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INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide, with almost 1.8 million new cases in 2018. (1) CRC is an intrinsically heterogeneous disease that is usually associated with the neoplastic transformation of intestinal stem cells (ISC). As their normal counterparts, cancer cells derived from ISCs display stem-like features and can generate heterogeneous progeny with variable tumorigenic potential. These cancer stem cells (CSCs) are found in a rather complex mixture of more or less differentiated cancer cells, and they have a high level of plasticity. The role of the microenvironment is essential in this context, producing factors such as HGF and Wnt ligand, which control the genetic program associated with normal ISC features. (2,3) Heterogeneous CSCs have been described in CRC that have drastic differences in terms of tumorigenic, metastatic, and therapeutic resistance capacity. Importantly, therapyresistant CSCs have been characterized through their decreased proliferation rate and their conversion to relying on oxidative metabolism, which are two aspects recognized as essential for their abilities to resist current therapies used in clinics. [START_REF] Buczacki | Intestinal label-retaining cells are secretory precursors expressing Lgr5[END_REF][START_REF] Kreso | Variable clonal repopulation dynamics influence chemotherapy response in colorectal cancer[END_REF][START_REF] Rodríguez-Colman | Interplay between metabolic identities in the intestinal crypt supports stem cell function[END_REF][START_REF] Denise | 5-Fluorouracil resistant colon cancer cells are addicted to OXPHOS to survive and enhance stem-like traits[END_REF] The heterogeneity and plasticity associated with the different cell populations present in CRC constitute the main challenge of current therapies. [START_REF] Batlle | Cancer stem cells revisited[END_REF][START_REF] Iyer | Linking stemness with colorectal cancer initiation, progression, and therapy[END_REF] An attractive option would be the selective alteration of the tumor niche to force, for instance, the entry of quiescent CSCs into proliferation or to prevent, after chemotherapy, CSC replenishment from less proliferative and more differentiated cancer cells. [START_REF] Tan | Stemming Colorectal Cancer Growth and Metastasis: HOXA5 Forces Cancer Stem Cells to Differentiate[END_REF][START_REF] Pan | Therapeutic approaches targeting cancer stem cells[END_REF] The ideas around CSC have strongly evolved during recent years. Instead of a rigid cell hierarchy, it is generally accepted that plasticity exists in solid tumors such as CRC, where, in association with their microenvironment, cancer cells can transition back and forth from CSC to a non-CSC state. [START_REF] Batlle | Cancer stem cells revisited[END_REF] Moreover, whereas CSCs were considered initially as cells with slow proliferation rates that were strongly tumorigenic, this may not always be true, especially in tumors related to a highly proliferative tissue such as the colon. [START_REF] Kobayashi | LGR5-Positive Colon Cancer Stem Cells Interconvert with Drug-Resistant LGR5-Negative cells and are Capable of Tumor Reconstitution[END_REF][START_REF] Szaryńska | Therapeutic strategies against cancer stem cells in human colorectal cancer (Review)[END_REF] Therefore, CSCs may present themselves as highly heterogeneous, with various degrees of proliferative activity supported by strong metabolic flexibility. [START_REF] Hatano | Multifaceted Interpretation of Colon Cancer Stem Cells[END_REF] Thus, an ideal treatment would simultaneously remove the proliferating bulk of cancer cells, their supporting active CSCs, and the dormant CSCs.

Recent progress using Wnt inhibitors has been made towards this direction. [START_REF] Koury | Targeting Signaling Pathways in Cancer Stem Cells for Cancer Treatment[END_REF][START_REF] Zhan | MEK inhibitors activate Wnt signalling and induce stem cell plasticity in colorectal cancer[END_REF] Unfortunately, the mutation burden associated with tumor development tends to make the processes related to cancer cell plasticity independent of the secreted factors associated with the tumor niche. Another alternative would be to combine molecules specifically targeting proliferating and quiescent populations. Oxidative phosphorylation inhibitors have been used in this way, [START_REF] Tolcher | A First-in-Human Phase I Study of OPB-111077, a Small-Molecule STAT3 and Oxidative Phosphorylation Inhibitor, in Patients with Advanced Cancers[END_REF] in combination with DNA replication or mitosis inhibitors, to target quiescent and oxidative cells in CRC and the more proliferative cells. Despite promising results, problems associated with this type of combination remain their selectivity and their highly ancillary toxicity to healthy tissues and organs. Moreover, uncontrolled clearance and poor tumor penetration represent another concern when using these combinations. [START_REF] Maeda | Analyses of repeated failures in cancer therapy for solid tumors: poor tumor-selective drug delivery, low therapeutic efficacy and unsustainable costs[END_REF] During the past decade, nanomedicine has been increasingly used due to its ability to improve therapeutic efficacy while reducing toxicity. Specifically, nanomedicine can overcome chemical and anatomical obstacles within the tumor microenvironment; nanoparticles can reach the tumor either via passive targeting (EPR effect) or via active targeting (conjugated to targeting ligands). [START_REF] Danhier | Strategies to improve the EPR effect for the delivery of anti-cancer nanomedicines[END_REF] Nanoparticles can protect the active drug from degradation. They can enhance drug circulation time, while at the same time reducing its side effects as the drug accumulation in healthy tissues is decreased. [START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF][START_REF] Patra | Nano based drug delivery systems: recent developments and future prospects[END_REF] The study aimed to combine the delivery of two anticancer drugs to target all of the populations present in CRC, both quiescent, and proliferating populations. We used SN38, which is the active form of irinotecan, a topoisomerase inhibitor that is normally very unstable in the plasma but highly active against replicating cells; we also used salinomycin (Sal), an ionophore active against CSC [START_REF] Antoszczak | Anticancer Activity of Polyether Ionophore-Salinomycin[END_REF] that is not usable in clinics due to its toxic effect (high neurotoxicity, cardiac arrhythmia and limb ataxia ( 23)) but is highly active against CSCs, especially against oxidative CSCs. To increase their stability and decrease their systemic toxicity, SN38 and Sal were encapsulated in lipid nanocapsules. We finally demonstrate the targeting of specific cell populations present in CRC and synergistic effect in a murine CRC model.

