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Homotrimerization Approach in the Design of Thrombospondin-1 Mimetic Peptides with Improved Potency in Triggering Regulated Cell Death of Cancer Cells

In order to optimize the potency of the first serum-stable peptide agonist of CD47 (PKHB1) in triggering regulated cell death (RCD) of cancer cells, we designed a maturation process aimed to mimic the TSP-1/CD47 binding epitope trimeric structure. For that purpose, N-methylation-scan of PKHB1 sequence was realized to prevent peptide aggregation.

Structural and pharmacological analyses were conducted in order to assess the conformational impact of these chemical modifications on the backbone structure and the biological activity. This structure-activity relationship (SAR) study led to the discovery of a highly soluble N-methylated peptide we termed PKT16. Afterward, this monomer was used for the design of a homotrimeric peptide mimic we termed [PKT16] 3 that proven to be tenfold more potent than its monomeric counterpart and we report hereafter its pharmacological evaluation in inducing cell death of adherent (A549) and nonadherent (MEC-1) cancer cell lines.

Introduction

A potential goal in the therapy of cancer disease is the selective triggering of cancer cell death. With this aim, the CD47 receptor is attracting considerable attention. This membrane glycoprotein is involved in many biological functions that are sometimes antagonistic, depending on the spatio-temporal expression of the receptor and its identified ligands (at least TSP1 and SIRP) together with lateral interactions of CD47 with other membrane receptors. 1 On one hand, its binding to SIRP on phagocytes serves as inhibitor of phagocytosis. [START_REF] Oldenborg | Role of CD47 as a Marker of Self on Red Blood Cells[END_REF] As a result, cancer therapies using CD47:SIRP interaction disrupting agents have been developed and some of them are currently under clinical investigations. 3 On the other hand, some studies are focusing on targeting the TSP-1:CD47 interaction, identified as a key signaling integrator of tumor progression. [START_REF] Sick | CD47 Update: a Multifaceted Actor in the Tumour Microenvironment of Potential Therapeutic Interest[END_REF] With this aim, a peptide mimic of CD47, termed TAX2 and targeting TSP1, proven to display promising antiangiogenic, antitumor and antimetastatic properties in vivo in preclinical mouse models of childhood neuroblastoma. [START_REF] Jeanne | Thrombospondin-Targeting TAX2 Peptide ImpairsTumor Growth in Preclinical Mouse Models of Childhood Neuroblastoma[END_REF] As for us, we focused our attention on the ability of the TSP1:CD47 ligation reported to induce regulate cell death 6 and we recently described the first serum stable agonist peptide PKHB1 [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF]8 mimicking the CD47 binding epitope (i.e. RFYVVMWK) of thrombospondin-1 (TSP-1). This peptide was proven to be efficient in triggering selective regulated cell death (RCD) of many adherent and non-adherent cancer cell lines while sparing normal cells. The molecular mechanism triggered by PKHB1 in CLL (a caspase independent cell death mediated by sustained activation of PLC1 leading to an intracellular Ca 2+ overload) was highlighted and the stimulation of CD47 appeared key in the cytotoxicity Page 2 of 34 ACS Paragon Plus Environment Journal of Medicinal Chemistry induced by this peptide since the disruption of the peptide-CD47 interaction by a fusion protein designed to specifically bind CD47 led to the inhibition of cytotoxicity. [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF] The direct interaction between our peptide and CD47 in its native environment was studied using an active site-directed covalent probe approach. 8a Its capacity to induce tumor regression in a xenografted immunodeficient NSG mice CLL model [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF] together with its ability to induce tumor complete remission in a BALB/C immunocompetent mice model, activating in that later case an immunogenic cell death, was also demonstrated. 9 It was concluded from these experiments that the PKHB1 treatment of tumor prolonged the life of the animals, without affecting the vital and lymphoid organs. Collectively, these results highlight the potential of using peptide strategies to target the ubiquitous CD47 receptor and may appear as complementary to the use of monoclonal antibodies. 3 However, even though PKHB1 appears as a promising tool, we remain aware that optimization of its effectiveness could be an asset in order to reach the standardized requirements in terms of nanomolar potency in peptide-based drug development. 10 Therefore, an affinity maturation process capable of increasing the potency of the peptide for its target would be invaluable. Since the X-ray structure of the TSP-1/CD47 complex has not been solved to date, the lead optimization of medicinal peptides remains a fastidious task involving a long and iterative strategy. 11 Nevertheless, the homotrimeric structure of TSP-1, 12 the multifunctional extracellular protein that we endeavor to mimic, prompted us to evaluate a homotrimerization strategy of our lead peptide, namely PKHB1. The implication of polyvalent interactions for the design and use of multivalent ligands and inhibitors has been nicely reviewed and demonstrated elsewhere. [START_REF] Mammen | Polyvalent Interactions in Biological Systems: Implications for Design and Use of Multivalent Ligands and Inhibitors[END_REF] Typically, a peptide homomultimerization approach may be relevant since multivalent interactions are much stronger than monovalent interactions. 14 To this aim, the click chemistry cycloaddition [START_REF] Meldal | Cu-Catalyzed Azide-Alkyne Cycloaddition[END_REF] of an azido-derivative of PKHB1 was considered. [START_REF] Karoyan | Method and Pharmaceutical Composition for Use in the Treatment of Cancer[END_REF] This strategy has been recently validated by Saludes and co-workers in the design of a bradykinin derived peptide. [START_REF] Saludes | Multivalency Amplifies the Selection and Affinity of Bradykinin-Derived Peptides for Lipid Nanovesicles[END_REF] First, we described herein the SAR study that led to the discovery of a new monomeric peptide as potent as PKHB1, but with better solubility properties. Secondly, we engaged this monomer through the homotrimerization process yielding a new highly potent trimeric peptide. Regarding the efficacy of our peptides to trigger cell death, two technics were used in parallel and correlated (in combination with microscopic observations), i.e. 1) the classical Flow Cytometry (FCM) combining the detection of Phosphatidylserine (PS) exposure on early apoptotic cells using Allophycocyanin labelled Annexin V and propidium iodide (PI) to distinguish dying cells from dead cells, 18 and 2) the Real Time Cell Analyzer (RTCA), a technique using noninvasive electrical impedance monitoring reported to quantify cancer cell proliferation, viability, invasion and drug cytotoxicity in a label-free and real-time manner. 19 This later one was chosen to evaluate the efficacy of our compounds on an adherent cancer cell line (A549) because of its easy implementation Page 3 of 34 ACS Paragon Plus Environment Journal of Medicinal Chemistry avoiding the cell harvesting methods required in FCM that are known to affect membrane integrity of adherent cancer cells and thus the proportion of apoptotic cells during detection. 20 Nevertheless, both technics were used and showed good correlation in cell death detection. Although the design of our new peptide was based on PKHB1, we assumed that the homotrimeric nature of the peptide could trigger a RCD that does not involve the same pathway. Thus, to get further information of cell death type triggered by our new peptides, experiments were realized in presence of QVD.Oph (a broadspectrum caspase inhibitor), BAPTA (an external calcium chelator), U73122 (PLC1 inhibitor), 2-APB and dantrolene (Intracellular calcium channels inhibitors). We report hereafter the results of these experiments that led to the discovery of two new and potent peptides we termed respectively PKT16 for the monomer and [PKT16] 3 for the homotrimer.

