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Introduction

The discovery of new anticancer drugs able to kill tumor cells while sparing healthy tissues remains one of the major challenges of research in cancer chemotherapy. To tackle the lack of selectivity of standard treatments, novel strategies based on the use of drug delivery systems programmed for releasing potent anticancer agents exclusively in tumors have arisen recently. The validity of this therapeutic approach has been confirmed in human with the approval of six antibody-drug conjugates (ADCs) in less than ten years. [START_REF] Chau | Antibody-drug conjugates for cancer[END_REF][START_REF] Beck | Strategies and challenges for the next generation of antibody drug conjugates[END_REF] In parallel to antibodies, albumin also emerged as a versatile carrier for the delivery of anticancer drugs. [START_REF] Zhao | Roles of Albumin-Binding Proteins in Cancer Progression and Biomimetic Targeted Drug Delivery[END_REF][START_REF] Tao | Albumin conjugates and assemblies as versatile bio-functional additives and carriers for biomedical applications[END_REF][START_REF] Liu | Simple bioconjugate chemistry serves great clinical advances: albumin as a versatile platform for diagnosis and precision therapy[END_REF][START_REF] Kratz | A clinical update of using albumin as a drug vehicle -A commentary[END_REF][START_REF] Elsadek | Impact of albumin on drug delivery -New applications on the horizon[END_REF][START_REF] Kratz | Albumin as a drug carrier: Design of prodrugs, drug conjugates and nanoparticles[END_REF] Extensive studies in this field led to the approval of Abraxane®, an albumin paclitaxel nanoparticle that is employed nowadays for various applications in oncology. [START_REF] Gradishar | Phase III trial of nanoparticle albumin-bound paclitaxel compared with polyethylated castor oil-based paclitaxel in women with breast cancer[END_REF][START_REF] Chiorean | Real-world comparative effectiveness of nab-paclitaxel plus gemcitabine versus FOLFIRINOX in advanced pancreatic cancer: a systematic review[END_REF][START_REF] Zhang | Nab-paclitaxel plus gemcitabine as firstline treatment for advanced pancreatic cancer: a systematic review and meta-analysis[END_REF] Beside albumin-based galenic formulations, Kratz and co-workers developed innovative albumin-binding prodrugs [START_REF] Kratz | Novel macromolecular prodrug concept exploiting endogenous serum albumin as a drug carrier for cancer chemotherapy[END_REF][START_REF] Kratz | Probing the cysteine-34 position of endogenous serum albumin with thiol-binding doxorubicin derivatives: improved efficacy of an acid-sensitive doxorubicin derivative with specific albumin-binding properties compared to that of the parent compound[END_REF][START_REF] Schmid | Albumin-binding prodrugs of camptothecin and doxorubicin with an ala-leu-ala-leu-linker that are cleaved by cathepsin B: Synthesis and antitumor efficacy[END_REF][START_REF] Ajaj | In vitro and in vivo study of an albumin-binding prodrug of doxorubicin that is cleaved by cathepsin B[END_REF][START_REF] Pes | I Novel auristatin E-based albumin-binding prodrugs with superior anticancer efficacy in vivo compared to the parent compound[END_REF] including Aldoxorubicin that is currently being assessed in clinic for the treatment of soft tissue sarcoma. [START_REF] Cranmer | Spotlight on aldoxorubicin (INNO-206) and its potential in the treatment of soft tissue sarcomas: evidence to date[END_REF] The originality of this approach relies on the in situ bioconjugation of low molecular weight maleimide-containing prodrugs to the cysteine-34 residue of circulating albumin through thio-Michael addition. Indeed, maleimide derivatives are known to bind rapidly and selectively to the thiol of albumin that represents circa 80-90% of the total free thiol concentration in plasma. [START_REF] Kratz | Probing the cysteine-34 position of endogenous serum albumin with thiol-binding doxorubicin derivatives: improved efficacy of an acid-sensitive doxorubicin derivative with specific albumin-binding properties compared to that of the parent compound[END_REF] The resulting albumin-conjugate accumulates in malignant tissues where a specific tumor-associated stimulus triggers the release of the active drug. Within this framework, we designed enzyme-responsive albumin-binding prodrugs [START_REF] Legigan | Synthesis and Antitumor Efficacy of a β-Glucuronidase-Responsive Albumin-Binding Prodrug of Doxorubicin[END_REF][START_REF] Renoux | Targeting the Tumour Microenvironment with Enzyme-Responsive Drug Delivery System for Efficient Therapy of Breast and Pancreatic Cancers[END_REF][START_REF] Compain | A β-glucuronidaseresponsive albumin-binding prodrug for potential selective kinase inhibitor-based cancer chemotherapy[END_REF][START_REF] Renoux | A βglucuronidase-responsive albumin-binding prodrug programmed for the double release of monomethylauristatin E[END_REF][START_REF] Lange | Volatile Organic Compound (VOC)-Based Probe for Induced Volatolomics of Cancers[END_REF] programmed to be 2 activated by extracellular β-glucuronidase selectively present in high concentration in the microenvironment of numerous solid tumors. [START_REF] Fishman | Comparison of the beta-glucuronidase activity of normal, tumor, and lymph node tissues of surgical patients[END_REF][START_REF] Boyland | The activity of the enzymes sulphatase and β-glucuronidase in the urine, serum and bladder tissue[END_REF][START_REF] Albin | Main drug-metabolizing enzyme-systems in human breast-tumors and peritumoral tissues[END_REF][START_REF] Sperker | Expression and function of β-glucuronidase in pancreatic cancer: potential role in drug targeting[END_REF][START_REF] Nygren | Increased activity of lysosomal glycohydrolases in glioma tissue and surrounding areas from human brain[END_REF][START_REF] Bosslet | A novel one-step tumor-selective prodrug activation system[END_REF][START_REF] Bosslet | Elucidation of the mechanism enabling tumor selective prodrug monotherapy[END_REF] This double targeting strategy was highly efficient for the treatment of lung, breast, head and neck, colon and pancreatic tumors in mice.