METHODS

Materials

Sal and SN38 were purchased from MedChemExpress (Sweden). Labrafac™ lipophile WL 1349 and Trancutol HP were kindly provided by Gattefosse S. A (Saint-Priest, France). Lipoid ® S-100 (soybean approximately 100% of phosphatidylcholine) was a gift kindly offered by Lipoid Gmbh (Ludwigshafen, Germany). Solutol ® HS15 (mixture of free polyethylene glycol 660 and polyethylene glycol 660 hydroxystearate) was purchased from Sigma (St. Louis, USA), and NaCl was purchased from Prolabo VWR International (Fontenay-sous-Bois, France). Acetonitrile (ACN), acetone, dimethylsulfoxide (DMSO), methanol (MeOH), and tetrahydrofuran (THF), HPLC grade solvents were from Sigma-Aldrich (St. Louis, USA). Culture reagents (chir99021) were obtained from Sigma (St. Louis, USA) and Lonza (Verviers, Belgium). Recombinant human epidermal growth factor (EGF) (E. coli-derived) was purchased from Promocell (Heidelberg, Germany), and cell culture media was from ThermoFisher (Merelbeke, Belgium). CD24-APC (Clone REA832), CD44-FITC (Clone REA690), CD133 (Clone REA753), LGR5-PE (Clone REA762) and MACS Comp Bead Kits were obtained from Miltenyi Biotec (Leiden, Netherlands).

Cell culture

HCT116 cells were seeded in 24-well plates in a confluence of 0.02 x 10 6 cells. After 24 h, cells were incubated with the IC50 or 5 times the IC50 concentration of SN38 or Sal. 48 h following the treatment, drugs were removed, and cells were washed with PBS and then analyzed via FACS.

Antibody-stained cells were analyzed using a FACSVerse flow cytometer; cells were trypsinized, washed with PBS 0.5% BSA and were then stained according to the manufacturer's instructions with the primary antibodies CD24-APC (dilution 1:50, Clone REA832), CD44-FITC (dilution 1:50, Clone REA690), CD133 (dilution 1:50, Clone REA753) and LGR5-PE (dilution 1:50, Clone REA762). For compensation, MACS Comp Bead Kits were used, and the results were analyzed with FlowJo 10.5 software.

Conditioned medium

HCT116 epithelial cells were incubated for four weeks with either a control medium, DMEM, GlutaMAX™ with high glucose and pyruvate or a conditioned medium, DMEM, with no glucose, no glutamine, no phenol red, supplemented as summarized in Table 1. Then, we used a CellTrace ™ CFSE Cell Proliferation Kit to assess the proliferation pace of the cells; the marker was added to the cells following the manufacturer's instructions, and after 7 days, the cells were analyzed via FACS and microscopy.

LNCs formulation

LNCs were prepared as show in in Table 2, by modifying the initial method of Hertault et al., [START_REF] Heurtault | Lipid nanocapsules, preparation method and use as medicine[END_REF][START_REF] Heurtault | A Novel Phase Inversion-Based Process for the Preparation of Lipid Nanocarriers[END_REF]. For salinomycin-loaded LNCs (Sal-LNCs), Sal was solubilized in Transcutol ® HP (10% w/w) before the addition of the other components (Labrafac ® WL 1349, Lipoid ® S-100, Solutol ® HS15, sodium chloride, and water). Then, the mixture was heated at 40°C under magnetic stirring to incorporate Lipoid with the rest of the components. Afterward, the mixture was heated to 90°C and cooled to 60°C, and W/O and O/W emulsions were obtained at these temperatures above and below the phase inversion temperature (PIT), respectively. These heating-cooling circles were repeated three times when cold water was added at the last PIT (78°C). SN38-LNCs were developed as previously described.(26) Briefly, Labrafil ® M 1944 CS, Labrafac ® , Lipoïd ® S100, Solutol ® HS15, NaCl, and NaOH 0.1 N were mixed and heated to 80°C. Afterward, a solution of SN38 0.5% w/w Transcutol ® HP was added. Subsequently, after 3 heating-cooling cycles (80-50°C), chilled HCl 0.05 N was added at one degree below the PIT (76°C). The formulations were stirred magnetically for 5 min at room temperature and filtered through a 0.22 µm PVDF filter.

LNCs characterization

Physicochemical characterization

The average nanoparticle size, zeta-potential, and PDI of the drug-loaded LNCs were measured by using a Malvern Zetasizer NanoZS (Malvern Instruments, UK). Size and PDI were evaluated using dynamic light scattering system measurements, while zeta potential was evaluated by laser Doppler velocity. Each sample was diluted 1/100 (v/v) in MilliQ water (Merck-Millipore, Germany) (N = 3, n = 3).

