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Introduction générale

La polyarthrite rhumatoïde (PR) est une forme courante d'arthrite avec une prévalence de 1% dans le monde [1,2]. C'est une maladie auto-immune caractérisée par une synovite chronique ainsi qu'une infiltration cellulaire et entraîne une érosion osseuse ainsi qu'une destruction du cartilage [3,4]. En outre, la PR est associée à des taux de comorbidités élevés avec les maladies cardiovasculaires ainsi que d'autres maladies extra-articulaires et systémiques [5]. Les patients atteints de PR subissent généralement une diminution de leur qualité de vie ainsi qu'une réduction de l'espérance de vie d'environ 10 ans [6]. Après des décennies de recherche, la PR reste une maladie inflammatoire grave et incurable, suscitant l'intérêt de nombreux chercheurs. Il existe actuellement un traitement de la douleur liée à l'arthrite qui comprend des anti-inflammatoires non stéroïdiens ou des glucocorticoïdes (GC). Ils sont associés à des antirhumatismaux tels que le méthotrexate ou des molécules ciblées, telles que les inhibiteurs de Janus kinase ou encore les anticorps monoclonaux ciblant les cytokines proinflammatoires particulièrement le TNF-α. Une fois administrés, ces médicaments se distribuent non seulement dans la zone inflammatoire, mais également dans les tissus sains, entraînant des effets secondaires non négligeables.

Pour remédier à ces effets secondaires, il semble intéressant de se tourner vers des stratégies de traitement plus ciblées. En particulier, l'interférence médiée par de petits ARN interférents (siRNA) est un moyen puissant de bloquer l'expression des gènes avec un haut degré de spécificité. La grande capacité des siRNA « d'éteindre » certains gènes offre une approche thérapeutique alternative prometteuse pour diverses maladies [7,8].

Le tout premier siRNA vectorisé par des nanoparticules lipidiques, le «patisiran», a été approuvé par la FDA en 2018 [9]. Comme alternative aux anticorps, des siRNA bloquant l'expression de TNF-α pourraient améliorer considérablement le traitement de la PR et notamment atténuer les situations inflammatoires chroniques. Outre une très bonne spécificité et efficacité, les siRNA présentent plusieurs avantages par rapport aux anticorps, Chapter I 13 notamment leur faible coût, leur facilité de production et leurs effets secondaires réduits.

Cependant, l'administration directe de siRNA libre est entravée par certains obstacles. Ces acides nucléiques sont rapidement dégradés par des enzymes telles que les endo-et les exonucléases. De plus, l'hydrophilie et le nombre élevé de charges négatives du siRNA conduisent à sa mauvaise internalisation cellulaire. Enfin, les effets hors cible des siRNA libre peuvent induire certains effets secondaires [10][11][12]. Ces problèmes, cependant, peuvent être contournés par les nanomédicaments, en particulier ceux cationiques.

Les nanomédicaments bénéficient pour leur biodistribution de la physiopathologie spécifique des tissus inflammés, en particulier d'un effet de perméabilité vasculaire amélioré pour adresser les molécules encapsulées au tissu d'intérêt par diffusion passive dans la zone d'inflammation [13,14]. L'accumulation des nanomédicaments dans les articulations inflammées pourrait donc améliorer l'activité anti-inflammatoire tout en évitant l'administration de doses élevées et en réduisant ainsi les effets hors cible de plusieurs médicaments. Des polymères cationiques, comme la polyéthylèneimine (PEI) [15] ou la polylysine (PLL) [16] sont capables de complexer les acides nucléiques par interaction électrostatique, de s'auto-assembler et d'augmenter considérablement la délivrance intracellulaire des siRNA tout en les protégeant de la dégradation [17]. Ces polymères sont cependant responsables d'une toxicité sévère en particulier en raison de fortes interactions avec la membrane plasmique chargée négativement. Les liposomes cationiques, un autre vecteur largement utilisé, sont rapidement distribués au sein du systèmes des phagocytes mononucléés, c'est-à-dire surtout le foie, d'où leur intérêt pour la vectorisation des siRNA vers cet organe.

Les dendrimères [18] qui possèdent une architecture définie ainsi qu'une structure chimique bien contrôlée sont considérés comme des vecteurs prometteurs par de nombreux chercheurs [19,20]. En particulier, les dendrimères phosphorés possèdent des propriétés intrinsèques telles qu'une fonctionnalisation régiosélective aisée du noyau, une Chapter I 14 biocompatibilité et une biodégradabilité ainsi qu'une bonne stabilité thermique [21][22][23]. Les dendrons amphiphiles cationiques sont capables de s'auto-assembler en micelles de complexer des siRNA chargés négativement [24], par interaction électrostatique, de protéger les siRNA de la dégradation et favoriser leur capture cellulaire [25,26]. A la différence des polymères cationiques conventionnels, le groupe terminal peut être modifié permettant de réduire la cytotoxicité. Les micelles formées par le dendron amphiphile présentent la capacité de prolonger le temps de circulation in vivo. Enfin, à titre d'exemple, de nombreuses études basées sur des dendrons amphiphiles démontrent que leur capacité pour délivrer efficacement des siRNA au tissu d'intérêt et inhiber puissamment l'expression génique favorisent ainsi une activité thérapeutique in vitro et in vivo [26][27][28] Objectif de la thèse L'objectif global de cette thèse consiste à concevoir des nanomédicaments à base de dendrons amphiphiles pour la délivrance de siRNA soit seuls, soit en association avec un glucocorticoïde, la dexaméthasone (DXM), dans le traitement de la polyarthrite rhumatoïde. Une série de dendrons amphiphiles ont été synthétisés et criblés. Les dendriplexes ont été étudiés du point de vue de leurs caractéristiques physiques, l'activité d'inhibition de la libération de TNF-α in vitro et de leur effet thérapeutique sur dans un modèle murin d'arthrite induite par le collagène.

Les objectifs plus spécifiques de ce travail sont :

 Synthétiser et caractériser les dendrons amphiphiles.

 Sélectionner le dendron amphiphile approprié pour la formation des dendriplexes.

 Optimiser la formulation de dendriplexes avec un siRNA anti-TNF-α en modulant le rapport N / P et caractériser la taille, le potentiel zêta, la concentration de siRNA associée et la cytotoxicité.

 Evaluer l'activité inhibitrice de TNF-α en présence de dendriplexes in vitro sur des Chapter I 15 macrophages et l'effet thérapeutique in vivo sur un modèle murin d'arthrite.

 Optimiser la formulation des nanoparticules chargées en DXM et de dendriplexes de siRNA chargés en DXM grâce au rapport dendron amphiphile / DXM et au rapport N / P en suivant la taille, le potentiel zêta et la concentration de dexaméthasone et de siRNA co-associés aux nanoparticules.

 Etudier l'effet synergique de la DXM et du siRNA sur l'inhibition du TNF-α in vitro sur des macrophages.

Aperçu de la thèse

Cette thèse est divisée en quatre chapitres :

 Chapitre I : Nanomédicaments pour l'administration de glucocorticoïdes et d'acide nucléique comme alternatives potentielles dans le traitement de la polyarthrite rhumatoïde. Ce chapitre [29] est un article de revue publié en 2020 dans WIREs Nanomedicine and Nanobiotechnology qui résume l'état de l'art sur l'utilisation des nanomédicaments pour l'administration de GC et de siRNA dans le contexte spécifique de la polyarthrite rhumatoïde.  Une discussion générale des résultats est ensuite proposée suivie d'une conclusion.

General Introduction

Rheumatoid arthritis (RA) is a common form of arthritis with 1% prevalence worldwide [1,2]. It is defined as a chronic, autoimmune disease characterized by chronic synovitis and cellular infiltration and leads to bone erosion and cartilage destruction [3,4]. Furthermore, RA is associated with high prevalence rates of comorbidities including cardiovascular diseases and other extra-articular and systemic diseases [5]. Patients generally undergo a decrease in their quality of life and a reduction in life expectancy of about 10 years [6].

After decades of research, RA remains an incurable serious inflammatory disease that attracted the attention of many researchers. Currently a treatment for arthritis pain that includes nonsteroidal anti-inflammatory drugs or glucocorticoids (GC). They are associated with antirheumatic drugs such as methotrexate or targeted molecules, such as Janus kinase inhibitors or even monoclonal antibodies targeting proinflammatory cytokines, particularly TNF-α. Once administered, these drugs distribute not only to the inflammatory area, but also to healthy tissue, causing significant side effects. To remedy these side effects, it seems worthwhile to turn to more targeted treatment strategies. RNA interference, mediated by small interfering RNA (siRNA), is a powerful way to silence genes with a high degree of specificity. The potent ability of small interfering RNA (siRNA) to specifically and efficiently inhibit the expression of complementary RNA transcripts offers a promising alternative therapeutic approach for various diseases [7,8]. Nowadays, the first ever RNAi-based gene-silencing siRNA drug "patisiran" has been approved by the FDA in 2018 [9]. As an alternative to antibodies, antiTNF-α siRNA might also improve considerably the treatment of RA. Beside a very good specificity and efficiently, siRNA present several advantages over antibodies including their low cost, ease of production and reduced side effects. However, the direct administration of free siRNA is hindered by some shortcomings. It can rapidly be degraded by enzymes such as endo and exonucleases. In addition, the hydrophilicity and the high number of negative charges of Chapter I 18 siRNA leads to its poor cellular internalization. Moreover, off-target effects of free siRNA can induce severe side effects. [10][11][12] These issues can be circumvented by nanomedicines particularly cationic nanomedicines.

Nanomedicines are taking advantage of the specific physiopathology of inflamed tissues, specifically of a vascular enhanced permeability effect to address encapsulated molecules to the tissue of interest by passive diffusion in the diseased area [13,14]. Accumulation of nanomedicines in inflamed joints could, therefore, improve anti-inflammatory activity while avoiding the administration of high doses and thus reducing off-target effects of several drugs. Cationic polymers, such as polyethyleneimine (PEI) [15] or polylysine (PLL) [16] are capable of complexing nucleic acids by electrostatic interaction, of selfassembly and of considerably increasing the intracellular delivery of siRNAs while by protecting them from degradation [17]. However, their high surface charge densities are responsible for severe toxicity particularly due to strong interactions with negatively charged plasma membrane. Cationic liposomes, another widely used carrier, have the challenge of being opsonized by plasma proteins resulting in rapid clearance by the monocyte phagocytic system (MPS), i.e. especially the liver, hence their interest in vectoring siRNAs to this organ.

Dendrimers [18] which have a defined architecture as well as a well-controlled chemical structure are considered promising vectors by many researchers [19,20]. In particular, phosphorus dendrimers have intrinsic properties such as easy regioselective functionalization of the nucleus, biocompatibility and biodegradability as well as good thermal stability [21][22][23]. cationic amphiphilic dendrons are able to self-assemble into micelles and then complex negatively charged siRNA [24], through electrostatic interaction, to protect siRNAs from degradation and promote their cellular capture [25,26]. Different from the conventional cationic polymer, the customizable/ designable terminal group of amphiphilic dendrons make it possible to reduce the cytotoxicity. Moreover, micelles Chapter I 19 formed by amphiphilic dendron display the capability of Prolonging circulation time in vivo. Finally, Many studies based on amphiphilic dendron demonstrate that amphiphilic dendron acts as an efficient deliver carrier to deliver siRNA to the tissue of interest and can achieve potent gene silencing and therapeutic activity in vitro and in vivo [26][27][28].

Goal of the thesis

The overall aim of this thesis was to design nanomedicines based on amphiphilic dendrons for the delivery of siRNA either alone or in combination with a glucocorticoid, dexamethasone, in the treatment of rheumatoid arthritis. A series of amphiphilic dendrons were synthesized and consequently screened. Dendriplexes were investigated for physical features, inhibition activity of TNF-α release in vitro, and therapeutic effect on arthritis in vivo in a murine collagen induced arthritis model.

The more specific purposes of this work were:

 to synthesize and characterize the amphiphilic dendrons.

 to select the suitable amphiphilic dendron for dendriplexes formation.

 to optimize the formation of siRNA dendriplexes through the N/P ratio based on size, zeta potential, high siRNA concentration, and cytotoxicity.

 to evaluate the inhibitory activity of siRNA dendriplexes on TNF-α in vitro and the therapeutic effect on arthritis in vivo.

 to optimize the formation of DXM-loaded nanoparticles and DXM-loaded siRNA dendriplexes through the amphiphilic dendron/DXM ratio and the N/P ratio based on size, zeta potential, and the dose of dexamethasone and siRNA.

 to investigate the synergistic effect of DXM and siRNA in vitro on TNF-α inhibition.

Outline of the thesis

This thesis is divided into four chapters:  Chapter III: Efficient treatment of rheumatoid arthritis by intravenous delivery of anti-TNF-alpha siRNA complexed with amphiphilic phosphorus dendrons. This chapter details all the experimental work performed with the C17 dendron, from synthesis, self-assembly, complexation with siRNA to in vitro and in vivo efficacy.