Results

We recently described the first serum stable TSP-1:CD47 binding epitope peptide mimic, i.e. PKHB1, and its ability to trigger a caspase-independent Ca 2+ -mediated form of RCD on CLL cells from patients and MEC-1 cells, a non-adherent CLL cancer cell line, while sparing normal cells. [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF]8 The double AnnexinV/PI co-positive staining and the swelling of the endoplasmic reticulum observed during the cell death induced by this peptide [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF]8 led us to classify it as a "programmed necrotic" cell death pathway. 8,[START_REF] Galluzzi | Page 30 of 34 ACS Paragon Plus Environment Journal of Medicinal Chemistry[END_REF] Although effective in inducing a rapid and selective RCD of malignant cells, the potency of PKHB1 in terms of affinity and activity remained to be improved. To this end, an homotrimerization strategy was considered using a click chemistry approach, a tertiary amine as a matrix and an aminopentanoic acid derivative as spacer.

Unfortunately, because of aggregation propensities observed with PKHB1 in some buffers, this peptide was not suitable for the design of the homotrimer. This phenomenon was attributed to the chaotropic effect of the buffer used to solubilized the peptide [START_REF] Long | Activity Coefficients of Nonelectrolyte Solutes in Aqueous Salt Solutions[END_REF] together with its -strand structure, two parameters favoring the -sheet nucleation. Thus, in order to limit this phenomenon, we went back to PKHB1 sequence to firstly design a monomer devoid of aggregation properties. This goal was realized with the help of a N-methyl scanning of the peptide backbone and SAR studies combining structural studies by NMR and CD, affinity measurement on MEC-1 cell membrane preparation using OctedRed as previously described, 8 AnnV/PI cytotoxicity assays henceforth coupled to RTCA investigations. N-methylation of backbone amide was chosen for its renowned ability to disrupt peptide-peptide interactions that promote aggregation. 23 Indeed, the replacement of the amide proton by a methyl group prevents the hydrogen bonding interactions that normally stabilize the ß-sheet formation. In addition, N-methyl amino acids prevent the close approach of ß-strands because of steric hindrance, and favor ß-strand structure in the peptide itself by locally restricting backbone conformation to extended structures. 24 Of importance, backbone methylations also contribute to enhance resistance against proteolytic degradation. 25 N-Methylated amino acids have been used in several systems to control protein and peptide aggregation. [START_REF] Rajarathnam | Neutrophil Activation by Monomeric Interleukin-8[END_REF][START_REF] Hughes | Inhibition of Toxicity in the Beta-Amyloid Peptide Fragment Beta-(25-35) Using N-Methylated Derivatives: a General Strategy to Prevent Amyloid Formation[END_REF][START_REF] Kokkoni | N-Methylated Peptide Inhibitors of Beta-Amyloid Aggregation and Toxicity. Optimization of the Inhibitor Structure[END_REF] Number of N-methylated peptides are currently being evaluated in clinical trials, displaying the promises of this chemical modification in delivering next generation of peptide-based drugs. [START_REF] Broggini | Aplidine, A New Anticancer Agent of Marine Origin, Inhibits Vascular Endothelial Growth Factor (VEGF) Secretion and Blocks VEGF-VEGFR-1 (flt-1) Autocrine Loop in Human Leukemia Cells MOLT-4[END_REF][START_REF] Kindler | Phase II Trials of Dolastatin-10 in Advanced Pancreaticobiliary Cancers[END_REF][START_REF] Tamura | Phase I Study of TZT-1027, a Novel Synthetic Dolastatin 10 Derivative and Inhibitor of Tubulin Polymerization, which was Administered to Patients with Advanced Solid Tumors on Days 1 and 8 in 3-Week Courses[END_REF][START_REF] Mas-Moruno | Cilengitide: the First Anti-Angiogenic Small Molecule Drug Candidate Design, Synthesis and Clinical Evaluation[END_REF] We based the setting up of our N-Me sequence scanning on the straightforward site-selective approach developed by Kessler and colleagues, [START_REF] Biron | Optimized Selective N-Methylation of Peptides on Solid Support[END_REF] thus allowing the fast access to iterative N-methylation of the backbone through Fmoc/tBu solid-phase synthesis technique. The complete methylation process was performed through a three-step methodology involving activation of the primary amine via sulfonylation, followed by the so-called methylation using dimethylsulfate and then elimination of the sulfonyl moiety with the help of ßmercaptoethanol (Figure 1). Hereafter, we carried out a SAR study by systematic biological evaluations of each methylated sequences in terms of affinity and activity (Peptides 1 to 9). As described in our earlier work, 8 such rational design was enabled by the development of a binding assay using MEC-1 cell membrane preparation in order to maintain the essential integrity of the targeted CD47 receptor. 34 Thus, the affinities reported as apparent Kd estimations and exposed in Tables 1 correspond to the measure of peptide interaction with membrane preparation containing CD47 in the described conditions. We assume that all our peptides derive from PKHB1 and that any variations in their pharmacological profile will be due to a variation in their interaction efficiency with the CD47 receptor since we have previously demonstrated that the disruption of this Page 5 of 34 ACS Paragon Plus Environment Journal of Medicinal Chemistry interaction by a fusion protein specifically binding to CD47 led to inhibition of the cytotoxicity induced by PKHB1. [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF] In parallel to binding assays investigations, the ability of every peptide to selectively induce cell death was measured by Annexin-V (AnnV) and propidium iodide (PI) co-labeling on MEC-1 cancer cell line. The cytotoxicity activities are given as a percentage of tumor cell death and refer to the Annexin-V positive cells and were given at mean ± SD (Tables 1). Other modifications were also evaluated (Peptides 10 to 16), to probe the potency of branched or aromatic side chains by substitution with Ile and Val, or Tyr (Table 1). Both terminal ends were also modified to explore the impact of extremities in terms of activity and affinity. To this end, C-termini acids were replaced by carboxamide moiety and N-termini amines were capped through acetylation. Furthermore, additional terminal D-Lys residues were removed to evaluate their biological impact. Among all peptides designed and evaluated, peptide 10 not only appears to be the most soluble peptide but also presents a pharmacological profile very similar to that of PKHB1 with a slight improvement (3-fold) of its affinity. The conformational effects induced by N-methylation might explain this improvement. Thus, the secondary structure of peptide 10 was investigated, first by CD spectroscopy. Figure 2A shows the CD spectra of peptide 10 and the parent peptide PKHB1. The spectrum of PKHB1 is characteristic of a random coil conformation with a negative minimum at 195 nm. The spectrum of peptide 10 exhibits a similar minimum near 198 nm and another minimum around 215 nm. This additional contribution may be due to the presence of ß-sheet conformers. Indeed, the deconvolution of the CD spectrum allows an estimation of 14% population for ß-sheet content in peptide 10.