LNC drug loading and encapsulation efficiency

For the separation of the free drug from the drug-loaded LNCs, the following procedure was followed. 10% v/v of the LNCs were ultrafiltrated with a Vivaspin filter at 4000 g for 15 min at 4°C; the filtrate was then analyzed for the quantification of the free drug. For the quantification of the total drug concentration, SN3-LNCs were dissolved at 1:10 v/v in MeOH:THF:DMSO (50/45/5) (v/v) and Sal-LNCs in MeOH 5% v/v and were then quantified. The encapsulation efficiency and the drug loading were estimated with the following formulas:

% = - 100 ( ) = ( ) ( )

High-performance liquid chromatography-UV

The analysis of SN38 was performed via HPLC-UV using a Shimadzu 20A HPLC with an SPD-20A UV detector, as previously described. (26) Briefly, Nucleodur C18 column (125 × 4 mm, 5 µm) was used with a gradient mobile phase consisting of A: 0.1% (v/v) formic acid B: 0.1% (v/v) formic acid in methanol and SN38 was detected at 378 nm.

High-performance liquid chromatography-Mass Spectrometry

The HPLC-MS analysis of Sal was conducted using an LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific) coupled to an Accela HPLC system (ThermoFisher Scientific). Sal quantification was performed using a Supelcosil LC-18 column (3 µm, 4 × 150 mm), and the samples were diluted in MeOH. Mobile phases A and B consisted of 5 mM ammonium acetate in H2O-MeOH-ACN 25/67.5/7.5 (v/v/v) and MeOH-ACN 90/10 (v/v), respectively. The gradient (0.4 mL/min) was designed as follows: transition from 100% A to 100% B linearly over 15 min, and then B was kept at 100% for 10 min during column re-equilibration. The column temperature was fixed at 25°C, and the injected volume was up to 25 µl. Data acquisition and processing were performed using Xcalibur ® software from ThermoFisher Scientific. The amount of Sal in the samples was determined using a 9-point calibration curve built between 0 and 6000 fmol of Sal.

Clonogenic assay

The formulations and the free drugs were incubated in different concentrations of control or conditioned HCT116 cells (0.2 x 10 6 cells) in a 12-well plate. After 48 h of treatment, the drugs were discarded, and the cells were washed with PBS and trypsinized. Then, 1000 cells were seeded in a 6-well plate in triplicate for analysis of each treatment concentration. After 7 days of incubation, the medium was removed, and the cells were washed with PBS and fixed for 30 min under mild agitation with a staining solution of 0.5% w/v crystal violet, 50% v/v EtOH and 5% v/v acetic acid. Cells were then washed twice with ultra-pure water, and clones were counted.

The IC50 was then calculated using GraphPad Prism (N=3, n=2) (Supplementary Data Figure S1).

The CompuSyn software was used for quantitation of synergism and antagonism in drug combinations. ( 27)

RNA extraction and quantitative real-time PCR

HCT116 epithelial cells were treated with Sal (5 and 10 µg/ml) for 24 h. Then, their total RNA was extracted by a TRI Reagent method (Invitrogen), and 1 µg RNA was reverse transcribed with a Maxima first-strand cDNA kit (ThermoFischer). Quantitative PCR was performed in a Biorad CFX96 real-time system with Biorad CFX Manager using designed primers (Eurogentec).

The primers are presented in the Supplementary data (Table S2).

Lipid peroxidation

HCT116 epithelial cells were seeded to confluence (40.000 cells per well) in an 8 well µ-slide plate (IBidi, Germany). The cells were incubated with 5 µg/ml or 10 µg/ml of Sal. After incubation, the medium was discarded, and the cells were washed thrice with PBS. Then, an Image-iT ® Lipid Peroxidation Kit was used according to the manufacturer's instructions to detect lipid peroxidation in live cells through oxidation of BODIPY ® 581/591 C11 reagent. Then, the cells were studied under confocal microscopy (orange was the reduced form of reagent, and green was the oxidized form). Cumene hydroperoxide was used as a positive control.

Spheres assay

Constructs and Lentiviral infection

The iRFP from the piRFP vector (obtained from Vladislav Verkhusha (Addgene plasmid #31857; http://n2t.net/addgene: 31857; RRID: Addgene_31857)) was cloned into a pWPIR-IRES PURO-empty construct (modified from pWPIR-GFP-empty after replacing GFP by resistance puromycin) using PCR (forward primer 5'-GAAGATCTTCGCCACCATGGCTGAAGGATCCGTCGCC-3' and reverse primer 5'-ACGCGTCGACGTCTCACTCTTCCATCACGCCG-3') to obtain pWPIR-PURO-iRFP.

To produce GFP and iRFP lentiviral particles, 2 × 10 6 HEK293T cells were transfected with 13 

µg

Assays

Fifty cells of control, conditioned or coculture population were placed in 96-well-U-shaped plates and incubated with DMEM medium, supplemented with 2.4 mg/ml methylcellulose. The spheres formation (day 3) was followed by treatment that was stopped after the complete destruction of the spheres. Spheres were observed via microscopy, the area of the active sphere was calculated via ImageJ and cell viability was assessed with alamarBlue ® , according to the manufacturers' instructions.

Ten microliters of droplets containing 50 cells transduced with the above fluorescent proteins were placed onto the internal surface of the lid in 10 cm Petri dishes filled with PBS. After 24 h, control conditioned or cocultured cells were treated with SN38 or Sal for another 24 h.

Afterward, the cells were observed with a fluorescence microscope (Axio Imager 2, Zeiss), and zstack photos were acquired. The Arivis Vision4D software was used for the analysis of the photos to calculate the area of the spheres with and without treatment.

