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Preeclampsia is a serious pregnancy disorder characterized by the onset of high blood pressure and proteinuria. Although the understanding of the disease is increasing, it remains without treatment, other than the delivery of the baby and the placenta. This review sets out to discuss some new developments and strategies in the treatment of preeclampsia. We briefly review the current knowledge on the preeclamptic pathophysiology. We then examine the recent trends in preeclampsia treatment and, in particular, the tracks of potential therapeutic targets. Finally, we focus on the possibilities that nanocarriers could offer in the management of preeclampsia.

Indeed, nanocarriers could help to prevent transplacental passage and promote placentalspecific drug delivery, thereby both enhancing efficacy and improving safety. Tendencies are then drawn from the available studies on the optimal characteristics of a nanocarrier to deliver drugs to the placenta.

List of Figures

Figure 1: The human placenta is the exchange organ between the maternal and fetal circulation. The tertiary villous represents the placental structural and functional unit. Each villous is constituted of a mesenchymal axis, containing the fetal capillaries (orange), linked to the umbilical vessels. Two layers of trophoblastic cells surround the mesenchymal axis: a layer of villous cytotrophoblasts (yellow) and a syncytium layer, the syncytiotrophoblast (green). The latter is in contact with maternal blood within the intervillous chamber. The maternal oxygenated blood enters the chamber through the uterine spiral arteries (red arrow), and the uterine veins drain the deoxygenated blood (blue arrow). . Figure 4: Flt-1 variants and splicing mechanism, adapted from [START_REF] Huckle | Post-transcriptional control of expression of sFlt-1, an endogenous inhibitor of vascular endothelial growth factor[END_REF][START_REF] Thomas | Intronic polyadenylation signal sequences and alternate splicing generate human soluble Flt1 variants and regulate the abundance of soluble Flt1 in the placenta[END_REF]. A) Schematic of the Flt-1 transcripts.

Dark line represents the mature mRNA while the filled boxes represent the coding sequence. The location of exons 1, 13, 14, and 30 are shown above each transcript as open boxes and the skipped splice site in exon 13 is also indicated. The true extent of the 3'UTR in sFlt-1 is not known. B) Scale map of Flt-1 intron 13 indicating sites of consensus cleavage-polyadenylation signals #1-6, the 5'-polyadenylation site (''5'-pA'') previously reported [START_REF] He | Alternative splicing of vascular endothelial growth factor (VEGF)-R1 (FLT-1) pre-mRNA is important for the regulation of VEGF activity[END_REF], and restriction endonuclease cleavage by XbaI (X), HindIII (H), AgeI (A), MluI (M), and BtrI Values represent the average of duplicate quantitative polymerase chain reaction experiments measuring copy number of all 5 Flt-1 transcripts (tm, v1, v2, v3, and v4) normalized to the PSMD4 (Proteasome 26S Subunit, Non-ATPase 4) copy number. The total transcript level per tissue is set to 100%, and individual transcript fractions were calculated and marked as indicated. Total normalized Flt-1 copy number (total Flt-1) and the percentage of transcripts encoding soluble receptor forms (%sFlt-1) is indicated at the right side [START_REF] Jebbink | Expression of placental FLT1 transcript variants relates to both gestational hypertensive disease and fetal growth[END_REF]. ....... 55 Figure 6: Potential mechanism of oxygen level influencing Flt-1 gene splicing via Jmjd6 [START_REF] Palmer | Jumonji Domain Containing Protein 6 Is Decreased in Human Preeclamptic Placentas and Regulates sFLT-1 Splice Variant Production[END_REF]. Under normoxic conditions, Jmjd6 is active and hydroxylates U2AF65, resulting in production of Flt-1. In contrast, under hypoxia, the catalytic activity of Jmjd6 is minimized, resulting in reduced hydroxylation of U2AF65 and in turn alternate splicing of Flt-1 pre-mRNA towards production of sFlt-1 variants. ......................................... 57 Figure 7: Small interfering RNAs (siRNAs) have a specific structure allowing them to bind within RNA interference-induced silencing complex. The siRNA structure is composed of two strands, a 19 base pair region of duplex, with two unpaired overlapping nucleotides on the 3'-end of each strand. The site at which the mRNA target is cleaved (leaving the antisense strand intact) is indicated by a bold arrow. The sequence depicted is ALN-RSV01. dT, deoxythymidine [START_REF] Devincenzo | The promise, pitfalls and progress of RNA-interference-based antiviral therapy for respiratory viruses[END_REF] Figure 8: The mechanism of RNA interference. Long double-stranded RNA (dsRNA) is introduced into the cytoplasm, where it is cleaved into small interfering RNA (siRNA) by the enzyme Dicer. Alternatively, siRNA can be introduced directly into the cell. The siRNA is then incorporated into the RNA-induced silencing complex (RISC), resulting in the cleavage of the sense strand of RNA by argonaute 2 (AGO2). The activated RISC-siRNA complex seeks out, binds to and degrades complementary mRNA, which leads to the silencing of the target gene. The activated RISC-siRNA complex can then be recycled for the destruction of identical mRNA targets [START_REF] Whitehead | Erratum: Knocking down barriers: advances in siRNA delivery[END_REF] A) Name, sequence, and chemical modifications of unmodified and modified siRNA. Lowercase letters = unmodified RNA, underlined bold letters = 2'-OMe. B) Serum stability of siRNAs. Unmodified and modified siRNAs were incubated in 10% human serum at 37°C for 0, 1, 3, 6, or 24 h and aliquots were analyzed on 15% native polyacrylamide gels. The modified sequence's migration on the gel is unchanged after 24 hours incubation in serum while the unmodified one appears degraded after one hour. Adapted from [START_REF] Choung | siRNAs to Improve Serum Stability without Loss of Efficacy[END_REF]. ........ 67 depicted as gray boxes and introns as lines. An intronic splicing silencer (ISS, red) and exonic splicing enhancer (ESE, green) are shown bound by a transacting inhibitory splicing factor protein (red oval) or stimulatory splicing factor (green oval). These SF proteins either block (-) or promote (+) splicing at splice sites bordering the surrounding exons. (left panel) An SSO that base-pairs to a splicing enhancer sequence creates a steric block to the binding of the stimulatory splicing factor to its cognate enhancer binding site. This block thereby disrupts splicing and results in exon skipping. (right panel) In contrast, an SSO that base-pairs to a splicing silencer sequence element blocks splicing silencer activity by preventing binding of a negatively acting splicing factor. Disruption of the binding of splicing inhibitory proteins to its cognate binding sequence activates splicing at the splice site that is negatively regulated by the silencer element, resulting in exon inclusion [START_REF] Havens | Splice-switching antisense oligonucleotides as therapeutic drugs[END_REF] Illustrations of representative villi of an explant incubated with A) free CF and C) liposomal CF. Visualization of the villous structure I and IV; CF and CK07: II and V; rhodamine-labeled liposomes and CK07: III and VI. Blue: DNA nuclei; Cyan: cytokeratin 7 immunolabeling cells of trophoblastic origin; Green: carboxyfluorescein; Red: rhodamine-labeled liposomes; STB: syncytiotrophoblast layer; M: mesenchyma containing fetal vessels (n=3). Signal intensity ratio between trophoblastic cells and mesenchymal axis into the placental chorionic villi of B) free and liposomal CF and D) free CF and rhodamine-labeled liposomes.

Green signal intensity ratios (CF, B) were not significantly different between groups whereas red signal intensity ratio (rhodamine, D) was significantly higher following incubation with liposomes (Control vs. Presented as Fold change to control untransfected cells (2 -∆∆Ct ). siCtl transfected with non-coding siRNA, siRNA v1, v2 and v1+v2 transfected respectively with either siRNA v1, siRNA v2 or an equimolar concentration of both. Total siRNA concentration 20 nM. Measurements realized 24 h after transfection. Mann Whitney test, all comparisons between treatment and control were non-significant (n=3 placentae, P>0.05). I am deeply grateful to all the UTCBS laboratory members.
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Introduction

Preeclampsia is a hypertensive disorder of pregnancy associated with placental insufficiency.

PE is responsible for 3-4 % of pregnancies complications according to WHO reports. Some complications of preeclampsia are extremely severe causing obstetric morbidity and mortality worldwide : 76 000 maternal and around 500 000 babies death every year [1,2]. This disease is also one of the major causes of extreme prematurity (20% of preterm births before 32 weeks of gestation) [START_REF] Gluckman | Effect of in utero and earlylife conditions on adult health and disease[END_REF][START_REF] Romero | Preterm labor: one syndrome, many causes[END_REF][5][START_REF]Report of the National High Blood Pressure Education Program Working Group on High Blood Pressure in Pregnancy[END_REF].

The establishment of the foetal-placental unit with the maternal organism is an important factor of pregnancy outcome. Placental anomalies may affect foetal growth and the outcome of pregnancy, leading to a medical obligation to terminate pregnancy. No curative treatment for preeclampsia is currently available. The delivery of the placenta is the only way to ease the mother's symptoms and save her life in case of severe preeclampsia.

Nanomedicine is a recent concept of drug delivery based on the design of safe, biocompatible and biodegradable nanocarriers. The term "nanocarrier" refers to any particle with at least one dimension included in a range of 1 to 100 nm, although depending on the context and subject of study, the definition can be extended to bigger particles (<1µm). Loading drugs into nanocarriers aims at modifying their biodistribution, at increasing their efficacy and decreasing their side effects by carrying a larger part of these active molecules to the targeted tissues [START_REF] Couvreur | Nanotechnology: Intelligent Design to Treat Complex Disease[END_REF][START_REF] Wang | Nanoparticle-based drug delivery systems: What can they really do in vivo?[END_REF].

This strategy can be promising to improve the specificity of new therapeutic approaches and to adapt it to the pregnant patient.

From the available information on the pathology, and further investigations on treatments for preeclampsia, new strategies are emerging. In this review, we will discuss the pathophysiology of preeclampsia, the envisioned therapeutic targets, and the benefits and feasibility of a nanomedicine strategy.