 Chapter IV: Synergistic anti-inflammatory effect of dexamethasone and TNF-α siRNA co-encapsulated in phosphorus dendrons on LPS-activated macrophages. This last chapter exposes the formulation of a short cationic dendron with dexamethasone and the subsequent complexation with siRNA and the effect of such combination formulation on TNF-α inhibition in LPS-activated macrophages.

 A general discussion of the results is then proposed followed by a conclusion. This review discusses the way nanomedicines can target GCs and nucleic acids to inflammatory sites, increase drug penetration within inflammatory cells, achieve better subcellular distribution and finally protect drugs against degradation. For GCs such a targeting effect would allow the treatment to be more effective at lower doses and to reduce the administration frequency as well as to induce much fewer side-effects. In the case of nucleic acids, particularly siRNA, knocking down proteins involved in RA, could importantly be facilitated using nanomedicines. Finally, the combination of both siRNA and GCs in the same carrier allowed for the same cell to target both the GCs receptor as well as any other signaling pathway involved in RA. Nanomedicines appear to be very promising for the delivery of conventional and novel drugs in RA therapeutics. 

Introduction

Dendrimers/dendrons, a specific family of polymers with well-defined highly branched nanostructure and almost monodisperse molecular weight [1][2][3], appear as promising delivery carriers for various therapeutic agents [4,5]. Dendrimers consist of a central core with multiple emerging branches, which enable them to precisely control the number and chemistry of their terminal functions as compared with common polymers [6]. The terminal groups of dendrimers are also playing a vital role in binding therapeutic agents as well as interacting with the cell membrane and cytoplasmic proteins [7,8].

Dendrimers/dendrons bearing cationic terminal group display the following advantages compared to traditional carriers. 1) monodispersity and tunable size, which facilitates biomedical applications [9]; 2) excellent cell penetration, which promotes the drug bioavailability; 3) high nucleic acid affinity and their further complexation improving their efficiency [10].

Amphiphilic dendrons correspond to hybrid dendrimers bearing a hydrophobic alkyl chain and a low-generation hydrophilic dendron, which has the capacity of forming micellar structure above its critical micelle concentration (CMC). Micelles are formed when the hydrophobic portions generate a core to avoid water while the hydrophilic sections orient towards the water. The self-assembly capacity of amphiphilic dendrons could result in a highly multivalent structure similar to that of high-generation dendrimer [11]. Micelles formed by amphiphilic dendrons possess the advantages of the stability and mechanical strength of dendrimeric polymers and the micelle-forming feature of lipids/surfactants [12].

In this study, 4 types of cationic amphiphilic phosphorus dendrons with similar chemical structures were synthesized, bearing either pyrrolidiniums or piperidiniums terminal cationic groups. These positively charged end-groups possess excellent binding properties versus nucleic acids. These amphiphilic dendrons were characterized by NMR Chapter II 61 with 1 H, 13 C{ 1 H}e, and 31 P{ 1 H}, the yield was calculated. Moreover, the CMC of these amphiphilic dendrons were measured.

Experimental section

Synthesis and characterization of amphiphilic dendron All manipulations were carried out using a standard dry argon-high vacuum technique.

Organic solvents were dried and distilled before use. Dichloro thiophospho methylhydrazine was obtained as described elsewhere and used without further purification as a solution in CHCl3 [13]. Dendrimer cores AB2 and AB5 were synthesized according to previously published procedures [14] [15]

Figures 1 and2 summarize separately the synthesis of C11M4, C11M10 C17P10, and

Chapter II 62 C11P10. AB2 or AB5 dendrimer with P-Cl2 surface (0.264 mmol) and anhydrous magnesium sulphate (0.5 g, 4.15 mmol) were mixed in 20 mL THF. Solution was cooled to 0 °C. To this solution cooled at 0 °C DIPEA (3.9 mmol) was added followed by the slow addition of alkyl diamine. then stirred for 4 to 6 h. After completion of the reaction controlled by 31 P NMR, the solvent was evaporated under vacuum and the solid residue was extracted with DCM (100 mL) and 10% K2CO3 solution (w/v) in water (50 mL). Organic layer was dried over sodium sulfate then evaporated under reduced pressure. The residue again was dissolved in 10 mL of THF and precipitated in 100 mL pentane. The resulting solution was stirred for 1 h then filtered under argon to give a white powder. This powder was dried under vacuum. Terminal amino groups of all these dendrons were further protonated using 1M hydrogen chloride solution in diethyl ether, leading to water-soluble amphiphilic dendrons.

1 H, 13 C{ 1 H}, and 31 P{ 1 H} NMR spectra were recorded using AV300PAS, AV400PAS, AV400LIQ spectrometers (Bruker, Germany). To assign the 13 C NMR signals, Jmod, HMBC, and HBQC NMR experiments were additionally carried out, if necessary. Protonated dendrimers were characterized only by 31 P{ 1 H} NMR to ensure the integrity of the structures. Unfortunately, mass spectrometry could not be used to prove the purity of these dendrimers because of the spontaneous rearrangements in the phosphorhydrazone structure during the analysis [14].

Critical micelle concentration (CMC)

Critical micelle concentration is an important characteristic of amphiphilic dendrons. It was, determined by measuring surface tension as a function of dendron concentration (0.02 -5 mM in PBS) using the pendant drop method employing a Tracker tensiometer (Teclis, France). Measurements were performed on 9 drops of 10 µL per concentration. The shape of the drop was computed 60 seconds after its formation. Experimentally, the CMC was determined from the inflection point of the plot of the surface tension versus the Chapter II 63 amphiphilic dendron concentration (semi-log plot). Using linear regression, the equations describing the two linear parts of the plot were established. The CMC was then obtained from the intersection of these two lines.

The chemical characterizations of dendrons obtained by NRM are as follows:

C11M4 Yield = 85% 

Results

Chapter II Dendrons' CMCs were determined by plotting surface tension as a function of dendron concentration. C11M4 and C11M10 have comparable CMCs around 1.6-1.8 mM (Figure 3 A, B), whereas the CMC value of C17P10 is lower by an order of magnitude as compared with C11M4 and C11M10 around 0.16mM. This difference results probably from the relatively longer aliphatic chain of 17 carbons. In the literature, one can find other amphiphilic dendrons with 12 charges and a slightly longer hydrophobic alkyl chain with a lower CMC than the C17P10 dendron but on the same order of magnitude [16]. Low cytotoxicity of a carrier is a vital property, which is associated with amphiphilic dendron CMC. From the data, C17P10 has greater advantages to be used a nucleic acid carrier. The surface tension of C11P10 (Figure 3 D) did not exhibit any change in the studied concentration range, suggesting that C11P10 was no able to self-assemble into micelles, most probably due to a too high hydrophilicity arising from the 10 pyrrolidinium groups

Chapter II 66 at dendron surface. It would be interesting to evaluate the packing parameter of all these dendrons.

Conclusion

In this work, 4 types of amphiphilic dendrons were synthesized originally, all of the amphiphilic dendrons were synthesized with a good yield. The CMC of C17P10 is an order of magnitude lower than C11M4 and C11M10 due to its relatively long aliphatic chain.

C11P10 cannot self-assemble to form micelles. C17P10 can be a carrier for the delivery of nucleic acid.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune and systemic inflammatory disorder that affects 0.5 to 1.1% of the population in developed countries [1]. RA is characterized by synovitis and cellular infiltration, particularly immune cells, as well as strong inflammation flares that evolve to bone erosion and cartilage destruction [2][3][4]. These severe symptoms might lead to disability, systemic complications which result in a severe decrease in the patient's quality of life and a reduction in life expectancy [5,6]. Pro-inflammatory cytokines, including tumor necrosis factor TNF-α, interleukin-1, and interleukin-6, play a key role in the progression of RA and have been widely described as targets [7]. Among these cytokines, TNF-α is highly prominent since it induces the release of other cytokines in RA synovium that mark the chronic inflammation [4,8,9]. Anti-TNF-α antibodies such as infliximab, adalimumab, and golimumab can block the effect of TNF-α and have been widely used in clinical treatment [7]. However, repeated administration of biologics was shown to induce side effects and has triggered the occurrence of opportunistic infections [10,11]. One clinical study has shown that about half of the patients have to interrupt the treatment due to side effects [12].

RNA interference employing small interfering RNA (siRNA) is considered as a potential alternative to antibodies as it can effectively silence specifically one target gene [13]. The clinical application of siRNAs in various diseases has recently reached the clinics as galactosylated conjugates or liposomes for targeting proteins produced by liver cells [14].

A liposomal RNAi-based gene-silencing siRNA drug, "Patisiran", has been approved by the FDA in 2018 [15]. These successes are related to the ability of available nanoparticulate carriers to protect siRNA against degradation and deliver it intact to the target cells and increase their cellular penetration in hepatocytes [16], the liver being a natural target for nanotechnologies [17].

Many papers have shown that anti-TNF-α siRNA can inhibit the release of TNF-α in the Chapter III 72 treatment of RA [18,19]. Most of the successes are attributed to the accumulation of siRNA and associated carriers in the inflamed region thanks to their extravasation through leaky vasculature and subsequent inflammatory cell-mediated sequestration (ELVIS) [20]. In many cases, the efficiency was obtained with micelles or nanoparticles. Micelles are unique nanostructures composed of amphiphilic block copolymers, which can be formed by selfassembly [21]. The hydrophilic shell with the positive charge provides the convenience of complexation with negatively charged siRNA by electrostatic force, and this binding offers protection of siRNA against nuclease degradation [21,22]. Another profile that makes micelles suitable for siRNA delivery is the ability to bind and cross the cell membrane, which facilitates and enhances cell interaction and gene transfection [23]. siRNA has been successfully associated with micelles or nanoparticles having polyethyleneimine end groups, a cationic polymer that was described to be highly toxic. We, therefore, propose another strategy consisting of the use of cationic amphiphilic dendron, made of 10 pyrolidinium end groups and a C17 aliphatic chain, to form micelles. This dendron complexes anti-TNF-α siRNA by electrostatic force forming efficient dendriplexes for the delivery of anti-TNF-α siRNA, displaying a good binding affinity and protection of siRNA against degradation and providing an anti-inflammatory effect both in vitro and in vivo in a murine collagen-induced arthritis model. These dendriplexes should be considered as an alternative approach to other amphiphilic carriers for the delivery of siRNA.
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Experimental section

Materials

Asymmetric shorter-duplex siRNA directed against TNF-α, Fluorescent dicer substrate siRNA labeled with the FAM (fluorescein amidite), and the negative control sequence were purchased from Eurogentec (Eurogentec, Angers, France) as dried, purified and desalted duplexes. The oligonucleotide sequences in the TNF-α siRNA were the following:

sense 5'-GAC-AAC-CAA-CUA-GUG-GUG-cdtdt-3', anti-sense 5'-GCA-CCA-CUA-GUU-GGU-UGU-cdtdt-3'.
A negative control siRNA with the same number of bases as TNF-α siRNA was used as a control, the exact sequence was not provided by the supplier (Eurogentec). Dulbecco's phosphate buffer saline, 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT), hydrogen chloride (HCl), sodium hydroxide (NaOH) and Lipopolysaccharide (LPS) (γ-irradiated, < 1 % protein) were obtained from Sigma-Aldrich (St Quentin Fallavier, France), Lactate dehydrogenase (LDH) kit was acquired from Promega (Charbonnières-Les-Bains, France). Rnase-free water (Sigma-Aldrich, St Quentin Fallavier, France) was used for all solutions containing siRNA and dendrimers. All additional chemicals used were obtained commercially and were of analytical grade.

Synthesis and characterization of amphiphilic dendrons

All manipulations were carried out using a standard dry argon-high vacuum technique.

Organic solvents were dried and distilled before use. Dichloro thiophospho methylhydrazine was obtained as described elsewhere and used without further purification as a solution in CHCl3 [24]. Dendrimer core AB5 was synthesized according to previously published procedures [25].

Figure 1. Synthesis of the C17P10 amphiphilic dendron : the upper part of synthesis has been described elsewhere [1] and leads to the AB5 core. C17P10 amphiphilic dendron bears 10 pyrrolidinium end-groups and a C17 aliphatic chain.

Figure 1 summarizes the synthesis of the C17P10 dendron. Briefly, AB5 dendrimer with P-Cl2 surface (0.264 mmol) and anhydrous magnesium sulfate (0.5 g, 4.15 mmol) were mixed in 20 mL THF. The solution was cooled to 0 °C.