Stability of LNCs in FBS

Different LNC formulations were incubated 10% in FBS at 37°C and analyzed for their stability at different time points (0, 1, 2, 3, 4, 8, 12, 24 h). The samples were centrifuged for 5 min at 13,000 g and filtered with a 0.2-micron filter to eliminate any precipitated aggregates. Then, their physicochemical characteristics were evaluated via DLS with a Zetasizer, and their encapsulation efficiency and drug loading were estimated via HPLC [START_REF] Tsakiris | Combinational Drug-Loaded Lipid Nanocapsules for the Treatment of Cancer[END_REF] or MS (Supplementary Data Figure S2).

Hemolysis assay

An assay for the hemolytic effect of the nanoformulations was performed [START_REF] Jiang | Salinomycin, as an autophagy modulator-a new avenue to anticancer: a review[END_REF]. Fresh human blood from three different individuals was collected and centrifuged at 500 g for 5 min, and the upper phase (plasma and the buffy coat) was discarded. Erythrocytes were then washed with PBS and centrifuged at 500 g for 5 min. Finally, they were diluted in PBS to 5% (v/v). Sal, Sal-LNCs were mixed with the erythrocyte suspension at a dose equivalent to 5 mg/kg of Sal; blank LNCs were added at the same concentration of excipients as what was used with the Sal-LNCs, and then they were incubated at room temperature. Triton X100 was added as a positive control (100% hemolysis). After one hour, suspensions were centrifuged at 500 g for 5 min, and supernatants were transferred in a 96-well plate for measuring hemoglobin release by absorbance at 545 nm. The background values were subtracted with the help of the negative control.

In vivo studies

The in vivo experiments were performed under the guidelines of the Belgian national regulation, with approval from the animal care ethical committee of the Université Catholique de Louvain (2017/UCL/MD/034). Four-week-old female NMRI nu/nu mice were obtained from Charles River (France). Mice were anesthetized with 13 mg/kg and 100 mg/kg xylazine and ketamine, respectively, and injected subcutaneously with 1.5 x 10 6 HCT116 cells. When tumors became palpable (approximately 25 mm 3 ), mice were randomized and divided into 8 groups (Figure 4a): 

RESULTS

Salinomycin induces ferroptosis and reduces the pool of CRC Stem Cells

The IC50 of SN38 topoisomerase I inhibitor and Sal were determined in the colorectal HCT116 cell line by a clonogenicity assay, which is able to identify any mechanisms associated with celldeath. The IC50 values were 0.5 ng/ml for SN38 and 2.4 µg/ml for Sal (N=3 , n=2). While SN38 targets proliferating cells, Sal is believed to act on quiescent CSCs through controversial mechanisms, such as the inhibition of WNT signaling, autophagy, or alteration of the K + and Na + gradients. However, it has recently been proposed that ferroptosis, an iron-dependent cell death, is a leading cause of Sal toxicity. [START_REF] Klose | Salinomycin inhibits metastatic colorectal cancer growth and interferes with Wnt/β-catenin signaling in CD133+ human colorectal cancer cells[END_REF][START_REF] Jangamreddy | Salinomycin induces activation of autophagy, mitophagy and affects mitochondrial polarity: differences between primary and cancer cells[END_REF][START_REF] Jiang | Salinomycin, as an autophagy modulator-a new avenue to anticancer: a review[END_REF][START_REF] Mitani | Salinomycin effects on mitochondrial ion translocation and respiration[END_REF][START_REF] Huczyński | Antiproliferative activity of salinomycin and its derivatives[END_REF][START_REF] Mai | Salinomycin kills cancer stem cells by sequestering iron in lysosomes[END_REF] Since ferroptosis is associated with lipid peroxidation and mitochondrial metabolism, this particular mode of cell death could explain the higher toxicity of Sal in oxidatively quiescent CSCs. Sal clearly induced ferroptosis activation in HCT116 cells as indicated by the following: activation of the MT1 gene, upregulation of CHAC1 and PTGS2

(prototypic markers of ferroptosis) and activation of GLS2, an essential ferroptosis activator (Figure 1a). Unbalanced lipid peroxidation, a hallmark of ferroptosis, was also detected in a dosedependent manner (Figure 1b). These results confirmed the capacity of Sal to induce cell death through a ferroptosis-related mechanism. Therefore, Sal sensitivity was not dependent on the proliferative state of the cells; rather, it was related to their metabolic state.

To confirm the ability of SN38 and Sal to target different cell populations, we treated HTC116 cells with the IC50 values (Figure 1c) which were previously calculated via a clonogenic assay (IC50 SN38= 0.5 ng/ml and IC50 Sal 2.4 µg/ml (Figure 3a), and 5 x IC50values for 48 hours (Figure 1d).

These concentrations were selected to detect a possible existence of a cellular sub-population (cancer cells and/or CSCs) intrinsically resistant to high (5xIC50) dose of treatment" and favoring their amplification within these conditions. SN38 led to an increase in the cell population expressing the CSC antigenic profile CD24 + /CD44 + and CD133 + /CD44 + . These CSCs markers have been extensively studied and have been linked with aggressive types of CRC, as well as chemo-, and radio-resistance. [START_REF] Ricci-Vitiani | Identification and expansion of human colon-cancer-initiating cells[END_REF][START_REF] O'brien | A human colon cancer cell capable of initiating tumour growth in immunodeficient mice[END_REF][START_REF] Kreso | Evolution of the cancer stem cell model[END_REF] In contrast, Sal reduced the number of cells displaying these markers, confirming its capacity to specifically eliminate cells typically associated with the CSC pool. Overall, these results confirmed that, through different mechanisms, a combination of both drugs was able to act on HCT116 cells in ways that were independent of their plasticity and heterogeneity. Furthermore, a combined study of free SN38 and Sal drugs on HCT116 cells showed that simultaneous treatment with the IC50 concentrations of these molecules leads to a synergistic effect when CI<0. 