We next carried out NMR conformational studies to analyze the structural effects of N-methylation at the residue level. Altogether, these NMR parameters show that the conformational space of residues 3-10 is very similar in peptide 10 and PKHB1, a result that was somehow not inferred from CD study. The differences observed in the CD spectra must therefore properties of the tertiary amide bond. 37 We conclude that the N-methylation restricts backbone conformational space only locally, around residues 1-2, and has no major effect on the global conformation of peptide 10 in segment 3-10. Overall, we observed that backbone N-methylation conferred very good solubility and the peptide did not aggregate nor in water neither in biological liquids (pure water, phosphate buffers and human serum), thereby leading to promising physicochemical features. Consequently, with this new peptide 10 we termed PKT16, we considered the homotrimerization approach in order to improve its pharmacological efficacy. The design and synthesis of the analog were considered using a click chemistry strategy, a tertiary amine as a matrix and an aminopentanoic acid derivative as spacer (Figure 3). Based on CuAAC processes that were smartly applied in the field of peptide therapeutics, various reaction conditions have been tested to implement a convenient trimerization strategy onto scaffold. [START_REF] Fernandez-Llamazares | The Backbone N-(4-azidobutyl) Linker for the Preparation of Peptide Chimera[END_REF] Surprisingly, the only one way to achieve this one-pot reaction was to use a mixture of methanol/acetonitrile as solvent and the copper I source was obtained from tetrakis acetonitrile complex. In addition, the incorporation of TBTA reagent for copper (I) stabilization was crucial to properly Page 8 of 34
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Journal of Medicinal Chemistry conduct the homotrimer formation. For this purpose, the monomeric PKT16 (k(NMeR)FYVVXWKk) sequence was synthesized on solid support using standard Fmoc chemistry (see Supporting Information) and coupled to the 5azidopentanoic acid 42 used as a spacer bearing the azido group for click chemistry (Figure 3). After cleavage and purification, the unprotected PKT16-N 3 peptide was used to perform the chemoselective click chemistry attachment onto tripropargyl amine matrix. Readers are reported to Experimental Section for further explanations regarding detailed reaction conditions. Successfully, the homotrimer built around PKT16 was soluble in water and did not form insoluble aggregates over time, thus confirming the enhanced physicochemical features. We thereby started evaluation of the activity of this new trimeric peptide object so-called [PKT16] 3 . cell lung cancer cell line. The cell death was evaluated using the classical FCM for MEC-1 cells (Figure 4) and A549 cells (Figure 5A). The RTCA technic was also used for A549 cell lines (Figure 5B). This later technic was chosen as a control because of its easy implementation for adherent cells avoiding the cell harvesting methods required in FCM that are known to affect membrane integrity of adherent cancer cells and thus the proportion of apoptotic cells during detection. 20 Page 10 of 34 ACS Paragon Plus Environment
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In a first experiment, [PKT16] 3 efficiency was evaluated in a dose-dependent manner and compared to that of PKHB1 and PKT16 on MEC-1 cells and the data are reported on figure 4A. Moreover, although the design of this new peptide was based on PKHB1 for which we reported a caspase-independent and Ca 2+ mediated form of RCD, [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF]8 we assume that the homotrimeric nature of the peptide could trigger a different RCD pathway. Indeed, microscopic observations of cells treated with the different peptides (Figure 4B) highlighted the ability of this new homotrimeric peptide to induce cell aggregation. This might be explained by its multivalency promoting simultaneous interactions with receptors of different cells. Thus, in order to highlight the cell death mechanism in a second experiment, cells were pre-treated with QVD.OPh, a broad-spectrum caspase inhibitor, with BAPTA, an extracellular calcium chelator, U73122 (PLC1 inhibitor), 2-APB and dantrolene (Intracellular calcium channels inhibitors), before incubation with the peptides (Figure 4C and Supplementary Table S4). S5).

Enhanced cell adhesion was also a relevant feature of [PKT16] 3 -induced RCD in A549 cells, which strongly stuck to the well surface after treatment. In fact, cell collection from the well prior to cell death analysis was a highly challenging task, since trypsin was not very efficient to remove a subpopulation of cells with morphological features characteristic of

[PKT16] 3 -induced RCD (Supplementary Figure S2). Therefore, the RTCA technic was used as a control to evaluate the cell death induced by our new peptide because of its easy implementation avoiding the cell harvesting methods, which are known to affect membrane integrity of adherent cells and thus, the proportion of dead and dying cells during detection. 20 This way, [PKT16] 3 efficacy was also characterized using RTCA with increasing peptides concentrations for up to 24 h (Figure 5C) together with measurement of the release of AK (see Figure S5C in Supporting Information) and compared them to known cytotoxic concentrations of PKHB1 and PKT16 (Figure 5D). 

Discussion

The TSP1:CD47 ligation was reported to induce RCD at least in CLL cells 6 and since few years, we have focused our attention in the design of peptide mimics of the TSP1:CD47 binding epitope. For that purpose, we implemented a SAR study aimed firstly to highlight the pharmacophores involved in this interaction. We reported that the crucial pharmacophores were not only restricted to the VVM motif but involved mainly the FYVV sequence. 8 These studies led to the design of PKHB1, the first serum stable agonist peptide [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF]8 mimicking the CD47 binding epitope (i.e. RFYVVMWK) of thrombospondin-1 (TSP-1). PKHB1 sequence appeared key for its activity since a scrambled peptide (SP, KWVKYRVMFK, see Table 1) [START_REF]The scramble peptide was designed using a scrambler tool[END_REF] has no affinity for membrane preparation nor cell death activities under the same conditions. PKHB1 was proven to be efficient in triggering cell death selectively in many adherent and non-adherent cancer cell lines while sparing normal cells. The molecular mechanism triggered by PKHB1 (a caspase independent cell death mediated by sustained activation of PLC 1 leading to an intracellular Ca 2+ overload) was highlighted and the stimulation of CD47 appeared key in the cytotoxicity induced by this peptide since the disruption of the peptide-CD47

Page 14 of 34
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Journal of Medicinal Chemistry interaction by a fusion protein designed to specifically bind CD47 led to the inhibition of cytotoxicity. [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF] Its potency was also demonstrated in vivo in mice models at a dose of 10mg/Kg. [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF]9 However, even though PKHB1 appears as a promising tool, its high in vitro LC50 (200 M) that might be considered as a drawback in drug development, led us to design and explore an optimization process. Since the X-ray structure of the TSP-1/CD47 complex has not been solved to date, a multimerization approach was investigated considering that the homotrimeric structure of TSP-1 did not happened by accident but is rather linked to evolution enabling TSP-1 to interact simultaneously with multiple receptors.