Pathophysiology of abnormal pregnancy related to preeclampsia

The placenta is constituted of embryonic components, trophoblastic cells and derivatives, and some components of the maternal uterus. During pregnancy, the main function of the placenta is to promote growth and development for the embryo/fetus. In humans, placentation is hemochorial. Schematically, placenta can be divided in two parts: the chorionic plate, composed of floating villous, representing the placental structural and functional unit and the basal plate, composed of anchoring villous, attached to the maternal endometrium. In the non-pregnant state, the walls of the uterine spiral and radial arteries are highly innervated and contain many smooth muscle cells, being therefore highly responsive to both exogenous and endogenous stimuli [START_REF] Martin | The fetal placental circulation in rhesus monkeys demonstrated by radioangiography[END_REF]. During the first trimester of pregnancy, this vascular network undergoes massive remodeling under the influence of: i) angiogenic factors produced by trophoblastic and immune cells, and ii) extravillous trophoblast invasion. Hence, after remodeling, the uteroplacental perfusion is independent of any local regulation and spiral arteries' diameters are wider. It results in low-resistance circulation thus velocity and force of the maternal blood entering the intervillous space is reduced. The vascular remodeling provides optimal maternal-fetal exchanges, acting on the flow rate and constancy, ensuring uninterruptible circulation to the placenta [START_REF] Burton | Rheological and Physiological Consequences of Conversion of the Maternal Spiral Arteries for Uteroplacental Blood Flow during Human Pregnancy[END_REF].

To support the vascular remodeling, the extravillous cytotrophoblasts secrete various angiogenic factors, mostly the vascular endothelial growth factor (VEGF) and the placental growth factor (PlGF). These factors are also secreted by the villous trophoblasts and participate to the early vascular remodeling. Indeed, a part of the initial modifications of the uteroplacental arteries is independent of the trophoblastic invasion, but regulated by various angiogenic factors. The main functions of those factors are to regulate angiogenesis, induce cellular proliferation and increase vascular permeability. They induce vascular development through interactions with the high affinity receptor tyrosine kinases Flt-1 (VEGFR-1) and KDR (VEGFR-2) on endothelial cells of the local myometrial vascular network but also at the systemic level, on the maternal endothelium [START_REF] Carmeliet | Developmental biology. One cell, two fates[END_REF].

To modulate VEGF and PlGF bioavailability, VEGFR-1 is produced as the soluble form, sFlt-1, a splice variant without cytoplasmic and transmembrane domains [START_REF] Fan | Endometrial VEGF induces placental sFLT1 and leads to pregnancy complications[END_REF][START_REF] Agarwal | Preeclampsia and the anti-angiogenic state[END_REF]. In case of local excess of VEGF, it is captured by sFlt-1 [START_REF] Kendall | Inhibition of vascular endothelial cell growth factor activity by an endogenously encoded soluble receptor[END_REF]. sFlt-1 normal concentrations in maternal circulation start from around 0.5 ng/mL in the first and second trimester to reach 2 ng/mL in the third, then fall quickly after delivery [START_REF] Verlohren | New gestational phasespecific cutoff values for the use of the soluble fms-like tyrosine kinase-1/placental growth factor ratio as a diagnostic test for preeclampsia[END_REF]. In case of preeclampsia, secretion of sFlt-1 is increased and becomes disproportionate, it captures circulating VEGF and PlGF.

Preeclampsia is described as a three stages pathophysiology (Figure 2A).

Firstly, abnormal perfusion of the intervillous chamber is caused by an abnormal uterine vascular remodeling. Compared to normal pregnancy, cytotrophoblast invasion is shallow and the uterine arteries remodel incompletely [START_REF] Meekins | A study of placental bed spiral arteries and trophoblast invasion in normal and severe pre-eclamptic pregnancies[END_REF]. Subsequently, uterine arteries keep a small diameter and their vasoconstrictive capacities, causing severe morphological changes in the hemochorial situation (echogenic cystic lesions for example) [START_REF] Burton | Rheological and Physiological Consequences of Conversion of the Maternal Spiral Arteries for Uteroplacental Blood Flow during Human Pregnancy[END_REF].

Secondly, placental hypoxia and ischemia reperfusion bring to placental hypoperfusion and dysfunction of the syncytiotrophoblast layer [START_REF] Burton | Placental oxidative stress: from miscarriage to preeclampsia[END_REF].

Thirdly, the placenta liberates necrotic fragments and secretes soluble factors, the latter induce maternal endothelial dysfunction and particularly in the kidneys [START_REF] Redman | Latest advances in understanding preeclampsia[END_REF].

Currently, imbalance of pro-and anti-angiogenic factors is considered associated with the third step of the pathophysiology, maternal endothelial dysfunction. The sFlt-1/PlGF ratio is suggested as a diagnostic tool, to predict if a woman with a clinical suspicion of preeclampsia will develop the disease in a short term [START_REF] Zeisler | Predictive Value of the sFlt-1:PlGF Ratio in Women with Suspected Preeclampsia[END_REF]. Indeed, Maynard et al. showed that hyperexpression of sFlt-1 through recombinant adenoviruses in a rodent model induced preeclamptic symptoms [START_REF] Maynard | Excess placental soluble fms-like tyrosine kinase 1 ( sFlt1 ) may contribute to endothelial dysfunction , hypertension , and proteinuria in preeclampsia[END_REF]. Then, several clinical studies have shown that a higher sFlt-1 release in the maternal circulation correlates with the severity of the disease. The mean sFlt-1 level in women with severe preeclampsia was around five times higher than in normal-term pregnant women. In preeclamptic women, total VEGF concentration remains high, while free VEGF and free PlGF are lowered by the excess of sFlt-1 [START_REF] Tsatsaris | Overexpression of the soluble vascular endothelial growth factor receptor in preeclamptic patients: pathophysiological consequences[END_REF][START_REF] Haggerty | Second trimester anti-angiogenic proteins and preeclampsia[END_REF] (Figure 2B).

Accordingly, the placenta itself appears as a justifiable target for preeclampsia therapy.

Therapy attempts

New evidences about the disease's pathophysiology enables exploration of various preventive and therapeutic possibilities.

Preventive strategies include antioxidant molecules like aspirin, vitamins C, E [START_REF] Lecarpentier | Statins and Pregnancy Between Supposed Risks and Theoretical Benefits[END_REF][START_REF] Rolnik | Aspirin versus Placebo in Pregnancies at High Risk for Preterm Preeclampsia[END_REF] and NO donors [START_REF] Doumas | PDE-5 Inhibitors: Clinical Points[END_REF][START_REF] Gillis | Sildenafil Treatment Ameliorates the Maternal Syndrome of Preeclampsia and Rescues Fetal Growth in the Dahl Salt-Sensitive Rat[END_REF].

Known to reduce inflammation, with an antioxidant activity by decreasing free radicals' formation and TNF-alpha's secretion, resveratrol was investigated. The drug reduced sFlt-1 production from the human placenta in vitro [START_REF] Fenton | Future therapies for pre-eclampsia: Beyond treading water[END_REF] and inhibited Flt-1 promoter in human endothelial cells and immortalized trophoblasts [START_REF] Cudmore | Resveratrol inhibits the release of soluble fms-like tyrosine kinase (sFlt-1) from human placenta[END_REF][START_REF] Baur | Therapeutic potential of resveratrol: the in vivo evidence[END_REF]. However, this strategy is limited by the low bioavailability of the molecule and its action on Flt-1 promoter. Actually, inhibition of local VEGF signaling through the membrane receptor Flt-1 could have a local toxic effect on the placenta.

The effects of statins on preeclampsia is intensively discussed. Simvastatin was shown to reduce the release of sFlt-1 in endothelial cells and placental explants via the increase of heme oxygenase-1, an enzyme catalyzing a heme degradation step [START_REF] Cudmore | Negative Regulation of Soluble Flt-1 and Soluble Endoglin Release by Heme Oxygenase-1[END_REF]. Pravastatin increased free VEGF in an immunological model of murine preeclampsia [START_REF] Ahmed | A new mouse model to explore therapies for preeclampsia[END_REF] and restored the angiogenic VEGF/sFlt-l balance, not only by decreasing sFlt-1 but also by increasing PlGF in the mother's circulation [START_REF] Kumasawa | Pravastatin induces placental growth factor (PGF) and ameliorates preeclampsia in a mouse model[END_REF]. Statins' suggested pleiotropic effects (anti-inflammatory, anti-thrombotic, antioxidant and vascular protective) could imply different indications in preeclampsia from prevention, treatment of established preeclampsia to limitation of vascular complications after delivery, if the safety data are completed [START_REF] Cindrova-Davies | The therapeutic potential of antioxidants, ER chaperones, NO and H2S donors, and statins for treatment of preeclampsia[END_REF]. Those drugs are currently contraindicated in pregnant woman. Indeed, the statins inhibits the HMG-CoA reductase, yet, this enzyme's activity is necessary to a normal placental development and pre-clinical and clinical safety data seem inconsistent [START_REF] Lecarpentier | Statins and Pregnancy Between Supposed Risks and Theoretical Benefits[END_REF].

VEGF is known to be essential to the health the renal glomerulus' endothelium, the brain and liver [START_REF] Esser | Vascular endothelial growth factor induces endothelial fenestrations in vitro[END_REF][START_REF] Li | Recombinant vascular endothelial growth factor 121 attenuates hypertension and improves kidney damage in a rat model of preeclampsia[END_REF]. Authors did not report any adverse effect but some concerns can arise from a potential systemic administration of this angiogenic factor, as it could trigger some abnormal angiogenesis process.