Here, we report on a new generation of β-glucuronidase-responsive systems 1 programmed for the in vivo synthesis of triple-loaded albumin conjugates (Fig. 1). The molecular assembly 1 includes a maleimide functional group and a gallic acid-based ramification platform enabling the attachment of three Monomethylauristatin E (MMAE) via enzyme-sensitive self-immolative linkers. [30][START_REF] Alouane | Self-immolative spacers: kinetics aspects, structure-property relationships, and applications[END_REF][START_REF] Tranoy-Opalinski | Design of Self-Immolative Linkers for Tumour-Activated Prodrug Therapy[END_REF] Once in the blood stream, the trimer 1 binds covalently to the plasmatic protein leading to the in situ formation of the macromolecular conjugate 2 that can then transport three drug units until the tumor site. Hydrolysis of glycosidic bonds by tumor-associated βglucuronidase triggers the selective release of the whole MMAE molecules that subsequently penetrate passively into surrounding cancer cells to induce a potent anticancer activity (for the full mechanism of drug release see the supporting information). In this study, we show that albumin conjugates with a Drug-Albumin-Ratio (DAlbR) of three are very effective for the therapy of pancreatic tumors in mice. 

Results and discussion

Since Human Serum Albumin (HSA) exhibits only one accessible thiol for in situ bioconjugation, it is necessary to assemble a maleimide and three drug units in a single molecular entity to enable the formation of triple-loaded albumin conjugates. Under such circumstances, gallic acid 3 that contains one carboxylic acid and three phenols appeared as an appropriate starting material for the preparation of prodrug 1 (Scheme 1, for full synthetic scheme see the supporting information). First, the phenols of 3 were transformed into the corresponding propargylic ethers using a two steps procedure (89 %). The resulting derivative 5 was functionalized with biocompatible polyethylene glycol (PEG) spacers ended with either a primary amine or an azide, leading to the molecular platform 13 (38 % over four steps). The PEG spacers will allow the maleimide and the three glucuronides to be sufficiently apart the ones from the others, thereby avoiding unfavorable steric hindrance which could hamper their respective reactivity with albumin or β-glucuronidase. In parallel, the full deprotection of the glucuronide 14 [START_REF] Renoux | Targeting the Tumour Microenvironment with Enzyme-Responsive Drug Delivery System for Efficient Therapy of Breast and Pancreatic Cancers[END_REF] provided the alkyne 15 (61 %) comprising a glucuronide trigger, a self-immolative linker and the potent MMAE. The later was coupled with the three azides of 13 to give the corresponding triazoles through copper(I)-catalysed azide-alkyne 1,3-cycloaddition and finally the primary amine reacted with the Nhydroxysuccinimide ester 17 affording the triple prodrug 1 (41 %, two steps, purity > 95 %). This study showed that the clickable molecular platform 13 permits the versatile access to a wide range of drug delivery systems such as 1. Thus, our synthetic strategy appeared to be useful for the preparation of various triple-loaded albuminbinding