogonal reactions. These stand out by their fast reaction kinetics under physiological conditions (solvent, pH and temperature). Bioorthogonal chemistry is also characterized by the absence of side reactions between bioorthogonal entities and biological macromolecules, thus ensuring biocompatibility in living systems. This led to the development of a dozen of reactions where the most promising appeared to be strainedpromoted alkyne-azide cycloaddition (SPAAC) and the inverse electron-demand Diels-Alder (IEDDA) cycloaddition based on trans-cyclooctene (TCO)/tetrazine (Tz) conjugation. [START_REF] Sletten | From Mechanism to Mouse: A Tale of Two Bioorthogonal Reactions[END_REF][START_REF] Van De Watering | Pretargeted imaging and radioimmunotherapy of cancer using antibodies and bioorthogonal chemistry[END_REF][START_REF] Blackman | Tetrazine Ligation: Fast Bioconjugation Based on Inverse-Electron-Demand Diels-Alder Reactivity[END_REF][START_REF] Dommerholt | Strain-Promoted 1,3-Dipolar Cycloaddition of Cycloalkynes and Organic Azides[END_REF] For PRIT applications, TCO moieties are usually linked to mAb lysine residues, while Tz probes are attached to a macrocycle chelator via polyethylene glycol (PEG) linkers (Figure 1B/C).

In 2010, Rossin et al. have first demonstrated the proof of concept of IEDDA in living systems, via SPECT-CT imaging using CC49 anti-TAG72 mAb (bearing ≈ 7 TCO/mAb), and an [ 111 In]In-DOTA-Tz probe. Thereafter, IEDDA reaction based on TCO/Tz interaction has been extensively applied for either fluorescence assays, SPECT/PET imaging or preclinical therapy studies and has proved to be a powerful tool to specifically target tumors with low background noise and high tumor to non-target organs ratios. Thereby, imaging investigations demonstrated the possibility to use IEDDA to specifically target tumors with low background noise and high tumor to non-target organs ratios. [START_REF] Rossin | In vivo chemistry for pretargeted tumor imaging in live mice[END_REF][START_REF] Zeglis | Modular Strategy for the Construction of Radiometalated Antibodies for Positron Emission Tomography Based on Inverse Electron Demand Diels-Alder Click Chemistry[END_REF][START_REF] Rossin | Pretargeted imaging using bioorthogonal chemistry in mice[END_REF][START_REF] Rahim | Enhancing Reactivity for Bioorthogonal Pretargeting by Unmasking Antibody-Conjugated trans-Cyclooctenes[END_REF][START_REF] Meyer | F-Based Pretargeted PET Imaging Based on Bioorthogonal Diels-Alder Click Chemistry[END_REF][START_REF] Houghton | Establishment of the In vivo Efficacy of Pretargeted Radioimmunotherapy Utilizing Inverse Electron Demand Diels-Alder Click Chemistry[END_REF] In addition, using PRIT instead of RIT for tumor treatment was all the more interesting since radiation doses received by non-targeted organs were significantly lower with PRIT according to dosimetry calculations. [START_REF] Rossin | Diels-Alder Reaction for Tumor Pretargeting: In vivo Chemistry Can Boost Tumor Radiation Dose Compared with Directly Labeled Antibody[END_REF] To the best of our knowledge, no clinical studies using pretargeting through IEDDA cycloaddition have been undertaken yet, neither for imaging nor for therapy purpose. However, many preclinical studies based on TCO/Tz interaction essentially focused on the optimization of the Tz moiety and its linker to improve in vivo reaction kinetic and Tz-based radioligand stability in biological media (Figure 1B). [START_REF] Läppchen | DOTA-tetrazine probes with modified linkers for tumor pretargeting[END_REF][START_REF] Kronister | Acylation-Mediated 'Kinetic Turn-On' of 3-Amino-1,2,4,5-tetrazines[END_REF] Concerning the TCO moiety, the first study led by Robillard et al. also used a PEGylated linker (e.g. PEG12), [START_REF] Rossin | In vivo chemistry for pretargeted tumor imaging in live mice[END_REF] PEGylation being a well-known process to reduce the lipophilicity and immunogenicity of immunoconjugates while increasing their blood half-lives. [START_REF] Chapman | PEGylated antibodies and antibody fragments for improved therapy: a review[END_REF] But moving TCO groups away from the mAb surface exposed them to serum protein bound copper (II) (e.g. transcuprein, mouse serum albumin, ceruloplasmin) or thiol derivatives, thus increasing TCO isomerization into its unreactive cis-cyclooctene (CCO) isomer. Others authors have also developed TCOs with exo-or endocyclic heteroatoms. Not only does heteroatom incorporation increase hydrophilicity but it also preserves (or even increases) the reactivity of the cyclic dienophiles. [START_REF] Kozma | Hydrophilic trans-Cyclooctenylated Noncanonical Amino Acids for Fast Intracellular Protein Labeling[END_REF] The pioneering teams in the development of the IEDDA system, namely Robillard and Zeglis groups, obtained excellent in vivo results without PEGylated linker between TCO groups and their mAbs (Figure 1C). [START_REF] Rossin | Highly Reactive trans-Cyclooctene Tags with Improved Stability for Diels-Alder Chemistry in Living Systems[END_REF][31][START_REF] Rossin | Trans-Cyclooctene Tag with Improved Properties for Tumor Pretargeting with the Diels-Alder Reaction[END_REF] We also demonstrated, using fluorescent Tz probes, that PEGylated mAb-TCO were less reactive towards Tz than non-PEGylated mAb-TCO, whatever the length of the linker (e.g. PEG4 and PEG12), either in vitro or in vivo. [START_REF] Rondon | Antibody PEGylation in bioorthogonal pretargeting with transcyclooctene/tetrazine cycloaddition: in vitro and in vivo evaluation in colorectal cancer models[END_REF][START_REF] Rondon | Pretargeted radioimmunotherapy and SPECT imaging of peritoneal carcinomatosis using bioorthogonal click chemistry: probe selection and first proof-ofconcept[END_REF] However, Cook et al. recently described the evaluation of a novel bifunctional PEGylated dendrimeric TCO for in vivo PET imaging, resulting in a two-fold improvement of the absolute tumoral uptake. [START_REF] Cook | Dendrimer Scaffold for the Amplification of In vivo Pretargeting Ligations[END_REF] We thereby wondered if one pitfall of the IEDDA system for further clinical application was not the TCO group itself. The purpose of the present study was to determine which critical step(s) could induce TCO isomerization: (i) the introduction of the PEGylated linker during the synthesis of PEGylated TCO derivatives; (ii) the grafting process of TCO derivatives (PEGylated or not) on the mAb; (iii) and/or in vitro and in vivo instability of the mAb-TCO immunoconjugates (either PEGylated or not). To answer these three questions, we first systematically checked the isomerization rate of TCO during all chemical syntheses by analytical HPLC prior to mAb functionalization. However, TCO/CCO conversion can no longer be accurately quantified by analytical HPLC once mAbs were functionalized. Subsequently, we first quantified TCO/Tz interaction by SDS-PAGE-gel electrophoresis, by reacting commercially available fluorescent Tz probes (Tz-Cy3 and Tz-5-FAM) with Ts29.2 mAb conjugates bearing both three different PEG lengths (PEG0, PEG4 and PEG12) and three different TCO/CCO isomeric ratios (90/10; 50/50; 10/90). We then assessed the influence of TCO/CCO isomeric purity by immunofluorescence assays, on HT29 colorectal cell line expressing tetraspanin 8 (TSPAN8) antigen, using the corresponding modified Ts29.2 mAb. The impact of both PEGylation and TCO isomeric purity on mAb-PEGx-TCO stability (x = 0, 4 and 12) were finally evaluated by SDS-PAGE gel electrophoresis monitoring after prior incubation of the different immunoconjugates at 37 °C in PBS or plasma.