Hypoxia inducible factor 1 inhibitors (HIF1) are investigated to indirectly reduce sFlt-1 circulating levels. Three molecules (Ouabain, YC-1 and Metformin) have been assessed with preclinical tests on placental explants, primary villous cytotrophoblasts cells and one on hypertensive rats. Ouabain inhibited HIF1 in the three models but no inhibition of Flt-1 gene splicing was shown, only an inhibition of transcription of both sFlt-1 and Flt-1 [START_REF] Rana | Ouabain inhibits placental sFlt1 production by repressing HSP27-dependent HIF-1 alpha pathway[END_REF]. sFlt-1 expression was reduced after exposition to YC-1, a HIF1-I and a guanylyl cyclase activator [START_REF] Brownfoot | Kaitu'u-Lino, YC-1 reduces placental sFlt-1 and soluble endoglin production and decreases endothelial dysfunction: A possible therapeutic for preeclampsia[END_REF]. Metformin was able to inhibit HIF1by reducing mitochondrial electron transport chain activity. Experiments showed sFlt-1 mRNA expression reduction in placental villous explants [START_REF] Brownfoot | Metformin as a prevention and treatment for preeclampsia: effects on soluble fms-like tyrosine kinase 1 and soluble endoglin secretion and endothelial dysfunction[END_REF]. Compared to the two other molecules, the safety profile of metformin is well known and it is authorized in pregnant woman. Safety data of this indication were collected and reviewed recently by Andrade [START_REF] Andrade | Major Malformation Risk, Pregnancy Outcomes, and Neurodevelopmental Outcomes Associated With Metformin Use During Pregnancy[END_REF]. However, HIF1 implication in preeclampsia's pathophysiology is not fully understood yet and require more investigations. Moreover, a physiological hypoxia is essential for placental development, in early first trimester the chorionic villi develop in a lowoxygen environment (20 mm Hg) [START_REF] Jauniaux | Evaluation of respiratory gases and acid-base gradients in human fetal fluids and uteroplacental tissue between 7 and 16 weeks' gestation[END_REF]. Manipulation of HIF1 may therefore not only ease the pathological hypoxia resulting from impaired uteroplacental perfusion but also interfere with normal physiological processes.

To explore ways of shifting the angiogenesis balance, therapeutic apheresis to remove sFlt-1 was clinically tested. In the first pilot study, sFlt-1 levels were reduced by 17% to 34%.

Pregnancies of eight patients with early onset preeclampsia were prolonged by 2 to 4 weeks without any major complications. The adsorption is based on electrostatic interactions, the negatively charged column (dextran sulfate cellulose) extracts the positively charged sFlt-1, whether or not it is bound to PlGF or VEGF [START_REF] Thadhani | Pilot Study of Extracorporeal Removal of Soluble Fms-Like Tyrosine Kinase 1 in Preeclampsia[END_REF].

Going further, the same group, Thadhani et al., showed, that with a plasma-specific apheresis, proteinuria was lowered, blood pressure stabilized and average sFlt-1 plasma concentration reduced by 7% to 28%. The mother's plasma was first separated and then passed through a plasma-specific dextran sulfate column [START_REF] Thadhani | Removal of Soluble Fms-Like Tyrosine Kinase-1 by Dextran Sulfate Apheresis in Preeclampsia[END_REF].

In both studies, the technique is nonspecific and results in the adsorption of many other molecules, notably coagulation factors. Authors hypothesize that optimizing the specificity of the apheresis cartridge would be more effective and enable to lower the side effects. This procedure is either way extremely invasive and requires a very specific clinical setting, limiting its accessibility for the patients.

Nanotechnology-based approaches

Well-designed formulations are required to help satisfy the unmet medical need and improve the specificity of these suggested therapeutic strategies. Nanomedicines are potential means of modifying the pharmacokinetic and biodistribution profiles of drugs. A special attention was consequently given to nanomedicine as a novel and safer approach for drug administration to pregnant women [START_REF] Keelan | Therapeutic and safety considerations of nanoparticle-mediated drug delivery in pregnancy[END_REF][START_REF] Muoth | Nanoparticle transport across the placental barrier: pushing the field forward![END_REF].

The particular physiological conditions of the pregnant woman allow nanocarriers to be a relevant therapeutic strategy to deliver drugs to the placental cells. During pregnancy, the cardiovascular function of the mother undergoes two synergistic adjustments to promote the uteroplacental blood supply. First, the blood flow towards uterus and placenta increases, second, hemodynamic changes in the maternal circulation lead to an increase of the blood volume and cardiac output [START_REF] Burton | Rheological and Physiological Consequences of Conversion of the Maternal Spiral Arteries for Uteroplacental Blood Flow during Human Pregnancy[END_REF]. The increasing blood flow, supporting the passage of nutrients during pregnancy, can promote interactions of intravenously administered nanocarriers with the placenta. At term, about 500 mL/min of maternal blood perfuse the placenta. The intravenously injected nanocarriers would end up in the intervillous chambers, where chorionic villous are immersed, allowing prolonged contact and thus increasing the probability of internalization and release of the drug inside the placental cells. The blood pressure within the intervillous space is low (10 mmHg) compare to blood flow in the uterine arteries (70 mmHg). More importantly, when the blood emerge from the spiral arteries to the intervillous space, there is very little impedance to blood flow and the velocity falls very quickly (ten-fold decrease) [START_REF] Burton | Rheological and Physiological Consequences of Conversion of the Maternal Spiral Arteries for Uteroplacental Blood Flow during Human Pregnancy[END_REF].

Lecarpentier et al. estimated with three different computational models that the shear stress applied to the syncytiotrophoblast in vivo was low, around 1 to 2 dyn.cm-². For example, cytoadhesion of plasmodium infected erythrocytes was consequently favored [START_REF] Lecarpentier | Fluid Shear Stress Promotes Placental Growth Factor Upregulation in Human Syncytiotrophoblast Through the cAMP-PKA Signaling Pathway Novelty and Significance[END_REF]. This context should therefore induce longer interactions between nanocarriers and cells, subsequently leading to a passive targeting of the syncytiotrophoblast.

In the purpose of placental drug delivery, the nanocarriers design would allow to improve drug impregnation of placental cells and increase the safety profile by impeding transplacental passage. Several studies reported the behavior of nanocarriers in terms of placental retention and transplacental passage. In the next section, we will summarize the published reports, identifying the key characteristics for a nanocarrier to deliver drugs to the placenta.

Nanocarriers safety

Numerous authors studied the transfer of inorganic, metallic and non-biodegradable nanoparticles towards the fetus, mostly to assess their potential adverse consequences. Carbon nanotubes, polystyrene, iron, silica and many other nanoparticles were evaluated, mainly on animal models to evaluate their toxicity. Overall, studies have shown little or no fetal toxicity of the nanoparticles tested (detailed review [START_REF] Keelan | Therapeutic and safety considerations of nanoparticle-mediated drug delivery in pregnancy[END_REF]). However, no extrapolation is possible to every type of nanoparticles, the chemical composition of nanocarriers being a critical factor regarding their safety of use.

Bio-inspired materials are the best candidates for nano-delivery systems thanks to their biocompatibility and biodegradability [START_REF] Alhareth | How should we plan the future of nanomedicine for cancer diagnosis and therapy?[END_REF]. Among them, we focused on liposomal nanocarriers, considered as a biological-based nanocarriers and one of the safest available [START_REF] Slingerland | Liposomal drug formulations in cancer therapy: 15 years along the road[END_REF].

Placental retention and transplacental passage of liposomal nanocarriers

Liposomes are auto-assembled structures of phospholipid bilayers. The size of liposomes designed for medical applications is generally in the 100-400 nm range depending on their composition and preparation method. The nanoparticles size influence their clearance, relatively small nanoparticles are rapidly cleared by the kidneys, while larger nanoparticles are cleared by the reticuloendothelial system [START_REF] Thakor | Nanooncology: The future of cancer diagnosis and therapy, CA[END_REF]. Stealth liposomes like PEGylated liposomes are designed with poly (ethylene glycol) (PEG) chains on their surface in order to prolong their blood circulation time by reducing liposomes reticuloendothelial system uptake. The functionalized liposomes are designed with a specific ligand improving their targeting efficiency.

An early and extensive study was conducted by Tuzel-Kox et al. to explore the potential of liposomes to deliver drugs to the foetoplacental unit. Liposomes with different surface charges, size and lipid compositions were studied in gravid rats and rabbits. Various active substances entrapped in liposomes (methotrexate, penicillin, riboflavin and inulin) were up taken 2 to 5 times more by the rat placenta as compared to the free drugs.

To compare different sizes and surface charges, the authors used inulin as a probe since this drug is hydrophilic with an important molecular weight (5000). Thus, it is not transferred to the fetal side when it is free. They found more inulin in placenta and uterus of rats and rabbits when it was encapsulated in negative liposomes than in neutral and cationic liposomes. More inulin was also detected in uterus and placenta when the liposomes had a diameter of 33 nm than of 98 nm. Authors concluded that no intact liposomes crossed the placenta towards the fetal side because they did not detect any inulin in the fetuses. This is the only study evaluating transplacental passage of both hydrophobic and hydrophilic substances entrapped in liposomes (penicillin, methotrexate, riboflavin). Encapsulation of the three tested drugs into liposomes led to an increased transplacental passage [START_REF] Tuzel Kox | Uptake of Drug-Carrier Liposomes Delivery of Drugs and Nutrients by Placenta: Transplacental[END_REF].

Another group studied the transplacental passage of valproic acid loaded liposomes. When the drug was encapsulated in neutral liposomes of 230 nm, transfer towards the fetus was reduced as compared to the free valproic acid. This study was conducted on the dually perfused ex vivo human placenta model [START_REF] Barzago | Placental transfer of valproic acid after liposome encapsulation during in vitro human placenta perfusion[END_REF] predicting reliably placental transfer of therapeutic drugs. This model represents the only dynamic method able to recreate the physiological conditions in utero in the third trimester of pregnancy [START_REF] Hutson | The Human Placental Perfusion Model: A Systematic Review and Development of a Model to Predict In Vivo Transfer of Therapeutic Drugs[END_REF].

Such results may appear contradictory with the previous study, nevertheless, comparison of data on placental passage collected with models using different species placentae is not immediate. The diverse results could be driven by the differences in the tested drug's properties able to affect transplacental passage (e.g. lipophilicity). Moreover, the difference could be attributed to the liposomes' size, supporting the importance of studies comparing liposomes of various dimensions.

Liposomes of different sizes, encapsulating carboxyfluorescein as a fluorescent probe, were tested by the group of Bajoria R. in the perfused human placenta model. Small liposomes (74 nm) increased placental uptake and transplacental transfer of carboxyfluorescein while its passage was reduced by large (147 nm) and multi-lamellar (296 nm) liposomes [START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF].