To this solution kept at 0 °C, DIPEA (3.9 mmol) was added followed by the slow addition of alkyl diamine, then stirred for 4 to 6 h. After completion of the reaction controlled by 31 P NMR, the solvent was evaporated under vacuum and the solid residue was extracted with DCM (100 mL) and 10% K2CO3 solution (w/v) in water (50 mL). The organic layer was dried over sodium sulfate then evaporated under reduced pressure. The residue again was dissolved in 10 mL of THF and precipitated in 100 mL pentane. The resulting solution was stirred for 1 h then filtered under argon to give a white powder. This powder was dried under vacuum. Terminal amino groups of all these dendrons were further protonated using 1M hydrogen chloride solution in diethyl ether, leading to water-soluble amphiphilic dendrons.

1 H, 13 C{ 1 H}, and 31 P{ 1 H} NMR spectra were recorded using AV300PAS, AV400PAS, AV400LIQ spectrometers (Bruker, Germany). To assign the 13 

Critical micelle concentration (CMC)

Critical micelle concentration is an important characteristic of amphiphilic dendrons. It was, determined by measuring surface tension as a function of dendron concentration (0.02 -5mM in PBS) using the pendant drop method employing a tracker tensiometer (Teclis, France). Measurements were performed on 9 drops of 10 µL per concentration. The shape of the drop was computed 60 seconds after its formation. Experimentally, the CMC was determined from the inflection point of the plot of the surface tension versus the amphiphilic dendron concentration (semi-log plot). Using linear regression, the equations describing the two linear parts of the plot were established. The CMC was then obtained from the intersection of these two lines.

Acid-base titration

The pKa values of dendron were determined by titration. 10 mL of 0.5 mM dendron solution was prepared, the solution was then adjusted to the pH value of 2 by HCl. 1 M NaOH was gradually added to the solution using a syringe pump, and the pH value of the solution was recorded after each addition. When the pH value of the solution was stable, the titration was stopped.

Preparation and characterization of dendriplexes

3.2 mg of dendron was dissolved in 1 mL of PBS buffer to obtain the dendron concentration of 1 mM. This solution together with a 5 µM siRNA stock solution were mixed to prepare dendriplexes at N/P ratios (the molar charge ratio between the dendron and the anionic siRNA) of 5, 10, 15, and 20. To obtain the N/P 5 ratio, to 64 µL of dendron solution (1 mM), 500 µL of siRNA stock solution was added dropwise then incubated for 10 min at room temperature. 

SiRNA complexation efficacy by amphiphilic dendrons

The complexation efficacy of siRNA by amphiphilic dendrons was determined by fluorescent measurement using the QuantiFluor® dye (Promega, France) as a function of N/P ratio. Since QuantiFluor® fluorescence was quenched by dendrons, the complexation efficacy was determined indirectly by evaluating non-complexed siRNA. Dendriplexes at the N/P ratio of 5 and 10 were prepared as described above and were then centrifiltered (AMICON, Merck, MWCO = 15kDa) at 10, 000 g for 10 min. 500µL of 200-fold Quantifluor dye diluted in TE buffer was added to the filtered solution containing non-complexed siRNA and vortexed to ensure the binding between siRNA and dye. RNA standard sample with a concentration range between 31.25 and 2000 ng/mL were prepared and mixed with 200-fold Quantifluor dye diluted in TE buffer and a calibration curve was constructed using a spectrofluorometer (excitation 492nm, emission 540nm). The concentration of free siRNA in the solution was estimated from this curve. The complexation efficacy of dendriplexes was calculated by the percentage of free siRNA to total siRNA.

Stability of dendriplexes against RNase degradation

The stability of dendriplexes against RNase degradation was assessed as follows.13 aliquots of 250 µL of dendriplexes at N/P ratio of 5 were prepared. 

Transmission electron microscopy (TEM)

Dendron solution and dendriplexes with the corresponding dendron concentration of 0.8 mg/mL were prepared respectively. 5.5 µL of these solutions were deposited on a standard carbon-coated copper TEM grid gently and allowed to dry in air at room temperature. The grid was stained with osmium tetroxide steam (4% osmium tetroxide) for 1min. These samples were observed with JEOL 1400 transmission electron microscope operating at 120 kV.

Cell culture

The mouse macrophage cell line Raw 264. 

Cell uptake

Cell uptake was characterized quantitatively using flow cytometry. Raw 

Inhibitory effect of dendriplexes on TNF-α in vitro

The TNF-α inhibition effect of dendriplexes was characterized by ELISA. Raw 

Statistical analysis

Results were reported as mean ± standard error of the mean (SEM). Statistical significance was confirmed by using the two-tailed and unpaired Student's ttest. Statistical analysis was performed (ANOVA) using the GraphPad Prism 6.0 software. A p-value of ≤0.05 (two-tail) was considered significant.

Result and discussion

The C17P10 amphiphilic dendron was readily synthesized with a good yield (71%). This dendron possesses a C17 aliphatic chain and 10 pyrrolidinium surface groups (Figure 1). The pyrrolidinium surface groups were chosen as they were previously shown to be very efficient in complexing siRNA as dendrimers and display less cytotoxicity than other polyamines [4,5]. Using titration, three pKa values of 5, 8.8, and 11 were found on the amphiphilic dendron (supporting information Figure S1). When adjusting the pH and reaching values higher than 7.9, the dendron solution started to form aggregates. To prevent this aggregation, dendrons were always dissolved in PBS at pH 7.4. The CMC was then determined and found to be 0.16mM (Figure 2). When comparing this CMC with that of common cationic surfactants such as CTAB which possess an aliphatic chain of 16 carbons (CMC of 1mM), this value is lower by an order of magnitude likely due to the dendritic structure of C17P10 which favors easy self-assembling properties [6]. Other amphiphilic dendrons displaying 12 charges and a slightly longer hydrophobic alkyl chain showed a lower CMC than the C17P10 dendron but only three times lower (CMC of 0.064 mM) [7] by DLS is also on the same order of magnitude as similar amphiphilic dendrons [START_REF] Yu | Studies on the effects of amino acids on micellization of CTAB via surface tension measurements[END_REF]. Dendriplex size and zeta potential were then determined as a function of the N/P ratio (Figure 3). Chapter III 90 Dendriplex size varies from 75 nm up to 125 nm for N/P ratios from 5 to 20. The minimal size is found for N/P=10 probably due to a more compact structure.

The zeta potential increases from 28 mV up to 42 mV as the N/P ratio increases from 5 to 20. Indeed, the smaller the N/P ratio the more the amount of siRNA binding the dendron. The binding affinity of dendriplexes was investigated by agarose gel electrophoresis. The free uncomplexed siRNA migrated and showed a clear band when the electric field is applied whereas no siRNA bands were observed at different N/P ratios (Figure 3B). These results demonstrate the good binging ability between dendrons and siRNA independent of N/P ratio.

Given size and charge characteristics, as dendriplexes are intended for intravenous delivery, we needed to find a compromise between a small size to promote accumulation in the inflamed joints and a high siRNA loading for delivering a significant amount. The siRNA loading efficiency of dendriplexes at the N/P ratios of 5 and 10 was therefore assessed by fluorescence. Results demonstrate that for both N/P ratios almost 100% siRNA was associated with dendriplexes (Figure S2). Since with a N/P ratio of 5 the size was below 100 nm and the amount of siRNA was higher, further experiments were carried on using this ratio.

The crucial function of the delivery system is to protect nucleic acid from nuclease degradation. The stability of siRNA against RNase degradation was evaluated by gel electrophoresis as a function of time after the dissociation of dendriplexes. As shown in Figure 4, we observed that there were obvious siRNA bands even for the sample incubated with RNase for 120 min, which proved that no significant siRNA degradation occurred. By contrast, in the negative group (free siRNA), there was no band except for the untreated control and the 5 min treatment. This result demonstrates that dendron was able to protect siRNA from degradation for at least 120 min probably by preventing Rnases to access siRNA due to the compact structure of the dendriplexes. 

Cell damage assays

To investigate potential cell damage of dendrons and dendriplexes, MTT and LDH assay were performed. Experiments were carried with dendriplexes as a function of siRNA concentration and with dendrons only at their equivalent concentration in dendriplexes. As shown in Figure 6A, in the siRNA concentration range of 0-200 nM, both dendrons and dendriplexes displayed an important dose-dependent viability decrease. Dendriplexes can be considered safe up to a concentration of 120nM siRNA (eq to a dendron concentration of 3.12 µM). One can note that the cytotoxicity of dendriplexes is comparable to what was observed for cationic dendrimer with similar surface groups (110 nM) [5]. Dendrons show higher toxicity than dendriplexes at a similar dose probably due to the complexation of siRNA in dendriplexes which reduces the overall surface charge and preventing membrane solubilization by free dendrons and therefore the toxicity.

Figure 6B show LDH release increase above 20% (percentage considered toxic)

for dendriplexes with a siRNA concentration above 120 nM (corresponding to a dendron concentration of 3.12 µM). For free dendrons, LDH release starts for a lower equivalent siRNA concentration of 60 nM. As for MTT assay, the complexation of dendrons by siRNA lowers the toxicity.

As a conclusion, both MTT and LDH assays show that dendriplexes are safe up to a siRNA concentration of 100 nM (eq to a dendron concentration of 3.12 µM).

Further cell experiments will then be carried at this maximum concentration that is subtoxic. 

Cell uptake

Flow cytometry was employed to investigate the internalization of dendriplexes together with confocal microscopy to track the intracellular trafficking of siRNA.

As a function of incubation time, there is an increase of the relative fluorescence intensity (Figure 7A) that is 3.2 times higher for siRNA-loaded dendriplex as compared with free siRNA as soon as 4 h. After 8 h and 24h of treatment, the relative fluorescence keeps increasing. These data indicate the good penetration of siRNA-loaded dendriplex in cells compared to free siRNA. Such internalization capability of dendriplexes provides siRNA with the possibility of producing its therapeutic effects. Uptake was further evaluated using confocal microscopy. Cells incubated with fluorescent dendriplexes presented marked fluorescence compared to the cells treated with free fluorescent siRNA both after 4 h and 24 h where fluorescence is even higher (Figure 7B). These images demonstrate that siRNA-loaded dendriplex can penetrate cells efficiently and are consistent with the results of flow cytometry. Fluorescence seems to remain located in the cytoplasm.

Inhibitory effect of dendriplexes on TNF-α in vitro

The TNF-α inhibition of dendriplexes was preliminarily investigated by in vitro transfection experiments. The amount of TNF-α released was determined using a commercial ELISA kit. After treatment with 100 nM dendriplexes, the TNF-α release of dendriplexes was only 19.3% of the positive control (LPS) (Figure 8).

The inhibition of TNF-α release was dose-dependent with 40% and 60 % release at 60 nM and 20 nM dendriplexes, respectively. By contrast, dendriplexes obtained with a negative control siRNA did not inhibit significantly TNF-α release (≈90%). As a conclusion, TNF-α siRNA dendriplexes led to a dose dependent and specific inhibition of TNF-α release in vitro on activated macrophages. These results are consistent with data from literature [5,8] 

Evaluation of the anti-inflammatory effects of dendriplexes in CIA mice model

To evaluate the therapeutic efficacy of dendriplexes in vivo, arthritis scoring, and hind paw volume measurements were performed. In the first in vivo study, there was only a slight change in hind paw volume detected after 3 injections (Figure S3.). The arthritis score did not show any significant difference between groups. The absence of effect was assumed to be due to the low dose of siRNA administered (200 µL of dendriplexes at 5 µM siRNA). Based on this result, a second experiment was carried out with a 2-fold increase of the siRNA dose (200 µL of dendriplexes at 10 µM siRNA, 1.33 mg/kg) and a fourth injection was added. As shown in Figure 9, inflammation started to become important a few days after the second immunization, on day 25. After the second injection of treatments on day 29, a reduction of inflammation was observed for mice in the dendriplexes group both at the level of the arthritis score and the hind paw volume. By contrast, the other groups including PBS, dendrons, and negative control dendriplexes did not differ in score or hind paw volume. These findings were even clearer on day 35 after mice received 4 injections (Figure 9). The comparison between the dendriplexes group and others was statistically

Chapter III 98 significant in both scores (p < 0.01) and paw volume (p < 0.0001). This significant difference indicates dendriplexes can produce an obvious antiinflammatory therapeutic effect in vivo after 4 injections. The sequence dependence was confirmed through the comparison between dendriplexes and negative control dendriplexes.

Biodistribution in healthy mice and CIA mice

To verify that the efficacy of dendriplexes was arising from their accumulation in the inflamed joints, fluorescent dendriplexes were prepared with fluorescent siRNA and their distribution imaged in vivo in healthy and CIA mice in comparison with free fluorescent siRNA. Dendriplexes with fluorescent siRNA had a comparable size (140 nm) and PdI as their non-fluorescent counterparts.