The design of the homotrimer was firstly based on PKHB1 structure (See Supporting Information) but because of aggregation propensities observed with PKHB1 and its trimer in some buffers, we concluded that this peptide was not suitable for our purpose. Thus, in order to limit this phenomenon, we went back to PKHB1 structure and realized a Nmethyl scanning of its sequence since N-methylation of backbone is known to disrupt peptide-peptide interactions that promote aggregation. The implementation of the NMe scan enabled the identification of key positions for amide backbone modification (Table 1). Firstly, we observed that all residues are not in capacity to accept N-methylation. Notably, when dealing with the FYVV segment, previously identified as the peptide pharmacophore, 8 methylation of the backbone ultimately yielded to a complete drop in activity, as observed with peptides 2, 3, 4 and 5, thus confirming that structural information included in this 4-residues motif is crucial for CD47 engagement. Furthermore, we observed here that the only position that can be methylated without dramatic decrease in efficacy is the Arg2 since the peptide 1 retains full affinity and similar range of activity to PKHB1. To evaluate the impact of multiple backbone methylations, the data observed with peptide 1 and 8 led us to design the di-N-methylated peptide 9. This peptide, which has undergone two successive N-methylations at Arg2 and Lys9, presented a pharmacological profile similar to peptide 8. Thus, confirming that, unlike the suitable Arg2 position, N-methylation of Lys9 is deleterious as observed with peptide 8. These data indicated that a single methylation might be sufficient to prevent peptide aggregation while maintaining efficiency.

Actually, alike Pro residue, N-methylation is known to favor turn secondary structures in peptide sequences, thereby leading to disruption of the desired extended conformation. [START_REF] Sagan | N-and C-Alpha-Methylation in Biologically Active Peptides: Synthesis, Structural and Functional Aspects[END_REF] According to the NMe scan results, Arg2 is identified as the key amino acid to suitably accept backbone N-methylation. In addition, we also introduced chemical modifications into peptide 1 sequence, for instance Met7 was already been shown to be readily replaceable by its all-hydrocarbon counterpart, namely Nle. 8 This modification was proposed to avoid a possible oxidation of sulfur atom of the Met side chain that might lead to a decreased potency as observed in the case of tachykinines. [START_REF] Sagan | Further Delineation of the Two Binding Sites (R*(n)) Associated With Tachykinin Neurokinin-1 Receptors Using [3-Prolinomethionine(11)]SP Analogues[END_REF] This was demonstrated by the synthesis and Page 15 of 34
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Journal of Medicinal Chemistry biological evaluation of the sulfoxide and sulfone derivatives of PKHB1 that proved to be totally inactive (see PKHB1-SO and PKHB1-SO 2 related data given in Supporting Information).

Regarding the SAR study realized to probe i) the potency of branched or aromatic side chains by substitution with Ile, Val, and Tyr or ii) to explore the impact of extremities in terms of activity and affinity (Table 1), results show that only amino acids presenting linear side chains are suitable to mimic Met7. Indeed, branched (Ile and Val) and aromatic residues (Tyr) are deleterious for peptide efficacy as observed with peptides 11, 12, 13 and 14, suggesting that the CD47 binding pocket interacting with these side chains is rather small since it only accepts linear moieties. Nevertheless, these data have to be interpreted carefully since these modified peptides were prone to aggregation as suggested by their more hydrophobic profiles. Chemical modifications of extremities yielded to the potent peptide 15 but this peptide was not suitable for the design of the homotrimer requiring a free amine function at the N-terminus side.

Finally, peptide 10 for which the Arg2 residue is N-methylated and the Met7 is replaced by a Nle, was chosen for further investigation because of i) its structure suitable for further development ii) its potency similar to that of PKHB1 and iii) its higher solubility in all buffers tested. This crucial point was confirmed during the structural analyses realized by NMR and CD on peptide 10. Indeed, we observed by NMR that backbone N-methylation conferred very good solubility and the peptide did not aggregate nor in water neither in biological liquids (pure water, phosphate buffers and human serum), thereby leading to promising physicochemical features.

Consequently, with this peptide 10 we termed PKT16, the homotrimerization was investigated using a click chemistry strategy, a tertiary amine as a matrix and an aminopentanoic acid derivative as spacer (Figure 3). The synthesis was realized in a one-pot reaction for which the use a mixture of methanol/acetonitrile as solvent, a copper I source obtained from tetrakis acetonitrile complex and incorporation of TBTA reagent for copper (I) stabilization revealed crucial to properly conduct the homotrimer formation we termed [PKT16] 3 . Successfully, the homotrimer built around PKT16 was soluble in water and did not form insoluble aggregates over time, thus confirming the enhanced physicochemical features.

We thereby started its pharmacological evaluation by firstly determining its affinity on MEC-1 cell membrane preparation containing CD47 receptor. Remarkably, we observed a significant synergistic effect that is not simply additive due to the 3-fold increased local concentration of PKT16 stretches. Indeed, the binding affinity of the homotrimer [PKT16] 3 (190 ± 90 nM) revealed to be about 40-fold stronger compared to its monomeric precursor (8.6 ± 2 M). Its potency in triggering cell death was evaluated first on the MEC-1 cells and compared to the monomeric PKHB1 and PKT16 in a dose-dependent manner (Figure 4A). The LC50 was reached at 20 M for the homotrimer while 200 M were required with the monomers Page 16 of 34
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Journal of Medicinal Chemistry to reach same efficacy (see Table 1). Thus, the novel N-methylated trimer enables a 10-fold higher induction of cell death, thereby confirming the synergistic effect allowed by multivalency. Of note, the observed discrepancy between activity and affinity is linked to the experimental conditions that are different between binding experiments and cell death experiments. The binding experiments are performed with cell membrane preparation in a simple PBS buffer whereas the cell death experiments are performed with cells incubated in advanced RPMI media containing albumin. Albumin binds low-molecular-weight molecules, including proteins and peptides and thus affects the free peptide concentration required for cell death experiments (see Supporting Figure S3). [START_REF] Plum | In Vitro Protein Binding of Liraglutide In Human Plasma Determined by Reiterated Stepwise Equilibrium Dialysis[END_REF] The potency of the homotrimer to induce cell death was also evaluated on the adherent A549 cancer cell line (Figure 5). First, the potency was evaluated in a dose-dependent manner and compared to that of PKHB1 and PKT16 as for MEC-1 cells and the data are reported on figure 5A. From these experiments, we can conclude that the homotrimer is much more potent than the monomers and its LC50 is between 10 and 20 M. Furthermore, microscopic observation highlighted a peculiar behavior of the homotrimeric peptide (Figure 4B and supplementary Figure S2). Indeed, compared to PKHB1 and PKT16 at 200 M for which dead cells were observed without cell aggregation, the homotrimer peptide led to cell aggregate that might be explained by its ability to establish multivalent interactions with receptors from different cells. Since this peculiar behavior might result in different cell death mechanism than the one described for PKHB1, 7 cells were pre-incubated with QVD.OPh, BAPTA (an external calcium chelator), U73122 (PLC1 inhibitor), 2-APB and dantrolene (Intracellular calcium channels inhibitors) before incubation with the three peptides, PKHB1, PKT16 and [PKT16] 3 (Figure 4C and5B). Together with Ca 2+ chelation, inhibitions of

