Tony Le Gall 
  
Isabelle Baussanne 
  
Somnath Halder 
  
Nathalie Carmoy 
  
Tristan Montier 
  
Pierre Lehn 
email: pierre.lehn@univ-brest.fr
  
Jean-Luc De ´cout 
  
  
  
Synthesis and Transfection Properties of a Series of Lipidic Neamine Derivatives

With the view to develop novel bioinspired nonviral vectors for gene delivery, we synthesized a series of cationic lipids with a neamine headgroup, which incorporates rings I and II of the natural antibiotic aminoglycoside neomycin B. Indeed, we reasoned that neamine might constitute a straightforward and versatile building block for synthesizing a variety of lipophilic aminoglycosides and modulating their characteristics such as size, topology, lipophilicity, number of charges, and charge density. Neamine derivatives bearing long dialkyl chains, one or two neamine headgroups, and four to ten protonatable amine functions were prepared through the selective alkylation of the 4′-or 5-hydroxyl function in ring I and ring II of neamine, respectively. The transfection activity of the twelve derivatives synthesized was investigated in Vitro in gene transfection experiments using several mammalian cell lines. The results allowed us to unveil interesting structure-activity relationships and to identify a formulation incorporating a small neamine derivative as a highly efficient gene delivery system.

INTRODUCTION

The natural aminoglycosides are antibiotics broadly used in medicine for their antibacterial activity due to their ability to bind the bacterial rRNA and thus interfere with protein synthesis [START_REF] Magnet | Molecular insights into aminoglycoside action and resistance[END_REF]. Aminoglycosides were also reported to selectively bind in Vitro to viral RNAs such as HIV DIS, RRE, and TAR RNA [START_REF] Mei | Inhibition of an HIV-1 Tat-derived peptide binding to TAR RNA by aminoglycoside antibiotics[END_REF][START_REF] Ennifar | HIV-1 RNA dimerization initiation site is structurally similar to the ribosomal A site and binds aminoglycoside antibiotics[END_REF]. Recently, aminoglycosides were also found to allow, via binding to rRNA, the read-through of disease-causing nonsense mutations by the translation complex and therefore the synthesis of full-length active proteins; this read-through activity is presently being evaluated for the treatment of genetic diseases such as cystic fibrosis [START_REF] Wilschanski | Gentamicin-induced correction of CFTR function in patients with cystic fibrosis and CFTR stop mutations[END_REF][START_REF] Bedwell | Suppression of a CFTR premature stop mutation in a bronchial epithelial cell line[END_REF][START_REF] Stephenson | Antibiotics show promise as therapy for genetic disorders[END_REF][START_REF] Luft | Gentamicin as gene therapy[END_REF].

It was recently demonstrated that lipophilic derivatives of natural aminoglycosides, including tobramycin, kanamycin A (compound 1 in Chart 1), paromomycin [START_REF] Mei | Inhibition of an HIV-1 Tat-derived peptide binding to TAR RNA by aminoglycoside antibiotics[END_REF], and neomycin B (3), were able to mediate transfections of either plasmid DNA [START_REF] Aissaoui | Progress in gene delivery by cationic lipids: guanidinium-cholesterol-based systems as an example[END_REF][START_REF] Belmont | Aminoglycoside-derived cationic lipids as efficient vectors for gene transfection in Vitro and in ViVo[END_REF][START_REF] Sainlos | Aminoglycoside-derived cationic lipids for gene transfection: synthesis of kanamycin A derivatives[END_REF][START_REF] Martin | The design of cationic lipids for gene delivery[END_REF][START_REF] Sainlos | Kanamycin A-derived cationic lipids as vectors for gene transfection[END_REF] or siRNA [START_REF] Desigaux | Self-assembled lamellar complexes of siRNA with lipidic aminoglycoside derivatives promote efficient siRNA delivery and interference[END_REF].

A main feature of these lipophilic pseudo-oligosaccharides (bearing lipidic chains or cholesteryl groups) was their multivalent character due to the presence of four to six protonatable amine functions and thus allowing strong binding of the phosphodiester groups of DNA or RNA. It is noteworthy that these lipidic aminoglycoside derivatives, which carried up to six amine groups distributed over three or four rings, were synthesized from their natural aminoglycoside counterparts mainly through acylation of the most accessible and reactive amine function.

With regard to the development of gene delivery agents, it is widely recognized that the affinity of the vector for the DNA to be transferred as well as the size and the supramolecular organization of the complexes formed with DNA are key parameters for their transfection activity [START_REF] Gao | Cationic liposome-mediated gene transfer[END_REF][START_REF] Horobin | A QSAR-modeling perspective on cationic transfection lipids. 1. Predicting efficiency and understanding mechanisms[END_REF][START_REF] Gruneich | Synthesis and structure-activity relationships of a series of increasingly hydrophobic cationic steroid lipofection reagents[END_REF]. The delineation of structure-activity relationships, which implies evaluating variations of many parameters such as the positive charge density and the lipophilicity balance, is thus highly important.

With the view of developing novel antiviral and antibiotic agents, we have previously reported a synthetic route for preparing 4′-, 5-, and 4′,5-neamine derivatives [START_REF] Riguet | A route for preparing new neamine derivatives targeting HIV-1 TAR RNA[END_REF]. Here, the neamine core was conjugated to peptide nucleic acids (PNA) targeting the HIV TAR RNA [START_REF] Riguet | A peptide nucleic acid-neamine conjugate that targets and cleaves HIV-1 TAR RNA inhibits viral replication[END_REF][START_REF] Chaubey | Mechanism of RNA cleavage catalyzed by sequence specific polyamide nucleic acid-neamine conjugate[END_REF]. One of the PNA conjugates prepared was able to cleave TAR and inhibit viral replication [START_REF] Riguet | A peptide nucleic acid-neamine conjugate that targets and cleaves HIV-1 TAR RNA inhibits viral replication[END_REF][START_REF] Chaubey | Mechanism of RNA cleavage catalyzed by sequence specific polyamide nucleic acid-neamine conjugate[END_REF]. A study of fluorescent PNA conjugates demonstrated that the presence of the neamine core in the PNA conjugates permitted their cellular uptake, whereas the PNA alone was not taken up by the cells [START_REF] Chaubey | Mechanism of RNA cleavage catalyzed by sequence specific polyamide nucleic acid-neamine conjugate[END_REF].

Taking into account this last work and the previously reported transfection properties of lipidic derivatives of natural aminoglycosides (see above), we reasoned that it may be interesting to develop transfection agents based on the small aminoglycoside neamine (4 in Chart 1) through its conjugation to lipophilic alkyl chains. Indeed, neamine, incorporating rings I and II of neomycin B, presents a higher charge density and is easier to modify on the hydroxyl groups than the natural aminoglycosides, thereby enabling the continued presence of all protonatable amine functions for DNA binding.

We herein report the synthesis and the gene transfection activity of a series of lipidic neamine derivatives. Indeed, neamine appeared to be a straightforward and versatile building block for synthesizing lipidic aminoglycosides and modifying their characteristics such as size, topology, number of charges, and charge density. In the present work, in contrast to the previously reported aminoglycosides derivatives (see above), a series of twelve compounds incorporating one or two neamine cores with four to ten protonatable (at pH 7) amine functions were prepared through the selective alkylation of the 4′-or 5-hydroxyl functions in rings I and II, respectively. The gene transfection experiments revealed interesting structure-activity relationships and allowed us to identify a highly efficient formulation based on a small neamine derivative with a single neamine core.