When dendriplexes were injected into healthy mice, joints became slightly fluorescent 1h after injection and then the fluorescence decreased continuously (Figure 10). In CIA mice, a stronger fluorescence could be observed in joints that seem to vary with the arthritis score. This fluorescence remained visible for up to 4hours (Figure 10). In healthy mice, when free siRNA is injected, as a similar decrease of fluorescence can be observed as for dendriplexes in healthy animals (Figure 10). In CIA mice a very strong fluorescence is observed in inflamed joints after injection of free siRNA for up to 4 hours with a strong variation as a function of arthritis score (Figure 10). The fluorescence was quantified in each joint over time and is presented separately for each arthritis score (Figure 11). As a control, the mice injected with free fluorescent siRNA show a higher (30%) fluorescent intensity than that injected with fluorescent dendriplexes, which is due to the smaller size (~5 nm) of free fluorescent siRNA, leading to an easier penetration into the inflamed paws. The signal detected was correlated to the inflammation score due to the high vessel density in inflamed joints. As expected, the strongest signal appeared on the strongly inflamed paws (arthritis score = 4). For dendriplexes, fluorescence also decreased as a function of time but was more important in score 2 paws. Score 3 and 4 paws presented similar levels of fluorescence. One can assume that due to high inflammation for scores 3 and 4, high pressure within the tissues could prevent the entrance of dendriplexes. In absence of inflammation (arthritis score = 0), the fluorescence signal in the paws of CIA mice overlapped that recorded in healthy mice, which suggested that joint accumulation of dendriplexes was made possible despite their size through extravasation through leaky endothelium.

For free siRNA, it is very likely that siRNA is quickly degraded and that what is observed is the distribution of the dye only. The dendriplexes results differ a lot form what was observed for lipidic nanoparticles in the same animal model [9] where paws fluorescence was proportional to arthritis score. It is worth mentioning that the intrinsic distribution properties of the dye might play a role.

Indeed, siRNA was labeled with cyanine 5 whereas lipidic nanoparticles were labeled with a dye covalently linked to two aliphatic chains making it very hydrophobic.

Chapter III However, since we did not follow dendrons, we do not know if these are eliminated. 

Conclusion

In this work, amphiphilic dendrons with an original structure and a low CMC were synthesized. After a series of characterization, dendriplexes at the N/P ratio of 5 was considered as a good compromise between size, good binding, and high siRNA concentration. At this N/P ratio of 5, dendriplexes present a good inhibition of TNF-α in vitro and significant anti-inflammatory effect in CIA mice model. Besides, the dose and sequence-dependent effect of dendriplexes were evidenced both in vitro and in vivo. This amphiphilic dendron presents a 104 very high potential for the delivery of siRNA. 

Introduction

Glucocorticoids (GCs) are steroid hormones, with anti-inflammatory and immunosuppressive properties, that are widely used for the treatment of inflammation, autoimmune diseases, and cancer. GCs have been applied for the treatment of inflammatory and immune disorders such as rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, and nephrotic syndrome. [1] The recent pandemic of covid-19 has shown that a GC such as dexamethasone (DXM) was among the only drugs efficient in reducing the post-infection cytokine storm resulting in a significant decrease of mortality [2]. However, GCs administration is limited to short-term treatment and low doses [3]. Chronic misuse of GCs can cause the emergence of serious side effects such as diabetes, high blood pressure, or Cushing syndrome [4,5].

As an alternative to GCs, cytokine antagonists have been developed and many are applied in clinics. All available antibodies present on the market are targeting either TNF-α, IL-1β, or IL-6 [6]. Despite their large success, continuous administration of biologics can induce side effects that force patients to interrupt the treatment [7,8] or trigger opportunistic infections [6,9]. One other strategy consists of knocking-down the mRNA corresponding to any cytokine gene or signaling pathway. This has been used with success using RNA interference using nucleic acids such as small interfering RNA (siRNA) which was applied to many different types of cytokines or signaling pathways involved in inflammation [10].

Due to the complex physiopathology of inflammation that involves a variety of related cells and cytokines, it is difficult to achieve an ideal therapeutic effect with one single small molecule drug or one anti-cytokine therapy due to the large number of targets that one of these drugs should reach. It appears more effective to combine two therapeutic approaches with different mechanisms of action. When multiple therapeutic agents target the same cellular pathway, they can cooperate to obtain a higher therapeutic effect and higher targeting selectivity. Based on these considerations, developing the co-delivery of GCs

and siRNA together appears a simple, direct, and feasible method.

Nevertheless, when it comes to delivery, nanotechnologies should be selected since, compared with single delivery, the simultaneous delivery of two loaded drugs by one carrier can reduce the loss in the delivery process, improve the delivery efficiency, and decrease side-effects. Indeed, both drugs need to reach intact at the tissular level. To achieve this, nanotechnologies can protect drug against degradation which is rather critical in the case of nucleic acids. In addition, taking advantage of the specific physiopathology of inflamed tissues and of a vascular enhanced permeability effect one can address encapsulated molecules to the tissue of interest by passive diffusion in the diseased area [11,12]. Moreover, in the case of nucleic acids, since siRNA does not cross the cell membrane, the nanotechnologies need to improve cell internalization by endocytosis and allow cytoplasmic release. Therefore, in the co-delivery strategy, the primary problem to be solved is to load both hydrophobic glucocorticoid and hydrophilic siRNA in the same carrier. A Co-delivery capability can be obtained by confering a positively charged surface to bind nucleic acid by electrostatic adsorption and a hydrophobic core with the ability to encapsulate small hydrophobic drugs. A few studies have attempted to codeliver steroids and siRNA [12,13]. This was achieved using polymer micelles or nanoparticles associating polyethyleminine that is unfortunately a rather toxic compound [14].

In this paper, our goal is to consider a more biocompatible approach by designing a cationic amphiphilic dendron that can solubilize DXM within the inner core of the micelles and bind siRNA through the presence of pyrrolidinium groups to form what we call DXM-dendriplexes.

Experimental section

Materials

Dicer substrate asymmetric duplex siRNA directed against TNF-α, Fluorescent dicer substrate siRNA labeled with the FAM (fluorescein amidite), and the negative control sequence were purchased from Eurogentec (Eurogentec, Angers, France) as dried, purified and desalted duplexes. The oligonucleotide sequences in the TNF-α siRNA were the following:

Sense 5'-GAC-AAC-CAA-CUA-GUG-GUG-cdtdt-3', Anti-sense 5'-GCA-CCA-CUA-GUU-GGU-UGU-cdtdt-3'.

A negative control siRNA with the same number of bases as TNF-α siRNA was used as a control, the exact sequence was not provided by the supplier (Eurogentec). Dulbecco's phosphate buffer saline, 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT), hydrogen chloride (HCl), sodium hydroxide (NaOH) and Lipopolysaccharide (LPS) (γ-irradiated, < 1 % protein)

were obtained from Sigma-Aldrich (St Quentin Fallavier, France), Lactate dehydrogenase (LDH) kit was acquired from Promega (Charbonnières-Les-Bains, France). Rnase-free water (Sigma-Aldrich, St Quentin Fallavier, France)

was used for all solutions containing siRNA and dendrimers. Dexamethasone base (DXM) was obtained from Chemos (Germany). All additional chemicals used were obtained commercially and were of analytical grade. All syntheses were carried out using a standard dry argon-high vacuum technique. Organic solvents were dried and distilled before use.

Synthesis and characterization of dendrons

Dichloro(thiophospho-methyl-hydrazine) was obtained as described elsewhere and used without further purification as a solution in CHCl3. Dendrimer core AB5

was synthesized according to previously published procedures [15,16].

AB5 dendrimer with P-Cl2 surface (0.264mmol) and anhydrous magnesium sulfate (0.5g, 4.15 mmol) were mixed in 20 mL THF. The solution was cooled to 0°C. To this solution cooled at 0°C DIPEA (3.9 mmol) was added followed by the slow addition of alkyl diamine (11 eq.) then stirred for 4 to 6 hrs. After completion of the reaction controlled by 31 P NMR, the solvent was evaporated under vacuum and the solid residue was extracted with DCM (100 mL) and 10%

K2CO3 solution (w/v) in water (50mL). The organic layer was dried over sodium sulfate then evaporated under reduced pressure. The residue again was dissolved in 10 mL of THF and precipitated in 100 mL pentane. The resulting solution was stirred for 1 hour then filtered under argon to give a white powder which was then dried under vacuum. Terminal amino groups of this dendron were further protonated using 1M hydrogen chloride solution in diethyl ether, leading to water-soluble amphiphilic dendron.

1 H, 13 C{ 1 H}, and 31 P{ 1 H} NMR spectra were recorded using AV300PAS, AV400PAS, AV400LIQ spectrometers (Bruker, Germany). To assign the 13 C NMR signals, Jmod, HMBC, and HBQC NMR experiments were additionally carried out, if necessary. Protonated dendrimers were characterized only by 31 P{ 1 H} NMR to ensure the integrity of the structures. Unfortunately, mass spectrometry could not be used to prove the purity of these dendrimers because of spontaneous rearrangements in the phosphorhydrazone structure during the analysis [17].

The chemical characterizations of dendrons by NMR are as follows: Nanoparticles size, polydispersity index (PDI), and zeta potential of DXM-loaded nanoparticles and corresponding dendriplexes were determined using a

Malvern NanoZS operating at a 173° angle (n = 3 per sample). The binding affinity of nanoparticles and siRNA at different N/P ratios was assessed by agarose gel electrophoresis. Electrophoresis was performed using 1%

(weight/volume) agarose gel. The gels were run at 120 V for 20 min in Trisborate-EDTA (TBE) buffer (pH 8.2) supplemented with 5 µL of 2,5 mg/mL ethidium bromide. BIO-RAD chemidoc MP Imaging System (Marnes-la-Coquette, France) was employed to take the images of gels.

siRNA complexation efficacy by DXM-loaded nanoparticles

The complexation efficacy of siRNA by DXM-loaded nanoparticles was assessed by fluorescent measurement using the quantifluor® dye (Promega, France) as a function of N/P ratio. Since quantifluor® fluorescence was quenched by dendrons, the complexation efficacy was determined indirectly by evaluating non-complexed siRNA. DXM-loaded dendriplexes at the N/P ratio of 5 and 10

were prepared as described above and were then centrifiltered (AMICON, Merck, MWCO = 15kDa) at 10,000 g for 10 min. 500µL of 200-fold. Quantifluor dye diluted in TE buffer was added to the filtered solution containing noncomplexed siRNA and vortexed to ensure the binding between siRNA and dye.

RNA standard samples with the concentration range between 31.25 and 2000 ng/mL were prepared and mixed with 200-fold Quantifluor dye diluted in TE buffer, and a calibration curve was constructed using a spectrofluorimeter (excitation at 492nm and emission at 540nm). The concentration of free siRNA in the solution was determined from this curve. The complexation efficacy of DXM-loaded dendriplexes was calculated by the percentage of free siRNA to total siRNA.

Stability of siRNA in dendriplexes against RNase degradation

The stability of dendriplexes against RNase degradation was evaluated by simulating RNase-mediated degradation of siRNA at 37℃. Briefly, 13 aliquots of 250 µL of DXM-loaded dendriplexes at N/P ratio of 5 were prepared. 50 µL of 0.06 µg/mL RNase A solution was added to these aliquots and incubated for different times (0, 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, 105 and 120 min) in a water bath. Free siRNA untreated with RNase was used as a control. Aliquots (300 µL) of the corresponding siRNA concentration solutions were withdrawn, added to 100 µL of 1% SDS solution kept on ice. SDS was used to disassemble dendriplexes. A group of non-complexed siRNA treated with RNase A was used as a negative control. The resulting solutions were run on agarose gel electrophoresis and visualized using BIO-RAD chemidoc MP Imaging System.

Transmission electron microscopy (TEM)

DXM-loaded nanoparticles and DXM-loaded dendriplexes with the corresponding dendron concentration of 0.8 mg/mL were prepared respectively.

3 µL of these solutions were gently deposited on a standard carbon-coated copper TEM grid and allowed to dry at room temperature. The grid was stained with osmium tetroxide steam (4%) with 0.5 µL for 1 min. These samples were observed with a JEOL 1400 transmission electron microscope operating at 120 kV.

Cell culture

The mouse macrophage cell line Raw 264. Differential interferential contrast (DIC) images were captured simultaneously.

The pinhole was set at 1.0 Airy unit (0.8 µm optical slice thickness). These images were analyzed with LSM 510 software version 3.2 (Carl Zeiss).

Inhibitory effect of dendriplexes on TNF-α in vitro

The TNF-α inhibition effect of dendriplexes was characterized by ELISA. Cells were seeded in 96-wells plate at the density of 8× 10 3 cells/well in full culture medium and left overnight. The treatment was prepared into four groups including DXM-loaded dendriplexes at a dendron/DXM molar ratio of 5 and N/P ratio of 5, DXM-loaded nanoparticles (dendron/DXM molar ratio of 5), and DXM alone. Free siRNA cannot be included due to its poor permeation and easily degradable. All the treatment concentration was calculated as equivalent siRNA concentration, dilutions were obtained with serum-free medium.