The same group focused also on the effect of different liposomes surface charges with a diameter around 70 nm. The encapsulated carboxyfluorescein was followed and more probe was found in the fetal compartment when it was encapsulated in the anionic and neutral liposomes than in the cationic ones [START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF]. Based on the result of this study, liposomes loaded with thyroxin or warfarin were tested in the perfused human placenta in order to evaluate transplacental transfer of the drug. The results showed that thyroxine encapsulation into anionic liposomes increased the drug's transplacental passage as compared to the drug alone [START_REF] Bajoria | Liposomal Thyroxine: A Noninvasive Model for Transplacental Fetal Therapy[END_REF]. For the warfarin, encapsulation into cationic liposomes reduced the amount of drug able to pass in the fetal compartment [START_REF] Bajoria | Effect of lipid composition of cationic SUV liposomes on materno-fetal transfer of warfarin across the perfused human term placenta[END_REF].

In order to elucidate the mechanism of placental uptake, the same group studied the internalization of carboxyfluorescein loaded small liposomes on human immortalized trophoblastic cells. Liposomes of approximately 70 nm and different surface charges were tested. The levels of internalized carboxyfluorescein were comparable when encapsulated into cationic liposomes or free. Whereas the uptake of carboxyfluorescein was more important when liposomes were anionic than with the neutral ones [START_REF] Bajoria | Endocytotic uptake of small unilamellar liposomes by human trophoblast cells in culture[END_REF]. Authors suggest that endocytosis is one of the placental uptake mechanism of liposomes, in agreement with previous reports [START_REF] Rattanapinyopituk | Demonstration of the Clathrin-and Caveolin-Mediated Endocytosis at the Maternal-Fetal Barrier in Mouse Placenta after Intravenous Administration of Gold Nanoparticles[END_REF][START_REF] Kaul | Mechanism of Uptake of Cationic Nanoparticles by Human Placental[END_REF].

Interestingly, lipidic nanocarriers and especially liposomes are well-known for their ability to penetrate cells by the endocytosis pathway [START_REF] Nogueira | Design of liposomal formulations for cell targeting[END_REF]. The use of cultured trophoblast cells can be a limitation to the extrapolation of this study as they are representative of the proliferative cytotrophoblasts or invasive extravillous cytotrophoblasts, and not the syncytiotrophoblast, and therefore do not express precisely the same repertoire of receptors and molecules.

In another study, indomethacin loaded liposomes marked with rhodamine were tested in a pregnant mice model. The fluorescence of rhodamine labeling was observed in the uterus and placenta but not in the fetuses, whereas the drug was detected in these three locations.

Indomethacin encapsulation in neutral liposomes of 164 nm reduced its level, 7.6 times lower, in the fetus compared to indomethacin alone [START_REF] Refuerzo | Liposomes: a nanoscale drug carrying system to prevent indomethacin passage to the fetus in a pregnant mouse model[END_REF]. This study points out the interest of following both the liposomes and the encapsulated drugs behaviors.

PEGylated liposomes were also tested in animal models. After intravenous injection to pregnant rats, hemoglobin entrapped in neutral liposomes sized 250 nm was found in maternal organs, and placentae but not in the rats' fetuses [START_REF] Kaga | Liposome-encapsulated hemoglobin (hemoglobin-vesicle) is not transferred from mother to fetus at the late stage of pregnancy in the rat model[END_REF].

Another group studied the commercial formulation of PEGylated liposomal doxorubicin (Doxil®, 80 nm). The formulation was perfused 4 hours through human placenta and no doxorubicin from liposomes was detected on the fetal side [START_REF] Soininen | Human placental cell and tissue uptake of doxorubicin and its liposomal formulations[END_REF].

Our group suggested to combine two ex vivo human models: the dually perfused placenta and the placenta explants to evaluate labeled PEGylated liposomes. On the two models, no transplacental passage of the neutral PEGylated liposomes was evidenced [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. showing respectively the effects of size, surface charge and surface decoration. All these data suggest that intact liposomes are not able to pass through the placenta but might influence the passage of drugs with characteristics allowing their intrinsic passage.

Functionalized liposomes with ligand able to recognize a membrane receptor of targeted cells can be an interesting concept to induce tissue-specific interactions and enhance binding and internalization into placental cells. To target the syncytiotrophoblast, first layer of the placenta available from the mother's blood, few ligands have been described in the literature.

King et al. evaluated a library of tumor homing peptides and selected the pentapeptide CGKRK and the cyclic peptide iRGD to build peptide-coated nanocarriers that bind specifically to the maternofetal interface. Authors based the study on the fact that human placenta displays characteristics similar to solid tumors, expressing integrin alpha (v) beta [START_REF] Gluckman | Effect of in utero and earlylife conditions on adult health and disease[END_REF]. One role of some placental cells (extravillous trophoblasts) is to invade the mother's uterus and thus, they share features with the metastatic cells. Consequently, the selected peptides (CGKRK and iRGD)

were tested on human placental explants, they accumulated in the syncytiotrophoblast and have a potential as a ligand for drug delivery system. Then, liposomes decorated with these targeting peptides were injected into pregnant mice, and the biodistribution of the liposomes was assessed qualitatively. Authors concluded that they were mostly localized in the maternofetal interface, the liver and the spleen after detecting some of the encapsulated marker (carboxyfluorescein) in these organs. Thirdly, insulin growth factor II (IGFII) was encapsulated in the decorated liposomes and injected into pregnant mice. This treatment aimed at increasing fetal weight in a model of fetal growth restriction. Fetal weight distribution was improved by the decorated liposomes encapsulating IGFII. Interestingly, no adverse effect of the treatment on the pups was shown [START_REF] King | Tumor-homing peptides as tools for targeted delivery of payloads to the placenta[END_REF].

Following this work, the team identified another targeting peptide, CNKGLRNK that binds to the endothelium of spiral arteries. A nitric oxide donor was encapsulated in functionalized liposomes and injected to healthy pregnant mice or endothelial nitric oxide synthase knockout (eNOS -/-) mice, exhibiting compromised uteroplacental perfusion and fetal growth restriction.

There was no impact on healthy mice while fetal weight and mean spiral artery diameter were improved in eNOS -/-mice [START_REF] Cureton | Selective Targeting of a Novel Vasodilator to the Uterine Vasculature to Treat Impaired Uteroplacental Perfusion in Pregnancy[END_REF].

Besides, Refuerzo et al. customized liposomes to deliver indomethacin more specifically to the uterus, decorating them with a clinically available oxytocin receptor antagonist (ORA) on their surface. When liposomes were decorated with ORA (124 nm size and -21 mV Zeta potential), smooth muscle cells were successfully targeted in vitro, and the biodistribution in pregnant mice revealed indomethacin levels 3 times higher in the uterus than in other organs. Meanwhile, transplacental passage was reduced as compared to indomethacin alone (2-fold reduction) and indomethacin's tocolytic efficacy was maintained. Mice pregnancies were prolonged by 31% and the rate of preterm birth was reduced by 15% as compared to the free drug [66].

Another team targeted the same oxytocin receptor with functionalized liposomes to deliver drugs to the uterus. Encapsulated nifedipine, salbutamol, rolipram and indomethacin were effectively delivered in vitro and in pregnant mice [START_REF] Paul | Drug delivery to the human and mouse uterus using immunoliposomes targeted to the oxytocin receptor[END_REF].

Other approaches could be envisioned, but so far, no specific ligand has been validated for placental drug delivery purposes.

Conclusion

Nowadays, no curative treatment is available for preeclampsia. Consistent data showed that small lowering of sFlt-1 level prolonged preeclamptic pregnancies, thus reduction of circulating sFlt-1 is most likely a valuable therapeutic strategy. Regulation of sFlt-1 or increasing PlGF levels is challenging and requires acting at cellular level to influence biomolecular pathways. Specific biomolecules like antibodies, siRNA or oligonucleotides are envisioned and imply a high need for innovative formulation to go from the therapeutic concept to the actual medicine.

Actually, the use of a nanocarrier targeting placenta and delivering the drug at its site of action will certainly empower the therapy's safety and efficiency. The nanocarrier choice should be based, first, on biodegradability and biocompatibility, second, on limited transplacental passage and specific placental tissue targeting. In this context, liposomes seem to be a judicious choice, ensuring the safety of both mother and fetus. Only trends could be drawn about the second point from the published studies: placental retention rate and transplacental passage seem to depend on the nanocarriers' characteristics but also on the drug's characteristics, gestational age, placental maturity and integrity. Focusing on the target organ, the placenta might be more considered as an exchange organ than a barrier, placental tissue becomes impregnated with nutrients, xenobiotics, or nanocarriers. While, the specific physiological condition of the pregnant woman is favorable to the use of nanocarriers, strategies to improve interactions can be considered. Potential placenta-specific ligands to functionalize nanocarriers must be investigated to promote the targeting specificity.

The nanocarriers' features controlling their placental uptake and their transplacental passage are keys to progress. Safe, biocompatible and biodegradable nanocarriers should be rationally designed and extensively evaluated using relevant models and robust analytical tools in order to treat specifically the preeclamptic pathology.

Supplementary discussion

From the data presented in Table 1 and Table 2, showing respectively the effects of size, surface charge and surface decoration on transplacental passage and placental retention, tendencies can be drawn. The placental retention rate and the transplacental passage seem to depend on the nanocarriers' size, composition and surface structure but also on the encapsulated drug's characteristics.