EXPERIMENTAL PROCEDURES

Materials. Dulbecco's Modified Eagle Medium (DMEM), Eagle's Minimum Essential Medium (EMEM), fetal bovine serum (FBS), OptiMEM, penicillin, streptomycin, and Lipofectamine (LFM; liposome formulation of DOSPA/DOPE 3/1, w/w) were purchased from Invitrogen (UK). The 1,2-dioleoylsn-glycero-3-phosphoethanolamine (DOPE) was purchased from Sigma (Saint Quentin Fallavier, France). Two reporter plasmids were used: pEGFP-Luc (6.4 kb) and pTG11033 (9.6 kb), obtained from Clontech (UK) and Transgene (France), respectively. In all in Vitro assays, we used the pEGFP-Luc which encodes a fusion of an enhanced green fluorescent protein (EGFP; excitation maximum at 488 nm, emission maximum at 507 nm) and the luciferase from the firefly Photinus pyralis. For the in ViVo experiments, in order to facilitate the detection of the luciferase reporter activity, we used the plasmid pTG11033, which contains not only the firefly luciferase reporter gene under the control of the strong viral CMV promoter, but also the HMG-1 intron, which allows enhanced transgene protein synthesis (via increased mRNA export from the nucleus to the cytosol); this plasmid was used with highly purified synthetic D-luciferin (Interchim, Montluc ¸on, France). All other chemicals were of cell culture and molecular biology quality.

Synthesis of the Most Transfection Efficient 4′-Neamine

Derivatives 12b and 13b. For clarity purposes, we describe here only the synthesis of the neamine derivatives 12b and 13b, which were the most efficient for gene transfection. The synthesis and the characteristics of the other neamine derivatives studied herein (i.e., 11, 12a, 14b, 15a, 18, 22, 24, 27, 30, and 32) are available as Supporting Information. It should also be noted that the schemes presented here actually deal with the synthesis of all the different neamine derivatives investigated.

4′-O-(4-Bromobutyl) Protected Neamine Derivative 7 (Scheme 1).

To a solution of 5 (2.9 g, 1.89 mmol) in DMF (58 mL) under argon atmosphere were added successively NaH (60% suspension, 761 mg, 19.0 mmol) and 1,4-dibromobutane (8.7 mL, 72.5 mmol). The mixture was stirred for 4 h at 70 °C. After cooling, CH 2 Cl 2 and a saturated aqueous NH 4 Cl solution were added. The organic layer was washed with water, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue obtained was chromatographed on alumina gel with a mixture of pentane/CH 2 Cl 2 (70/30, v/v) to lead to the dialkylated product (6%) and the monoalkylated product 7 (white powder, 54%, mp 132-133 °C). 13 2.99-3.24 (m, 9H, H1, H4, H6′a, 3NCH 2 ), 2.47 (ddd, J 2eq-1 ) J 2eq-3 ) 4.4 Hz, J 2eq-2ax ) 12.0 Hz, 1H, H2 eq ), 2.01 (ddd, J 2ax-1 ) J 2ax-3 ) J 2eq-2ax ) 12.4 Hz, 1H, H2 ax ), Chemical Descriptions. MarvinSketch software [Marvin 5.0.2.1, 2008, ChemAxon (http://www.chemaxon.com)] was used for drawing, displaying, and characterizing chemical structures and substructures. The log P plug-in in this software calculates the octanol/water partition coefficient, which is used in QSAR analysis and rational drug design as a measure of molecular hydrophobicity. The calculation method used here is based on a modification of the method published by Viswanadhan et al. [START_REF] Viswanadhan | Atomic physicochemical parameters for three dimensional structure directed quantitative structure-activity relationships. 4. Additional parameters for hydrophobic and dispersive interactions and their application for an automated superposition of certain naturally occurring nucleoside antibiotics[END_REF].

Cell Cultures. Three different cell lines were used. Two of them were obtained from the American Type Culture Collection (USA): A549, bronchial alveolar type II epithelial cells derived from a human pulmonary carcinoma (ATCC No. CCL-185); HeLa, epithelial cells derived from a human epithelioid cervical carcinoma (ATCC No. CCL-2). The third cell line used was 16HBE, human bronchial epithelial cells, kindly provided by D. Gruenert, University of Vermont, Burlington, VT, USA [START_REF] Cozens | CFTR expression and chloride secretion in polarized immortal human bronchial epithelial cells[END_REF]. These cells were grown in DMEM (A549 and HeLa) or EMEM (16HBE), supplemented with 100 units/mL penicillin, 100 µg/ mL streptomycin, and 10% heat-inactivated fetal bovine serum (FBS), and maintained at 37 °C, 5% CO 2 , in a humidified atmosphere.

Formulations and Preparation of Complexes. Each of the original neamine compounds synthesized in this study was formulated alone or in combination with the neutral lipid DOPE at a 1/1 molar ratio. All neamine derivatives were not miscible in chloroform but were highly soluble in water. So, for neamine formulations without DOPE, these molecules were directly dissolved in sterile water. For neamine formulations with DOPE, a volume of DOPE dissolved in chloroform was first introduced into the glass vial, then chloroform was evaporated under vacuum to obtain a dry lipid film. Neamine compounds dissolved in an appropriate volume of sterile water were next added. All formulations were subsequently stored overnight at 4 °C. Before use, solutions were subjected to several cycles of sonication in a sonicator bath (Prolabo, France) and to vortex mixing, in order to obtain small vesicles. To prepare the cationic reagent/DNA complexes, plasmid DNA was first diluted in OptiMEM (except when otherwise stated) and then added to vector solutions, the mixtures being kept at room temperature for at least 30 min before use in order to allow the formation of the DNA complexes. Complexes characterized by different charge ratios were prepared, the charge ratio being defined as the ratio of the vector positive charges (assuming that all amine functions of the neamine headgroup were protonated) to the negative DNA phosphate charges.

DNA Condensation and Relaxation. The condensation of plasmid DNA by the cationic agents studied was investigated using ethidium bromide (EtB) intercalation into the DNA. Upon condensation, EtB is expelled from DNA and, thus, the fluorescence signal is decreased. Next, the effects of serum or dextran sulfate, as counteranions, were also studied, as these molecules can induce a relaxation of the preformed complexes, which results in recovery of fluorescence [START_REF] Ruponen | Interactions of polymeric and liposomal gene delivery systems with extracellular glycosaminoglycans: physicochemical and transfection studies[END_REF]. These assays were performed in 96 well plates in OptiMEM (pH 7.4), in 0.9% NaCl (pH ∼5.0), in 0.9% NaCl 20 mM HEPES (pH 7.3), or in 5% glucose (pH ∼5.0). The maximum fluorescence signal was obtained when ethidium bromide (1.5 µg/mL final) was bound to plasmid DNA (1.0 µg/well). DNA was added to the wells containing reagents at different amounts in order to obtain different charge ratios (positive charges of the carrier divided by the negative charges of DNA). The fluorescence signals were measured using a Fluoroskan Ascent FL plate reader (Thermo-Electron Instruments, France) at excitation wavelength 530 nm and emission wavelength 590 nm. Thereafter, increasing amounts of serum or dextran sulfate were added to the complexes, and the effect on DNA relaxation was followed by measuring the fluorescence recovery.

In Vitro Transfections. Transfections were performed as previously described [START_REF] Felgner | Lipofection: a highly efficient, lipid-mediated DNAtransfection procedure[END_REF], with the following modifications. Twenty-four hours before transfection, cells were seeded in 96 well plates at a density of 12 500 cells per well in a final volume of 200 µL (i.e., at about 70% confluency). Immediately prior to transfection, the growth medium was removed and replaced with 140 µL of OptiMEM per well. The transfection mixtures (60 µL, corresponding to 0.25 µg DNA, per well) were then added dropwise to the cell cultures, and cells were exposed to transfection reagents for 4 h. At the end of this incubation time, and before replacing the medium containing the transfection mixtures with complete growth medium, an aliquot of supernatant in each well was taken apart in order to conduct a cytotoxicity assay using the Toxilight kit (Cambrex, Belgium). Thereafter, cultures were maintained 48 h at 37 °C until reporter gene activity measurements. In order to estimate the effect of serum on gene delivery, some transfections were also performed in the presence of serum, i.e., in complete growth medium with no medium change before the addition of complexes onto the cell cultures.