PLCγ1or the IP 3 R or the ryanodine receptors significantly diminished PKHB1-and PKT16-induced cell death in both cell lines. However, using [PKT16] 3 , inhibition of PLCγ1 or the calcium channels alone caused a significant drop of cell death in MEC-1 cells, but only a slight decrease that was not significant in A549 cells. However, combined inhibition of PLCγ1mediated calcium signalling significantly decreased cell death in all cases. The previous suggests that PLCγ1-mediated calcium overload is crucial for [PKT16] 3 and its monomeric counterpart PKT16 to trigger RCD in the non-adherent MEC-1 cells, as already described for PKHB1. However, in the adherent lung cancer cells, this may also be true for the monomeric peptides PKHB1 and PKT16, but it is not the case for [PKT16] 3 , in which PLCγ1-mediated calcium signalling is only a partial modulator of RCD. Together with morphological observations, the double Ann/PI copositive staining observed during MEC-1 cell death induced by [PKT16] 3 led us to classify it as a programmed necrotic cell death pathway similar to that reported for PKHB1. [START_REF] Martinez-Torres | CD47 Agonist Peptides Induce Programmed Cell Death in Refractory Chronic Lymphocytic Leukemia B Cells via PLCGamma1 Activation: Evidence from Mice and Humans[END_REF]8,[START_REF] Galluzzi | Page 30 of 34 ACS Paragon Plus Environment Journal of Medicinal Chemistry[END_REF] To go further, in the case of A549 cells, a type of RCD sharing some biochemical and morphological features of [PKT16] 3 -induced RCD such as caspase-independence, ion-exchange dependence, Page 17 of 34
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Journal of Medicinal Chemistry enhanced cell substrate adhesion and focal ballooning of the perinuclear space was recently reported under the name of autosis. 42 Among other similar cellular stimulus, autotic cell death can be triggered by a cell-penetrating autophagyinducing peptide (Tat-Beclin 1). Moreover, it has been recently demonstrated that targeting CD47 with a fusion protein approach (SIRPαD1-Fc) induces autophagy in non-small cell lung cancer cells, including the A549 cell line. 43 However, autosis is defined by autophagy triggering, and it is an autophagy-dependent cell death mechanism regulated by the Na + /K + -ATPase pump, which were not assessed for the present work. Thus, further analysis is needed to know whether

[PKT16] 3 induces autosis in A549 cells. Altogether, our results showing pharmacological inhibition of TSP1-mimetic peptides in MEC-1 and A549 cells highlight the molecular disparities among both cell types, which come from two different diseases, and demonstrate that TSP1-mimetic peptides can restore programmed cell death in both cases.

Since it was reported that the cell harvesting methods required in FCM affect membrane integrity of adherent cancer cells and thus the proportion of apoptotic cells during detection, 20 cell death induced by [PKT16] 3 was also evaluated using the RTCA technic in a dose-dependent manner (Figure 5D) and compared to the cell index of PKHB1 and PKT16 at their respective LC50 (Figure 5E). Cell index were continuously recorded every minute for 24 h and treatments were realized 1 h after the beginning of the cell index recording (see arrow on Figure 5D and5E). For all these experiments, the peptides additions provoked firstly a high increasing of impedance signal that was attributed to the calcium burst we already observed through CD47 receptor activation with PKHB1 in CLL cells. On figure 5D, the experiment realized in a dosedependent manner (from 5 to 40 M) highlighted a rapid and profound diminution of the cell index upon 2h treatments with 20 and 40 M peptide concentrations. These observations correlate with those realized by FCM. Indeed, the maximum diminution of the cell index was observed from 20 M that correspond to the approximative LC50 estimated for this cell line using the FCM. This ability of our peptide to induce the profound diminution of cell index was correlated to the loss of cell membrane integrity identified by measurement of the release of Adenylate Kinase (AK) (See Supporting Information, Figure S5D). The loss of cell membrane integrity is also reflected by the double Annexin-PI staining in FCM.

Finally, impedance signals in cells treated with PKHB1, PKT16 or its trimer [PKT16] 3 were similar when cells were treated with their respective LC50 (Figure 5E). Again, even for PKHB1 and PKT16 monomers, the profound diminution of cell index was correlated to the loss of cell membrane integrity identified by measurement of the release of AK (See Supporting Information, Figure S5E). This technique is therefore effective and powerful to quickly and simply evaluate the potency of our compounds on adherent cancer cell lines.
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Herein and in conclusion, we designed a new series of soluble peptides mimicking the action of TSP-1 C-terminal binding domain, namely the selective induction of RCD in tumors. We initiated rational SAR studies that led to the discovery of mimetic peptides, we designed as the monomeric PKT16 and its trimeric analog [PKT16] 3 , both with improved pharmacological features, increased solubility, fitter structural properties and higher efficacy. Such refinements have been unlocked by the entire sequence scanning through amide backbone N-methylation and the judicious substitution of key amino acids. In order to further ameliorate our lead properties, we set up a multivalency strategy through homotrimerization of active peptide stretches mounted onto a rigid small molecular scaffold. Preparation of the trimer object via click chemistry yielded a soluble biopolymer that presented deeply improved pharmacological parameters, in terms of activity and affinity. To our knowledge, this trimeric peptide is the strongest affine and active TSP-1 C-terminal binding domain mimetic peptide in triggering RCD through CD47 engagement in tumors. Many evidences urge us to propose programmed necroptic cell death as the cell death mechanism triggered by our peptide. However, the behavior of our homotrimer led us to propose a death mechanism comparable to autosis, which, however, remains to be characterized here. Overall, this work provides several insights of major importance for identifying potent therapeutic o-NBS Removal: the resin bound N-Methyl-N-o-NBS-peptides was treated with a solution of ß-mercaptoethanol (10 eq.)

and DBU (5 eq.) in NMP for 5 min. The deprotection procedure was repeated once more and the resin was washed with NMP (5×).