Samples with the serum-free medium were incubated with cells in 96-wells plates for 4h and then the medium was replaced with full-serum-medium. After 21h of culture, LPS was added at the final concentration of 10 ng/mL to activate macrophages and stimulate TNF-α release. The supernatant was harvested and transferred to new 96-well plates after three additional hours of incubation.

DXM-loaded dendriplexes prepared with negative control siRNA were used to assess the sequence specificity. The concentration of TNF-α was measured with a mouse TNF-α ELISA kit (Thermo Fisher, Villebon-Sur-Yvette, France). All samples were run in triplicate.

Statistical analysis

Results were reported as mean ± standard error of the mean (SEM). Statistical significance was confirmed by using the two-tailed and unpaired Student's ttest. A p-value ≤0.05 (two-tail) was considered significant.

Result and discussion

In the present work, we are aiming to combine the delivery of siRNA and dexamethasone to obtain a synergistic effect in different types of inflammatory diseases involving TNF-α as the main actor. For this purpose, a cationic amphiphilic dendron was synthesized with a 71% yield. This dendron possesses a C11 aliphatic chain and 10 pyrrolidinium terminal groups that offer efficient complexation capacity for siRNA. However, unexpectedly siRNA complexation was only possible in the presence of DXM. Although having a structure quite similar to the C17 dendron reported previously (Chapter III), the shorter aliphatic chain(C11 vs C17) does not favor self-organization properties and indeed no CMC could be measured for this dendron: the surface tension remaining stable as a function of its concentration [18]. For unknown reasons, the association of DXM with the dendron favors self-assembling properties and a better capacity to complex siRNA.

The amphiphilic dendron was used to produce DXM nanoparticles at different dendron/DXM molar ratios (5 and 50). DXM-loaded nanoparticles at the molar ratio of 5 and 50 were 97 ± 2 nm (PDI of 0.18 ± 0.01 ) and 95 ± 4 nm in diameter (PdI of 0.18 ±0.02), respectively (Table 1). A similar size indicated that DXM had is slightly affecting particle diameter and PdI at the different molar ratios. The zeta potential of DXM-loaded nanoparticles was 38 ± 1 mV, independently of the molar ratio, showing that DXM does not influence the surface properties of 131 nanoparticles since it is uncharged and likely to be located in the inner core of the particle, associated to the aliphatic chains of the dendron. These nanoparticles show a strong positive charge, which is preferred to promote siRNA complexation through electrostatic interactions. The size of DXM-loaded dendriplexes at the molar ratios of 5 and 50 and the N/P ratio of 5 were 97±3 and 117±1 nm with a PdI between 0.24 and 0.25, slightly increased compared to nanoparticles. Dendriplexes with the molar ratio of 5 have a smaller size than the molar ratio of 50, a potential advantage for drug delivery by the intravenous route since the small size is related to long-circulating properties [19]. Given this advantage and considering the amount of DXM that should be injected to produce an anti-inflammatory effect, dendriplexes with a molar ratio of 5 were selected for subsequent experiments. Besides binding siRNA induce a reduction of the zeta potential (Table 1) due to the negative siRNA neutralizing the positive charge on dendron surface. The diameters of DXM-loaded dendriplexes with the dendron/molar ratio of 5 and at the different N/P ratios were in the range of 100 to 150 nm and the PdI between 0.20 and 0.26 (Figure 2A). The dendriplexes size increased as a function of the N/P ratio. These sizes and PDIs of dendriplexes are comparable with those reported in the literature for amphiphilic dendron siRNA complexes [20,21].

Zeta potential also increased correspondingly with the decrease of the siRNA amount (Figure 2A). When comparing DXM-loaded dendriplexes with our previous C17P10 siRNA dendriplexes, it appears that both DXM-loaded dendriplexes and C17P10 siRNA dendriplexes possess a mean diameter in the same range (around 100 nm), which is ascribed to the same number of hydrophilic pyrrolidinium end groups and the same complexation of siRNA.

The binding affinity of siRNA onto DXM-loaded dendriplexes was then investigated using agarose gel electrophoresis (Figure 3). No siRNA bands were observed at different N/P ratios compared to free uncomplexed siRNA. These results demonstrate the good complexation ability between DXM-loaded nanoparticles and siRNA independently of N/P ratio, which is ascribed to the modification of the terminal group pyrrolidinium. This result is consistent with the literature report: indeed pyrrolidinium end-groups were shown to be very efficient to bind siRNA in a molecular modeling study [22]. This characteristic led to very effective anti-inflammatory activity both in vitro and in vivo 

Cell viability

We then performed the MTT and LDH assays with DXM-loaded nanoparticles and DXM-loaded dendriplexes. Data show that DXM-loaded nanoparticles and DXM-loaded dendriplexes possess similar toxicity profiles within a given dendron concentration range of 0-5.2 µM (eq to siRNA concentration of 0 -200 nM) (Figure 5). Neither DXM-loaded nanoparticles nor DXM-loaded dendriplexes caused any obvious toxicity below a dendron concentration of 1.56µM, corresponding to a siRNA concentration of 60 nM. In the present case, complexing the negatively charged siRNA did not reduce the toxicity, as seen previously with C17 dendrons. This may be ascribed to the fact that the complexation of siRNA did not significantly reduce the positive surface charge of DXM-loaded nanoparticles [23], as revealed by zeta potential measurements.

The hydrophilicity of the dendron may also be responsible as the dendron was not able to form micelles. 

Cell uptake

An important function of a delivery system, besides protecting siRNA from degradation, is to improve the delivery by increasing cellular penetration of siRNA. Therefore, we first investigated the uptake of DXM-loaded dendriplexes using flow cytometry with a fluorescent siRNA. For DXM-loaded dendriplexes, a remarkable uptake of siRNA was observed, the MFI of cells treated with DXMloaded dendriplexes was five times higher than the MFI of cells treated with free siRNA after 4h incubation (Figure 6A). After 24 hours, the fluorescence increase was even 14 times higher (Figure 6A). Compared with other cationic dendrons used for siRNA delivery, the present dendron leads to higher uptake: the MFI ratio of C17 studied earlier this thesis is only 3.2-fold after 4h of treatment.

DXM-loaded dendriplexes show a better cellular uptake.

To further investigate siRNA uptake, cells incubated with DXM-loaded dendriplexes for 4 and 24h were observed by confocal microscopy (Figure 6B). 

Inhibitory effect of dendriplexes on TNF-α in vitro

The inhibition of TNF-α expression on activated macrophages Raw 264. One can notice DXM-loaded dendrons seem more efficient in reducing TNF-α secretion probably due to a better internalization into cells as compared with the soluble drug as already observed for other anti-inflammatory drugs [25,26]Among these treatments, DXM-loaded dendriplexes with the siRNA concentration of 60 nm showed the strongest TNF-α inhibitory effect reaching 80% inhibition. The combination of DXM and siRNA exhibits a synergistic effect on reducing the TNF-α secretion by activated macrophages. 

Conclusion

In this study, an original cationic dendron with a short aliphatic chain was used to encapsulate dexamethasone into nanoparticles and complex TNF-α siRNA.

Based on a series of characterization, DXM-loaded dendriplexes at the dendron/DXM molar ratio of 5 and the N/P ratio of 5 were a good compromise between good binding, high DXM dose, and high siRNA concentration. DXMloaded dendriplexes at the dendron/DXM molar ratio of 5 and N/P ratio of 5 present a synergistic anti-inflammatory activity on LPS-activated macrophages.

This synergistic anti-inflammatory strategy via co-delivery of glucocorticoid and 141 TNF-α siRNA shows great potential to achieve a better anti-inflammatory effect.

General discussion

The objective of the thesis work was the formulation of efficient delivery system for the treatment of rheumatoid arthritis carrying TNF-α siRNA alone or combined to DXM using amphiphilic cationic phosphorus dendrons. During this thesis, we tried to answer the following questions: i) what are the limits for having the screened dendrons self-organize into micelles? ii) can siRNA bind to C17P10 micelles and C11P10-loaded dexamethasone nanoparticles? iii) can siRNA dendriplexes and DXM-loaded dendriplexes induce TNF-α inhibition activity in vitro and in vivo?

Dendrons self-organize into micelles or not

Amphiphilic dendrimers, called dendrons are macromolecules bearing a hydrophobic alkyl chain and a hydrophilic dendrimer headgroup. Our collaboration with the group of Jean-Pierre Majoral has provided us phosphorus containing dendron [1]. The reason for using such molecules is provided by the interesting properties of phosphorus dendrimers that are the easy regioselective functionalization of the core, their biocompatibility and biodegradability as well as high thermal stability [2][3][4]. Further, it has been shown that phosphorus dendrimers may exhibit anti-inflammatory properties [5,6] which we did not observe in the case of the amphiphilic dendrons tested in the present work. Regarding dendrons, the concentration at which selforganization occurs is called the critical micelle concentration (CMC). For its measurement, there are several frequently used methods like fluorimetry, tensiometry, conductometry, and calorimetry [7][8][9]. Among these methods, pyrene, due to its emission characteristics (ratio of intensities of the first and third vibronic peaks; I1/I3), is very often considered to estimate the polarity level of its environment as well as the CMC of amphiphiles [10,11]. The CMC of 4 types of amphiphilic dendrons, two with piperidinium end-groups (C11M4 and C11M10) and two with pyrrolidinium end-groups (C11P10, and C17P10) were measured. From the data, CMC ranked from low to high are C17P10, C11M10, and C11M4. The surface tension of C11P10 presented no changes whatever the concentration which indicates micelles did not form. According to the literature [12], the "tail" length and the dendritic structure generation play a key role in the self-organization which might explain the absence of CMC for C11P10.

The CMC of C17P10's (0.16 mM) is an order of magnitude lower than that of C11M10 and C11M4, which is due to the relatively long C17 lipophilic chain of C17P10. This result is basically consistent with the study of Valeria Márquez-Miranda [12]. The CMC value is lower by an order of magnitude as compared with common cationic surfactants such as CTAB which possess an aliphatic chain of 16 carbons and a CMC of 1mM [13]. In the literature, one can find other amphiphilic dendrons with a CMC of 0.064mM with 12 charges and a slightly longer hydrophobic alkyl chain and a lower CMC than the C17P10 dendron but of the same order of magnitude [14]. In general, for amphiphiles lower CMC is more beneficial to reach lower cytotoxicity. For these reasons C17P10 was selected as a good candidate carrier for siRNA delivery. From the data of C11P10 dendron, the micelles may not be formed but based on Wang's work [15], we explored the possibility to use this dendron to encapsulate the hydrophobic dexamethasone and form nanoparticles and subsequently complex siRNA as will be discussed below.

SiRNA can bind to C17P10 and C11P10-loaded dexamethasone dendrons

Dendriplexes based on C17P10 dendron were first formed at different ratios.

The N/P ratio of 5 was considered as a good compromise between size, good binding, and high siRNA concentration. A previous work carried out in our laboratory [1] has shown that dendrimers bearing pyrrolidinium end groups were able to complex siRNA at different N/P ratio forming stable dendriplexes.

Comparing this previously used dendrimer and C17P10 indicates that the presence of the aliphatic chain has no effect on binding siRNA. Characterization of both dendriplexes give similar results for in terms of size, zeta potential and gel electrophoresis binding experiments. siRNA and the micelles formed by amphiphilic dendron [12].

Dendrons characteristics affect the in vitro biological properties of dendriplexes

Although being close by their size and zeta potential, the difference in hydrophobic alkyl chain length between C17P10 and C11P10 dendron led to some differences in terms of biological effects on cells.

In the case of C17P10, the cytotoxicity was reduced after complexing siRNA by dendriplexes very likely due to the reduction of the cationic surface charge and further diminution of cell membrane attachment. DXM-loaded dendrons display the same cytotoxicity with or without binding siRNA. There are potential reasons for such differences, In the case of C17P10, the control is a simple micelle were monomer can diffuse and destabilize the cell membrane from what we see from the LDH results. In the case of C11P10, we only tested the effect of the self-organized particles including DXM. In terms of zeta potential, one can see little changes between the DXM-loaded dendrons and, due to the small mobility of the dendrons from both types of particles, there were not many differences in terms of cytotoxicity. Nevertheless, the toxicity appears at lower concentrations for DXM loaded dendrons and one cannot exclude a biological effect due to the presence of DXM. The level of cytotoxicity assessed for these two dendriplexes are comparable to that observed for other polymer-based transfection agents, e.g., polyethyleneimine (PEI) [18], poly-L-lysine (PLL) [19], or cationic dendrimer [1,20] but these latest are known for low biocompatibility [21,22]. Indeed, it has been reported that these polycations can cause the loss of integrity of the cell membrane at an early stage, resulting in obvious cytotoxicity [23].