Lipid nanocapsules allow the delivery of SN38 and Sal by intravenous administration for a combined treatment

Before testing the pertinence of a strategy combining these molecules, we assessed the in vivo feasibility of this therapeutic schedule. For intravenous injection, SN38 and Sal were encapsulated in LNC i) to solubilize these poorly soluble drugs; ii) to benefit from the potential passive targeting of the LNC by the enhanced permeation and retention (EPR) effect; iii) and to reduce the acute toxicity, including hemolysis of the ionophore Sal. [START_REF] Tsakiris | Combinational Drug-Loaded Lipid Nanocapsules for the Treatment of Cancer[END_REF] The LNCs were prepared by a phase inversion temperature method [START_REF] Heurtault | Lipid nanocapsules, preparation method and use as medicine[END_REF] with excipients, lipids and surfactants, recognized as GRAS, approved by regulatory agencies for parenteral administration. The physicochemical characteristics are summarized in Supplementary data Table1. The size of the LNC was homogenous (PDI<0,1), in the range of 50 nm, which is a size adapted to cross the fenestrations in the tumor blood vessels. [START_REF] Danhier | Strategies to improve the EPR effect for the delivery of anti-cancer nanomedicines[END_REF][START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF] The zeta potential of the LNCs was slightly negative (2 mV).

The encapsulation efficiency was up to 100% for Sal and 72.4% for SN38; the drug loading was 24.1 and 0.51 mg/g lipids, respectively. Dilution in serum did not cause any agglomeration due to the LNC-protein interaction or Sal release (Supplementary data Figure S2).

Encapsulation in the LNC strongly reduced the hemolytic activity of Sal, from 75% to 27% at 1 mg/ml (Supplementary data Figure S3) and from 43% to 1% at 25 µg/ml (Figure 2a). LNCs have been previously shown to decrease the hemolytic activity of SN38. [START_REF] Tsakiris | Combinational Drug-Loaded Lipid Nanocapsules for the Treatment of Cancer[END_REF] LNCs have also enabled the injection of a higher dose of Sal. At 0.5 mg/kg of free Sal (solubilized in DMSO), more than 80% of the mice died within a few minutes, likely through drug aggregate formation and pulmonary emboli. When encapsulated in LNC, 2 mg/kg could be injected without inducing signs of dyspnea or body weight loss. Both hemolysis and acute toxicity data support thefjjfh use of LNC for parenteral administration of SN38 and Sal. 

Both Free and LNC-loaded salinomycin specifically target CSC.

To demonstrate that Sal targets quiescent CSCs normally resistant to SN38 with high efficacy, the culture medium of HTC116 was conditioned to increase the ratio of CSCs, as characterized by the markers CD24, CD44 and/or CD133. Normal ISCs rely on oxidative phosphorylation and Wnt activity to maintain their stemness capacities. [START_REF] Basak | Induced Quiescence of Lgr5+ Stem Cells in Intestinal Organoids Enables Differentiation of Hormone-Producing Enteroendocrine Cells[END_REF][START_REF] Corbet | Stem Cell Metabolism in Cancer and Healthy Tissues: Pyruvate in the Limelight[END_REF][START_REF] Barisas | Intestinal Stem Cells Live Off the Fat of the Land[END_REF] The modified culture medium of HTC116 cells was engineered to reproduce conditions known to favor ISC development [START_REF] Basak | Induced Quiescence of Lgr5+ Stem Cells in Intestinal Organoids Enables Differentiation of Hormone-Producing Enteroendocrine Cells[END_REF][START_REF] Corbet | Stem Cell Metabolism in Cancer and Healthy Tissues: Pyruvate in the Limelight[END_REF][START_REF] Barisas | Intestinal Stem Cells Live Off the Fat of the Land[END_REF] and potentially their CSC counterparts in the following ways: i) the glucose concentration was reduced to 5 mM corresponding to its average plasma concentration; i) corticoid (200 nM) was added to shift catabolism towards amino acids and fatty acids; iii) lactate was added to favor oxidative activity; and iv) Chir99021, an inhibitor of GSK3b, was included to enhance WNT signaling. After one month, the surface markers associated with normal ISCs and CSCs, in particular, CD133, CD24, and LGR5, were strongly increased (Figure 2b). The cell shape was elongated, a phenotype reminiscent of partial mesenchymal conversion (Figure 2c). Moreover, when grown in 3D, spheroids obtained from these cells did not show a structured basal membrane and round shape but displayed a disorganized structure, indicating an inhibition of the "pseudo-differentiation" known to be associated with these spheroids and a high level of CSCs in this condition (Figure 2c). We also noticed that cell proliferation was strongly reduced in this medium, indicating that a pool of quiescent cells may exist. (Figure 2d) To verify this, we incorporated a proliferative tracker in the control and conditioned medium. Most of the cells were proliferating in the control medium. In contrast, a major CSC population, CD133 + /CD24 + , retaining the dye could be distinguished in the conditioned medium (Figure 2e) (Supplementary Data Figure S4). Therefore, the conditioned medium was enriched the CRC cell line in quiescent CSCs known to be resistant to SN38.