Results

2.1.

Synthesis of Pretargeting PEGylated Components.

The synthesis of PEGylated TCO derivatives started with the photochemical conversion of the commercially available (Z)-cyclooct-4-enol (CCO) into (E)-cyclooct-4-enol (TCO) (Scheme 1).

Scheme 1: TCO derivative syntheses with high TCO/CCO ratio

We succeeded in obtaining TCO with highly reproducible purity rate (e.g. 100/0 TCO/CCO ratio) compared to a 70/30 ratio value previously described by Rossin and co-workers (Figure S1, A-B). workers. [START_REF] Billaud | Micro-flow photosynthesis of new dienophiles for inverseelectron-demand Diels-Alder reactions. Potential applications for pretargeted in vivo PET imaging[END_REF] Unfortunately, this reaction led only to TCO (2) probably due to the photochemical cleavage of the carbamate bond (Figure S2). Finally, we focused on the purification of the crude TCO-NHS obtained in the first attempt. An original purification process on AgNO3impregnated silica gel was developed allowing to successively elute CCO-NHS and impurities with ethyl acetate (control by TLC and HPLC) while TCO-NHS was selectively retained by AgNO3. Then, TCO-NHS was eluted with a mixture of ethyl acetate/triethylamine (80/20, v/v), leading to a 100% isomeric purity of compound TCO-NHS. This original quick and inexpensive method, based on the synthetic procedure to obtain TCO from CCO, allowed to obtain TCO-NHS with a 100/0 TCO/CCO ratio in a reproducible manner (Figure S3). The PEGylated TCO-derivative 6a was then obtained by coupling TCO-NHS with the PEGylated amino acid linker 5a, but with the concomitant formation of its PEGylated CCO derivative 8a and traces of TCO-NHS. Attempts to isolate 6a all proved to be unsuccessful and systematically led to an increased isomerization rate with poor recovery of the desired product regardless the purification method used (washing protocols, purification by normal, reversed phase or AgNO3silica gel flash chromatography). Therefore, once the starting TCO-NHS was almost totally consumed (HPLC monitoring), the crude mixture had to be directly engaged in the following step, using DSC (3 eq.) and catalytic DMAP (0.2 eq.) as optimal experimental conditions, to afford the corresponding activated ester 7a with an overall yield of 66% and 94% isomeric purity (Figure S8).

This one-pot two-step method applied to 5a-c led to 7a-c with yields ranging from 31 to 67% and with low TCO isomerization after purification by preparative RP-HPLC followed by freezedrying (Scheme 1;

Tables 1,S1 and S2).

Table 1: Synthesis of compounds TCOPEGxCONHS 7a-c (x = 4, 8 and 12)

Using these experimental conditions afforded 7a-c with TCO/CCO ratio superior to 90/10.