Regarding cellular internalization of siRNA, both types of dendriplexes induced the same trend with maybe a better performance for DXM-loaded dendriplexes but it is difficult to compare the relative fluorescence from two flow cytometry experiments and two very different samples run at different times.

The evaluation of TNF-α release inhibition in vitro was discussed in each chapter.

In all cases, we see a potent inhibition activity very close to the one observed by Bohr et al [1]. However, the results from DXM-loaded dendriplexes demonstrated that DXM did enhance the inhibition effect compared to dendriplexes delivering the only siRNA. According to reports, this is because TNF-α mRNA expression was strongly inhibited after DXM administration making cells more sensitive to the effect of the siRNA [24].

In vivo, C17P10 dendriplexes are effective against collagen-induced arthritis in mice C17P10 dendriplexes displayed a significant improvement in the treatment of collagen-induced arthritis (CIA) mice in both arthritis score and hind paw volume. Notably, the anti-inflammatory activity did not seem to show up immediately after the first injection. It is likely that not enough dendriplexes accumulated in the inflammation site as seen through the results of biodistribution studies. The dose dependence efficacy of dendriplexes was demonstrated by the lack of efficacy in the first in vivo experiment. Indeed, only more repeated injections of higher doses could trigger an anti-inflammatory effect.

In relation with the administration of C17P10 dendriplexes and or in previous work from the group with dexamethasone palmitate nanoparticles [25] an equal efficacy was demonstrated by reduction of the in arthritis score. However, C17P10 dendriplexes induce a stronger reduction of the hind paw volume, which is probably due to siRNA specifically inhibiting the release of TNF-α resulting in a better anti-swelling effect. This result is consistent with the observations of Earp et al. [24] concluding that TNF-α is primarily responsible for the edema [24].

Biodistribution studies demonstrated a stronger accumulation of dendriplexes in the inflamed paws than healthy paws, which is due to Extravasation through Leaky Vasculature and subsequent Inflammatory cell-mediated Sequestration (ELVIS) [26] . However, the difference in size between free siRNA and C17P10 dendriplexes did not allow to see an accumulation in the paw as a function of the arthritis score as observed with Dexamethasone nanoparticles [25]. The accumulation of free siRNA was positively correlated with the inflammation score but it is likely that only the fluorescent probe after degradation of the free siRNA in the blood stream reaches the inflamed joint. However, in the case of C17P10 dendriplexes, the strongest accumulation was in the paws with the score of 2, which is probably due to the relatively large size (~140 nm) of dendriplexes. Reduction the size would obviously lead to a better efficacy.

mediated Sequestration (ELVIS). However, whether the anti-inflammatory effect comes from siRNA inhibiting TNF-α level in the inflamed joint and blood is still In conclusion, we believe that dendrons are potent and flexible carriers for siRNA delivery. Even if more need to be discovered about their innocuity, there are at least as much efficient as many cationic lipid or polymers in the in vivo inhibition of TNF-α. 

  SiRNA can bind to C17P10 and C11P10-loaded dexamethasone dendrons ........................................................................................................................................... 146 Dendrons characteristics affect the in vitro biological properties of dendriplexes .................................................................................................................. 149 In vivo, C17P10 dendriplexes are effective against collagen-induced arthritis in mice ............................................................................................................ 151 General conclusion and perspectives ........................................................................... 153 Reference ....................................................................................................................... 154



  Chapitre II : Synthèse et caractérisation des dendrimères phosphorés amphiphiles cationiques et leur criblage pour la formation de micelles. Ce chapitre compare les propriétés de différents dendrons synthétisés par le groupe de Jean-Pierre Majoral (LCC-UPR CNRS 8241 -Toulouse).  Chapitre III : Traitement efficace de la polyarthrite rhumatoïde par administration intraveineuse des siRNA anti-TNF-α complexés à des dendrons phosphorés cationiques amphiphiles C17P10 (Chaine aliphatique de 17 carbones). Ce chapitre détaille l'ensemble des travaux expérimentaux réalisés avec le dendron, de la synthèse, l'auto-assemblage, la complexation avec les siRNA à l'efficacité in vitro et in vivo.  Chapitre IV : Effet anti-inflammatoire synergique de la DXM et du TNF-α siRNA coencapsulés dans des dendrons phosphorés cationiques amphiphiles C11P10 (Chaine Chapter I 16 aliphatique de 11 carbones) sur des macrophages activés par le LPS. Ce dernier chapitre expose la formulation du dendron avec de la DXM et la complexation ultérieure avec les siRNA et l'effet d'une telle formulation combinée in vitro.

  Chapter I: Nanomedicines for the delivery of glucocorticoids and nucleic acid as potential alternatives in the treatment of rheumatoid arthritis. This chapter is a review article published in 2020 in WIREs Nanomedicine and Nanobiotechnology that Chapter I 20 summarizes the state of the art on the use of nanomedicines for the delivery of GCs and siRNA in the specific context of rheumatoid arthritis.  Chapter II: Synthesis and characterization of amphiphilic phosphorus dendrimers and their screening for micelles formation. This chapter compares the properties of different dendrons synthesized by the group of Jean-Pierre Majoral (LCC-UPR CNRS 8241 -Toulouse).

Figure 1 ,

 1 Figure 1, Synthesis of the AB2 core (C11M4) dendron. It presents 4 piperidiniums endgroups and an 11 carbon aliphatic chain.

Figure 2 ,

 2 Figure 2, Synthesis of AB5 core dendrons (C11M10, C11P10, and C17P10). They present either 10 piperidinium (C11M10) or 10 pyrrolidinium end-groups (C11P10 and C17P10).

1 H

 1 NMR (400 MHz, CDCl3) δ = 7.51-7.43 (m, 15H), 7.03-6.85 (m, 12H), 6.68-6.66 (m, 2H), 6.36 (t, J = 8 Hz, 1H), 4.18-4.05 (m, 10H), 3.33-3.28 (m, 2H), 3.18-2.96 (m, 35H), 2.69-2.49 (m, 60H), 2.16 (t, J = 8Hz, 2H), 1.63-1.59 (m, 2H), 1.26 (s, 30H), 0.89 (t, J = 8Hz, 3H).

Figure 3 .

 3 Figure 3. Surface tension dependence as a function of dendron concentration for CMC

  la polyarthrite rhumatoïde par administration intraveineuse d'siRNA anti-TNF-alpha complexé avec des dendrons de phosphore amphiphiles Résumé Les petits ARN interférents (siRNA) sont considérés comme des agents thérapeutiques prometteurs pour le traitement de la polyarthrite rhumatoïde. Les principaux obstacles à l'administration des siRNA sont l'innocuité du véhicule ainsi que l'amélioration de leur efficacité. Dans cette étude, nous avons utilisé un dendron phosphoré amphiphile cationique original pour complexer un siRNA ciblant TNF-α et traiter efficacement la polyarthrite rhumatoïde. Ces dendriplexes ont démontré la capacité de protéger le siRNA de la dégradation par les nucléases et de favoriser son internalisation cellulaire. De plus, les dendriplexes ont conduit à une bonne inhibition du TNF-α dans la lignée cellulaire de macrophages de souris RAW264.7 activée par le lipopolysaccharide (LPS). Un effet antiinflammatoire significatif dans le modèle murin d'arthrite induite par le collagène a été observé, ainsi qu'une distribution efficace dans les articulations inflammées. Ces résultats suggèrent que ce dendron amphiphile est un système prometteur pour délivrer des siRNA ciblant TNF-α pour le traitement efficace de la polyarthrite rhumatoïde.

  7 was obtained from American Type Culture Collection (ATCC) and used between 3 and 20 passages in all cell-based experiments. Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal bovine serum (FBS) (PAA Laboratories, Pasching, Austria), 100 U/mL penicillin, and 100 µg/mL streptomycin. They were incubated in an atmosphere of 5% CO2 at 37 °C. Cell damage assays (MTT and Lactate dehydrogenase (LDH) release) Cell viability was evaluated using the 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyl tetrazolium bromide (MTT) assay. This colorimetric test measures the mitochondrial dehydrogenase cell activity, an indicator of cell viability. This assay is based on the reduction, by living cells, of the tetrazolium salt, MTT, which forms a blue formazan product. Raw 264.7 cells were seeded at 8.0 × 10 3 cells/well in 96-well plate and grow overnight. Dendriplexes were diluted in a fresh medium to obtain different concentration samples. Cells were treated with samples for 24 h. 20 µL of MTT (5 mg/mL) was added to each well and incubated for 4 h to allow the transformation of MTT to formazan crystals. The medium was removed, and the formazan crystals were dissolved in 200 µL of dimethyl sulfoxide (DMSO). The optical density (OD) of the DMSO solution was read at the wavelength of 570 nm using a microplate reader (fluostar OPTIMA, BMG labtech, Champignysur-Marne, France). The viability of cells was calculated as percentage by comparing the OD value of treated and non-treated cells. All samples were run in triplicate. Lactate dehydrogenase (LDH) is a cytosolic enzyme. During the experiment, a release of LDH in the extracellular medium is the result of an alteration of the cell membrane. Evaluating LDH release is important as amphiphilic dendrons possess surfactant-like behavior. Raw 264.7 cells were treated with different concentrations (0 -120 nM) of dendriplexes for 24h. A commercial LDH kit (cytotox 96 Non-radioactive Cytotoxicity Assay Kit, Promega) was employed to detect the LDH concentration. In this assay, released LDH in culture supernatants is measured with a 30-minute coupled enzymatic assay that results in the conversion of a tetrazolium salt into a red formazan product. The operations followed the manufacturer protocol. 20 µL of lysis solution was added to positive control wells and these cells were treated for 1h to allow complete LDH release. 75 µL of supernatant from each well was transferred to a new 96-well plate. 50 µL of cytotox 96 Reagent prepared freshly was added to each well and incubated for 30 min at room temperature without light. Sample absorbance was measured at 490 nm immediately after adding 50 µL of stop solution. The LDH release was performed as a percentage by the ratio between the released LDH release and the total intracellular LDH measured treated on positive control cells. 0.1 mg/mL Triton X-100 was used as a positive control. All samples were run in triplicate.

  264.7cells were seeded in 12-well plates at a density of 5.0 X 10 4 cells/well and allowed to grow overnight. Dendriplexes were prepared with fluorescent siRNA at an N/P ratio of 5 as described above. These fluorescent dendriplexes were added to the medium to obtain the final fluorescent siRNA concentration of 100 nM and incubated with cells for 2, 4, 8, and 24 h respectively. These cells were washed with PBS buffer for three times. After harvesting from the plate, cells were resuspended in PBS buffer and analyzed by flow cytometry using an Accuri C6 (BD biosciences, Franklin Lakes, NJ, USA). Free fluorescent siRNA was used as a control. The relative fluorescent intensity was calculated by the ratio between the mean fluorescent intensity (MFI) of the treated samples and the negative control, after subtracting the MFI of untreated cells, following the formula below:Relative fluorescence intensity = MFI (dendriplexes) -MFI (cells untreated) MFI (free siRNA) -MFI (cells untreated)Confocal microscope was also used to visualize dendriplex uptake. Cells were seeded at a density of 5 × 10 4 cells/well in chambered coverslips, µ-Slide 8 well (Ibidi, Planegg, Germany). These cells were treated with either free-fluorescent siRNA or fluorescent dendriplexes (N/P ratio of 5) at the fluorescent siRNA concentration of 100 nM for 4 and 24 h. Before observation, the coverslips were washed with PBS and fixed using 4% (v/v) paraformaldehyde. The visualization was performed at a 63× magnification with a Zeiss LSM 510 (Carl Zeiss, Jena, Germany) fluorescence microscope equipped with a 1 mW helium-neon laser and a plan-apochromat 63X objective lens (numerical aperture 1.40, oil immersion). Differential interferential contrast (DIC) images were captured simultaneously. The pinhole was set at 1.0 Airy unit (0.8 µm optical slice thickness). These images were analyzed with LSM 510 software version 3.2 (Carl Zeiss).