The few studies conducted tend to show that a drug transplacental transfer is increased when encapsulated into liposomes smaller than 80 nm and decreased or prevented when their hydrodynamic diameter is larger than 150 nm [START_REF] Tuzel Kox | Uptake of Drug-Carrier Liposomes Delivery of Drugs and Nutrients by Placenta: Transplacental[END_REF][START_REF] Refuerzo | Liposomes: a nanoscale drug carrying system to prevent indomethacin passage to the fetus in a pregnant mouse model[END_REF][START_REF] Kaga | Liposome-encapsulated hemoglobin (hemoglobin-vesicle) is not transferred from mother to fetus at the late stage of pregnancy in the rat model[END_REF][START_REF] Barzago | Placental Transferof Valproic Acid after Liposome Encapsulation duringin Vitro Human Placenta Perfusion[END_REF][START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF][START_REF] Refuerzo | Size of the nanovectors determines the transplacental passage in pregnancy: study in rats[END_REF]. Considering the surface charge, cationic liposomes seem to prevent or reduce transfer and placental retention while neutral and anionic liposomes increased both of them [START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF][START_REF] Bajoria | Liposomal Thyroxine: A Noninvasive Model for Transplacental Fetal Therapy[END_REF][START_REF] Bajoria | Effect of lipid composition of cationic SUV liposomes on materno-fetal transfer of warfarin across the perfused human term placenta[END_REF][START_REF] Bajoria | Endocytotic uptake of small unilamellar liposomes by human trophoblast cells in culture[END_REF]. PEGylated liposomes were evaluated in two studies and transplacental passage of the encapsulated drug was either similar to the free drug or reduced [START_REF] Soininen | Human placental cell and tissue uptake of doxorubicin and its liposomal formulations[END_REF][START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF].

Though, caution should be taken when interpreting these results. On the one hand because of some deficiencies in the nanocarriers characterizations. Most studies did not show any information about the size distribution and often no zeta potential measurement was conducted to assert the surface charges of the particles. The encapsulated drug's characteristics should also be taken into account when comparing transfer rates and no study addressed this issue. On the other hand, the few studies were conducted on various placental models of inconstant predictive value for human placenta.

2. The soluble form of the VEGF-R1 receptor (sFlt-1) as a target 2.1. Key role of sFlt-1/PlGF balance As mentioned in the first chapter, it is currently considered that imbalance of pro-and antiangiogenic factors is associated with the third step of the pathophysiology of preeclampsia, the maternal endothelial dysfunction. An important body of evidence points out at the soluble form of the VEGF-R1 receptor, sFlt-1, as a key player in case of preeclampsia: secretion of sFlt-1 is increased and becomes disproportionate in the maternal circulation. It captures circulating VEGF and PlGF preventing their angiogenic actions in distant organs like the kidney.

Clinical studies showed that the higher release of sFlt-1 occurs before onset of clinical symptoms and correlates with the disease severity. The mean sFlt-1 blood concentration in women with severe preeclampsia was around five times higher than in normal-term pregnant women who had 1.5 ± 0.2 ng/mL sFlt-1. Notably, in non-pregnant healthy women, blood concentrations are significantly lower, 0.15 ± 0.04 ng/mL. In preeclamptic women, sera total VEGF concentration remains high while unbound VEGF and PlGF are lowered by the excess of sFlt-1 [START_REF] Maynard | Excess placental soluble fms-like tyrosine kinase 1 ( sFlt1 ) may contribute to endothelial dysfunction , hypertension , and proteinuria in preeclampsia[END_REF]. Other authors confirmed that sFlt-1 concentrations were significantly higher in the preeclampsia group compared with the normal pregnancy group (6.6 ± 5.5 vs 1.8 ± 1.6 ng/mL; p <0.01) [START_REF] Tuzcu | Circulating endothelial cell number and markers of endothelial dysfunction in previously preeclamptic women[END_REF]. More epidemiological information support the key role of angiogenic factors in preeclampsia. Investigating risk factors of preeclampsia, several groups found that some of them, like multiple gestation and trisomy 13, are linked to the increase of circulating sFlt-1 [START_REF] Bdolah | Twin pregnancy and the risk of preeclampsia: bigger placenta or relative ischemia?[END_REF][START_REF] Bdolah | Relationship between nulliparity and preeclampsia may be explained by altered circulating soluble fms-like tyrosine kinase 1[END_REF].

Furthermore, sFlt-1 injections caused severe preeclampsia symptoms in rodents but also led to the associated complications of the human disease. In a mouse model overexpressing sFlt-1, the preeclamptic phenotype was rescued by the co-expression of VEGF [START_REF] Bergmann | Reduction of circulating soluble Flt-1 alleviates preeclampsia-like symptoms in a mouse model[END_REF]. It is to note that VEGF is a major player in the normal development of the glomerulus as well. It has been shown that a lack of VEGF generates glomerular endotheliosis in rodents, a typical lesion in human preeclampsia [START_REF] Maynard | Excess placental soluble fms-like tyrosine kinase 1 ( sFlt1 ) may contribute to endothelial dysfunction , hypertension , and proteinuria in preeclampsia[END_REF].

More knowledge has been gathered through the use of VEGF antagonists as cancer treatment.

Some patients showed preeclampsia-like side effects: hypertension, glomerular endothelial damage and reversible posterior leukoencephalopathy [START_REF] Vigneau | All anti-vascular endothelial growth factor drugs can induce "pre-eclampsia-like syndrome": a RARe study[END_REF][START_REF] Patel | A preeclampsia-like syndrome characterized by reversible hypertension and proteinuria induced by the multitargeted kinase inhibitors sunitinib and sorafenib[END_REF].

The involvement of sFlt-1 in preeclampsia is established but there is still no consensus about the primary cause of preeclampsia. Hypotheses involves hypoxia, genetic background, oxidative stress and inflammation. Altogether these data sustain the hypothesis that high concentrations of sFlt-1 in the mother's circulation inhibits PlGF and VEGF signaling on the vasculature, leading to the preeclamptic clinical signs [START_REF] Steinberg | Angiogenic factors and preeclampsia[END_REF].

sFlt-1 production and regulation

The placental cells, cytotrophoblast and syncytiotrophoblast are the main origin of the sFlt-1 circulating in the maternal blood flow. Nevertheless, it appears to be also loaded and produced by the circulating syncytial knots. The syncytial knots are microparticles detaching from the syncytiotrophoblast layer and ending up free in the mother's circulation [START_REF] Tannetta | Characterisation of syncytiotrophoblast vesicles in normal pregnancy and pre-eclampsia: expression of Flt-1 and endoglin[END_REF][START_REF] Nevo | Increased expression of sFlt-1 in in vivo and in vitro models of human placental hypoxia is mediated by HIF-1[END_REF]. During the third trimester, those microparticles of degenerative syncytiotrophoblast seem to be biologically active and able to release sFlt-1 in the maternal circulation [START_REF] Rajakumar | Transcriptionally Active Syncytial Aggregates in the Maternal Circulation May Contribute to Circulating Soluble Fms-Like Tyrosine Kinase 1 in Preeclampsia[END_REF]. According to the current knowledge, the soluble receptor could be produced by two different mechanisms: alternative splicing of the Flt-1 gene or cleavage of the Flt-1 protein.

Many studies support that sFlt-1 is produced through alternative Flt-1 RNA processing [START_REF] Kendall | Inhibition of vascular endothelial cell growth factor activity by an endogenously encoded soluble receptor[END_REF][START_REF] Huckle | Post-transcriptional control of expression of sFlt-1, an endogenous inhibitor of vascular endothelial growth factor[END_REF][START_REF] He | Alternative splicing of vascular endothelial growth factor (VEGF)-R1 (FLT-1) pre-mRNA is important for the regulation of VEGF activity[END_REF][START_REF] Heydarian | Corrigendum to "Novel Splice Variants of sFlt1 are Upregulated in Preeclampsia[END_REF][START_REF] Thomas | Intronic polyadenylation signal sequences and alternate splicing generate human soluble Flt1 variants and regulate the abundance of soluble Flt1 in the placenta[END_REF]. Some active cleavage-polyadenylation sites have been identified as an alternative splicing mechanism. Huckle and Roche have prepared various Flt-1 gene mutants and thus observed that the alternative polyadenylation sites were not recognized and that the expression of sFlt-1 mRNA decreased while full-length Flt-1 mRNA increased reciprocally [START_REF] Huckle | Post-transcriptional control of expression of sFlt-1, an endogenous inhibitor of vascular endothelial growth factor[END_REF]. It was also demonstrated that strong intronic poly (A) signal sequences generate the heterogeneity of human sFlt-1. From this mechanism arise various sFlt-1 transcripts differing by their C-terminal sequences but constantly exhibiting a large 3' UTR, four of them a clearly identified [START_REF] Thomas | Intronic polyadenylation signal sequences and alternate splicing generate human soluble Flt1 variants and regulate the abundance of soluble Flt1 in the placenta[END_REF] (Figure 4). 

B) Scale map of Flt-1 intron 13 indicating sites of consensus cleavage-polyadenylation signals #1-6, the 5'-polyadenylation site (''5'-pA'') previously reported [82], and restriction endonuclease cleavage by XbaI (X), HindIII (H), AgeI (A), MluI (M), and BtrI (B). Striped bar, hybridization probe for genomic library screening.

Consequently, sFlt-1 is currently considered a family of splice variants. Apart from the first discovered, sFlt-1_v1 or i13, three other variants coding a potential soluble receptor -sFlt-1_v2 or e15a, sFlt-1_v3, and sFlt-1_v4have been identified by a bioinformatics analysis [START_REF] Heydarian | Novel Splice Variants of sFlt1 are Upregulated in Preeclampsia[END_REF].

Among those isoforms, sFlt-1_v2 or e15a was the isoform predominantly detected in preeclamptic women [START_REF] Jebbink | Expression of placental FLT1 transcript variants relates to both gestational hypertensive disease and fetal growth[END_REF] (Figure 5).

Figure 5: Tissue-specific expression of Flt-1 transcript variants. A, Real-time quantitative polymerase chain reaction was performed on RNA isolated from 21 different human tissues, plus human brain microvascular endothelial cells (HBMEC) and human umbilical vein endothelial cells (HUVEC), as indicated on the left. Values represent the average of duplicate quantitative polymerase chain reaction experiments measuring copy number of all 5

Flt-1 transcripts (tm, v1, v2, v3, and v4) normalized to the PSMD4 (Proteasome 26S Subunit, Non-ATPase 4) copy number. The total transcript level per tissue is set to 100%, and individual transcript fractions were calculated and marked as indicated. Total normalized Flt-1 copy number (total Flt-1) and the percentage of transcripts encoding soluble receptor forms (%sFlt-1) is indicated at the right side [START_REF] Jebbink | Expression of placental FLT1 transcript variants relates to both gestational hypertensive disease and fetal growth[END_REF].