CCOPEGxCO2H 8a-c and CCOPEGxNHS 9a-c were prepared as reference compounds to control the TCO isomerization rate to CCO by analytical HPLC monitoring during the synthesis of compounds 7a-c (Figure S9). All our TCO-and CCOPEGxNHS proved to be stable and did not isomerize when conserved at -20 °C as stock solutions in acetonitrile for at least one year.

Antibody Functionalization.

Biological experiments were then performed with Ts29.2-based immunoconjugates directed against tetraspanin 8 antigen. The in vitro and in vivo proof-of-concepts of IEDDA pretargeting for fluorescence imaging of colorectal cancer and peritoneal carcinomatosis were recently published by our team. [START_REF] Rossin | Trans-Cyclooctene Tag with Improved Properties for Tumor Pretargeting with the Diels-Alder Reaction[END_REF][START_REF] Rondon | Antibody PEGylation in bioorthogonal pretargeting with transcyclooctene/tetrazine cycloaddition: in vitro and in vivo evaluation in colorectal cancer models[END_REF] Different amounts of CCO derivatives (e.g; CCO-NHS 4 or 9a or 9c) were added to the TCO derivatives (e.g; TCO-NHS 3 or 7a or 7c, respectively) adducts so as to obtain fixed TCO/CCO ratios (e.g. 90/10, 50/50 and 10/90). Control of TCO/CCO ratios was systematically performed using analytical HPLC both before and after adding CCO isomers (Scheme 3; Figures S10, S11 and S12).

Reactant

Step 1 (5a-c into 6a-c)

Step Ts29.2(PEG0)@1a, Ts29.2(PEG0)@2a or Ts29-2(PEG0)@3a. Similar procedures were performed to produce Ts29.2(PEG4)@1b to Ts29.2(PEG12)@3c by addition of the appropriate mixture of 7a/9a or 7c/9c for ratios 1-3 (Scheme 3). The mean number of TCO-CCO moieties grafted per mAb ranged from 7.6 to 7.9 for Ts29.2(PEG0)@1a-Ts29.2(PEG0)@3a and from 4.1 to 4.9 for both Ts29.2(PEG4)@1b-Ts29.2(PEG4)@3b, Ts29.2(PEG12)@1c-Ts29.2(PEG12)@3c

(n = 3) (Table S3).

Immunofluorescence assays on HT29 cells.

Assays were made with all Ts29.2-PEGx-TCO±CCO (x = 4, 8 and 12) (e.g. Ts29.2(PEG12)@1a to Ts29.2(PEG0)@3c, Figure 2) as described in supporting information. It was observed that the decrease of the mean fluorescence intensity is lower with PEG0 than PEG4 and PEG12 for all the corresponding isomeric ratios (Figures 2 and3). The presence of PEGylated linkers was suspected to induce a faster TCO isomerization. Nevertheless, we can notice that for a 90/10 TCO/CCO ratio, a higher mean fluorescence signal was obtained with PEG4. Then, the influence of PEGylation on Ts29.2-PEGx-TCO/CCO stability over time was In D-PBS at 37 °C, a progressive decrease of fluorescence intensity was observed as expected, as the CCO isomeric rate increased whatever the PEG length. With PEG0/PEG4

immunoconjugates prepared from ratio 1 (e.g. TCO/CCO 90/10), the fluorescence intensity, reflecting the interaction between Ts29.2-PEGx-TCO and the tetrazine probe, slightly decreased in the first hours then remained relatively stable between 5 h and 24 h. However, a significant decrease was observed for ratios 2 and 3 regardless the PEG length over the 24 h incubation period. Regarding PEG12 derivatives, the fluorescence intensity decreased continuously over 24 h, whatever the starting ratio. We have checked that the incubation between immunoconjugates and Tz-5-FAM before gel electrophoresis gave similar results compared to incubation of the gel in Tz bath after migration (Figure S15).

Concerning the stability of the three immunoconjugates incubated at 37 °C in murine plasma, for each PEG length and whatever the TCO/CCO ratio, fluorescence intensity significantly decreased within 5 h of incubation compared to D-PBS. However, from 5 h to 24 h, there were few differences except for PEG12 immunoconjugates because there are no reactivity after 5h of contact in plasma. We found that the higher the percentage of CCO before mAb grafting, the faster the fluorescence intensity decreased, and consequently, the TCO/Tz interaction. Thereby, after 5 h of incubation in plasma, the presence of a PEGylated linker seemed to dramatically increase TCO to CCO isomerization. Indeed, for PEG12, a total loss of fluorescence intensity occurred within 5 h, compared to 80% and 90% loss for PEG0 and PEG4 conjugates respectively. These results suggested that introducing a long PEG linker on mAb could be highly detrimental for in vivo IEDDA cycloaddition between TCO and Tz as TCO groups would be more easily exposed to plasma proteins. Conversely, Ts29.2(PEG0)@1a-Ts29.2(PEG0)@3a conjugates would be potentially more stable in vivo, which could be explained by the proximity of TCO from the mAb surface.