264. 7

 7 cells were seeded in 96-well plate at the density of 8,000 cells/well and left to grow overnight. The medium was then replaced with serum-free medium containing different concentrations of dendriplexes. These treatments were replaced with full-medium 4 h later. After 21h incubation, LPS was added at the final concentration of 10 ng/mL to stimulate TNF-α release, the supernatant was harvested and transferred to new 96-well plates after three additional hours of incubation. Dendriplexes prepared with scrambled siRNA was used as a control to assess the sequence specificity. The concentration of TNF-α was measured with a mouse TNF-α ELISA kit (Thermo Fisher, Villebon-Sur-Yvette, France). All samples were run in triplicate.Evaluation of the anti-inflammatory effects of dendriplexes in CIA mice modelIn vivo experimental procedures using DBA/1OlaHsd mice were approved by the ethical committee No 026 and by the French ministry of education and research (Accepted protocol No 2842-2015110914248481_v5). Male DBA/1OlaHsd mice, 6-8 weeks old, 15-22g, were purchased from Envigo (Gannat, France) and let for one week after shipping for adaptation before starting experiments. These mice were housed in groups of nine with access to water and food ad libitum and maintained at a constant temperature(19-22°C) and relative humidity (45-65%). The collagen-induced arthritis model was performed as follows. In brief, complete Freund's adjuvant and chicken type II collagen dissolved in diluted acetic acid were mixed at a 1:1 ratio (v:v), this mixture was emulsified into creamy emulsion using a tissue homogenizer. On day 0, after anesthesia with isoflurane, mice were immunized by injecting intradermally 50 µL of the emulsion at the tail base. The second injection (boost) was performed on day 21. After the second injection, mice were monitored including weighing, arthritis scoring, and measuring the volume of hind paw every 2 days. The scoring criteria are described below. 0 = normal, 1 = one or two digits inflamed (red and thickened), 2 = all of the digits inflamed (red and thickened) and moderate swelling of the foot, 3 = redness and increased swelling of ankle and foot, 4 = severe swelling of whole paw and digits. The hind paw volume was measured using a plethysmometer (Harvard Apparatus).On day 25, the majority of mice showed obvious symptoms of arthritis. Mice were assigned to 4 groups to equalize the sum of the scores of each group. On day 27, the 4 different groups were injected in the plexus iliac vein under isoflurane anesthesia with 200 µL of PBS, 200 µL of dendriplexes at 10 µM siRNA, 200 µL of free dendron at the equivalent concentration used for dendriplexes, and 200µL of negative control dendriplexes at 10 µM siRNA. Injections were repeated on days 29, 31, and 33. Mice were sacrificed on day 36.After mice sacrifice the hind legs of CIA mice were removed immediately. They were immediately fixed 24 h in 4% paraformaldehyde and decalcified for 8 h in Microdec (Microm Microtech, France). After decalcification, hind legs were included in paraffin blocks and sectioned in 4 µm thick slides. The specimens were stained with hematoxylin and eosin (H&E). Synovial cell infiltration, pannus formation, and proliferation and bone erosion were individually scored on a 0-3 scale as follows[2, 3]: The score for every histopathologic feature was summed for each animal. Synovial infiltration. 0: normal; 1: minimal infiltration of cells in synovium and synovial membrane; 2: mild infiltration with minimal synovial hyperplasia; 3: severe infiltration in synovium and periarticular tissue. Pannus. 0: normal; 1: minimal pannus formation, marginal zones; 2: mild cell proliferation and expansion; 3: severe infiltration with large pannus expansion. Bone and cartilage erosion: 0: normal; 1: slight erosion, bone, and cartilage thickness reduced; 2: mild bone and cartilage structure modification, thin bone and cartilage thickness; 3: severe erosion, complete destruction of joint architecture. SiRNA biodistribution 10 CIA mice at day 32 post-disease induction were selected and divided into 2 groups with the same average total arthritis score. 6 healthy mice were divided randomly into 2 groups as the control. Free fluorescent siRNA and fluorescent dendriplexes prepared with fluorescent siRNA were injected at the fluorescent siRNA concentration of 10 µM. IVIS Lumina® LT Series III (PerkinElmer, USA) was employed to acquire non-invasively fluorescent density images for up to 48h. Near-infrared (NIR) images were recorded at 1, 2, 4, 24, and 48h. The baseline level of fluorescence was determined before injection, which was subtracted to the recorded signal. Mice images were taken both in ventral and dorsal positions and processed using the living image software (PerkinElmer, USA). 48 hours after injection, mice were sacrificed and dissected. The main internal organs (heart, liver, spleen, lung, kidney, and intestine) were taken out and near-infrared fluorescence images recorded. The average radiant efficiency value (threshold of 30%) was determined at the region of interest to quantify the fluorescent intensity. Results are expressed as fluorescence signal on the analyzed surface subtracted by the auto-fluorescence acquired before injection as a function of the inflammation score of each paw.
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 2 Figure 2. A: Surface tension dependence as a function of C17P10 concentration
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 3 Figure 3. (A) Size and zeta potential of dendriplexes at the different N/P ratios.
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 45 Figure 4. Stability of free and complexed siRNAs against RNase degradations a
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 6 Figure 6. Cell viability of C17P10 siRNA complexes and C17P10 alone detected
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 7 Figure 7. A: Cellular uptake of C17P10 siRNA complexes measured as siRNA

  that show the formulations complexed siRNA induce a concentration-dependent and sequence-specific gene silencing and are able to reach an inhibition efficiency of ~80% at the siRNA concentration of 100 nM in the LPS-activated Raw 264.7 cells.
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 8 Figure 8. TNF-α expression as a percentage of positive control (LPS) measured
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 910 Figure 9. In vivo efficacy study in CIA mice model, A) Hind paw volume, B)
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 11 Figure 11. Fluorescent signal in paws as a function of time on the basis of their
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 12 Figure 12. Ex vivo representative images of organs of CIA mice 48h after
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 S2 Figure. S2. SiRNA loading efficiency of dendriplexes at N/P ratio of 5 and 10.
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 S3 Figure. S3. First in vivo study results. Three times injections and the siRNA

Figure 1 ,

 1 Figure 1, Synthesis scheme of the dendron. It bears 10 pyrrolidinium end-

Preparation and characterization of DXM and siRNA-loaded dendrons 3 . 2

 32 mg of dendron was dissolved in 0.8mL of Milli Q water to get a dendron concentration of 1.25 µM. A 248µL solution of 1 mM DXM in ethanol was added dropwise to 1 mL of dendron solution. This mixture was evaporated at a pressure of 100 MPa and 50 ℃ for 30 min to yield DXM-loaded nanoparticles with a dendron/DXM molar ratio of 5. DXM-loaded nanoparticles with a dendron/DXM molar ratio of 50 were also obtained by adding 248 µL of 0.1 mM DXM to 1 mL of dendron solution.DXM-siRNA dendriplexes were prepared at a nitrogen-to-phosphate (N/P) ratio (the molar charge ratio between the cationic dendrimer and the anionic siRNA) of 5, 10, 15, and 20, respectively. 126 µL of DXM-loaded nanoparticles solution was added dropwise to 1mL of 5 µM siRNA solution and let for 10 min incubation to allow the dendriplexes to form. The final concentrations of dendriplexes were 115 µM for dendron, 23 µM for DXM (at a molar ratio of 5), and 4.4 µM for siRNA. DXM-siRNA dendriplexes with the N/P ratios of 10, 15, 20 were obtained by adding 252 µL,380 µL,and 505 µL of dendron solution, respectively. Further adjustment of the concentration was obtained by preparing corresponding 123 higher concentration stock of dendron solution and siRNA.

  7 was obtained from American Type Culture Collection (ATCC) and used between 3 and 20 passages in all cell-based experiments. Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal bovine serum (FBS) (PAA Laboratories, Pasching, Austria), 100 U/mL penicillin, and 100 µg/mL streptomycin. They were incubated in an atmosphere of 5% CO2 at 37 °C. Cytotoxicity evaluation by MTT and Lactate dehydrogenase release assays Raw 264.7 cells were seeded in 96-well plate (8× 10 3 cells per well) and grown overnight. DXM-loaded dendriplexes with different siRNA concentration in the range of 0 -200 nM were prepared by diluting with fresh medium. After 24 h of treatment, 20 µL of MTT (5 mg/mL) was added to each well and incubated for 4 h to allow the transformation of MTT to formazan crystals. The medium was removed and the formazan crystals were dissolved in 200 µL of dimethyl sulfoxide (DMSO). The optical density (OD) of the DMSO solution was read at the wavelength of 570 nm using a microplate reader (fluostar OPTIMA, BMG labtech, Champigny-Sur-Marne, France). The viability of cells was calculated as a percentage by comparing the optical density value of treated and untreated cells. All samples were run in triplicate. Lactate dehydrogenase (LDH) is a cytosolic enzyme. During the experiment, a release of LDH in the extracellular medium is the result of an alteration of the cell membrane. Evaluating LDH release is important as amphiphilic dendrons possess surfactant-like behavior. Raw 264.7 cells were treated with different concentrations (0 -120 nM) of dendriplexes for 24h. A commercial LDH kit (cytotox 96 Non-radioactive Cytotoxicity Assay Kit, Promega) was employed to detect the LDH concentration. The operations followed the manufacturer protocol. 20 µL of lysis solution was added to positive control wells and these cells were treated for 1h to allow complete LDH release. 75 µL of supernatant from each well was transferred to a new 96-well plate. 50 µL of cytotox 96 Reagent prepared freshly was added to each well and incubated for 30 min at room temperature without light. Sample absorbance was measured at 490 nm immediately after adding 50 µL of stop solution. The LDH release was performed as a percentage by the ratio between the released LDH release and the total intracellular LDH measured treated on positive control cells. 0.1 mg/mL Triton X-100 was used as a positive control. All samples were run in triplicate. Cell uptake Raw 264.7 cells were cultured in 12-well plates at a density of 5 X 10 5 cells per well. After 24 h of incubation, the cells were treated with free fluorescent siRNA, Fluorescent DXM-loaded dendriplexes (N/P ratio of 5), at the fluorescent siRNA concentration of 40 nM for 2, 4, 8, and 24h. Before harvesting, these cells were washed with PBS buffer for three times and scraped off from plates. Cells were resuspended in PBS buffer kept on ice. An Accuri C6 (BD biosciences, Franklin Lakes, NJ, USA) was employed to measure the fluorescent intensity and analyze the relative uptake. The relative fluorescent intensity was calculated by the ratio between the mean fluorescent intensity (MFI) of the treated samples and the negative control, after subtracting the MFI of untreated cells, following the formula below: Relative fluorescence intensity= MFI (Dendriplexes)-MFI (cells untreated) MFI (Free siRNA) -MFI (cells untreated) For confocal microscopy, cells were cultured in 6-wells plates (5 X 10 4 cells per well) with chambered coverslips, µ-Slide 8 well (Ibidi, Planegg, Germany) for 24 h. These cells were incubated with either free-fluorescent siRNA or fluorescent DXM-loaded dendriplexes (N/P ratio of 5) at the fluorescent siRNA concentration of 40 µM for 4, 8, and 24h. The coverslips were washed with PBS and fixed using 4% (v/v) paraformaldehyde. The visualization was performed at a 63× magnification with a Zeiss LSM 510 (Carl Zeiss, Jena, Germany) fluorescence microscope equipped with a 1 mW helium-neon laser and a planapochromat 63X objective lens (numerical aperture 1.40, oil immersion).

  The TEM images of DXM-loaded nanoparticles and DXMloaded dendriplexes present spherical objects with a diameter around 70 nm, which is slightly smaller than what measured by DLS but on the same order of magnitude (Figure2B and 2C).
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 2 Figure 2. Size and zeta potential of DXM-loaded dendriplexes with the
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 3 Figure 3. Agarose gel electrophoresis analysis of free siRNA and DXM-loaded
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 4 Figure 4. Gel electrophoresis of DXM-loaded dendriplexes (A) and free siRNA
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 5 Figure 5, cell viability of DXM-loaded and DXM-loaded nanoparticles detected

Figure 6 .

 6 Figure 6. A: Flow cytometry analysis of the cellular uptake of DXM-loaded

  7 cellswas determined for DXM-loaded dendriplexes, DXM-loaded dendrons, and DXM alone in vitro. From the results of the ELISA test, DXM-loaded dendriplexes and DXM-loaded dendrons present both a TNF-α inhibitory effect that is dosedependent. particularly at the same high dendron concentration (60 nM). The anti-inflammatory effects are higher for DXM-loaded dendriplexes compared to DXM-loaded dendrons and DXM alone. DXM-loaded dendriplexes obtained with negative control siRNA, are not able to reduce the secretion of TNF-α as much as compared with the TNF--α siRNA (p<0.001). It proves the sequence specificity of the TNF-α siRNA. The effect of the DXM-loaded dendriplexes obtained with negative control siRNA is similar to DXM alone or DXM-loaded nanoparticles, probably arising from the corticosteroid anti-inflammatory effect.

Figure 7 .

 7 Figure 7. TNF-α expression of activated macrophages Raw 264.7 cells after

Figure 1 .

 1 Figure 1. Representative images showing the formation of complexes between

  lacking direct experimental data to prove, which was limited by current TNF-α measurement technology. Amphiphilic dendrons (C11P10) bearing C11 aliphatic chain possess the capacity of loading dexamethasone and bind TNF-α siRNA through electrostatic interaction forming nanostructure DXM-loaded dendriplexes. DXM-loaded dendriplexes at the dendron/DXM molar ratio of 5 and the N/P ratio of 5 were a good compromise between good binding, high DXM dose, and high siRNA concentration. A synergistic anti-inflammatory activity by dexamethasone and siRNA was confirmed in LPS-activated Raw 264.7 cells. More work related to the in vivo efficacy of DXM-loaded dendriplexes is still necessary to show the potential of such a combination.