The effect of free and encapsulated SN38 and Sal on the control HTC116 cells and cells cultured in the engineered medium enriched with CSCs was analyzed by a clonogenic assay (Figure 3a).

The IC50 of Sal significantly decreased from 2.4 µg/ml to 0.7 µg/ml in conditioned medium. This decrease was maintained when Sal was encapsulated in LNC. In contrast, the IC50 of SN38 tended to increase in conditioned medium either in free or encapsulated form.

The effect of Sal and SN38 on CSCs was also investigated on spheroids formed by control HTC116 cells and HTC116 cells in conditioned medium but also by their coculture (Figure 3c-d).

The only treatment able to prevent spheroid growth at day 7 in the conditioned medium was the encapsulated Sal at the IC50, which was effective both alone and in combination with SN38. In contrast, encapsulated SN38 was the only molecule capable of having the same effect in control conditions. Moreover, compared to the combined free form of SN38 and Sal, their combination in LNCs not only prevented spheroid growth but also induced an active cell death process, reducing the size of the colospheres in both types of media that was independent of the enriched CSC population present (Supplementary data Figure S5). To confirm that the combination of encapsulated SN38 and Sal could prevent spheroid growth and induce cell death independent of the presence of a CSC-enriched population, spheroids were formed by coculture of control HTC116 transduced with a GFP and conditioned HTC116 transduced with an iRFP. SN38 alone induced a decrease of the green cells in the spheroid, whereas Sal mostly eliminated red cells (Figure 3b). As a consequence, we observed the same size reduction of spheroids from coculture as we observed in those grown in either control or conditioned medium conditions. In conclusion, these results demonstrate that the combination of encapsulated SN38 and Sal was able to efficiently target CRCs in 3D structures, and it could do so in a manner that was independent of cell plasticity and heterogeneity. 

The combination of SN38 and Sal in LNC significantly delayed tumor growth in mice

To determine whether the combination of SN38 and Sal could prolong the survival of mice bearing subcutaneous cancer from HCT116 colorectal cancer cells, free and encapsulated SN38

(1 mg/kg) and/or Sal (2 mg/kg) were administered intravenously twice per week for 3 weeks (Figure 4a). All the treatments reduced tumor growth, while in the control condition, the tumors developed rapidly and reached a size-limit after approximately 25 days. The most significant results were achieved when the combined treatment was encapsulated into LNCs (Figure 4b).

Additionally, when we compared the combination of free drugs with their encapsulated counterparts, we noticed a significant gain in terms of growth inhibition (Supplementary data 

DISCUSSION

Our study shows that a combination of encapsulated SN38 and Sal was able to target every cancer cell in a classic CRC cell line containing heterogeneous cell populations. Importantly, we developed a tissue culture protocol to demonstrate that a population of dormant CSCs was sensitive to therapy through sensitization to the Sal treatment. In contrast, proliferating cancer cells that seem to be more tolerant of Sal treatment were eliminated by SN38, which is the active molecule of irinotecan, chemotherapy used in clinics. In addition, we were able to show that our formulation increased the stability and efficacy of these molecules in cancer cells grown in 3D, simultaneously reducing unwanted toxicities against normal cells. All these effects were thus likely critical for the therapeutic gain that we observed in vivo in transplanted tumors.

Efficacy of nanomedicine has been largely attributed to their ability to favour drug delivery to the tumour, especially through the EPR effect. Therefore one of the most surprising result of our study is the capacity of our formulation to enhance the effects of both Sal and Sn38, even in vitro in 2D and in 3D. This suggest that another mechanism more intrinsic to the cancer cells favours drug delivery or accumulation in the cancer cells when LNCs are used. Of note, us and others have observed that large LNCs such as those used in this study are mainly taken through untargeted macropinocytosis. Interestingly, this process is strongly activated in RAS mutated tumours, [START_REF] Liu | Intracellular nanoparticle delivery by oncogenic KRAS-mediated macropinocytosis[END_REF][START_REF] Ramirez | Plasma membrane V-ATPase controls oncogenic RAS-induced macropinocytosis[END_REF] a situation corresponding to the used HCT116 cell line. Moreover, scarce nutritive conditions enhance these effects [START_REF] Lee | EGFR-Pak Signaling Selectively Regulates Glutamine Deprivation-Induced Macropinocytosis[END_REF] and could also participate to the efficacy of our LNCs, especially in our conditioned medium. In line with these ideas, it is also well described that cells are also strongly sensitized to ferroptosis through RAS mutation. [START_REF] Yang | Synthetic Lethal Screening Identifies Compounds Activating Iron-Dependent, Nonapoptotic Cell Death in Oncogenic-RAS-Harboring Cancer Cells[END_REF] The molecular action of Sal has been largely debated; but a ferroptosis mechanism, which we confirmed (Figure 1a Notably, the quiescent state and metabolic profile of CSCs seem to be correlated with and linked to Sal sensitization. The results obtained with the engineered medium clearly demonstrate that pushing the cells towards oxidative metabolism favors the acquisition of stemness features, quiescent state, and subsequently SAL sensitivity (Figure 3b). The ability of SAL to disturb iron metabolism, a key regulator of the respiratory chain, and to act as an ionophore of the mitochondrial K + channel suggest that mitochondrial insult associated with RAS activation acts synergistically with the alteration of mitochondrial homeostasis induced by SAL. (47) Moreover, oxidative phosphorylation, through its ability to increase metabolic flexibility, has been connected