In Vitro Reporter Gene Measurements: Luciferase and FACS-GFP Assays. As all in Vitro transfections were performed using a GFP-Luc plasmid, positively transfected cells expressed both the luciferase enzyme and the green fluorescent protein. Therefore, these cells can be detected either by luminescence or by fluorescence. For luciferase assays, cells were first lysed using the Passive Lysis Buffer (Promega, France), then centrifuged, and the luciferase activity in each supernatant was measured using a microtiter plate luminometer (Dynatech Laboratories, France). The total protein content of each supernatant was also quantified using the BC Assay kit (Interchim, France). Results were thus expressed as RLU (relative light units) per milligram of total protein. For FACS-GFP assays, cells were harvested and analyzed with a FACScan (Becton Dickinson, USA) by measuring the GFP emission considering the signals measured on two channels, FL1-channel (emission wavelength 520 nm) versus FL2-channel (emission wavelength 575 nm), as previously reported [START_REF] Blaauw | Efficient control of gene expression by a tetracycline-dependent transactivator in single Dictyostelium discoideum cells[END_REF]. Positive cells were those for which a FL1 signal greater than or equal to twice the FL2 signal was measured.

Cytotoxicity Evaluation. Cytotoxicity was evaluated by two different methods. [START_REF] Magnet | Molecular insights into aminoglycoside action and resistance[END_REF] The Toxilight Assay is a chemiluminescent test (Cambrex, Belgium) used to quantitatively measure the release into the growth medium from damaged cells of a normally cytoplasmic enzyme (adenylate kinase). The toxicity assay was carried out as specified by the manufacturer, a few hours after addition of complexes onto the cells (in order to estimate early cytotoxicity). The relative light units measured here were proportional to the number of viable cells. Untreated cells were used as a reference [START_REF] Mei | Inhibition of an HIV-1 Tat-derived peptide binding to TAR RNA by aminoglycoside antibiotics[END_REF]. The total amount of extractable cell proteins, at 48 h after addition of the complexes onto the cells, was used as an index of the cell number present in each well. The cell density is indeed the result of (i) the number of cells initially plated, (ii) the normal or induced mortality depending on the treatment(s) applied, and (iii) the cell growth, normal or delayed. In this case, cytotoxicity data were expressed as the percentage of missing proteins compared to the total protein content of untreated cells. The deficit in total protein content was considered as an estimation of the final, cumulated, toxicities.

In ViWo Transfection. Female Swiss OF1 mice of six to nine weeks old (Elevage Janvier, France) were housed and maintained at the university animal facility; they were processed in accordance with the Laboratory Animal Care Guidelines of the University. Complexes were prepared at room temperature in 5% glucose, 0.9% NaCl, or OptiMEM before administration to mice via intravenous injection. Mice were placed in a restrainer and 200 µL of complexes incorporating 50 µg of pDNA per mouse were injected into the tail vein within 5 to 10 s, using a 1/2 in 26-gauge needle and a 1 mL syringe. Twenty-four hours after transfection, mice were killed by cervical elongation and their lungs were removed for analysis. Luciferase expression in ViVo was evaluated as previously described [START_REF] Dele ´pine | Cationic phosphonolipids as nonviral vectors: in Vitro and in ViVo applications[END_REF]. Briefly, tissue pieces were washed in 1× PBS and rapidly frozen in liquid nitrogen, then disrupted and finally collected in 1× PLB (Promega, France). Complete lysis was achieved by vigorous shaking at 4 °C for 45 min, and the supernatant was obtained by centrifugation. Luciferase activity and total protein content were then evaluated as indicated above. Results were expressed as RLU per milligram of total proteins.

Statistical Analyses. Data are presented as means and standard deviations. Comparisons among groups were done by using the Student's t test assuming two-tailed distributions and unequal variances.

RESULTS AND DISCUSSION

Synthesis of the Lipophilic Derivatives of Neamine. We have previously reported a synthetic route for preparing 4′-, 5-, and 4′,5-neamine derivatives using trityl (Tr 1 ) and p-methoxybenzyl (PMB) groups for protecting the amine and hydroxyl functions, respectively [START_REF] Riguet | A route for preparing new neamine derivatives targeting HIV-1 TAR RNA[END_REF]. From some of the neamine derivatives described previously, a series of twelve 4′-and 5-neamine derivatives carrying long alkyl chains were synthesized: (i) seven lipidic neamine derivatives incorporating one neamine core (three derivatives bearing lipidic chains attached to the 5-oxygen DeriVatiVes Incorporating One Neamine Ring. The protected neamine derivative 8 (Scheme 1) previously prepared, which carries at the 5-position a hexamethylenic arm and a terminal bromine atom, was a main intermediate in the synthesis of the 5-neamine derivatives studied here.

As previously reported, it was obtained from the protected neamine derivative 6, in which only the 5-hydroxyl function is free, by alkylation with 1,6-dibromohexane in the presence of NaH. Unfortunately, it was not possible to introduce at this position, in good yield, shorter alkyl arms from 6-halogenoalkanes in order to decrease the length of the linking chain in the transfecting agents prepared. Therefore, all 5-neamine derivatives prepared carry a first hexamethylenic arm attached to the 5-oxygen atom. The lipidic moiety (like bis-dodecyl or bisoctadecyl chains) of the molecules was linked to the end of the hexyl arm through a nitrogen atom as a conjugation center.

In contrast, selective alkylation of the 4′-hydroxyl function in the previously described compound 5 was feasible with 1,4dibromobutane in the presence of NaH and allowed to prepare the novel 4′-bromobutyl derivative 7, which has not previously been reported (Scheme 1). Starting from the 4′-bromobutyl [START_REF] Luft | Gentamicin as gene therapy[END_REF] and the 5-bromohexyl (8) derivatives, two sets of derivatives incorporating only one neamine core were prepared. Through reaction of the 4′-bromo intermediate with triethylamine at 65 °C, it was easy to substitute the bromine atom for a triethylammonium group to obtain the derivative 11 (Scheme 2). The reaction of the 4′-bromo derivative 7 with didodecylamine 9a and dioctadecylamine 9b led in good yields to the potential transfection agents 12a and 12b, respectively (Scheme 2).

With the view to add to the lipidic chains a second nitrogen atom and an additional spacer, the two lipidic reagents 10a and 10b (Scheme 2) were prepared. The reaction of the 4′-bromo derivative 7 with reagent 10b led to the dioctadecyl neamine derivative 13b (Scheme 2). The corresponding 5-derivative 15a and its didodecyl 5-analogue 14b were also prepared from the 5-bromo neamine derivative 8 and the reagents 9b and 10a, respectively (Scheme 2). 5,5-Neamine Dimers. The five 5,5-dimers were synthesized using coupling reactions between prepared bifunctional reagents carrying lipidic chains and possessing either two carboxylic functions (16, 21, 23, and 26) or two primary amine functions [START_REF] Koynova | Synergy in lipofection by cationic lipid mixtures: superior activity at the gel-liquid crystalline phase transition[END_REF]. These compounds were conjugated to the previously described neamine derivatives incorporating an aminohexyl arm [START_REF] Riguet | A route for preparing new neamine derivatives targeting HIV-1 TAR RNA[END_REF], carrying a carboxylic acid function [START_REF] Ghosh | Nature of linkage between the cationic headgroup and cholesteryl skeleton controls gene transfection efficiency[END_REF] or a bromine atom [START_REF] Aissaoui | Progress in gene delivery by cationic lipids: guanidinium-cholesterol-based systems as an example[END_REF].

A first 5,5-dimer 18 carrying two dodecyl chains was obtained from the neamine derivative 17 and the dicarboxylic acid 16. Compound 16 was prepared through reaction of the 1,2diaminoethane derivative 10a, in which one of the amine function carries two dodecyl groups, with benzyl bromoacetate (Scheme 3).

Two other coupling reagents possessing two carboxylic acid functions and carrying one [START_REF] Cozens | CFTR expression and chloride secretion in polarized immortal human bronchial epithelial cells[END_REF] or two [START_REF] Felgner | Lipofection: a highly efficient, lipid-mediated DNAtransfection procedure[END_REF] Log P Values. The lipophilic character of the neamine derivatives prepared was estimated through the calculation of log P values (octanol/water partition coefficients) using the MarvinSketch software (http://www.chemaxon.com). For our twelve neamine derivatives, the log P values were scattered over a wide range, from -3.8 (24, most lipophilic compound) to -39.9 (30, most hydrophilic compound) (Supporting Information Table S1).