Discussion

While immunopretargeting is not a recent approach, the development of bioorthogonal chemistry has challenged this concept by favouring dosimetry through the specific delivery of therapeutic radiations to solid tumors while reducing the non-specific uptake in non-targeted tissues. The most promising method is based on the trans-cyclooctene (TCO) /tetrazine (Tz) cycloaddition (IEDDA) which has already been the subject of several publications for both optical imaging, PET, SPECT and radioimmunotherapy (β -and α). [START_REF] Blackman | Tetrazine Ligation: Fast Bioconjugation Based on Inverse-Electron-Demand Diels-Alder Reactivity[END_REF][START_REF] Rossin | In vivo chemistry for pretargeted tumor imaging in live mice[END_REF][START_REF] Houghton | Establishment of the In vivo Efficacy of Pretargeted Radioimmunotherapy Utilizing Inverse Electron Demand Diels-Alder Click Chemistry[END_REF][START_REF] Rossin | Highly Reactive trans-Cyclooctene Tags with Improved Stability for Diels-Alder Chemistry in Living Systems[END_REF][START_REF] Rossin | Trans-Cyclooctene Tag with Improved Properties for Tumor Pretargeting with the Diels-Alder Reaction[END_REF][START_REF] Rondon | Pretargeted radioimmunotherapy and SPECT imaging of peritoneal carcinomatosis using bioorthogonal click chemistry: probe selection and first proof-ofconcept[END_REF][START_REF] Zeglis | Pretargeted PET Imaging Strategy Based on Bioorthogonal Diels-Alder Click Chemistry[END_REF][START_REF] Yazdani | A Bone-Seeking trans-Cyclooctene for Pretargeting and Bioorthogonal Chemistry: A Proof of Concept Study Using 99mTc-and 177Lu-Labeled Tetrazines[END_REF][START_REF] Fujiki | At-labeled immunoconjugate via a one-pot three-component double click strategy: practical access to α-emission cancer radiotherapeutics[END_REF] Moreover, a recent review exhaustively identified 25 PubMed articles reporting preclinical imaging and five therapy studies with full mAbs as targeting vectors, since its first application in 2010. [7] However, to the best of our knowledge, no clinical trials have yet been undertaken with this concept, neither for imaging nor for therapy purpose, despite these very promising in vivo results reported in different models of cancer. This is quite surprising considering that bioorthogonal chemistries, previously difficult to synthesize, are nowadays commercially available. The Achilles' heel of the TCO/Tz tandem thereby seems to rely on the stability of the TCO group itself. Indeed, if TCO isomerizes into its less-reactive form cis-cyclooctene (CCO), the ligation with tetrazine becomes very slow. To counteract this known isomerization issue, assessments of either modifications on TCO structure [START_REF] Stéen | Pretargeting in nuclear imaging and radionuclide therapy: Improving efficacy of theranostics and nanomedicines[END_REF][START_REF] Darko | Conformationally strained trans-cyclooctene with improved stability and excellent reactivity in tetrazine ligation[END_REF] or increasing of the number of TCO moieties conjugated on mAbs via the addition of dendritic TCO were performed and led to an improvement of TCO stability, but also highlighted that optimizations are still needed.. Other interesting strategies consisting in the reaction of Tz moieties with constrained alkyne derivatives -which would prevent the isomerization-are also under investigation but the ligation kinetic is less efficient. [START_REF] Stéen | Pretargeting in nuclear imaging and radionuclide therapy: Improving efficacy of theranostics and nanomedicines[END_REF] Despite potential isomerization, the bioconjugation of TCO with antibodies remains an interesting therapeutic option for the potential treatment of many cancers. We here thereby decided to focus on the optimization of TCO derivatives and to investigate the process of TCO/CCO isomerization supposedly occurring:(i) during the synthesis of PEGylated TCO derivatives; (ii) and/or during the grafting process of (PEGylated or not) TCO derivatives on the mAb; (iii) and/or during in vitro and/or in vivo experiments.

The synthesis of PEGylated amino acid derivatives -not always commercially available in

Europe-is often expensive when PEG are longer than four oligomeric units and not easy to synthesize. We therefore developed several synthetic methods to obtain these different PEGylated amino acids which could finally be extended to different PEGylated derivatives longer than 12 oligomeric units.

During the synthesis of PEGylated TCO derivatives, we monitored the isomerization of TCO by analytical HPLC at each step. We have thus demonstrated that the precursor TCO-NHS can be easily and efficiently obtained with 100% of isomeric purity via the use of an AgNO3/silica cartridge. In addition, the optimized TCO-NHS precursor was also employed in our team for the conjugation of anti-CEA 35A7 mAb [START_REF] Rondon | Antibody PEGylation in bioorthogonal pretargeting with transcyclooctene/tetrazine cycloaddition: in vitro and in vivo evaluation in colorectal cancer models[END_REF] as well as for clinical approved mAbs such as Rituximab, Cetuximab and Panitunimab (data not shown).