Following the second hypothesis, some reports identified two cleavage sites on the Flt-1 protein when evaluating human embryonic kidney cell line HEK293, African green monkey fibroblast cell line COS7 and human endothelial cells, but not in cells of placental origin up till now [START_REF] Raikwar | Protein kinase C regulates FLT1 abundance and stimulates its cleavage in vascular endothelial cells with the release of a soluble PlGF/VEGF antagonist[END_REF][START_REF] Raikwar | Ectodomain cleavage of FLT1 regulates receptor activation and function and is not required for its downstream intracellular cleavage[END_REF][START_REF] Raikwar | N-Terminal Cleavage and Release of the Ectodomain of Flt1 Is Mediated via ADAM10 and ADAM 17 and Regulated by VEGFR2 and the Flt1 Intracellular Domain[END_REF].
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About the regulation mechanism of a potential protein cleavage, no data are yet available. Only little information on sFlt-1's intracellular trafficking was gathered. One group showed that sFlt-1 has to go through the Golgi complex before secretion and that three GTAases, i.e. Rab11, Arf1, and Arf6, are involved in its intracellular transport in HUVEC cells [84][90].

On the splicing switch however, it appears that this competitive selection mechanism of alternative polyadenylation splice sites is a general mechanism found for many receptors [START_REF] Kendall | Inhibition of vascular endothelial cell growth factor activity by an endogenously encoded soluble receptor[END_REF].

He et al. suggested some regulation system, controlling the splicing of sFlt-1/Flt-1 pre-mRNA [START_REF] He | Alternative splicing of vascular endothelial growth factor (VEGF)-R1 (FLT-1) pre-mRNA is important for the regulation of VEGF activity[END_REF]. Indeed, a shift of mature mRNA sFlt-1/Flt-1 ratio normally occurs during pregnancy.

Confirmed by Huckle & Roche, a balance is identified between the intron 13 splicing, producing entire membrane receptor Flt-1 and the polyadenylations in the intron 13, producing the soluble form sFlt-1 [START_REF] Huckle | Post-transcriptional control of expression of sFlt-1, an endogenous inhibitor of vascular endothelial growth factor[END_REF].

On another level, an epigenetic regulator, the Jumanji domain protein Jmjd6, has been shown

to regulate Flt-1 splicing in endothelial cells. When Jmjd6 is lowered, the small nuclear ribonucleoprotein U2AF65 (a component of the spliceosome) is less hydrolyzed and more sFlt-1_v1 is produced [START_REF] Boeckel | Jumonji domain-containing protein 6 (Jmjd6) is required for angiogenic sprouting and regulates splicing of VEGF-receptor 1[END_REF].

The cellular environment and specifically two main factors have been shown to influence the Flt-1/sFlt-1 ratio: local oxygen and VEGF levels.

Oxygen level is known to regulate the Flt-1 gene expression. Indeed, the gene's promoter possesses a hypoxia responsive element (HRE) sequence. When HIF1alpha binds to this sequence the Flt-1 gene is upregulated [START_REF] Gerber | Differential transcriptional regulation of the two vascular endothelial growth factor receptor genes. Flt-1, but not Flk-1/KDR, is up-regulated by hypoxia[END_REF]. It was also shown that Jmjd6 is oxygen dependent.

In placental cells and endothelial cells, hypoxia induced Jmjd6 mRNA reduction and sFLT-1 mRNA and sFlt-1 protein increase [START_REF] Palmer | Jumonji Domain Containing Protein 6 Is Decreased in Human Preeclamptic Placentas and Regulates sFLT-1 Splice Variant Production[END_REF] (Figure 6). Some studies showed that local excess of VEGF is leading to an increased production of sFlt-1, supporting the theory of a local protective role of sFlt-1 in normal pregnancies [START_REF] Fan | Endometrial VEGF induces placental sFLT1 and leads to pregnancy complications[END_REF].

Moreover, an induction of the alternate splicing into sFlt-1 through the VEGFR-2-protein kinase C (PKC)-MEK pathway has been discovered. Indeed, VEGF-A is able to activate the VEGFR-2 receptor leading to this phosphorylation cascade and activating a VEGF-A responsive element in intron 13 of the Flt-1 gene. Authors believe that this responsive element may induce premature cleavage and polyadenylation of intron 13 and thus production of sFlt-1
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3. Envisioned approach to modulate sFlt-1: antisense therapy

Gene therapy

Friedman and Roblin first envisioned the principle of gene therapy. They hypothesized that administration of an exogenous DNA sequence could replace the defective endogenous DNA allele for patients bearing genetic diseases [START_REF] Friedmann | Gene therapy for human genetic disease?[END_REF]. Nowadays other principle have emerged in gene therapy and are applied to many types of nucleic acids. Gene therapy is one of the trendiest subjects among the reference journals and even more because of broader use of CRIPSR/Cas9

in 2013 [START_REF] Naldini | Gene therapy returns to centre stage[END_REF]. Financial investments from pharmaceutical industry can reach huge amounts in this area. For example, the Moderna therapeutics biotech, founded in 2011 in Cambridge (Massachusetts, USA) and specializing in mRNA therapeutics is now valued up to 3 billion dollars (beating every market capitalization records in the pharma industry).

According to the American Society of Gene and Cell Therapy, gene therapy corresponds to the group of methods of exogenous nucleic acid transfer in the cell with the objective of modifying or controlling the proteic expression and obtaining a therapeutic effect [START_REF] Society | Gene Therapy Defined[END_REF]. This large definition enables covering different strategies with a single term.

The main idea of gene therapy is to transfer exogenous nucleic acid into the cell using a carrier.

The first application was the supplementation of a defective gene by providing a functional copy of this same gene to the cellular machinery [START_REF] Weissman | mRNA: Fulfilling the Promise of Gene Therapy[END_REF]. A second application is to modulate the genes' expression via the administration of genes coding for proteins promoting or inhibiting DNA synthesis, transcription factors or via interfering RNA strands or oligonucleotides able to prevent some gene expression [START_REF] Whitehead | Erratum: Knocking down barriers: advances in siRNA delivery[END_REF]. More recently, a third application based on gene editing systems like the CRIPSR/Cas9 system enables edition or real correction of the genome.

Contrasting with the plasmid DNA (pDNA) approaches using a small DNA molecule enabling replication, interfering RNA strategies don't modify the genome itself [START_REF] Kick | CRISPR-Cas9: From a bacterial immune system to genome-edited human cells in clinical trials[END_REF].

Different types of therapeutic oligonucleotides

Gene therapy was first envisioned to promote expression of therapeutic proteins, through the use of pDNA or viruses encapsulating cDNA. Many other applications rose from the discovery of interfering RNA in 1998 [START_REF] Fire | Potent and Specific Genetic Interference by Double-Stranded RNA in Caenorhabditis Elegans[END_REF]. Easier to produce and safer because of lower interactions with the endogenous genome, interfering RNA is still the most promising and researched approach at the preclinical and clinical levels [START_REF] Ozcan | Preclinical and clinical development of siRNA-based therapeutics[END_REF]. Interest rose also since 2008-2010 and the democratization of chemically modified and effectively purified mRNA. Following the same principle, the binding of a complementary oligonucleotide sequence to the targeted RNA, various types of antisense oligonucleotides (AONs) have been developed [START_REF] Kole | RNA therapeutics: beyond RNA interference and antisense oligonucleotides[END_REF]. Finally, the genome editing breakthrough through the precise CRISPR/Cas9 technique in 2014 might enable the future gene therapies to be not only palliative but curative by editing the pathologic mutation itself [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF].

For our application, we will focus on antisense therapy, involving the binding of a complementary oligonucleotide sequence to the targeted RNA. They can be divided into two types of action mechanism: enzyme-dependent degradation of the targeted mRNA or stericblocking oligonucleotides. 3) [START_REF] Zuckerman | Clinical Experiences with Systemically Administered siRNA-Based Therapeutics in Cancer[END_REF][START_REF] Lee | Current preclinical small interfering RNA (siRNA)-based conjugate systems for RNA therapeutics[END_REF]. The strategy is to administer a small (<30 nucleotides) RNA strand able to recognize and hybridize specifically with the RNA coding for a protein and lead to their destruction. This enzyme-dependent mechanism is present endogenously in eukaryote cells (miRNA) [START_REF] De Fougerolles | Interfering with disease: a progress report on siRNA-based therapeutics[END_REF]. Therapeutic strategies use mostly siRNA, there are only slight differences between the use of siRNA or miRNA to silence a given protein (on the binding to the targeted RNA, on the actual degradation of the targeted mRNA) [START_REF] Hsu | Cationic lipid nanoparticles for therapeutic delivery of siRNA and miRNA to murine liver tumor[END_REF].

siRNA are considered less immunogenic than pDNA, mRNA or even miRNA [START_REF] Elbashir | Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells[END_REF][START_REF] Xia | siRNA-Mediated Gene Silencing in Vitro and in Vivo[END_REF][START_REF] Whitehead | Silencing or Stimulation? siRNA Delivery and the Immune System[END_REF].

Table 3 : siRNA based therapeutics in clinical trials [START_REF] Ozcan | Preclinical and clinical development of siRNA-based therapeutics[END_REF].

A siRNA consists in a double stranded RNA duplex (Figure 7) of 19 to 25 nucleotides. The double strand confers more resistance to RNAses compared to the single stranded mRNA. Unlike pDNA or mRNA production techniques that use biological processes (enzymatic or bacterial), siRNA are produced using chemical synthesis. The synthesis is completed by an oligonucleotides synthesizer on solid support. Each RNA strand is synthetized separately, the phosphoramidite bases are added one by one to obtain one strand, and then the strand is unprotected and detached from the solid support. Each strand is purified using ion pairing reversed phase liquid chromatography. Both strands are then hybridized in aqueous buffer to obtain the siRNA duplexes. This synthesis enables easy linkage of fluorescent dyes (i.e.

Rhodamine) or conjugated ligands (i.e. GalNAc) [START_REF] Nair | Multivalent NAcetylgalactosamine-Conjugated siRNA Localizes in Hepatocytes and Elicits Robust RNAi-Mediated Gene Silencing[END_REF]. Large-scale synthesis is already set-up and some companies (like Alnylam® Pharmaceuticals, Cambridge, USA) are producing siRNA for their clinical trials.