prodrugs bearing the more appropriated trigger-linker-drug combination to target a given tumor. Scheme 1. Synthesis of the triple glucuronide prodrug 1. a) Propargyl bromide 80% in toluene (8 eq.), K2CO3 (8 eq.), TBAI (0.05 eq.), DMF dry, 100°C, 5h, Yield = 89 %. b) NaOH 2M in water, MeOH, 60°C, overnight, Yield = quantitative. c) Amino-PEG3-NHBoc (1.1 eq.), EDC.HCl (1.1 eq.), DMAP (1.1 eq.), CH2Cl2, 0°C to RT, 60 h, Yield = 80 %. d) Azido-PEG10-Amine (3.4 eq.), Cu(MeCN)4PF6 (0.12 eq.), CH2Cl2, RT, 2h, Yield = 67%. e) 5-Azidopentanoic acid N-hydroxysuccinimide ester (3.5 eq.), Et3N (3 eq.), DMF, RT, 4h30, Yield = 78 %. f) TFA/CH2Cl2 (20/80), 0°C to RT, 1h15. Yield = 91 %. g) LiOH (8.75 eq.), H2O/MeOH (1/1), 0°C, 30 min, Yield = 61 %. h) 15 (3 eq.), CuSO4 (3 eq.), Sodium Ascorbate (3 eq.), t-BuOH/H2O (1/1.6), RT, 1h30, Yield = 41 %. i) 17 (1.1 eq.), Et3N (4 eq.), RT, 7h, Yield = 98 %.

As enzymatic hydrolysis of all glucuronides is essential to trigger the release of the three MMAE, we first verified that the carbohydrate moieties were still substrates for β-glucuronidase once linked to albumin. For this purpose, prodrug 1 was incubated with HSA at 37°C and the composition of the mixture was followed over the time by HPLC (Fig. 2A). Under these conditions, rapid binding of 1 with HSA was observed, leading to the formation of the triple-loaded albumin conjugate 2 that was confirmed by HRMS analysis (see the supporting information). In the absence of β-glucuronidase, this latter remained stable during 3 days without any detectable release of the drug. However, when the activating enzyme was incubated in the medium, the full release of MMAE was achieved in less than five hours (Fig. 2B). Thus, these results demonstrated that the trimer 1 possesses the capacity both to bind covalently to HSA via Michael addition and release three drug molecules selectively following enzymatic activation. We next assessed the cytotoxicity of prodrug 1 toward MIA PaCa-2 pancreatic cancer cells under anchorage-independent conditions which were demonstrated to be more predictive of MMAE activity in the tumor microenvironment (Fig. 3). [START_REF] Péraudeau | Enhancing tumor response to targeted chemotherapy through upregulation of folate receptor α expression induced by dexamethasone and valproic acid[END_REF] After 6 days of treatment, MMAE (5 nM) reduced the number of colonies in the soft agar assay as a result of its cytotoxicity. In contrast, the same dose of trimer 1 has not modified colonies formation showing that the glucuronide prodrug was significantly less toxic than the free drug. On the other hand, incubation of 1 in the presence of β-glucuronidase strongly affected the number of colonies due to the enzyme-mediated release of MMAE. Similar results were obtained with the monomer 18 previously described in the literature (Fig. 3). [START_REF] Renoux | Targeting the Tumour Microenvironment with Enzyme-Responsive Drug Delivery System for Efficient Therapy of Breast and Pancreatic Cancers[END_REF] However, when activated by β-glucuronidase, 18 was less cytotoxic than the trimer 1 therefore highlighting that enhancing the DAlbR could increase the anticancer activity of albumin-drug conjugates.