This is quite interesting as most studies recommend to directly conjugate TCO to the mAb, without any PEG linkers, in order to improve the in vivo stability induced by the shielding effect of the mAb against Cu-containing serum proteins supposedly isomerizing TCO into non-reactive CCO. [31] This optimization could be helpful to a wide variety of new applications, such as the recently developed "PeptoBrush concept", which allow a higher TCO-loading on an biodegradable co-polymer showing EPR-mediated tumor accumulation than on antibodies for which it is generally advised to not exceed 4 grafted entities (2<DAR<5) or the dendrimer-bearing TCO conjugated site-specifically to the Fc fragment of mAb. [START_REF] Stéen | Pretargeting in nuclear imaging and radionuclide therapy: Improving efficacy of theranostics and nanomedicines[END_REF][START_REF] Cook | Dendrimer Scaffold for the Amplification of In vivo Pretargeting Ligations[END_REF][START_REF] Stéen | Trans-Cyclooctene-Functionalized PeptoBrushes with Improved Reaction Kinetics of the Tetrazine Ligation for Pretargeted Nuclear Imaging[END_REF][START_REF] Cheal | A N-acetylgalactosamino Dendron-Clearing Agent for High-Therapeutic Index DOTA-Hapten Pretargeted Radioimmunotherapy[END_REF][START_REF] Membreno | Click-Mediated Pretargeted Radioimmunotherapy of Colorectal Carcinoma[END_REF][START_REF] Membreno | Toward the Optimization of Click-Mediated Pretargeted Radioimmunotherapy[END_REF] Indeed, the concept of "high TCO loading" undoubtedly compensates for the non-reactivity of isomerized TCO by increasing the possibility of ligation towards Tz. Moreover, ensuring that TCO-NHS precursors are 100% isomerically pure before functionalizing the co-polymer of the dendritic structure would be an additional advantage to reduce the inactivation of moieties. With this in mind, our method for controlling TCO isomerization rate below 10% with PEGylated linkers prior to mAb grafting makes sense. In our experiments no isomerization was observed during the conjugation of TCO derivatives (PEGylated or not) on the mAb (Figure 3). We can even note that 90/10 and 50/50 ratios have given almost similar results with no PEGylated spacers in D-PBS at 37 °C. From 5 h to 24 h of incubation in D-PBS, there are few differences except for the PEG12 conjugate. The results highlight that the control of isomerization rate prior to antibody conjugation is an important issue and could be a helpful tool for further investigations to increase active TCO at the tumour level and slowing its possible in vivo isomerization with or without PEGylated spacers.

Since we are able to optimize and control the isomerization before and during the modification of the antibody, we then questioned about our third hypothesis concerning the in vivo deactivation of TCO. Within the immunoconjugate assays, for each PEG length and whatever the TCO/CCO ratio we observed that fluorescence intensity slightly decreased over 5 h of incubation in plasma (Figure 5). In addition, the higher the percentage of CCO before the functionalization of the mAb, the lower the fluorescence intensity. After 5 h of incubation in this media, the presence of a PEGylated linker dramatically raised the isomerization of TCO into CCO. Once again, we observed that the higher the percentage of CCO before mAb's functionalization the lower the fluorescence intensity. The present study is consistent with our previous work, confirming that Ts29.2(PEG0)@1a is the most appropriate conjugate for further PRIT studies, and brings new information about the behaviour of Ts29.2 immunoconjugates in plasma, hence reflecting their potential behaviour in vivo. [START_REF] Rondon | Antibody PEGylation in bioorthogonal pretargeting with transcyclooctene/tetrazine cycloaddition: in vitro and in vivo evaluation in colorectal cancer models[END_REF] In vitro assays using Ts29-PEGx-TCO conjugates confirmed that a fast TCO isomerization was correlated to an increased length of PEGylated linkers, and more notably in murine plasma (superior to 90% for PEGylated conjugates after only 5 hours of incubation). Despite this surprising results obtained in vitro after 5 hours, we observed in vivo IEDDA ligation 24 hours following injection of mAb-TCO with fluorescent Tz or [ 111 In]In-DOTA-Tz probes. [START_REF] Rondon | Antibody PEGylation in bioorthogonal pretargeting with transcyclooctene/tetrazine cycloaddition: in vitro and in vivo evaluation in colorectal cancer models[END_REF][START_REF] Rondon | Pretargeted radioimmunotherapy and SPECT imaging of peritoneal carcinomatosis using bioorthogonal click chemistry: probe selection and first proof-ofconcept[END_REF] Moreover, several in vivo PRIT investigations of using IEDDA cycloaddition reported interactions between mAbs-TCO and Tz injected 48 or 72 h after the immunoconjugate. [START_REF] Rondon | Pretargeted radioimmunotherapy and SPECT imaging of peritoneal carcinomatosis using bioorthogonal click chemistry: probe selection and first proof-ofconcept[END_REF][START_REF] Membreno | Click-Mediated Pretargeted Radioimmunotherapy of Colorectal Carcinoma[END_REF] The authors demonstrated that the interaction is nevertheless weaker than the one observed at 24 hours (i.e. 11 and 13 vs 21 %IA/g, respectively). [START_REF] Membreno | Click-Mediated Pretargeted Radioimmunotherapy of Colorectal Carcinoma[END_REF] . For present results,, we can hypothesize that the incubation of the mAbs TCO in this ex vivo condition did not reflect entirely the in vivo situation: plasma is not full blood, absence of fluid mechanism, ratio of mAbs-TCO/plasmatic protein was different (in vivo 50 µg mAbs TCO diluted in 1.3 mL of blood and in vitro 5 µg diluted in 50 µL of plasma). Additionally, potential mAb-TCO degradation cannot be checked with this approach. Our in vitro experiments were then performed under drastic conditions to demonstrate the interest of controlling the isomerization rate before conjugation in order to maximize the possibility of reaction towards Tz in vivo. The results obtained cannot be considered as the reflect of in vivo processes of TCO isomerization. This demonstrated a loss of in vivo TCO/Tz interaction over time, thereby corroborating our in vitro observations. In view of the recent results of Zeglis , [START_REF] Membreno | Click-Mediated Pretargeted Radioimmunotherapy of Colorectal Carcinoma[END_REF] this is not only due to isomerization but also to other mechanisms that will have to be highlighted in order to clinically transfer this concept of pretargeting as soon as possible.