DNA Condensation Assays. DNA condensation can adequately be evaluated by ethidium bromide (EtB) exclusion, the increase in the amount of lipid added (thus in charge ratio) leading to a decrease in observed fluorescence. The EtB exclusion assay thus allowed us to classify the various neamine derivatives according to their efficiency to condense DNA (Figure 1). The ranking order, from the most efficient to the least, was as follows: 18 (5,5-dinea), 12a (4′-mononea), 13b (4′-mononea), 15a (5-mononea), 12b (4′-mononea), 24 (5mononea), 14b (5-mononea), and 22 (5,5-dinea). The other derivatives did not significantly condense the plasmid DNA, the fluorescence signal always remaining higher than 90% of the signal of DNA alone. DNA gel retardation assays were also performed (data not shown) and yielded results in good agreement with the EtB exclusion assays (R 2 > 0.90).

It is noteworthy here that the DNA condensing ability of the most efficient neamine derivatives was higher than that of the lipidic derivative of paromomycin (DOSP) [START_REF] Desigaux | Self-assembled lamellar complexes of siRNA with lipidic aminoglycoside derivatives promote efficient siRNA delivery and interference[END_REF]. However, it was lower than that of the commercial multivalent Lipofectamine (LFM) and the monovalent arsonium-based lipophos-phoramidate KLN47 (26) (Figure 1). Interestingly, the 5,5-dimer 18 carrying two dodecyl chains showed a stronger DNA condensation ability than the 5,5-dimers 30, 27, and 22, which bear only a single fatty acid chain. This emphasizes the requirement of two close lipidic chains in a cationic lipid for efficient DNA condensation.

In Vitro Gene Transfection Experiments. In initial in Vitro transfection experiments, ten neamine derivatives were evaluated for their ability to transfect a GFP-Luc plasmid into two types of mammalian cells (the HeLa and A549 cell lines). As cationic lipids are often formulated with DOPE (a neutral colipid, which is believed to enhance their activity via its fusogenic property), we also tested the effects of the addition of DOPE on the transfection activity of our neamine derivatives. Lipofectamine (LFM) and the lipidic derivative of paromomycin DOSP [DOSP/ DOPE (13)] were used as positive controls. Flow cytometry assays were conducted, and observed percentages of transfected A549 cells (GFP positive cells) are shown in Figure 2. Supporting Information Figure S1 depicts the results obtained using HeLa cells.

First, the results obtained indicated that the different neamine derivatives studied, when used alone (i.e., without DOPE), displayed broad range abilities to transfect cell lines in Vitro. Some compounds appeared as completely inefficient (11, 27, 30, and 32). On the contrary, others produced highly significant GFP transgene expressions (e.g., 13b and 15a) which reached, depending on the cell lines evaluated, levels either comparable to or even higher than the ones obtained when using reference cationic lipids. Regardless of the two cell lines considered (HeLa and A549), the two best transfectionally effective derivatives were 13b then 15a. Other derivatives showing weak (<1% positive cells) or undetectable efficiencies on both cell lines were 22, 24, 18, 12a, 11, 27, 30, and 32. Considering the sensitivity of this method (GFP reporter), it was not easy to further classify those reagents according to their transfection efficiencies.

Regarding the comparative efficiencies of formulations incorporating DOPE, we observed in general that the transfection reagents for which a detectable positive signal was measured when used alone became more efficient when they were combined with this helper lipid (Figure 2 and Supporting Information Figure S1). As an example, for 13b/DOPE (1/1 molar ratio) compared with 13b used alone, highly significant increases (from 2-to 10-fold) were measured with the A549 and HeLa cell lines (Figure 2 and Supporting Information Figure S1). Such a clear increase in the transfection efficiencies of the formulation with DOPE was also observed with other derivatives, especially with compounds 15a, 24 (Figure 2), or 22 (Supporting Information Figure S1). The beneficial effect observed when formulating with DOPE may have several explanations. First, there may be a structuring effect of DOPE on the cationic liposomes formed by the neamine derivatives, as the latter contain only saturated lipid chains while DOPE contains two monounsaturated lipid chains. Of interest here, the 13b derivative formulated with DOPE appears to complex DNA better than 13b alone (Figure 1). Such a structuring effect may also be proposed for compound 22, which contains only one long lipid chain (C18:0). Second, the fusogenic properties of DOPE may allow a better escape of the DNA from the endosome into the cytosol. Third, another beneficial effect of DOPE could be an increase of the global lipophylicity as reflected by the estimation of the log P values of equimolar cationic lipid/colipid formulations. Indeed, when formulated with DOPE, all derivatives undergo an increase in their log P value, and for some of them, e.g., 13b, their log P values become close to that of monocationic lipids such as KLN47 and DOTAP (Supporting Information Table S1). Furthermore, it has been reported that the combination of cationic lipids characterized by different lipidic parts can lead to a significant increase in transfection efficiency [START_REF] Koynova | Lipoplex formulation of superior efficacy exhibits high surface activity and fusogenicity, and readily releases DNA[END_REF][START_REF] Koynova | Synergy in lipofection by cationic lipid mixtures: superior activity at the gel-liquid crystalline phase transition[END_REF]. We have ourselves observed such a synergistic effect when associating two different cationic lipids, one with aliphatic chains and the other one with a cholesterol moiety (T. Le Gall, unpublished results). From this point of view, the formation of unstable lipid structures, with increased disassembling properties permitting a better release of the DNA, may be proposed here for DOPE-containing formulations of neamine derivatives with dodecyl chains such as 15a.

As DOPE incorporating formulations enhanced transfection efficiencies, it allowed to more precisely classify the efficient neamine derivatives. Using A549 cells, the ranking order of compounds, from the most efficient to the least, was thus 13b, 15a, 12a, 24, and 22 (Figure 3). Of note, this order was the same using HeLa cells (Supporting Information Figure S1), except for compound 22, which became more efficient than 12a.

Following those measurements, additional experiments were performed in an attempt to confirm and further detail the results previously obtained. Three cell lines were used here (A549, Complexes were obtained by mixing in OptiMEM cationic liposomes at the required concentrations with plasmid DNA incubated first with ethidium bromide (EtB). The fluorescence decrease allowed the evaluation of nucleic acid entrapment within complexes (see Experimental Procedures section). Each test was performed in triplicate, and fluorescence measurements were obtained at several time points, from 30 min up to 1 h after mixing. The dendrogram summarizes the overall results obtained for all reagents tested, assuming that the more similar the EtB exclusion profiles between 2 reagents, the closer these 2 molecules in the tree. The reagents tested are clustered from the most efficient to complex DNA (i.e., LFM) to the least (i.e., 11). 32, not tested. Inset: profiles obtained with some neamine derivatives and other cationic lipids. Data are expressed as a percentage of the EtB fluorescence intercalated into DNA in the absence of carrier (mean ( SD with n ) 3). See Supporting Information Scheme S1 for the chemical structure of neamine derivatives; 13b/DOPE is 13b/DOPE 1/1; BGTC/DOPE is BGTC/DOPE 3/2 (27); KLN47 [START_REF] Picquet | Cationic lipophosphoramidates and lipophosphoguanidines are very efficient for in ViVo DNA delivery[END_REF]; LFM (Lipofectamine, Invitrogen). 27)] derivative were used as cationic lipid references. Cells were transfected as described in the Experimental Procedures section, using lipoplexes prepared by mixing DNA (pEGFP-Luc) with the required amounts of lipids. Data are expressed as relative light units (RLU) per milligram of total proteins (mean ( SD with n ) 3). These results were obtained using A549 cells; experiments using HeLa and 16HBE cells provided similar observations (see Supporting Information Figure S2). 13)] were used as cationic lipid references. Cell samples were analyzed by flow cytometry in order to estimate the gene delivery efficiency as a percentage of positive cells (GFP positive cells). Other derivatives (11, 27, 30, and 32) were found to be completely inefficient, and thus, they are not indicated here. These results were obtained with A549 cells. The data obtained using HeLa cells provided similar observations. HeLa, and 16HBE). Thus, the series of ten neamine derivatives plus two additional compounds (12b and 14b) were evaluated, when formulated with DOPE (as it was found to significantly enhance the transfection efficiencies of neamine derivatives; see above) and using luminometry assays (as this is a more sensitive method allowing us to better distinguish between active and nonactive transfection compounds). These evaluations aimed at more precise characterization of the transfection efficiency of each compound in order to facilitate the delineation of structure-activity relationships. Lipofectamine (LFM), the lipidic derivative of paromomycin DOSP [DOSP/DOPE (13)], and the bisguanidinium tren-cholesterol BGTC [BGTC/DOPE 3/2 [START_REF] Vigneron | Guanidinium-cholesterol cationic lipids: efficient vectors for the transfection of eukaryotic cells[END_REF]] were used as positive controls. Observed levels of luciferase expression using A549 cells are shown in Figure 3. Data obtained using two other cell lines (HeLa and 16HBE) provided similar observations (Supporting Information Figure S2).