Mechanism

After cellular internalization, the siRNA is recognized by the RISC complex (RNA Induced Silencing Complex) present in the cytoplasm. This complex cleaves the sense strand of the siRNA through the recruitment of the Argonaute 2 (AGO2) subunit. The RISC/ARN guide complex then binds the complementary mRNA endogenous sequences present in the cytoplasm and subsequently induces the silencing through the cleavage of the mRNA (Figure 8). The siRNA action takes place only in the cytoplasm and no transfer to the nucleus is thus needed.

The complex is recycled and can therefore cleave many mRNAs within the cell. The half-life of the complex in the cell enables obtaining an effect for 3 to 7 days in a highly dividing cell line while it can last weeks in cells that are not dividing [START_REF] Bartlett | Insights into the Kinetics of siRNA-Mediated Gene Silencing from Live-Cell and Live-Animal Bioluminescent Imaging[END_REF].

siRNA can generate some off target effects that are not easy to detect. The RISC/ARN guide complex can, in a nonspecific manner, bind to some 3'UTR regions patterns of non-targeted mRNA, causing their degradation [START_REF] Jackson | Recognizing and Avoiding siRNA off-Target Effects for Target Identification and Therapeutic Application[END_REF]. Short complementary regions are sufficient to obtain this kind of pairing and many untargeted transcripts can thus be affected. Moreover, some offtarget effects can be brought by the immune response induced by the presence of the vector (viral or non-viral) or the siRNA itself [START_REF] Judge | Sequence-Dependent Stimulation of the Mammalian Innate Immune Response by Synthetic[END_REF]. . The activated RISC -siRNA complex seeks out, binds to and degrades complementary mRNA, which leads to the silencing of the target gene. The activated RISC-siRNA complex can then be recycled for the destruction of identical mRNA targets [START_REF] Whitehead | Erratum: Knocking down barriers: advances in siRNA delivery[END_REF].

Chemical modifications

Plasmatic half-life of siRNA delivered systemically is limited to a few minutes because of nucleases degradation in the bloodstream and their cell and tissue uptake is generally poor.

Many chemical modifications on the siRNA nucleotides have been investigated to optimize 67 their efficacy and biodistribution [START_REF] Peacock | Chemical Modification of siRNA Bases To Probe and Enhance RNA Interference[END_REF][START_REF] Watts | Chemically modified siRNA: tools and applications[END_REF]. The OH group in the 2' position of the ribose replaced by O-Methyl function (2'OMe) or Fluor (2'F) are among the most common base modifications, while the backbone linkages through phosphodiester can be modified to phosphorothioates to increase the siRNA resistance to the RNAses and so their plasmatic and cellular half-life [START_REF] Choung | siRNAs to Improve Serum Stability without Loss of Efficacy[END_REF] (Figure 9). However, since the action mechanism is enzyme-dependent, enhancement of pharmacological abilities through chemical modification remains limited. Adapted from [START_REF] Choung | siRNAs to Improve Serum Stability without Loss of Efficacy[END_REF].
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Antisense gapmer oligonucleotides Another enzyme-dependent system has been extensively studied to degrade a targeted mRNA, leading to one registered drug in 1998, fomiversen, in the cytomegalovirus-induced retinitis treatment and the development of new generations of this drug class [START_REF] Crooke | Guest Editorial Vitravene TM -Another Piece in the Mosaic[END_REF]. This chapter will focus on AONs that aim at disrupting RNA splicing, denoted as spliceswitching oligonucleotides (SSO) as they appeared a promising approach and were tested in the experimental part (II, 5.). Indeed, in diseases involving disruption of normal splicing process, a splicing modulation could bring some therapeutic effects. Table 4 shows the Splice-switching antisense oligonucleotides with a reported activity in vivo [START_REF] Havens | Splice-switching antisense oligonucleotides as therapeutic drugs[END_REF].

Table 4 : Splice-switching antisense oligonucleotides with activity in vivo. Examples of the most advanced for each target are represented [START_REF] Havens | Splice-switching antisense oligonucleotides as therapeutic drugs[END_REF].

Structure and production

Steric blocking oligonucleotides are short synthetic RNA single strands, composed of around 15-30 nucleotides or nucleotide analogues. Steric blocking oligonucleotides are produced using chemical synthesis, following the same process than for siRNA production.

Action mechanism

Pre-mRNA splicing is a phenotype modification mechanism required for the expression of many protein-coding genes, almost 95% of human genes code for different splice variants.

Splicing consists in specific exclusion of introns from pre-mRNA, to let the exons form the mature mRNA. Exons/introns junctions (determined by the invariant GT and AG intronic dinucleotides) are recognized, cleaved, and rejoined to maintain an open translation reading frame. The splicing machinery is also guided by less conserved motifs: exons splicing enhancers, introns splicing enhancers, exons splicing silencers and introns splicing silencers [START_REF] Nissim-Rafinia | Splicing regulation as a potential genetic modifier[END_REF].

Splice-switching oligonucleotides are able to specifically bind to the target sequence through

Watson-Crick base-pairing, creating a steric block preventing the binding of splicing factors and machinery. They consequently modulate the normal splicing repertoire of a transcript by impeding the necessary interactions between the splicing machinery and the pre-mRNA (Figure 11). Various approaches have been developed taking advantage of this process: i) shifting the ratio of the spontaneously produced splice variants, ii) blocking some aberrant splice site created by a deleterious mutation and thus enabling the correct splice site to be detected by the machinery, iii) inducing the skipping of an exon carrying a nonsense mutation and thus restoring the reading frame to produce a functional protein [START_REF] Kole | RNA modulation, repair and remodeling by splice switching oligonucleotides[END_REF]. [START_REF] Havens | Splice-switching antisense oligonucleotides as therapeutic drugs[END_REF].

Figure 11: Mechanism of splicing modulation with SSO. (top) Diagram of a pre-mRNA transcript with exons depicted as gray boxes and introns as lines. An intronic splicing silencer (ISS, red) and exonic splicing enhancer (ESE, green) are shown bound by a transacting inhibitory splicing factor protein (red oval) or stimulatory splicing factor (green oval). These SF proteins either block (-) or promote (+) splicing at splice sites bordering the surrounding exons. (left panel) An SSO that base-pairs to a splicing enhancer sequence creates a steric block to the binding of the stimulatory splicing factor to its cognate enhancer binding site. This block thereby disrupts splicing and results in exon skipping. (right panel) In contrast, an SSO that base-pairs to a splicing silencer sequence element blocks splicing silencer activity by preventing binding of a negatively acting splicing factor. Disruption of the binding of splicing inhibitory proteins to its cognate binding sequence activates splicing at the splice site that is negatively regulated by the silencer element, resulting in exon inclusion

Chemical modifications

RNA-blocking oligonucleotides have an enzyme independent action and can be therefore 

Example with soluble forms of protein kinase receptor

Not only genetic disorders could be corrected using this technology. Correction of alternate splicing on genes that are not defective could be beneficial in many disorders.

As an example, some reports studied Bcl-x and cancer. Bcl-x is a member of the bcl-2 gene family that has an important role in cellular apoptosis. An alternative splicing of the gene generates two variants, bcl-xL and bcl-xS. Each variant is generated using a different splice site, one upstream from the other. It has been shown that bcl-xL possesses anti-apoptotic properties while bcl-xS however can promote apoptosis, making them interesting to manipulate in case of cancer. Some SSO have been therefore developed to shift the splicing towards the production of the bcl-xS by impeding the production of bcl-xL. After incubation with lung epithelial cancer cell line A549, apoptosis was not directly induced but the effects of coadministered chemotherapeutics was increased [START_REF] Taylor | Induction of endogenous Bcl-xS through the control of Bcl-x pre-mRNA splicing by antisense oligonucleotides[END_REF].

As highlighted by Kole et al., "Bcl-x is a particularly useful target for SSOs because the two splice variants have opposing functions". This result also enables to envision the huge possibilities offered by the manipulation with SSO of maybe any alternatively spliced gene of interest [START_REF] Kole | RNA modulation, repair and remodeling by splice switching oligonucleotides[END_REF].

More recently, our gene of interest, Flt-1, was also studied.

A team studying angiogenesis aimed at increasing sFlt-1 production to induce a local antiangiogenesis effect. They hypothesized that a SSO could modulate the splice switch of the Flt-1 gene in the mRNA exon/intron 13 junction. After in vitro evaluation, active SSO or nontargeting control were injected locally in a mice model of laser-induced choroidal neovascularization (CNV) and in MBA-MD-231 xenografts in nude mice. In the CNV model, the sFlt-1/Flt-1 ratio was increased (5.5 fold), inducing a CNV reduction. In the tumor model also, sFlt-1 mRNA expression was increased and tumor volume reduced drastically. Authors concluded that "morpholino manipulation of alternative splicing offers translational potential for therapy of angiogenic disorders" [START_REF] Owen | Morpholino-Mediated Increase in Soluble Flt-1 Expression Results in Decreased Ocular and Tumor Neovascularization[END_REF].

Summary of advantages and drawbacks of both mechanisms

The Table 5 gives an overview of the advantages and limitations of two antisense strategies, enzyme dependent (siRNA) and independent (steric blocking oligonucleotides).

Table 5 : Advantages and limitations of both siRNA and SSO.

Overview of delivery systems for antisense therapy 4.1. Nanocarriers for systemic delivery of antisense therapy

Instability in physiological media combined to low cell penetration prevent the use of antisense therapy as such. Even if the chemical modifications intended to enhance stability (enzyme stability increase and nuclease cleavage prevention) previously discussed in chapter 3 are quite efficient, rapid elimination through renal filtration is not prevented [START_REF] Lorenzer | Going beyond the liver: Progress and challenges of targeted delivery of siRNA therapeutics[END_REF]. Most clinical trials involve local administration to overcome the limited delivery of nucleic acids: intravitreal injection, intranasal delivery, injection in skin lesions [START_REF] Kole | RNA therapeutics: beyond RNA interference and antisense oligonucleotides[END_REF]. Hence, when local administration is not feasible as for the treatment of pregnancy complications, a vectorization strategy is needed to achieve drug protection.