Homotrimerization by solution phase click chemistry (CuAAC)

Typically, pure azido peptide derivative (36 mg, 19 µmol, 3.6 eq.) was taken up in 750 µL MeOH that was previously frozen and put on a vacuum pump to remove gas molecules and then purged with N2 for at least 30 min. To this mixture was added tripropargylamine (0.94 µL, 6.7 µmol, 1 eq.) in 250 µL MeOH, followed by the addition of Tris and H2O/MeCN fractions were concentrated to dryness, re-suspended in H2O, filtered with 0.22 µm filter and purified as described earlier to yield to isolation of homotrimer peptide.

Analytics

All analytical data are given in the Supporting Information. Two methods were conducted for LC-MS analysis.

Method A. Analytical HPLC was conducted on a X-Select CSH C18 XP column (30 mm × 4.6 depending of retention time) or by analytical HPLC on a Dionex system consisting of an automated LC system (Ultimate 3000) equipped with an autosampler, a pump block composed of two ternary gradient pumps, and a dual wavelength detector, piloted by Chromeleon software. All LC-MS or HPLC analyses were performed on C18 columns. The pure fractions were gathered according to their purity and then freeze-dried using an Alpha 2/4 freeze-dryer from Bioblock Scientific to get the expected peptide as a white powder. Final peptide purity (>95%) of the corresponding pooled fractions was checked by LC-MS using method A.

2. Peptide stability studies

Degradation assays in human serum & mouse plasma

To a mixture of 250 µL of human serum (or mouse plasma) and 750 µL of RPMI 1640 were added 20 µL of the peptide DMSO stock solution at 10 mM. The mixture was incubated at 37 °C. Aliquots of 100 µL were removed from the medium at different times, mixed with 100 µL of TCA solution (6%) and incubated at 4 °C for at least 15 min to precipitate all the serum proteins. After centrifugation at 12,000 rpm for 2 min, 50 µL of the supernatant were transferred to an injection vial and analyzed by HPLC with a linear gradient of MeCN in water (5 to 95% + 0.1% TFA). The relative concentrations of the remaining soluble peptides were calculated by integration of the absorbance at 220 nm as a function of the retention time (peak area).

Stability under chymotrypsin and trypsin incubation

A 0.6 mL microcentrifuge tube was charged with 180 µL of phosphate buffer pH 7.4, 10 µL of enzyme (0.05 mg/mL stock solution in phosphate buffer pH 7.4), 10 µL of peptide (10 mM stock solution in DMSO). The resulting reaction mixture was capped and incubated at room temperature for 3 hours. 20 µL of the crude reaction was quenched by addition of 180 µL of 50% water: 50% acetonitrile and was subjected to LCMS analysis. 
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Figure 1 .

 1 Figure 1. On-resin synthesis of backbone N-methylated amino acids for the conception of a NMe library of PKHB1 analogs.

  1H, 13C, 15N resonances of peptide 10 were assigned and revealed the presence of two sets of chemical shifts. The main chemical shift differences involved the NMe and CHα resonances of NMeArg2 and also the HN resonances of residues Phe3 up to Val6. This chemical shift heterogeneity was ascribed to cis-trans isomerism of the tertiary amide group between Lys1 and NMeArg2. The major form, which population was estimated to 91% from intensity ratios, corresponds to the trans isomer, as evidenced by a strong ROE between the NMe protons and Hα of Lys1. The conformation of the major trans form was compared to PKHB1 by examining chemical shifts, J coupling constants and ROEs. The structure of PKHB1 was previously shown to be highly flexible with some propensity to adopt extended backbone conformations for the FYVV segment containing aromatic and ß-branched residues.8 The comparison of peptide 10 and PKHB1 shows that most residues have very similar chemical shifts, except positions 2 and 7 corresponding to the N-methylation and the Metto-Nle substitution. 1Hα and 13Cα chemical shifts marginally differ from random coil values, indicating that PKT16 does not adopt stable regular secondary structures (Figure2B). The four central residues FYVV exhibit 3JHN-Hα values that tend to be higher than coil values 36 (Figure2C) and have also strong sequential Hα-HN ROEs (data not shown), suggesting that extended conformations are significantly populated in this segment. The C-terminal part is characterized by lower intensity sequential Hα-HN ROEs and the presence of sequential HN-HN ROEs (residues 7/8 and 9/10), indicating that it explores less extended conformations.

  be related to local structural perturbations induced by N-methylation and possibly, changes in the CD spectroscopic

Figure 2 .

 2 Figure 2. CD and NMR-based conformational study of peptide 10 and PKHB1. (A) CD spectra of peptide 10 and PKHB1. (B) Chemical shift deviations (CSD) from random coil values of 13Cα resonances. 38 The same reference random coil values were used for non-canonical amino acids of PKT16 (i.e. Arg and Met, in place of NMeArg and Nle), explaining the larger CSD observed for positions 2 and 7. (C) Comparison of 3JHN-Hα coupling constants with corresponding coil

Figure 3 .

 3 Figure 3. General scheme for the preparation of [PKT16] 3 . Incorporation of the azido moiety via SPPS. Synthesis of the trimer is performed through click chemistry reaction for the attachment onto tri-alkyne scaffold.

Figure 4 .

 4 Figure 4. Low concentrations of [PKT16] 3 induce caspase-independent cell death regulated by Ca 2+ in MEC-1 cells. A. Comparison of cell death induction by different TSP1-mimetic peptides. Comparison of cell death induction by different TSP1-mimetic peptides. Cells were treated with the indicated peptide concentrations in complete medium and cell death was analysed by Ann-V/PI staining. Histograms represent the means (±SD) of two independent experiments. B. Microscopic observation (20X) of cells treated with vehicle, PKHB1 (200 μM), PKT16 (200 μM) or [PKT16] 3 (20 μM). C. Effect of pharmacological inhibition of caspases or calcium signalling in [PKT16] 3 -induced cell death. Cells were preincubated with vehicle (Control), Q-VD-OPH (10 µM), BAPTA (3 mM), U73122 (400 nM), 2-APB (60 µM), dantrolene (80 µM), or a 1 / 3 combination of the last three (U73122 133 nM, 2-APB 20 µM, dantrolene 27 µM), one hour before treatment with [PKT16] 3(5 µM), PKT16 (50 µM) or PKHB1 (50 μM) in serum free medium to limit peptides interactions with albumin (see supporting information FigureS3). Cell death was analysed by flow cytometry using Ann-V/PI staining, and cell death index was obtained by normalizing to 1.0 the cell death induced by each peptide with its corresponding control (see supplementary information). Histograms represent the means (±SD) of at least two independent experiments. Two-way ANOVA, ***P ≤ 0.0001; **P ≤ 0.001; *P ≤ 0.05.

Figure 5 .