First, as previously reported, luminometry is indeed more sensitive than cytometry, as some derivatives found to be inefficient by cytometry yielded low but not null luminometry signals. Accordingly, it was possible to estimate here the minimal luciferase level required to detect GFP positive cells by cytometry (threshold at about 1 × 10 5 RLU/mg protein). Using A549 cells, neamine derivative efficiencies ranged from 2 × 10 3 (12a) up to 2 × 10 7 (13b) RLU/mg proteins (Figure 3).

Second, the results obtained by cytometry and luminometry were found to be consistent, as these two methods yielded similar ranking orders when classifying neamine derivatives according to their highest transfection efficiency (comparison between Figures 2 and3A). Of note, the addition of DOPE enhanced the transfection efficiencies, as already mentionned above, but it did not affect the ranking order of the various derivatives according to their efficiencies (except for compound 22 used to transfect HeLa cells; Supporting Information Figure S1). Moreover, mostly identical trends were obtained using the three different cell lines, thereby allowing us to unveil general structure-activity relationships (see below). Globally, neamine/ DOPE formulations could thus be classified from the most to the least efficient. In all experiments conducted, 13b was the most efficient transfection reagent among all neamine derivatives tested. For example, using A549 cells, a 13b/DOPE formulation was able to mediate transgene expression (GFP reporter, Figure 2, or Luc reporter, Figure 3) at levels either higher than LFM or of the same order of magnitude as DOSP/DOPE (comparison of maximum efficiencies of 13b/DOPE, LFM, and DOSP/ DOPE: 19.2%, 9.1%, 19.6% GFP and 1 × 10 7 , 3 × 10 6 , 4 × 10 7 RLU/mg protein, respectively). The next efficient compounds identified were 12b, 14b, and 15a. Slightly efficient derivatives were 24, 18, and 12a. Finally, 11, 27, 30, and 32 were always found to be inefficient, regardless of the cell lines and the assays used. It is noteworthy here that compound 22 represented an exception. Depending on the cell lines used, this derivative (characterized by a headgroup with two neamine cores) displayed, when formulated with DOPE, very different efficiencies; for instance, it was able to reach high transfection levels (up to 1 × 10 6 RLU/mg protein) with 16HBE cells (Supporting Information Figure S2).

Delineation of Structure-ActiVity Relationships. By combining the data obtained for the different neamine derivatives and related to their chemical structures (Supporting Information Chart S1 and Table S1) with data from (i) DNA condensation assays (Figure 1) and (ii) in Vitro gene transfection experiments (Figures 2,3, and Supporting Information Figure S1, S2), it was possible to unveil interesting structure-activity relationships. First, a quite clear association was observed between the DNA condensing ability and the in Vitro transfection efficiency, as the molecules inefficient for DNA condensation did not transfect cells in Vitro. However, the reverse was not true, i.e., a high ability to condense DNA is not obligatorily associated with a high transfection activity. In fact, the most efficient compound identified in our DNA condensation assays (i.e., 18) showed only weak activity in the transfection experiments.

Four compounds (13b, 12b, 14b, and 15a) were actually identified as the most efficient neamine-based vectors. Their structures are shown in Chart 2. They are characterized by a headgroup bearing only one neamine core, which is linked to a lipid moiety consisting of two fatty acid chains. These vectors were more efficient than the more polar 5,5-dimers, whereas the derivatives with only one fatty acid chain were ineffective. Of note, an additional compound consisting of three neamine cores linked together without any lipidic moiety was also totally ineffective (not shown), a finding highlighting the requirement of a sufficient hydrophobic part for transfection. Indeed, all the most efficient derivatives have a calculated log P in the range -7.9 to -12.8; i.e., they exhibit a lipophilic character equivalent to that of the previously reported lipidic aminoglycosides. These relatively slightly hydrophilic molecules do in fact condense DNA with different efficiencies. It is also noteworthy that the very polar derivative 11 which incorporates one neamine ring (log P ) -21.9) was found to be inefficient for transfection, like the more polar 5,5-dimers (log P ) -29.7 to -39.9). The 4′-derivative 24 was also less efficient for transfection, because it may be too lipophilic (log P ) -3.8). However, it should be mentioned here that compounds 18 and 22 (log P ) -32.5 and -22.7, respectively), characterized by headgroups incorporating two neamine cores, yielded significant gene transfection abilities. This was clearly observed with 22/DOPE formulation used to transfect HeLa and 16HBE cells (Supporting Information Figures S1 andS2). It is also interesting to note here that the best transfection results were obtained with derivatives carrying two octadecyl chains (13b, 12b, and 14b, with log P values of -8.8, -8.7, and -7.9, respectively) in comparison to compounds incorporating two dodecyl chains (15a, 12a, with log P ) -12.8 and -14.4, respectively). Altogether, these data indicate that efficient gene transfection can be achieved with lipidic aminoglycoside derivatives incorporating only two rings carrying four positive charges, whereas the previously described aminoglycoside derivatives contained three to four rings bearing three to six positive charges (Figure 2). These results also emphasize the importance of parameters such as (i) the hydrophylicity/lipophilicity balance (amphiphilic character), (ii) the headgroup size and the resulting charge density, and (iii) the presence of two fatty acid chains (formation of lipidic bilayers).

Compound 13b was the most efficient among these four best neamine derivatives. When compared to the other ones (Chart 2), 13b is characterized by the fact that it combines the following features: (1) the attachment of the lipidic moiety at the 4′-position of the neamine headgroup and (2) the incorporation of a diaminoethyl group in the spacer linking the neamine core to the fatty acid chains. (1) On one hand, the 4′-neamine derivative 12b appeared to be clearly more efficient than the corresponding 5-derivative analogue 14b (Figure 3). Thus, attachment of the lipidic chains at the 4′-position, i.e., at an end of the neamine core, may allow "better" interactions in the DNA complexes (and hence a more efficient transfection) than attachment at the 5-position, in the middle of the neamine core.

(2) On the other hand, incorporation of an additional diaminoethyl group, between the neamine headgroup and the lipidic chains, clearly improved the transfection activity of 13b, in comparison with derivatives of similar lipophily, especially its analogue 12b, which also carries two octadecyl chains but in which only this diaminoethyl group is absent. The importance of such an additional spacer for obtaining a more efficient transfection was confirmed with the 5-neamine derivative 15a carrying two dodecyl chains; this derivative appeared indeed more efficient than the 4′-derivative 12a also characterized by two dodecyl chains but without the diaminoethyl group. It may be hypothesized here that the beneficial effect on gene transfection of the incorporation of a diaminoethyl group in 13b could be related to the fact that it provides the linker between the neamine headgroup and the octadecyl chains with a favorable length; in addition, as for other cationic lipids such as BGTC [START_REF] Vigneron | Guanidinium-cholesterol cationic lipids: efficient vectors for the transfection of eukaryotic cells[END_REF], the introduction of an additional protonable amine function may provide the vector with some endosomal buffering capacity, which could favor the endosomal escape of the DNA complexes. Indeed, at physiological pH, only one amine function in the diaminoethyl spacer should be protonated due to the electronwithdrawing effect of the first protonated nitrogen atom. Thus, at pH 7, compounds 12b and 13b should not differ in their number of positive charges. However, their charge near the lipidic moiety is probably differently located, as in 13b, it is the secondary amine function that should be protonated (Supporting Information Scheme S1). Altogether, the diaminoethyl group in 13b may provide (i) its linker with a favorable length, (ii) some endosomal buffering capacity, and (iii) some additional flexibility (between the polar headgroup and the lipidic moiety), a series of features which, when combined, could explain the better transfection activity measured with this derivative in our experiments. Finally, these considerations also invite the introduction of such a diaminoethyl group into more lipophilic dimers, especially into 4′,4′-dimers.