Titre:

  Nanoparticules à base de dendrons cationiques amphiphiles pour l'administration de petits ARN interférents dans le traitement de la polyarthrite rhumatoïde Mots clés : Dendron amphiphile, TNF-α, siRNA, nanomédecine, polyarthrite rhumatoïde Résumé : Dans ce travail de thèse, nous avons sélectionné deux dendrons amphiphiles phosphorés (C17P10 et C11P10) pour leur potentiel en tant que système de délivrance de siRNA seul ou en combinaison avec la dexaméthasone (DXM) pour le traitement de la polyarthrite rhumatoïde. Le dendron C17P10 est capable de former des micelles et de complexer des siRNA, formant des dendriplexes qui ciblent TNF-α. Les dendriplexes de rapport N/P (azote/phosphore) de 5 ont été considérés comme un bon compromis en termes de taille, de la bonne affinité des siRNA et des quantités élevées de siRNA pouvant être véhiculés. Les dendriplexes entrainent une bonne inhibition du TNF-α in vitro dans des cellules Raw 264.7 activées par le lipopolysaccharide et un effet anti-inflammatoire significatif dans le modèle murin d'arthrite rhumatoïde induite par le collagène. A l'issue des études in vitro et in vivo, l'effet des siRNA vectorisés par les siRNA s'est montré dose-dépendant et séquence-spécifique. Les dendriplexes ont pu induire une accumulation des siRNA dans les articulations inflammées par extravasation par voie vasculaire fuyante et séquestration à médiation cellulaire inflammatoire (ELVIS). Les dendrons amphiphiles (C11P10) portant une chaîne aliphatique C11 possèdent la capacité d'encapsuler la dexaméthasone et les siRNA par interaction électrostatique formant des dendriplexes nanostructurés chargés en DXM. Les dendriplexes chargés en DXM de rapport molaire dendron / DXM de 5 et de rapport N / P de 5 se sont révélés un bon compromis en termes de liaison des siRNA, des doses de DXM et de siRNA pouvant être injectées. Une activité anti-inflammatoire synergique de la dexaméthasone et des siRNA a été confirmée dans des cellules Raw 264.7 activées par le LPS. Nous pouvons conclure que les dendrons sont des vecteurs puissants et flexibles pour la délivrance de siRNA. Même s'il reste encore à étudier leur innocuité, ils semblent aussi efficaces que les lipides ou les polymères cationiques dans l'inhibition de TNF-α. Title : Amphiphilic cationic dendrons for the delivery of small interfering RNA in the treatment of rheumatoid arthritis Keywords : Amphiphilic dendron, siRNA, TNF-α, nanomedicine, rheumatoid arthritis Abstract : We have screened out two amphiphilic phosphorus dendrons (C17P10 and C11P10) for their potential as delivery system for siRNA alone or in combination with dexamethasone (DXM) for the treatment of rheumatoid arthritis. C17P10 dendron can form micelles and bind TNF-α siRNA forming dendriplexes. Dendriplexes at the N/P (nitrogen/phosphorus) ratio of 5 were considered as a good compromise between size and good binding affinity for high siRNA concentration. They presented a good inhibition of TNF-α in vitro and significant antiinflammatory effect in CIA mice model. The dose and sequencedependent effect of siRNA in dendriplexes were demonstrated both in vitro and in vivo. Dendriplexes were able to induce siRNA accumulation in the inflamed paw by Extravasation through Leaky Vasculature and subsequent Inflammatory cell-mediated Sequestration (ELVIS). Amphiphilic dendrons (C11P10) bearing C11 aliphatic chain possess the capacity of loading dexamethasone and bind TNF-α siRNA through electrostatic interaction forming nanostructured DXM-loaded dendriplexes.DXM-loaded dendriplexes at the dendron/DXM molar ratio of 5 and the N/P ratio of 5 were a good compromise between good binding, high DXM dose, and high siRNA concentration. was confirmed in LPS-activated Raw 264.7 cells. We believe that dendrons are potent and flexible carriers for siRNA delivery. Even if more need to be discovered about their innocuity, there are at least as much efficient as many cationic lipid or polymers in the inhibition of TNF-α.Université Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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administration de glucocorticoïdes et d'acides nucléiques comme alternatives potentielles dans le traitement de la polyarthrite rhumatoïde Résumé

  

	La polyarthrite rhumatoïde (PR) est une maladie auto-immune chronique qui touche 0,5 à
	1% de la population mondiale. Les traitements actuels comprennent d'une part les anti-
	et une plus grande
	protection contre la dégradation. Pour les GC, un tel effet de ciblage permettrait au
	traitement d'être plus efficace à des doses plus faibles et de réduire la fréquence
	d'administration ainsi que d'induire beaucoup moins d'effets secondaires. Dans le cas des
	acides nucléiques, en particulier des siRNA, la destruction des protéines impliquées dans
	la PR pourrait être grandement facilitée par l'utilisation de nanomédicaments. Enfin, la
	combinaison des siRNA et des GC permet de cibler au sein d'une même cellule à la fois le
	récepteur des GC ainsi que toute autre voie de signalisation impliquée dans la PR. Les
	nanomédicaments semblent donc être très prometteurs pour l'administration de
	médicaments conventionnels ou biologiques plus récemment découverts dans les
	thérapies de la PR.

inflammatoires non stéroïdiens et les glucocorticoïdes (GC) pour le traitement de la douleur et d'autre part les antirhumatismaux modificateurs de la maladie tels que le méthotrexate, les inhibiteurs de Janus kinase ou les biologiques tels que les anticorps ciblant principalement l'expression des cytokines. Plus récemment, les acides nucléiques tels que les siRNA, les miRNA ou anti-miRNA ont montré de fortes potentialités pour le traitement de la PR. Dans cet article de revue, nous avons voulu exposer la manière dont les nanomédicaments peuvent favoriser le ciblage des GC et des acides nucléiques vers les sites inflammatoires, augmenter la pénétration des médicaments dans les cellules inflammatoires, obtenir une meilleure distribution subcellulaire

Chapter I Nanomedicines for the delivery of glucocorticoids and nucleic acids as potential alternatives in the treatment of rheumatoid arthritis Abstract

  

	Rheumatoid arthritis (RA) is a chronic autoimmune disease that affects 0.5-1% of the world
	population. Current treatments include on one hand nonsteroidal anti-inflammatory drugs
	and glucocorticoids (GCs) for treating pain and on the other hand disease-modifying anti-
	rheumatic drugs such as methotrexate, Janus kinase inhibitors or biologics such as
	antibodies targeting mainly cytokine expression. More recently, nucleic acids such as
	siRNA, miRNA, or anti-miRNA have shown strong potentialities for the treatment of RA.

Travaux expérimentaux Chapitre II Synthèse et caractérisation de dendrons phosphorés cationiques amphiphiles Résumé

  

	Le développement de vecteurs sûrs et efficaces est un défi majeur pour l'administration
	d'acides nucléiques et de substances actives hydrophobes. Les micelles formées par les
	dendrons amphiphiles sont considérées comme des vecteurs prometteurs pour les acides
	nucléiques car elles combinent les caractéristiques physiques et chimiques des lipides
	cationiques et une faible cytotoxicité. Par conséquent, nous avons synthétisé et caractérisé
	4 types de dendrons phosphorés amphiphiles. Le dendron C17P10 constitué d'une chaîne
	aliphatique en C17 et de 10 groupements pyrrolidinium est capable de s'auto-assembler
	sous forme de micelles à une concentration micellaire critique t basse (≈ 0.2 mM), lui
	conférant un potentiel intéressant en termes de vectorisation d'acides nucléiques.
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Table 1 .

 1 Size and polydispersity index (PDI) of DXM-loaded nanoparticles and

	DXM-loaded dendriplexes at different dendron/DXM molar ratios and N/P
	ratios.

Table 1 .

 1 Comparison in physical characterization between DP dendrimer[1] and C17P10 amphiphilic dendron.

		DP dendrimer	C17P10
		Cationic phosphorus	Amphiphilic
	Structure		
		dendrimers	phosphorus dendron
	Generation	3	1
	MW (g/mol)	16188	3112
	Surface group	pyrrolidinium	pyrrolidinium
	Number of surface group	48	10
	pKa	8.1	5, 8.8, and 11
	Hydrodynamic diameter		
		2.7	8
	(nm)		
	Selected N/P ratio	5	5
	Size of dendriplexes (nm)		
		170	95
	(N/P ratio of 5)		
	Zeta potential (mV)		
		30	27.7
	(N/P ratio of 5)		
	Safe siRNA concentration		

General Discussion
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Chapter I

Experimental work

Chapter II Synthesis and characterization of amphiphilic phosphorus dendrimers

Abstract

The requirement of safe and efficient carriers is the major challenge for the delivery of nucleic acids and hydrophobic drugs. Micelles formed by cationic amphiphilic dendron are considered as a promising nucleic acid delivery system due to their physical and chemical characteristics of cationic lipid-like structures and low cytotoxicity. Here, we present the synthesis of 4 types of cationic amphiphilic phosphorus dendrons and their characterization where the length of the hydrophobic tail was varied (11 or 17 carbons) as well as the number of terminal groups (4 or 10) and their nature (piperidinium or pyrrolidinium). We show that the C17P10 dendron bearing 10 pyrrodlidium groups with a relatively long aliphatic chain can self-assemble into micelles at a lower critical micelles concentration than dendron with shorter aliphatic chains suggesting C17P10 potential as a carrier for the delivery of nucleic acids.

Supporting information:

pKa of dendron, siRNA loading efficiency of dendriplexes, and the results of the first in vivo study are presented in supporting information. 

Supporting information

Abstract

The purpose of the present work is to design dendriplexes for the concomitant delivery of two anti-inflammatory agents: dexamethasone (DXM) and an TNF-α siRNA. A novel amphiphilic dendron bearing cationic pyrrolidinium groups was synthesized. The dendron was shown to encapsulate a large amount of hydrophobic DXM and also to strongly bind siRNA, yielding to small nanoparticles of about 100 nm or DXM-loaded dendriplexes. These DXMloaded dendriplexes, present the ability to protect siRNA from nuclease degradation and promote cellular uptake. A synergistic anti-inflammatory effect of dexamethasone and TNF-α siRNA was demonstrated in lipopolysaccharideactivated mouse macrophage cell line RAW264.7. These results suggest that these DXM-loaded dendriplexes could represent an interesting strategy in treating inflammatory diseases.

We also find out that binding siRNA was possible with the non-forming micelle C11P10 only when it was loaded with DXM. DXM-loaded dendriplexes, exactly like C17P10 dendriplexes, were formed at the same N/P ratio of 5. This common property is likely associated with the same number of hydrophilic end-groups, which provides same positive charge to complex the negatively charged siRNA. Indeed, when comparing the role of the pyrrolidinium head group on binding siRNA. DXM located mainly in the inner core of the particle does not seem to interfere with siRNA binding. Deriu et al [16] found out that the dendrimer bearing pyrrolidinium end groups show the higher complexation stability with siRNA, which is herein quantified by the complexation free energy as the sum of the enthalpic contribution and the entropic contribution.

The other common other property is the similar size of both dendriplexes at the N/P ratio of 5. This diameter is comparable to what was observed for amphiphilic dendrimer of similar structure [14,17]. Nevertheless, in both cases it is very difficult to consider the type of organization of the dendriplexes. It is very likely that upon binding of siRNA micelles aggregates to form larger particles as described in papers [12,16] and schematized in figure 1.

General conclusion and perspectives

In this thesis, we have screened out two amphiphilic dendrons (C17P10 and C11P10) for their potential as delivery system for siRNA alone or in combination with DXM. CMC measurement of amphiphilic dendrons demonstrated how tail length and generation (C11M4 and C11M10) play a key role in the micellar organization. A more systematic study with several amphiphilic dendrons of approaching structures could allow to develop new compounds with lower CMC and therefore better biocompatibility and eventually produce assemblies of smaller size when complexing with nucleic acid.

We have also shown that the presence of cationic end groups made of pyrrolidinium is a key parameter for siRNA complexation, its protection against nuclease degradation, and improvement of intracellular siRNA penetration.

Dendriplexes at the N/P ratio of 5 were considered as a good compromise between size and good binding affinity for high siRNA concentration. siRNA complexation also reduced the overall cytotoxicity of amphiphilic dendron.

Dendriplexes presented a good inhibition of TNF-α in vitro and significant antiinflammatory effect in CIA mice model. The dose and sequence-dependent effect of siRNA in dendriplexes were demonstrated both in vitro and in vivo.

Dendriplexes were able to induce siRNA accumulation in the inflamed paw by Extravasation through Leaky Vasculature and subsequent Inflammatory cell-