 5 Figure 5. [PKT16] 3 induce caspase-independent cell death regulated by Ca 2+ in A549 cells. A. Comparison of cell death induction by different TSP1-mimetic peptides. Cells were treated with the indicated peptide concentrations in complete medium and cell death was analysed by Ann-V/PI staining. Histograms represent the means (±SD) of two independent experiments. B. Effect of pharmacological inhibition of caspases or calcium signalling in [PKT16] 3 -induced cell death. Cells were preincubated with vehicle (Control), Q-VD-OPH (10 µM), BAPTA (3 mM), U73122 (400 nM), 2-APB (60 µM), dantrolene (80 µM), or a 1 / 3 combination of the last three (U73122 133 nM, 2-APB 20 µM, dantrolene 27 µM) one hour before treatment with [PKT16]3 (10 µM), PKT16 (100µM) or PKHB1 (100 μM) in serum free medium to limit peptides interactions with albumin (see supporting information Figure S3). Cell death was quantified by Ann-V/PI and trypan blue staining and cell death index was calculated as in Figure 4C. Histograms represent the means (±SD) of two independent experiments. Two-way ANOVA, ***P ≤ 0.0001; **P ≤ 0.001; *P ≤ 0.05. C. Microscopic observation (20X) of cells treated with the correspondent inhibitors alone (Control) or with TSP-1 mimetic peptides. *Similar morphology was observed irrespective of the used peptide ([PKT16] 3 , PKT16, PHB1). D. Full kinetics with cell index parameter on A549 cell line; 20 000 cells/well; n=4 (repetitions in single experiment, two independent experiments); control in red (0,4% DMSO), [PKT16] 3 dose-response curves from 5 μM to 40 μM. E. Comparison of the impedance signal of DMSO, 4NGG (negative control) 7,8 , PKHB1, PKT16 and [PKT16] 3 after 24 h incubation at their respective LC50.

  strategies in the design of new TSP-1 C-terminal binding domain mimetic peptides triggering RCD of cancer cells. were manually synthesized from Fmoc-protected amino acids utilizing standard solid phase peptide synthesis (SPPS) methods. Solid-phase peptide syntheses were performed in polypropylene Torviq syringes (10 or 20 mL) fitted with a polyethylene porous disk at the bottom and closed with an appropriate piston. Solvent and soluble reagents were removed through back and forth movements. The appropriate protected amino acids were sequentially coupled using PyOxim/Oxyma as coupling reagents. The peptides were cleaved from the chlorotrityl or rink amide resin with classical cleavage cocktail TFA/TIS/H2O (95:2.5:2.5). The crude products were purified using preparative scale Page 19 of 34 ACS Paragon Plus Environment Journal of Medicinal Chemistry HPLC. The final products were characterized by analytical LCMS and NMR. All tested compounds were TFA salts and were at least 95% pure. Detailed NMR studies were performed for the relevant peptides and assignment tables are provided in the Supporting Information.1.2. Site-selective N-Methylation of amide backboneResidues were N-methylated on solid-phase through Kessler's methodology: first, the free amino functionality was protected and activated with the o-nitrobenzenesulfonyl (o-NBS) group, then N-methylated using 1,8diazabicyclo[5,4,0]undec-7-ene (DBU) and dimethylsulfate (DMS), and finally deprotected (removal of o-NBS) by treating the resin with ß-mercaptoethanol and DBU.26 o-NBS Activation: a solution of o-NBS-Cl (4 eq.) and collidine (10 eq.) in NMP was added to the resin-bound free amine peptides and shaken for 15 min at room temperature. The resin was washed with NMP (5×).N-Methylation with DBU and DMS: a solution of DBU (3 eq.) in NMP was added to the resin bound o-NBS-protected peptides and shaken for 3 min. A solution of dimethylsulfate (10 eq.) in NMP was then added to the reaction mixture and shaken for 2 min. The resin was filtered off, washed once with NMP and the N-methylation procedure repeated once more. The resin was washed with NMP (5×).

  triazol-4-yl)methyl]amine(TBTA, 21 mg, 40 µmol, 6 eq.) and Tetrakis (acetonitrile)copper(I) hexafluorophosphate ([(CH3CN)4Cu]PF6, 78 mg, 203 µmol, 30 eq.). To this mixture was added MeCN dropwise (around 20 drops) to bring everything into solution, and the reaction was allowed to proceed in a round-bottom flask at room temperature under nitrogen flow with constant stirring for maximum 72 h. The sample was quenched with 5 mL H2O, then lyophilized. The dried crude product was re-suspended in 0.1 M EDTA (3×5 mL to rinse the tube), loaded on a 1.6 g Zeoprep 90 C18 (part. size 40-63 µm) cartridge, and sequentially eluted with 15 mL H2O, 1:1 H2O/MeCN, and MeCN. Each fraction was collected in a round-bottom flask and analyzed by LCMS (method A). The EDTA, H2O

  45 1H, 13C, and 15N resonances were assigned using 1D 1H WATERGATE, 2D 1H-1H TOCSY (DIPSI-2 isotropic scheme of 80 ms duration), 2D 1H-1H ROESY (300 ms mixing time), 2D 1H-13C HSQC, 2D 1H-15N HSQC, and 2D 1H-13C HMBC recorded at 25 °C. 1H chemical shift was referenced against DSS 1H signal and 13C, 15N chemical shifts were referenced indirectly. The chemical shift deviations were calculated as the differences between observed 1H, 13C chemical shifts and random coil values.33 3JHN-Hα coupling constants were measured on 1D 1H WATERGATE experiments recorded at 5 or 25 °C, or on 1D rows extracted from 2D TOCSY acquired with high resolution. 4. Biological assays 4.1. Binding affinity measurements by biolayer interferometry The binding affinities of peptides for a membrane preparation from MEC-1 cells were measured by biolayer interferometry on an Octet RED96 System (Pall FortéBio Corp., Menlo Park, CA). This system monitors interference of Page 23 of 34 ACS Paragon Plus EnvironmentJournal of Medicinal Chemistry light reflected from two sources (an internal reflection surface and the liquid/solid interface of a fiber optic sensor) to measure the rate of binding of molecules to the biosensor surface. MEC-1 cell membrane preparations were biotinylated with the EZ-Link NHS-PEG4-Biotin kit from Thermo-Scientific. Biotinylated membranes were then loaded onto SuperStreptavidin (SSA) biosensors (Pall FortéBio Corp.) at empirically determined concentrations. All affinity measurements were carried out in assay buffer (PBS with 0.2% BSA and 1% DMSO) at 30 °C. The assay protocols are furtherly detailed in the Supporting Information.4.2. Cell death induction and pharmacological inhibitionMEC-1 cells (an established CLL cell line with dysfunctional TP53 was used in the peptide screening assays) and A549 cells (an human alveolar basal epithelial adenocarcinoma cells) were maintained in complete medium (Advanced RPMI 1640 supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 100 U/mL penicillin-streptomycin). Cell death was induced by treating MEC-1 cells for two hours or A549 for six hours with the indicated peptide concentrations. Etoposide (200 μM, 24 h) was used as positive control for p53-and caspase-dependent apoptosis. Cell death was measured by flow cytometry using Ann-V-APC (0.1 µg/mL; BD Biosciences) and PI (0.5 µg/mL; Sigma-Aldrich) staining or by the automated counting of trypan blue stained cells (Beckman Vi-CELL XR Cell Viability Analyzer). Q-VD-OPH (BioVision, Milpitas, CA, USA), BAPTA (CalbioChem; Merck, Billerica, MA, USA), U73122 (Sigma-Aldrich), 2-APB (Sigma-Aldrich) or dantrolene (Sigma-Aldrich) were used as indicated in figure legends. Two-way ANOVA were performed in GraphPad Prism 8.0 Software for statistical analysis.4.3. Cell viability evaluation by impedance measurementThe xCELLigence system (ACEA Biosciences Inc.) monitors cellular events in real time without the incorporation of labels. The system measures electrical impedance across interdigitated microelectrodes integrated on the bottom of tissue culture E-Plates(16-well). The impedance measurement provides quantitative information about the biological status of the cells, including cell number, viability, and morphology. Regarding cell culture, human pulmonary epithelial from lung adenocarcinoma A549 cell line was grown in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine. The peptide incubations were perfomed in RPMI-1640 medium supplemented with 2 mM L-glutamine and 0.2% Bovine Serum Albumin (incubation medium). For our experiments, 50 μL of growth medium