13b/DOPE Formulations: Further Characterization of Their Transfection Properties. Cytotoxicity EValuations and Comparison with Reference Cationic Lipid Systems. In order to further characterize the transfection activity of the 13b derivative, this compound formulated with DOPE (at molar ratio 1/1) was compared with other commercial or original cationic lipid formulations: (i) the commercially available Lipofectamine (LFM), (ii) the dioleyl-succinyl-paromomycin DOSP [DOSP/ DOPE 1/1 (13)], and (iii) the bisguanidium-tren-cholesterol BGTC [BGTC/DOPE 3/2 [START_REF] Vigneron | Guanidinium-cholesterol cationic lipids: efficient vectors for the transfection of eukaryotic cells[END_REF]]. All these reagents were tested simultaneously under the same experimental conditions in order to compare both their transfection activity and their cytotoxicity. Regarding transfection efficiency, we measured luciferase expressions similar to those reported in Figure 3 and Supporting Information Figure S2. This indicated that 13b/DOPE was generally as efficient as these control vectors for transfection of the different cell lines tested, in particular, as efficient as the recently reported aminoglycoside derivative DOSP [START_REF] Desigaux | Self-assembled lamellar complexes of siRNA with lipidic aminoglycoside derivatives promote efficient siRNA delivery and interference[END_REF].

Interestingly, among the four vectors evaluated here, the 13b/ DOPE was also characterized by a relatively low cytotoxicity (Figure 4), both (i) at the early time point of 4 h after transfection (toxicity assessed by measurement of the release into the culture medium of an enzyme normally located in the cytoplasm) and (ii) at the late time point of 48 h (toxicity assessed by measurement of the total amount of extractable proteins as an index of the number of cells). In addition, 13b/DOPE formulations never produced the highest toxicity levels in these evaluations. Taken together, these findings indicate that a high transfection efficiency is not obligatorily associated with an increased cytotoxicity. This also validates the choice of 13b/ DOPE formulations for further evaluations (see below).

Storage Stability of Neamine DeriVatiVe Formulations. Another interesting feature of the 13b/DOPE formulation was the finding that its transfection activity was conserved over time. Indeed, this is an important point to consider as lipid-based transfection reagents do not always meet this requirement; thus, instability of formulations can correspond to a major drawback (reproducibility) for the successful and wide use of a given cationic lipid.

The results obtained (Figure 5) clearly indicated that 13b/ DOPE was still able to transfect various cells lines, with high efficiency levels, even 3 years after its formulation in water. The observed efficiencies were indeed very close to those measured before (comparison of 13b/DOPE levels in Figure 3 and Figure 5); they were still higher than or at least of the same order of magnitude as those observed with LFM. In addition, LFM dose responses were characterized by a "bell-shaped" curve, with a maximum efficiency at CR4, whereas 13b/DOPE rapidly reached a high transfection level at CR1 and retained high levels at CR above. Of note, these storage stability properties were also observed with other neamine derivatives (24 and 15a; data not shown).

Toward the in ViVo Use of 13b/DOPE: in Vitro Transfection Properties under Various Experimental Conditions. Here, we first compared the transfection efficiency of the 13b/DOPE lipoplexes prepared either in conventional OptiMEM or in isotonic saline or glucose, as these two latter media are suitable for in ViVo administration.

The results showed that, although the use of isotonic sodium chloride or glucose allowed a significant improvement of DNA complexation compared to OptiMEM (data not shown), the transfection efficiency of the resulting complexes was lower than that of complexes prepared in OptiMEM; indeed, we observed in general a clear transfection activity decrease when using complexes made in NaCl or NaCl-HEPES 1× (except at CR4 and 6) and only a very low efficiency when using complexes formed in glucose (Figure 6A). Here, the differences in DNA condensing abilities may be explained by differences in parameters such as ionic strength or pH of the media. Indeed, the pH may impact the complexation ability of reagents with ionizable amines such as 13b. At pH 7.4, the electric charge Z of 13b should be 4 or 5 (due to partial protonation with probably 27)]. Estimations of cytotoxicities considered either the membrane integrity of cells through measurement of the level of cytoplamic enzyme adenylate kinase released into the growth medium (A; Toxilight, Cambrex; the minimum value is 1, it indicates an absence of cytotoxicity) or the content in total extractable proteins (B; the deficit in protein content corresponds to the percentage of missing proteins compared to the total protein content measured for untreated cells), as described in the Experimental Procedures section. These results were obtained using A549 cells; experiments using HeLa and 16HBE cells yielded similar observations. a mixture of differently protonated species), whereas at pH 5.0, this compound charge may be 6 (i.e., with all amines being fully protonated, as estimated with the MarvinSketch software). Of note, when complexation was performed in NaCl (at pH 5.0 or 7.0), the association with DNA was improved and, as well, DNA relaxation was much more difficult, as reflected by the higher amount of dextran sulfate required to completely recover the free DNA (Supporting Information Figure S3). Altogether, these results suggest that the best transfection conditions may be those leading to a complexation that is not too strong between the neamine vector and the DNA. Indeed, a very strong interaction between the vector and the DNA may be deleterious for transfection, as it may hamper the dismantling of the complexes during their cellular trafficking toward the cell nucleus. This is also supported by the results obtained with 18 showing that it was one of the best neamine compounds in DNA condensation assays (Figure 1) but a very inefficient neamine reagent to deliver DNA (Figure 2).

Next, we took into account that, when compared with in Vitro transfection conditions, one major hurdle for in ViVo transfection via intravascular administration is the presence of serum. Indeed, the anionic compounds present in the serum may interact with the cationic vectors, resulting in decreased transfection efficiency [START_REF] Dodds | Le Gall et al. a direct comparison of Lipofectamine and DOSPER[END_REF][START_REF] Ghosh | Nature of linkage between the cationic headgroup and cholesteryl skeleton controls gene transfection efficiency[END_REF][START_REF] Faneca | Evaluation of lipid-based reagents to mediate intracellular gene delivery[END_REF]. Thus, investigation of the sensitivity to serum of a given transfection reagent may be of great help to predict its in ViVo transfection efficiency, in particular, after systemic administration. Here, the transfection experiments performed in the presence or in the absence of serum did not reveal any significant difference regardless of the medium (OptiMEM, NaCl, or Glucose) used for the preparation of the 13b/DOPE complexes (p > 0.1; Figure 6, comparison of panels A and B). These data indicate that the insensitivity to serum is a very general feature of 13b/DOPE lipoplexes, which is of great interest when considering their in ViVo use.