to the activation of macropinocytosis (1)increasing potentially specifically LNC-SAL incorporation, and a specific SAL delivery to the lysosome where it is believed to trigger effective death through ferroptosis. [START_REF] Versini | Chemical biology of salinomycin[END_REF] As an extension of these notions, our results seem to confirm a global assumption that oxidative metabolism may be a common feature of dormant cancer cells, at least in solid tumors. [START_REF] Shin | Mitochondria-centric bioenergetic characteristics in cancer stem-like cells[END_REF][START_REF] Kishore | Vitamin K3 (menadione) suppresses epithelialmesenchymal-transition and Wnt signaling pathway in human colorectal cancer cells[END_REF] The encapsulation and delivery of a highly toxic drug such as Sal could revitalize the use of different drugs targeting these metabolic pathways. For instance, menadione, metformin, phenformin, or even rotenone have been shown to specifically target CSCs. (50-53) A specific delivery of these drugs to the tumor, increasing their efficacy and reducing their toxicity, could therefore constitute a new step towards their potential use in clinics. A comparison between these different drugs deserves further investigation.

Similarly, encapsulation of an irinotecan derivative in its active form, SN38, could renew the use of this classic chemotherapeutic. Several other active molecules, either too unstable or too toxic in their native forms, could be used following the same strategy. Regarding irinotecan, this molecule needs to be metabolized in the liver to generate SN38. This step can be highly variable, especially in cancer patients, frequently presenting some partial hepatic failure. Moreover, interindividual variation regarding the pharmacodynamics of these molecules exists and makes it difficult to define the optimal dose for each patient. By altering this step, the direct use of SN38 could be much more convenient and could have more homogeneous efficacy and less unpredictable acute toxicity. Most chemotherapies, if not activated by systemic metabolism, are at least kinetically controlled at this level. (54) Therefore, our ability to demonstrate the increased efficacy of SN38-LNCs could lead to similar developments for other anti-neoplastic molecules. Overall, our promising results regarding the combination of SAL and SN38 could provide the basis of a larger study re-evaluating the numerous combinations possible between mitogenic poisons and drugs targeting oxidative metabolism.

In conclusion, a combined treatment of traditional chemotherapy with Sal may be an effective solution for treating CRC cancer. The nanoformulations combining two drugs enhanced the efficacy over what was seen in non-encapsulated drugs, while they diminished the side effects, making them a viable solution for the elimination of CSCs and the treatment of CRC.
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  of total lentiviral expression vectors (5.1 µg pCMVdeltaR8.91, 1.3 µg phCMVG-VSVG and 6.6 µg pWPIR-GFP-empty or pWPIR-PURO-iRFP) by GeneJuice ® Transfection Reagent (Merck Millipore) according to the manufacturer's instructions. The pCMVdeltaR8.91, phCMVG-VSVG and pWPIR-GFP-empty vectors were gifts from D. Nègre (International Center for Infectiology Research, INSERM U1111-CNRS UMR5308-ENS de Lyon-UCB Lyon1, EVIR Team, Lyon, France). Forty eight h after transfection, the supernatant was collected, filtered, supplemented with 5 µg/ml polybrene (Sigma) and combined with the HCT116-targeted cells for 12 h. iRFP-positive cells were selected with puromycin (1 mg/ml) 48 h after infection. The positive GFP-and iRFP-infected cells were finally sorted by flow cytometry.

Group 1 :

 1 untreated (n=6); Group 2: SN38 (n=5); Group 3: SN38 LNCs (n=5); Group 4: Sal (n=5); Group 5: Sal LNCs (n=5); Group 6: combination SN38 and Sal (n=5); and Group 7: combination SN38-LNCs and Sal-LNCs (n=7). Finally, the mice were treated by 3 weekly cycles of two doses of SN38 at day 1 and day 3 and/or two doses of Sal at days 2 and 4. The doses administered to the mice were SN38 1 mg/kg and Sal 2 mg/kg. Tumor volume was measured with a caliper and calculated with the following equation (Length x Width x Height). During the experiments, the mice were monitored daily, and body weight and tumors were measured every 2 days. Mice were sacrificed when one of the following endpoints was reached: alteration of behavior, clinical sign of distress, 20% weight loss, presence of ulcerated-necrotic tumor or tumor volume above 1500 mm 3 .

Figure 1 :

 1 Figure1: a) Heatmap of gene expression related to ferroptosis; each row represents genes with significant expression differences among the 3 columns representing the vehicle (untreated) and treated with Sal 5 and 10 μg/ml samples after 24 h of treatment; N=3, n=3; b) Confocal microscopy images showing lipid peroxidation in untreated HCT116 cells (negative control) treated with cumene hydroxyperoxide (positive control) or Sal 5 or 10 μg/ml. Increased emission of the oxidized probe at 510 nm showed an increase in the intensity of green fluorescence; N=2, n=3 c) Flow cytometry analysis of CD44/CD24, CD44/CD133, CD24/CD133 and LGR5/CD133 antigens of HCT116 colorectal epithelial cancer cells after 48 h treatment with an IC50 concentration and d) 5 times the IC50 concentration of SN38 or Sal; N=3, n=3. IC50 values of SN38 and Sal were 0.5 ng/ml for and 2.4 μg/ml respectively. Data are presented as percentage of the corresponding antigenic profile (% corresponds to 10.000 analyzed cells) (comparisons with control groups) (mean ± SD, N = 3 n = 3). *** p<0.001, ** p<0.01, * p<0.05 by one-way Anova (Dunnett's multiple comparison tests)

Figure 2 :