Conclusion

In conclusion, we here developed an efficient method to synthesize (PEGylated)TCO derivatives with high isomeric purity and monitoring the TCO:CCO ratio via HPLC before the conjugation of mAbs. Our original method is easy to use, fast and highly reproducible either for 20 direct TCO activated ester precursors or for the conjugation of PEGylated TCO derivatives. The AgNO3 impregnated silica gel allows obtaining precursor 3 with a 100% of isomeric purity while the optimized one-pot two-step synthesis process of compounds 7a-c, 8a-c and 9a-c, resulting in excellent TCO isomeric purity of at least 94% before mAbs conjugation. In vitro assays using Ts29-PEGx-TCO conjugates confirmed thereafter that a fast TCO deactivation was correlated to an increased length of PEGylated linkers, and more notably in murine plasma (superior to 90%

for PEGylated conjugates after only 5 hours of incubation).

This work represents a helpful tool for further investigations on TCO/Tz reaction for PRIT experiments by allowing controlling the TCO isomerization rate to obtain a TCO prosthetic group with a TCO:CCO ratio as close as possible to 100:0 before mAb conjugation. The process decried herein can be applied to a wide range of mAbs thereby arousing a great interest for further SPECT/PET imaging and/or PRIT applications using IEDDA cycloaddition, especially for considering the GMP transfer of IEDDA bioorthogonal chemistry to the clinic.

Experimental section

Materials for Chemical Syntheses

Unless otherwise mentioned, all manipulations were performed under argon atmosphere; all reagents were purchased from the following commercial suppliers: Sigma-Aldrich, Acros Organics, Carlo Erba, TCI Europa, Alfa Aesar. Anhydrous DMF, anhydrous triethylamine and anhydrous pyridine were purchased from Acros Organics. THF was dried over a Pure Solv™ Micro Solvent Purification System (Sigma-Aldrich) equipped with an alumina column.

Dichloromethane was distilled over calcium hydride. Reaction progresses were monitored by thin layer chromatography (TLC) using 60 F254 or alumina gel 60A + F254 plates and visualized with UV light (UV lamp Fisher Bioblock Scientific, 365 nm or 254 nm), dragendorff revelator (1.6 g of bismuth (III) nitrate for 100 mL of glacial acetic acid/H2O (1/4, v/v), KMnO4 CCO-NHS). The TCO/CCO ratio was determined using the peak area ratio of TCO and CCO derivatives, compounds that were identified on the basis of their retention times when they were previously injected separately.

MALDI-ToF.

Determination of the mean number of TCO moieties per mAb. Assessments were made using MALDI-TOF MS analyzes (Voyager DE-Pro mass spectrometer, Sciex, USA). Sinapinic acid (Sigma, France) was diluted in acetonitrile/water (30/70, v/v) with 0.1% TFA at 10 mg/mL to obtain the matrix solution. A set of three serial dilutions from 1 mg/mL of all mAb-PEGx-TCO conjugates in PBS was prepared by mixing those latter with the matrix solution (2/1, v/v).

Acquisitions were performed in a positive linear mode and 600 shots were averaged for each spectrum. The average molecular weight of mAb conjugates was obtained from the mass of the

[M+H] + peak for the dilution set. Calibration settings corresponded to a close external mode using IgG1 (AB Sciex, USA). The number of TCO derivatives grafted per mAb was calculated using the molecular weight difference between the mAb-PEGx-TCO conjugates and the unmodified mAbs, net masses added depending on the modification (about 272, 520 and 872 Da for 3, 9a and 9c respectively). Final concentrations of mAb-PEGx-TCO conjugates were measured using a Multiskan GO UV/Vis microplate spectrophotometer at λ = 280 nm (Thermo Fisher Scientific, France).

5.4.

Immunofluorescence assays for trans-cis cyclooctene isomerization assay. penicillin/streptomycin, 1% geneticin, 1% hygromycin at 37 °C with 5% CO2 in humidified environment. For immunofluorescence experiments, cells were first incubated 30 min with D-PBS-BSA 5% at RT then 1.5 h at 37 °C / 5% CO2 with 0.03 nmol of the appropriate mixture of mAb (Ts29.2 without TCO; Ts29.2@1a; Ts29.2@2a; Ts29.2@3a; Ts29.2@1b; Ts29.2@2b;

Ts29.2@3b; Ts29.2@1c; Ts29.2@2c; Ts29.2@3c) diluted in D-PBS-BSA 2.5%. After washing the cells twice with D-PBS to remove unfixed mAbs, they were incubated 45 min at 37 °C / 5%