Combining 13b/DOPE with Small PEI. Additional experiments were performed in order to determine if neamine derivatives could be advantageously combined with other cationic reagents in strategies aiming at developing multimodular gene delivery systems. For instance, considering our neamine vectors as polyamines, we combined 13b/DOPE and PEI 2 kDa (Sigma, France). In transfection experiments performed with 3 different cell lines, very different effects were measured: with increasing quantities of PEI polymer, there was a progressive increase for 1 e CR e 2, then a progressive decrease for 4 e CR e 8 (Figure 7 and Supporting Information Figure S4). These results extended the observations previously made by Lampela et al. for combinations of PEI 2 kDa with DOSPER, Lipofectamine, or DOTAP [START_REF] Lampela | The use of low-molecular-weight PEIs as gene carriers in the monkey fibroblastoma and rabbit smooth muscle cell cultures[END_REF][START_REF] Lampela | Synergism in gene delivery by small PEIs and three different nonviral vectors[END_REF]. We confirmed that the synergy between PEI 2 kDa and cationic lipids might be, in a certain range (i.e., at low charge ratios), a general rule. However, the higher levels measured for whatever combinations does not exceed the higher level reached when using 13b/DOPE alone, at CR4. Furthermore, antagonistic effects were also observed indicating that an optimization is required in each case. Concerning the cytotoxicity of such combinations, it was found that the synergy measured between PEI 2 kDa and 13b/DOPE was not obligatorily associated with a higher cytotoxicity. Indeed, when compared with 13b/DOPE, it was even possible to identify 13b/DOPE/PEI 2 kDa combinations which were able to reach increased transfection efficiencies while displaying reduced cytotoxicities (data not shown). In addition, we also found that 13b/DOPE may be part of the efficient formulations involving other lipidic neamine derivatives, other lipidic aminoglycoside derivatives (such as DOSK or DOSP), or even LFM, a fact thus highlighting its versatility (data not shown). Altogether, these data indicate that 13b/DOPE can be advantageously used in the design of multimodular gene delivery systems in order to obtain higher transfection efficiencies with reduced toxicities.

In ViVo Administration of 13b/DOPE Formulations. Finally, following these various in Vitro investigations, we recently also undertook in ViVo transfection experiments with the aim of transfecting the mouse lung. Preliminary results have indicated that, after intravenous injection, 13b/DOPE formulations may be able to transfect the lungs in ViVo. However, in spite of the in Vitro insensitivity to serum (Figure 8), the luciferase signals measured in ViVo were relatively weak; they were in fact much higher than those obtained with LFM and similar to those Luciferase reporter gene expression is indicated as a function of the charge ratio (CR) of lipoplexes, from CR0.5 up to CR8.0. Cells were transfected as described in the Experimental Procedures section using lipoplexes prepared by mixing DNA (pEGFP-Luc) with the required amounts of lipids, in 4 different solutions: (i) glucose (5%), (ii) NaCl (0.9%), (iii) NaCl-HEPES (0.9% NaCl, 20 mM HEPES), and (iv) OptiMEM. The complexes were then used to transfect cells either in the absence of serum (A; cells in OptiMEM) or in the presence of serum (cells in complete growth medium including 10% fetal bovine serum). The graph in B compares the transfection efficiencies obtained in those two conditions (transfection in presence versus in absence of serum). Data are expressed as relative light units (RLU) per milligram of total proteins (mean ( SD with n ) 3). These results were obtained using A549 cells. The data obtained using HeLa and 16HBE cells provided similar observations. observed with the aminoglycoside derivative DOSP/DOPE formulation (Figure 8). Of note, these signals were, however, significantly lower than those obtained when using the cationic polymer PEI22 kDa (data not shown).

Interestingly, no lethality was observed in mice, regardless of the amount of 13b/DOPE injected through the tail vein (with 50 µg pDNA per dose and at charge ratios up to 6). On the contrary, the PEI22 kDa is a transfection reagent well-known for its efficiency as well as toxicity. Thus, these data confirm that, as is widely recognized, in Vitro results do not enable us to perfectly predict the in ViVo behavior of a given gene delivery system. They also invite us to work out 13b-based formulations for improved in ViVo transfection. Accordingly, in ongoing work, we are attempting to design 13b-based formulations optimized for different routes of in ViVo administration. Here, it is of great interest to note that 13b/DOPE could be beneficially incorporated into formulations with the cationic polymer PEI, as efficient in ViVo transfection might require the development of sophisticated lipopolyplexes.

CONCLUSION

In conclusion, our results demonstrate that efficient gene transfection can be achieved with cationic lipids bearing a headgroup consisting of neamine, a compound which, in comparison to the natural aminoglycosides, incorporates only two rings and has an increased charge density. The most efficient derivative studied herein, 13b, carries two octadecyl chains linked to a diaminoethyl spacer attached at the 4′position of a neamine core. As discussed above, both the presence of that spacer and such an attachment position, i.e., at an extremity of the neamine core, appear to play a role in the increase of the gene transfection efficiency. Thus, our present work validates the interest of the neamine core as a straightforward and versatile cationic building block for the development of novel nonviral vectors for gene transfection.

With a view to future developments, the results obtained herein first invite us to perform some chemical modifications of the 13b structure. For example, it might be interesting to introduce double bonds into the lipidic chains in order to modify their mobility. The replacement of aliphatic chains by a cholesterol moiety could also be envisaged in order to further modulate the fluidity/rigidity balance. Finally, another proposition originating from our study is the use of neamine in several copies associated inside a single molecule. Despite the fact that the most effective neamine derivatives identified herein contained only one neamine moiety, it has to be noted that two derivatives bearing a double neamine headgroup (i.e., compounds 18 and 22) showed a (weak but not null) transfection efficiency. It is noteworthy that those two derivatives did not display all the beneficial characteristics this study has pointed out, in particular, the attachment of the linker onto the neamine core as in 13b. Thus, the synthesis of lipophilic neamine oligomers may constitute an interesting approach for the development of novel nonviral vectors for gene transfection, which can be investigated by taking into account all the critical parameters identified in the present work. . Thus, compared with a lipoplex at a given CR, a lipopolyplex is more efficient if a ∆ value higher than 0 is measured, whereas it is less if a ∆ value lower than 0 is obtained. These results were obtained using A549 cells. The data obtained using HeLa and 16HBE cells provided similar observations (see Supporting Information Figure S4). Lipoplexes were prepared at CR6, then administrated i.v. in mice. LFM and DOSP/DOPE were evaluated under same experimental conditions (except that these lipoplexes were prepared at CR4). Lung luciferase activity was measured 24 h later, on complete lung extracts. Mock corresponded to measurements on mice which have received the same amount of naked DNA (not associated with any reagents; n ) 2, with 4 repeated measurement per animal sample).
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  Abbreviations: LFM, Lipofectamine; CR, charge ratio; EtB, ethidium bromide; RLU, relative light unit; TFA, trifluoroacetic acid; EDC, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide; HOBT, 1-hydroxybenzotriazole; rt, room temperature; ∆, heating; Tr, trityl; PMB, p-methoxybenzyl.

  octadecyl chains also were prepared from dibenzyl malonate 19 (Scheme 4). Mono-and bis-alkylation of compound 19 with 1-bromooctadecane and, then, debenzylation led to the dicarboxylic acids 21 and 23, respectively. The reaction of the monooctadecyl derivative 21 with the 5-aminohexyl neamine derivative 17 afforded the 5,5-neamine dimer 22. It was not possible to obtain the corresponding dioctadecyl 5,5-dimer from the dioctadecyl dicarboxylic acid derivative 23. During the coupling reaction, a decarboxylation of the reagent 23 occurred leading to the dioctadecyl derivative incorporating one neamine core 24 in good yield (Scheme 4). This compound is an interesting analogue of the derivative 14b which was evaluated as a potential transfection vector. Another dicarboxylic acid coupling reagent 26 was prepared from diethyl aminomalonate 25 through acylation of the amino function with dodecyl carboxylic acid and saponification (Scheme 5). Reaction of the prepared reagent 26 with the 5-aminohexyl neamine derivative 17 afforded the dimer 27. Two other dimers 30 and 32 incorporating one dodecyl chain were obtained by condensation of the prepared 1,2,3-triaminopropyl derivative 29 with the 5-bromohexyl neamine 8 and the succinylated derivative 31, respectively.
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Figure 1 .