With the aim to evaluate the potential of this targeting strategy in vivo, we first conducted a tolerability study in healthy Balb/c mice. The animal received a single i.v. injection of 1 at doses ranging from 4.32 to 12.96 mg.kg -1 and the body weights as well as clinical signs of toxicity were monitored regularly for fifteen days (see the supporting information). Thus, the drug delivery system 1 was well tolerated up to doses of 9.72 mg.kg -1 (corresponding to 3.49 mg.kg -1 MMAE equivalents). Since a 0.75 mg.kg -1 dose of the free drug induces a high rate of death in Balb/c mice, [START_REF] Renoux | Targeting the Tumour Microenvironment with Enzyme-Responsive Drug Delivery System for Efficient Therapy of Breast and Pancreatic Cancers[END_REF] these results indicate that the derivatization of MMAE in the form of the trimeric glucuronide prodrug 1 substantially decreases its toxicity and, therefore widens the therapeutic window.

We next assessed the antitumor activity of 1 in mice bearing intra-pancreatic MIA PaCa-2 tumors. Pancreatic cancer has a very poor prognosis with a 5 years survival rate below 5 %. Current available drugs are ineffective to treat patients with this malignant pathology, emphasizing the urgent need to develop novel therapeutic approaches. In this trial, the drug delivery system 1 was i.v. administered at 2.16, 4.32 or 6.48 mg.kg -1 (corresponding to 0.35, 0.7 or 1.1 µmol.kg -1 ) per injection at days 37, 44, 50 and 64 post-tumor transplantation and tumor volumes were recorded along the time by 3D echography. As shown in Figures 4a and4b, compound 1 induced a significant antitumor activity at each tested dose, without any body weight loss or signs of toxicity (Fig. 4c). Furthermore, dramatic reduction of tumor volume has been observed in animals treated at 4.32 and 6.48 mg.kg -1 , leading to complete remission in 1/8 and 3/8 mice, respectively. The therapeutic efficacy of 1 was also compared to that of the monomer 18 used at 2 mg.kg -1 (1.1 µmol.kg -1 ), for evaluating the benefit brought by increasing the DAlbR. Under these conditions, administration of 1 at 4.32 and 6.48 mg.kg -1 appeared more efficient than 18. Thus, when both drug delivery systems have been administered at the same molar concentration (1.1 µmol.kg -1 , corresponding to injections of 1 at 6.48 mg.kg -1 and 18 at 2 mg.kg - 1 ), tumors size in mice treated with the trimer 1 were 18-fold reduced than in animals that received 18 (Figure 4d). At a 1.5-fold lower molar concentration (0.7 µmol.kg -1 , 4.32 mg.kg -1 ), 1 also produced higher therapeutic effect with a 2-fold reduction of tumor volume compared to 18. Interestingly, increasing the DAlbR induced a prolonged antitumor response. Indeed, when doses have been spaced 14 days apart (days 50 and 64, Figure 4a and4b), tumor volumes continued to regress between the two i.v. administrations in mice treated with 1, while started to regrow in those under therapy with 18. However, the injection of 1 at doses of 2.16 mg.kg -1 produced an inferior antitumor effect than 18. In this case the concentration of 1 was 3-fold lower than that of 18 (0.35 versus 1.1 µmol.kg -1 ), while the amount of MMAE administered with both compounds was the same. This outcome suggested that the in vivo maleimide concentration plays a major role for the efficacy of β-glucuronidaseresponsive albumin-binding prodrugs. As in this targeting strategy the bioconjugation takes place in the blood stream, the thio-Michael addition with the plasmatic protein is in competition with the renal elimination of the prodrug. Thus, below a certain concentration of the maleimide-containing prodrug in the blood, the bioconjugation to albumin may be disfavored leading to a reduced efficacy of the treatment.