CO2 with either 1/1000 donkey anti-mouse antibody labeled with Cyanine 3 (Jackson ImmunoResearch, USA) diluted in D-PBS-BSA 2.5% or 10-14 equivalent of 3-(p-benzylamino)-1,2,4,5-tetrazine-cyanine3 (Tz-Cy3, absorbance/emission at 550/570 nm, Jena Bioscience, Germany) with respect to the number of TCO or CCO, diluted in D-PBS-BSA 2.5% -DMSO 0.5%. Cells were then washed 3 times with D-PBS and fixed with 10% formalin (Sigma Aldrich, France). Chambers were finally removed from the labteks and blades were mounted in vectashield-DAPI mounting medium. Signal observation was made using a confocal imager (Leica SPE, ICCF platform, Clermont-Ferrand, France). Region of interest (ROI) of three fields per well, all Z-sections every 2 µm, were randomly imaged and quantified on the entire image with ImageJ software using an automated 3D-strategy. For more details about the quantification method, please refer to our previous works. [7,[START_REF] Rondon | Antibody PEGylation in bioorthogonal pretargeting with transcyclooctene/tetrazine cycloaddition: in vitro and in vivo evaluation in colorectal cancer models[END_REF] 5.5.

In vitro mAb-TCO/CCO immunoconjugates reactivity.

About 5 µg of Ts29.2 without TCO; Ts29.2(PEG0)@1a; Ts29.2(PEG0)@2a;

Ts29.2(PEG0)@3a; Ts29.2(PEG4)@1b; Ts29.2(PEG4)@2b; Ts29.2(PEG4)@3b;

Ts29.2(PEG12)@1c; Ts29.2(PEG12)@2c; Ts29.2(PEG12)@3c were added to D-PBS or plasma 50% diluted in D-PBS and then incubated during 1 h, 5 h or 24 h at 37°C in a water bath with moderate agitation. After 1 h, 5 h or 24 h of incubation, each mixture of mAb was added to Laemli 4X and D-PBS, so as to reach a final volume of 20 µL. Afterwards, samples were directly loaded without any reducing agent on 4-15% SDS-PAGE acrylamide gels (Biorad, France) and after migration, gels were incubated 5 min under gentle shaking with 0.002 mM of 3-(pbenzylamino)-1.2.4.5-tetrazine-5-Fluorescein diluted in water (Tz-5-FAM, absorbance/emission wavelengths 492/517 nm, 10-14 equivalents with respect to TCO/CCO). After 10 min wash in water, gels were imaged with Chemidoc imager (Biorad, France) and then colored with Simplyblue™ SafeStain following the manufacturer's instructions (Thermofisher Scientific, France). Major band was quantified using ImageLab software, fluorescence intensity signal being normalized by the total amount of protein loaded.

[ 21 ,

 21 36] A one-pot two-step procedure was first applied to obtain pure TCO-NHS and CCO-NHS compounds. Unfortunately, this synthesis was not as reproducible as expected: most of crude TCO-NHS batches usually contained CCO-NHS isomer in various proportions (up to 22%) with more or less impurities (Figure S1 C-D). Moreover, conventional chromatographic separation of TCO-NHS from CCO-NHS isomers on normal phase is complex due to their similar polarity. To minimize TCO isomerization, we first tried to perform direct CCO-NHS irradiation into TCO-NHS based on a process recently developed by Bormans and co-

[ 15 ,Scheme 2 :

 152 Scheme 2: Synthesis of compounds NH2PEGxCO2H 5a-c (x = 4, 8 and 12)

Scheme 3 :

 3 Scheme 3: Ts29-2 functionalization with mixtures of TCO-and CCO-NHS esters

Figure 2 :

 2 Figure 2: Assessment of the interaction between Ts29.2-TCO/CCO and Tz-Cy3 through immunofluorescence assays.

Figure 3 :

 3 Figure 3: Quantification of the mean fluorescence intensity localized on the cell membrane using ImageJ software. *P < 0.05: 0/0 vs 10/90 and 50/50 vs 90/10; * P < 0.001: 0/0 vs 10/90, ** P < 0.0001: 0/0 vs 90/10 and 50/50, 10/90 vs 50/50 and 90/10, and 50/50 vs 90/10. (n = 3 independent experiments).

Figure 4 :

 4 Figure 4: Influence of the amount of CCO in the reaction medium before Ts29.2 grafting on both Ts29.2-PEGx-TCO stability in D-PBS and interaction with Tz-5-FAM. * P < 0.05: 50/50 vs 90/10 and 10/90 vs 50/50; ** p < 0.001: 10/90 vs 90/10; ¤ p < 0.05: 24 h vs 1 h, 5 h vs 1 h, 24 h vs 5 h. ** p < 0.001: 5 h and 24 h vs 1 h. (n ≥ 3 independent experiments).