 1 Figure 1. DNA condensation ability of neamine derivatives and some more standard cationic lipids as a function of the lipoplex charge ratio.Complexes were obtained by mixing in OptiMEM cationic liposomes at the required concentrations with plasmid DNA incubated first with ethidium bromide (EtB). The fluorescence decrease allowed the evaluation of nucleic acid entrapment within complexes (see Experimental Procedures section). Each test was performed in triplicate, and fluorescence measurements were obtained at several time points, from 30 min up to 1 h after mixing. The dendrogram summarizes the overall results obtained for all reagents tested, assuming that the more similar the EtB exclusion profiles between 2 reagents, the closer these 2 molecules in the tree. The reagents tested are clustered from the most efficient to complex DNA (i.e., LFM) to the least (i.e., 11). 32, not tested. Inset: profiles obtained with some neamine derivatives and other cationic lipids. Data are expressed as a percentage of the EtB fluorescence intercalated into DNA in the absence of carrier (mean ( SD with n ) 3). See Supporting Information Scheme S1 for the chemical structure of neamine derivatives; 13b/DOPE is 13b/DOPE 1/1; BGTC/DOPE is BGTC/DOPE 3/2 (27); KLN47[START_REF] Picquet | Cationic lipophosphoramidates and lipophosphoguanidines are very efficient for in ViVo DNA delivery[END_REF]; LFM (Lipofectamine, Invitrogen).

Figure 3 .

 3 Figure 3. Luminometry measurements (luciferase assays): dose responses of the in Vitro transfection activity of lipidic neamine derivatives formulated with the colipid DOPE (molar ratio 1/1). Luciferase reporter gene expression is indicated as a function of the charge ratio (CR) of lipoplexes, from CR0.5 up to CR8.0. The commercial Lipofectamine (LFM, Invitrogen), the paromomycin derivative [DOSP (13)] and the bisguanidinium tren-cholesterol BGTC [BGTC/DOPE 3/2 (27)] derivative were used as cationic lipid references. Cells were transfected as described in the Experimental Procedures section, using lipoplexes prepared by mixing DNA (pEGFP-Luc) with the required amounts of lipids. Data are expressed as relative light units (RLU) per milligram of total proteins (mean ( SD with n ) 3). These results were obtained using A549 cells; experiments using HeLa and 16HBE cells provided similar observations (see Supporting Information FigureS2).

Figure 2 .

 2 Figure 2. Flow cytometry measurements (GFP assays): transfection efficiencies of lipidic derivatives of neamine used alone or formulated with the colipid DOPE (molar ratio 1/1). The reagents indicated were complexed with DNA (pEGFP-Luc; see Experimental Procedures section) in order to obtain increasing charge ratios (CR), from CR1.0 up to CR8.0. The commercial Lipofectamine (LFM, DOSPA/DOPE, Invitrogen) and the paromomycin derivative [DOSP, DOSP/DOPE (13)] were used as cationic lipid references. Cell samples were analyzed by flow cytometry in order to estimate the gene delivery efficiency as a percentage of positive cells (GFP positive cells). Other derivatives (11, 27, 30, and 32) were found to be completely inefficient, and thus, they are not indicated here. These results were obtained with A549 cells. The data obtained using HeLa cells provided similar observations.
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 2 Structure of the Most Efficient Neamine-Based Vectors for Gene Transfection

Figure 4 .

 4 Figure 4. Cytotoxicity of 13b/DOPE and some other reference gene transfer agents. The induced toxicity of 13b formulated with DOPE (at molar ratio 1/1) was compared with other commercial or original cationic vectors: Lipofectamine (LFM, Invitrogen), the lipidic derivative of paromomycin DOSP [DOSP/DOPE 1/1 (13)], and the bisguanidium tren-cholesterol BGTC [BGTC/DOPE 3/2 (27)]. Estimations of cytotoxicities considered either the membrane integrity of cells through measurement of the level of cytoplamic enzyme adenylate kinase released into the growth medium (A; Toxilight, Cambrex; the minimum value is 1, it indicates an absence of cytotoxicity) or the content in total extractable proteins (B; the deficit in protein content corresponds to the percentage of missing proteins compared to the total protein content measured for untreated cells), as described in the Experimental Procedures section. These results were obtained using A549 cells; experiments using HeLa and 16HBE cells yielded similar observations.

Figure 5 .

 5 Figure 5. Transfection efficiency of 13b/DOPE formulation after long-term storage as liposomes in water. A formulation of 13b/DOPE prepared in water three years ago was here evaluated and compared with the commercial cationic lipid Lipofectamine (LFM, Invitrogen). Efficiencies were estimated using three different cell lines. Data are expressed as relative light units (RLU) per mg of total extractable proteins (mean ( SD with n ) 3).

Figure 6 .

 6 Figure 6. Effects of the complexation medium and of the presence of serum on the in Vitro transfection efficiency of 13b/DOPE.Luciferase reporter gene expression is indicated as a function of the charge ratio (CR) of lipoplexes, from CR0.5 up to CR8.0. Cells were transfected as described in the Experimental Procedures section using lipoplexes prepared by mixing DNA (pEGFP-Luc) with the required amounts of lipids, in 4 different solutions: (i) glucose (5%), (ii) NaCl (0.9%), (iii) NaCl-HEPES (0.9% NaCl, 20 mM HEPES), and (iv) OptiMEM. The complexes were then used to transfect cells either in the absence of serum (A; cells in OptiMEM) or in the presence of serum (cells in complete growth medium including 10% fetal bovine serum). The graph in B compares the transfection efficiencies obtained in those two conditions (transfection in presence versus in absence of serum). Data are expressed as relative light units (RLU) per milligram of total proteins (mean ( SD with n ) 3). These results were obtained using A549 cells. The data obtained using HeLa and 16HBE cells provided similar observations.

Figure 7 .

 7 Figure 7. In Vitro transfection activity for combinations of PEI 2 kDa and 13b/DOPE 1/1. Lipoplexes (13b/DOPE mixed with DNA, from CR1.0 up to CR8.0), polyplexes (PEI 2 kDa with DNA, from N/P1 up to N/P20), and lipopolyplexes (combinations of PEI 2 kDa with DNA, from N/P 1 up to 20, + 13b/DOPE, from CR1.0 up to CR8.0) were used to transfect cell lines as described in the Experimental Procedures section. For each CR, the variation of %GFP positive cells (∆ ) % lipopolyplex -% lipoplex) is indicated [polyplexes alone (CR0) are ineffective, regardless of the N/P tested]. Thus, compared with a lipoplex at a given CR, a lipopolyplex is more efficient if a ∆ value higher than 0 is measured, whereas it is less if a ∆ value lower than 0 is obtained. These results were obtained using A549 cells. The data obtained using HeLa and 16HBE cells provided similar observations (see Supporting Information FigureS4).

Figure 8 .

 8 Figure 8. In ViVo transfection efficiency of 13b/DOPE lipoplexes.Lipoplexes were prepared at CR6, then administrated i.v. in mice. LFM and DOSP/DOPE were evaluated under same experimental conditions (except that these lipoplexes were prepared at CR4). Lung luciferase activity was measured 24 h later, on complete lung extracts. Mock corresponded to measurements on mice which have received the same amount of naked DNA (not associated with any reagents; n ) 2, with 4 repeated measurement per animal sample).

  1.65-1.90 (m, 8H, OCH 2 (CH 2 ) 2 CH 2 N, N[CH 2 CH 2 (CH 2 ) 15 CH 3 ] 2 ), 1.20-1.50 (m, 60H, N[CH 2 CH 2 (CH 2 ) 15 CH 3 ] 2 ), 0.90 (t, J ) 6.7 Hz, 6H, 2CH 3 ).13 C NMR (CD 3 OD) δ 95.7 (C1′), 79.7 (C4′), 78.1 (C4), 75.8 (C5), 72.9 (C6), 71.8 (OCH 2 (CH 2 ) 5 N), 70.0, 68.6 (C3′, C5′), 54.2 (C2′), 53.4 (2NCH 2 ), 50.1, 48.7 (C3, C1), 48.3, 48.0 (2NCH 2 ), 41.8 (NCH 2 ), 40.5 (C6′), 31.7, 29.4, 29.2, 29.1, 28.8, 28.5, 26.7, 26.1, 23.5, 22.7, 22.3 (C2, OCH 2 (CH 2 ) 2 CH 2 N, [NCH 2 (CH 2 ) 16 CH 3 ] 2 ), 13.0 (2CH 3 ). HRMS (ESI + ) m/z: [M+H] + calculated 941.8722, found 941.8754.
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