  

Table 1 . Sequence, Affinity, and Activity of the Peptides Designed from the NMe Scan and optimimisation.

 1 are an average value of at least three independent experiments (standard deviations are indicated). The sum of AnnV+/PI-and AnnV+/PI+ events were considered for cell death. d SP: Scrambled Peptide[START_REF]The scramble peptide was designed using a scrambler tool[END_REF] (see Supporting Information) was evaluated at 300 M.

	peptides	sequence a	Kd (µM) b	MEC-1 cell death (%), 200 µM, 6 h c
	PKHB1	kRFYVVMWKk	43 ± 21	67± 8
	SP d	KRWVKYRVMFK	NPD	NPD
	1	k(NMeR)FYVVMWKk	21 ± 1	54± 1
	2	kR(NMeF)YVVMWKk	NPD	NPD
	3	kRF(NMeY)VVMWKk	NPD	NPD
	4	kRFY(NMeV)VMWKk	36 ± 4	11± 0
	5	kRFYV(NMeV)MWKk	NPD	NPD
	6	kRFYVV(NMeM)WKk	NPD	11± 1
	7	kRFYVVM(NMeW)Kk	NPD	NPD
	8	kRFYVVMW(NMeK)k	48 ± 12	20± 1
	9	k(NMeR)FYVVMW(NMeK)k	38 ± 20	19± 1
	10	k(NMeR)FYVVXWKk	8.6 ± 2	59± 5
	11	k(NMeR)FYVVLWKk	15 ± 4	26± 8
	12	k(NMeR)FYVVIWKk	17 ± 5	25± 3
	13	k(NMeR)FYVVYWKk	13 ± 2	19±1
	14	k(NMeR)FYVVVWKk	9.5 ± 3	23±0
	15	Ac-(NMeR)FYVVXWK-NH 2	20 ± 4	51±3
	a D-amino acids are written in lower cases and X: one-letter code for norleucine residue. b Binding affinities are evaluated by biolayer interferometry
	using Octet Red instrument. Reported apparent Kd values are an average of at least three independent experiments (standard deviations are indicated).
	NPD: non-pertinent data. c Cell death induction is evaluated through cytotoxicity assays using AnV/PI co-labeling on MEC-1 cancer cell lines. The data

reported

  mm i.d., 2.5 μm), eluting with 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B), using the following elution gradient: 0-3.2 min, 0-50% B; 3.2-4 min, 100% B. Flow rate was 1.8 mL/min at 40 °C. The mass spectra (MS) were detection was done at 220 and 280 nm. Peptide fractions from purification were analyzed by LC-MS (method A or B
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	1.5. Purification	
	Preparative scale purification of peptides was performed by reverse phase HPLC on a Waters system consisting
	of a quaternary gradient module (Water 2535) and a dual wavelength UV/visible absorbance detector (Waters 2489),
	piloted by Empower Pro 3 software using the following columns: preparative Macherey-Nagel column (Nucleodur HTec,
	C18, 250 mm × 16 mm i.d., 5 μm, 110 Å) and preparative Higgins analytical column (Proto 200, C18, 150 mm × 20 mm
	i.d., 5 μm, 200 Å) at a flow rate of 14 mL/min and 20 mL/min, respectively. Small-scale crudes (<30 mg) were purified
		ACS Paragon Plus Environment

recorded on a Waters ZQ mass spectrometer using electrospray positive ionization [ES+ to give (MH)+ molecular ions] or electrospray negative ionization [ES-to give (MH)-molecular ions] modes. The cone voltage was 20 V. Method B. Analytical HPLC was conducted on a X-Select CSH C18 XP column (30 mm × 4.6 mm i.d., 2.5 μm), eluting with 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B), using the following elution gradient: 0-3.2 min, 5-100% B; 3.2-4 min, 100% B. Flow rate was 1.8 mL/min at 40 °C. The mass spectra (MS) were recorded on a Waters ZQ mass spectrometer using electrospray positive ionization [ES+ to give (MH)+ molecular ions] or electrospray negative ionization [ES-to give (MH)-molecular ions] modes. The cone voltage was 20 V. using semipreparative Ace column (Ace 5, C18, 250 mm × 10 mm i.d., 5 μm, 300 Å) at a flow rate of 5 mL/min. Purification gradients were chosen to get a ramp of approximately 1% solution B per minute in the interest area, and UV
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was added to each well of the 16-well E-plate to measure background levels of impedance. Then, 150 μL of cell suspension was added to reach a cell density of 20000 cells/well. Cells were allowed to seed at room temperature for 30 min and then placed in the reader at 37 °C and 5% CO2 for real-time recording of the cell index. The following day, the growth medium was removed and replaced with 100 µL of the incubation medium. After the stabilization of the impedance signal for 2 hours, 100 µL of incubation medium containing 2-fold peptide concentrations were added to the cells in order to reach the desired concentration in the well (direct addition of DMSO caused stress and damaged the cells). Negative controls were treated with the vehicle (DMSO at 0.4% final concentration). Each condition was tested in triplicates or quadruplicates and in two independent experiments. The cells were monitored every minute until 24 h after treatment.
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