As it is the case for antibody-drug conjugates (ADCs), [START_REF] Viricel | Monodisperse Polysarcosine-based Highly-loaded AntibodyDrug Conjugates[END_REF] our results demonstrate that enhancing the cytotoxic payload per albumin is beneficial for the therapeutic efficacy of this targeting strategy. However, in contrast to ADCs for which the drug antibody ratio (DAR) still remains an important issue, bioconjugation of prodrug 1 with albumin allows a stringent control of the DAlbR. Once formed in the blood, the resulting triple-loaded albumin conjugate leads to an outstanding antitumor efficacy, making prodrug 1 the most efficient therapeutic molecule reported so far for the treatment of pancreatic tumors in relevant preclinical models.

Conclusion

In summary, we developed a trimeric glucuronide prodrug leading to the in vivo formation of the corresponding triple-loaded albumin conjugate, designed for the β-glucuronidase-mediated release of three MMAE within the tumor microenvironment. The excellent efficacy recorded in pancreatic preclinical model demonstrated the validity of this targeting approach and provided evidence that modulation of the DAlbR impacts significantly the antitumor effect of albumin conjugates. The synthetic strategy employed in this study enables the versatile access to a wide range of trimeric prodrugs targeting other enzymes present in the tumor microenvironment and transporting different types of anticancer agents. We believe that trimeric enzyme-sensitive prodrugs programmed to bind covalently to plasmatic albumin may represent a valuable alternative to the use of ADCs for the selective chemotherapy of solid tumors, especially for the treatment of poor prognosis cancers such as pancreatic ductal carcinoma.

Figure. 1

 1 Figure. 1. a) Chemical structure of the trimeric β-glucuronidase-responsive albumin-binding drug delivery system 1. b) The principle of tumor targeting with the tris-glucuronide prodrug 1: once i.v. administered, 1 binds covalently to circulating albumin through thio-Michael addition leading to the formation of the triple-loaded albumin conjugate 2 (step 1). The macromolecular drug carrier 2 accumulates in the tumor microenvironment (step 2) where the cleavage of all the glucuronides by extracellular β-glucuronidase triggers the release of three MMAE in the tumor extracellular space (step 3). The drugs then penetrate inside surrounding cancer cells to exert their cytotoxicity.

Figure 2 .

 2 Figure 2. The triple prodrug 1 binds covalently to HSA and releases MMAE upon enzymatic activation with β-glucuronidase. A) Binding of 1 with HSA over the time (at 37°) recorded by HPLC: (a) prodrug 1, (b) HSA, (c) 1 + HSA after 2 minutes of incubation, (d) 1 + HSA after 32 minutes of incubation. B) Kinetics of MMAE release from 2 in the presence (--) or absence (-x-) of β-glucuronidase.

Figure 3 .

 3 Figure 3. Anchorage-independent colony formation of MIA PaCa-2 cells treated for 6 days with 5 nM of MMAE, 1 or 18 in presence or in absence of β-glucuronidase (≈ 3700 U/well). Images are representative of 5 independent experiments. Scale bar: 250 µm. Quantifications are presented as mean values ± s.e.m from 5 independent experiments.

Figure 4 .

 4 Figure 4. Antitumour activity of the β-glucuronidase-responsive albumin-binding prodrug 1 on MIA PaCa- 2 orthotopic models. a) MIA PaCa-2 tumor growth inhibition under therapy with vehicle, 1 (2.16, 4.32 and 6.48 mg.kg -1 ) and 18 (2 mg.kg -1 ). b) MIA PaCa-2 tumor growth inhibition under therapy with 1 and 18. c) Mean body weights of each group of mice bearing MIA PaCa-2 xenografts. d) Tumor volumes at day 84 of mice bearing MIA PaCa-2 xenografts treated with vehicle, 1 and 18.
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