Figure 5 :

 5 Figure 5: Influence of the amount of CCO in the reaction medium before Ts29.2 grafting on both Ts29.2-PEGx-TCO stability in mice plasma diluted in 50% D-PBS and interaction with Tz-5-FAM. *P < 0.0001: 50/50 vs 90/10, 10/90 vs 90/10 and 10/90 vs 50/50; **p < 0.001: PEG4 vs PEG0, PEG12 vs PEG0 and PEG12 vs PEG4; ¤ p < 0.0001: 24h vs 1 h, 24 h vs 5 h and 5 h vs 1 h. (n ≥ 3 independent experiments).
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 12511 5 g for 100 mL of water) or phosphomolybdic acid (8 g for 200 mL of ethanol). Uncorrected melting points (mp) were measured on an IA9100 Digital Melting Point Apparatus. Purifications by column chromatography were performed on silica gel (Chromagel 60 ACC, 40-63 µm, Carlo Erba Reagents). Purifications by preparative reversed-phase HPLC were conducted on a Combiflash EZ prep system (Teledyne Isco) with a RP-18 column (250 mm x 20 mm, pores 100 Å, particles 5 µM). All the PEG derivatives used in synthesis were systematically dried by coevaporation with anhydrous toluene twice and flushed with argon before use, unless otherwise stated. HT29 cell line, a colon adenocarcinoma cell line expressing TSPAN8, and the noninternalizing murine monoclonal antibody (mAb) directed against tetraspanine 8, Ts29.IgG2b), were provided by Dr. C. Boucheix (Inserm, Villejuif, France). Cells were cultured in Dulbecco's Modified Eagle F12 Medium supplemented with 10% fetal serum, 1% penicillin/streptomycin, 1% geneticin, 1% hygromycin at 37 °C with 5% CO2 in humidified environment. For the different experiments, two fluorescent Tz probes were purchased at JenaBioscience (Germany), namely 3-(p-benzylamino)-1.2.4.5-tetrazine-5-Fluorescein (Tz-5-FAM, absorbance/emission wavelengths 492/517 nm, molecular weight (MW) 545.50 g/mol) and 3-(p-benzylamino)-1.2.4.5-tetrazine-cyanine3 (Tz-Cy3, absorbance/emission wavelengths 550/570 nm, MW 908.07 g/mol). Those different fluorophores do not alter the ability of Tz to bind TCO moieties due to the high affinity and specificity of Tz for TCO and due to their ability as organic dyes to not interfere with biological functions. In addition, in a same experiment, we always compared mAb immunoconjugates using the same fluorescent Tz probe -e.g the most adapted to obtain significant signal detection according to the laser capacity of the device usedin order to avoid introduction of any bias. Signal observation was made using a confocal imager (Leica SPE, ICCF platform, Clermont-Ferrand, France). Statistical analysis was performed using XLSTAT 2012 software. Continuous data were expressed with the mean and standard deviation (SEM). To compare continuous values of the different modified antibodies, a one-way ANOVA or two-paired Student T-test were used. We considered p < 0.05 statistically significant. Native monoclonal antibody Ts29.2 was solvent-exchanged and concentrated on Amicon Ultra-4 centrifugal filter units (50 kDa MW cut-off) using D-PBS (Gibco) to reach a final concentration between 5 and 10 µg/µL before use, whereas TCO-grafted antibodies were purified on Zeba desalting spin columns (40 kDa MW cut-off, 0.5 mL, ThermoFisher scientific). Concentrations of mAb-TCO conjugates were determined with a MultiskanTM go spectrophotometer (ThermoFisher Scientific) at 280 nm while the mean number of TCO grafted by mAb was determined by MALDI-ToF mass spectrometry.Syntheses. The synthesis of TCO (2), TCO-NHS (3), CCO-NHS (5) and all others syntheses were developed in the supporting information. General procedure for syntheses of compounds (7a-c) and (9a-c)To a solution of TCO-NHS (3) or CCO-NHS (4) (approx. 20-30 mg, 1 eq.) in anhydrous dichloromethane (1 mL) were successively added anhydrous triethylamine (10 eq.) and a solution of the appropriate PEGylated aminoacid (5a-c) (1.5 eq.) in anhydrous dichloromethane (1.5 mL) at room temperature and under argon atmosphere. After completion of the reaction (HPLC monitoring), DMAP (0.2 eq.) and N,N'-disuccinimidyl carbonate (DSC) (3 eq.) were added. The resulting reaction mixture was stirred for 1 h, then successively washed with a hydrochloric acid solution (0.5 M) (2.5 mL), water (3 x 4 mL) and brine (6 mL), dried over MgSO4, filtered and evaporated under reduced pressure to afford the desired crude product as a pale yellow lacquer. Then, the crude product was purified by preparative RP-HPLC with a water/acetonitrile gradient, namely 50/50 to 20/80 over 15 min then 20/80 to 0/100 over 5 min, providing after freeze-drying the desired activated ester. Stock solutions of TCO-NHS (3), CCO-NHS (4), TCOPEGxNHS esters (7a-c) and CCOPEGxNHS esters (9a-c) in DMSO for antibody conjugation were prepared and stored at -20 °C in the dark and proved to be stable for at least a year. -5,8,11,14-tetraoxa-2-azaheptadecan-17-oate (7a
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 8 well labtek chambers (Sigma Aldrich, France) were first coated at 5 µg/cm2 with rat tail collagen I (Corning, USA) during 1 h at RT. After washing 3 times with 400 µL of D-PBS to remove acetic acid, 1.10 5 A431-CEA-Luc cells, transfected for the expression of carcinoembryonic antigen (CEA) and Luciferase were incubated 48 h in chambers. Cells were cultured in Dulbecco's Modified Eagle F12 Medium supplemented with 10% fetal serum, 1%

assessed using SDS-PAGE gel electrophoresis after prior incubations of all immunoconjugates either in D-PBS (control, Figure4) or in murine plasma, at 37 °C for 1 to 24 h (Figure5).