 2 Figure 2: a) Comparison of hemotoxicity of free and encapsulated Sal and blank LNCs; b,c,d,e: HCT116 cells after one month of incubation in the control and the conditioned medium; b) FACS analysis of CD24, CD44, LGR5 and CD133 markers c) microscopy photos of cells during the incubation in the two different types of media (control on top, conditioned on bottom); 3D cell culture, spheroid formation of cells incubated in the c, d) quantification of the percentage of CD44/CD24, CD133/CD24 CD133/CD44 CD133/LGR5 positive cells. Data are represented as the mean ± SD (N = 2, n=4) Statistical analysis, multiple t tests-Sidak-Bofferoni (***p < 0.001, **p < 0.01, and *p < 0.05). e: FACS analysis of control and conditioned HCT116 cells after one 7 days of incubation with CellTrace proliferation marker. Data are represented as the mean ± SD. (N = 2, n=6) Statistical analysis, multiple t tests-Sidak-Bofferoni (***p < 0.001, **p < 0.01, and *p < 0.05).

Figure 3 :

 3 Figure 3: a) Clonogenic assay was performed for the calculation of IC50 values; IC50 comparison graphs of free and encapsulated Sal (µg/ml) and SN38 (ng/ml) on the cells obtained after one month of incubation in the control or conditioned medium Data are represented as the mean ± SD; N = 3, n=2. b-d: Effect of different treatments on viability and area of colosphere formation of HCT116 cells; b) confocal microscopy photos of colospheres formed by coculture cells from control (transfected with GFP, green) and conditioned cells (transfected with iRFP, red) showing the contribution of cell types during spheroid formation (untreated-left, IC50 Sal treatment-middle, IC50 SN38 treatment-right); c) each row represents a characteristic photo of a colosphere formed by each different group (control, conditioned or coculture cells), and each column represents the different treatments. Scale bar (500 μm); d) graph showing the percentage of spheroid areas compared to 100% of the initial area when spheroids were formed on day 3 before the treatment. The area was calculated from the solid black part of the spheres. Data are represented as the mean ± SD.; (N=2, n=8) (comparisons with control groups) *** p<0.001, ** p<0.01, * p<0.05 by one-way Anova (Dunnett's multiple comparison tests).

Figure S6 )

 S6 Figure S6) and mouse survival for the latter (Figure 4c, d). Individual tumor growth curves are presented in Supplementary data Figure S7. Similarly, the median survival time (MST) of the combination of the encapsulated drugs (49.6) was significantly improved compared to the treatments containing only Sal-LNC (39.8) or SN38-LNC (41.5). The encapsulated combination treatment increased the MST by 1.8 times compared to the untreated group or 1.4 times compared to the free drugs. Overall, these results confirm our previous in vitro data and demonstrate that the combination of our formulation may hold strong promise for treating CRC.

Figure 1 :

 1 Figure 1: a) Scheme of the experimental protocol b) Example photo of tumor on mice from the untreated and SN38-LNCs+Sal-LNCs group on day 30 c) Tumor growth over time of untreated mice (n=6), mice treated with free (n=5) or encapsulated SN38+SAL (n=7), or mice treated with Sal-LNCs (n=5) or SN38-LNCs or SN38-LNCs+SAL-LNCs (n=7) (mean ± SEM). Statistical analysis compares the overall curves of the experimental groups to the untreated group: one-way ANOVA (Dunnet'comparison to the control), column factor (***p < 0.001, **p < 0.01, and *p < 0.05) d) Kaplan-Meier survival curves and median survival time (MST) for untreated mice (n=6), mice treated with free (n=5) or encapsulated SN38+SAL (n=7), mice treated with Sal-LNCs (n=5) or SN38-LNCs or SN38-LNCs+SAL-LNCs (n=7). Statistical analysis, log rank (Mantel-Cox) test (***p < 0.001, **p < 0.01, and *p < 0.05).

  , b), is likely central to the observed cell death. (44,45) It is therefore not surprising to observe a particular sensitivity to encapsulated Sal, taken up by macropinocytosis and inducing ferroptosis in an HCT116 cell line that displays an activated KRAS mutation. (46) A large proportion of CRCs present this genetic alteration, but it would be interesting for further study to analyze the effect of SAL and our LNCs in a tumor with no KRAS mutation.

  mice The hormono-nutritive environment can drive the acquisition of stemness features • High encapsulation efficiency Combined treatment of SN38-LNCs and Sal-LNCs delay tumor growth & extent median survival time

Table 1 :

 1 Reagents used to supplement the media, which were used for the incubation of the cells.

		Control	Conditioned
	SVF	10%	5%
	Pen-strep	100 U/ml	100 U/ml
	Insulin	-	10 mg/ml
	EGF	-	10 ng/ml
	Glucose	-	6 mM
	Glutamine	2 mM	4 mM
	Pyruvate	-	0.5 mM
	Lactate	-	15 mM
	Chir99021	-	100 nM
	Dexamethasone	-	200 nM
	TGFβ	-	2.5 ng/ml

Table 1 :

 1 Composition of LNC formulations

	Components (mg)	Blank LNCs	SN38-LNCs	Sal-LNCs
	Active substance	-	1	10
	Transcutol	100	200	100
	Labrafac WL 1349	300	200	300
	Labrafil 1944 CS	-	600	-
	Solutol	242	500	242
	Lipoid	21	75	21
	NaCl	53.5	35	53.5
	NaOH 0.1 N	-	1000	-
	Water	846	-	846
	HCl 0.05 N	-	1500	-
	Cold water	1670	-	1500