Two strategies have shown to be particularly promising for systemic delivery of antisense therapy according to several recent reviews: linkage of the oligonucleotide sequence to receptor-targeted ligands, and the packaging into nanocarriers [START_REF] Lorenzer | Going beyond the liver: Progress and challenges of targeted delivery of siRNA therapeutics[END_REF].

The main example of the first approach is the N-acetylgalactosamine (GalNAc) ligand developed by Alnylam® Pharmaceuticals (Figure 14). The ligand is covalently linked to one strand of siRNA and promotes endocytosis thanks to the recognition by the asialoglycoprotein receptor. This strategy was shown to be highly effective to deliver siRNA to the liver (> 50% of the dose in vivo) and one drug (Patisiran) just completed its phase 3 clinical trial [START_REF] Adams | Trial design and rationale for APOLLO, a Phase 3, placebo-controlled study of patisiran in patients with hereditary ATTR amyloidosis with polyneuropathy[END_REF]. The second approach uses the concept of nanovectorization. Many different viral or non-viral carriers have been evaluated for antisense therapy delivery. In this chapter, we will focus on non-viral carriers as they display many advantages over the viral ones; mainly larger scale production possibilities and lower immunogenicity. Moreover, compared to the conjugation strategy, non-viral nanocarriers' strategy presents two main assets. First nanocarriers can act as a shield and protect their cargo in the bloodstream, thus lowering the need for protective chemical modifications. The second lies in the targeting possibility that nanocarriers offer as they can be functionalized by specific ligands able to target a tissue [START_REF] Barquinero | Retroviral vectors: New applications for an old tool[END_REF].

Among the non-viral nucleic acid carriers reported, we focused on vectors based on lipidic nanocarriers in the context of preeclampsia treatment. Biocompatibility and biodegradability is expected with bioinspired nanomaterials [START_REF] Alhareth | How should we plan the future of nanomedicine for cancer diagnosis and therapy?[END_REF]; lipid-based carriers are one of the safest available [START_REF] Slingerland | Liposomal drug formulations in cancer therapy: 15 years along the road[END_REF]. Lipidic nanocarriers for gene therapy have been shown to have a relative low toxicity and immunogenicity [START_REF] Zhang | Lipid-Modified Aminoglycoside Derivatives for In Vivo siRNA Delivery[END_REF][START_REF] Knudsen | In vivo toxicity of cationic micelles and liposomes[END_REF]. As an example, therapeutic index was evaluated for siRNA delivery to the mouse liver and found to be large. Toxic doses were 20 to 100 times lower than the therapeutic ones on the model [START_REF] Dong | Lipopeptide Nanoparticles for Potent and Selective siRNA Delivery in Rodents and Nonhuman Primates[END_REF][START_REF] Love | Lipid-like Materials for Low-Dose, in Vivo Gene Silencing[END_REF].

Lipid-based nucleic acid carriers are constituted of supramolecular assemblies of cationic lipids and co-lipids (commonly nontoxic endogenous lipids like DOPE, DSPC or cholesterol) that can be quite easily destabilized. The selected lipids can be metabolized and don't usually accumulate after administration [START_REF] Maier | Biodegradable Lipids Enabling Rapidly Eliminated Lipid Nanoparticles for Systemic Delivery of RNAi Therapeutics[END_REF][START_REF] Whitehead | Degradable lipid nanoparticles with predictable in vivo siRNA delivery activity[END_REF]. Lipid-based nucleic acid carriers can either be liposomes or lipid nanoparticles (LNP). Liposomes are composed of a phospholipid bilayer organized as spherical vesicles surrounding an aqueous core. They are commonly used as drug delivery vehicles [START_REF] Omedit | Nom commercial CAELYX ® Dénomination Commune Internationale Doxorubicine liposomale pégylée (DLP)[END_REF][START_REF] Gabizon | New insights and evolving role of pegylated liposomal doxorubicin in cancer therapy[END_REF]. Moreover, this type of nanocarrier has been previously assessed in a few studies in pregnant patients (see chapter 1). Meanwhile lipid nanoparticles are prepared using microfluidics systems and do not encompass any aqueous core. This type of carrier has shown high complexation capacities and transfection efficacies [START_REF] Belliveau | Microfluidic Synthesis of Highly Potent Limit-Size Lipid Nanoparticles for In Vivo Delivery of siRNA[END_REF][START_REF] Walsh | Microfluidic-Based Manufacture of siRNA-Lipid Nanoparticles for Therapeutic Applications[END_REF] but has never been evaluated on placental models. In both cases, the system is called lipoplexes after complexation with the nucleic acid cargo.

Lipoplexes

Lipoplexes enable to complex nucleic acids thanks to electrostatic interactions, hence, negatively charged nucleic acids bind to positively charged lipid vesicles. 6). The first was DOTMA, with a quaternary amine, then the commercially available DOTAP, and a cholesterol derivative with a tertiary amine as polar group, DC-chol. The DMAPAP lipid, or RPR 209120, was developed in our laboratory based on the same structure and exhibiting a polyamine polar head group [START_REF] Thompson | Neutral postgrafted colloidal particles for gene delivery[END_REF]. Those lipids are able to auto-assemble to form liposomes in aqueous solution and to complex negatively charged nucleic acids into lipoplexes.

Table 6 : Examples of cationic lipids

The association of nucleic acids to the carrier is highly dependent on the ratio of the lipid to nucleic acid quantity. This ratio is commonly described as N/P (nitrogen to phosphate ratio), representing the number of amine groups bearing positive charges over the number of phosphate bonds bearing negative ones [START_REF] Tranchant | Physicochemical optimisation of plasmid delivery by cationic lipids[END_REF].

The main drawbacks of this strategy are the potential toxicity displayed by cationic charges, aggregation in the presence of serum and the slow release of the nucleic acids [START_REF] Lorenzer | Going beyond the liver: Progress and challenges of targeted delivery of siRNA therapeutics[END_REF]. Therefore, other lipid types were also developed to complex or load nucleic acids through other chemical interactions types. In our laboratory, thiourea-based lipids were developed: thiourea groups have a high affinity for phosphate groups via hydrogen bonds and this interaction was exploited to complex nucleic acids: first DNA and then RNA (Figure 16) [START_REF] Breton | Lipothioureas as Lipids for Gene Transfection: A Review[END_REF]. The proposed mechanism implies formation of a multilamellar structure of positively charged lipid bilayers organized as complexes [START_REF] Weisman | Nanostructure of cationic lipid-oligonucleotide complexes[END_REF]. This structure was demonstrated using X-ray scattering techniques with the DOTAP lipid and DNA specifically [START_REF] Safinya | Structures of lipid-DNA complexes: supramolecular assembly and gene delivery[END_REF]. A schematic representation of the structure appears in Figure 17 combining ODN and siRNA complexes representations.
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Figure 17: A) Schematic model of lipoplexes' formation.

(1) Initially, anionic ODN molecules (gray) may coat a cationic membrane.

( [START_REF] Allain | Self-assembled nucleolipids: from supramolecular structure to soft nucleic acid and drug delivery devices[END_REF]. [START_REF] Schroeder | Lipid-based nanotherapeutics for siRNA delivery[END_REF].

B) Schematic representation of the structure of lamellar and hexagonal lipid-DNA complexes. The lamellar phase La c exhibits DNA rods intercalated between lipid bilayers. The hexagonal phase HI c consists of DNA rods between rod-like lipid micelles arranged on a hexagonal lattice. The inverse hexagonal HII c phase consists of DNA rods coated with a lipid monolayer arranged on a hexagonal lattice. The lipids are in red (headgroup) and grey (chain) and the DNA rods are in blue

C) Schematic representation of the fusion of a multilamellar small interferi ng RNA lipoplexe with the cell membrane. The positively charged lipid bilayer adsorbs to the negatively charged surface of the cell, resulting in either an endocytosis process or by fusion of the lipoplexe with the cell membrane, thereby releasing the nucl eic payload into the cytosol

Formulation parameters such as the lipid composition and N/P ratio strongly influence the shape, size and surface charge of the obtained carriers. These parameters then impact in vivo behavior of lipoplexes [START_REF] Whitehead | Erratum: Knocking down barriers: advances in siRNA delivery[END_REF]. Unfortunately, little is known about the influence of these parameters on placenta uptake. A review on other liposomal applications could help to design lipoplexes adapted to placental nucleic acid delivery as described in the first chapter of this literature review.

Physiological barriers to overcome for an efficient delivery

Nanocarriers are used to enhance delivery of the nucleic acids to target sites of pharmacological actions. Nevertheless, to deliver oligonucleotides to the cellular machinery, the nanocarrier has to cross several physiological barriers.

Many nanovectorization strategies have been elaborated to increase bioavailability and transfection efficacy. The nucleic acid cargo has to be protected from degradation in the circulation, then delivered to the target cells while avoiding others, escape the endosomal compartment to be released in the cytoplasm [START_REF] Schroeder | Lipid-based nanotherapeutics for siRNA delivery[END_REF]. A scheme representing the extracellular and intracellular barriers to overcome is presented in Figure 18. 

In the extracellular matrix

The nanocarrier must usually cross the endothelial barrier and the extracellular matrix to gain access to the target cells. Extracellular matrix is a compact network composed of immune cells, polysaccharides and fibrous proteins that can hinder a nanocarrier's transport. In case of placental drug delivery applications however, nanocarriers would not encounter extracellular matrix resistance since targeted cells are in direct contact with maternal blood. The placenta is a selective barrier but also enables transfer of gas, nutrients and xenobiotics.

Nanocarriers can be up taken by the cells through various pathways, three are depicted in Figure 18B, endocytosis, receptor mediated or not, and direct uptake. The most described is endocytosis. Endocytosis consists in an energy dependent pathway where the material to be internalized becomes encircled by an area of the cellular membrane that converts inside the cell into a vesicle containing the ingested material. In case of nanocarriers, internalization was demonstrated to typically happen through clathrin, caveolae or macropinocytosis pathways, commonly leading to lysosomal degradation [START_REF] Gilleron | Image-based analysis of lipid nanoparticle-mediated siRNA delivery, intracellular trafficking and endosomal escape[END_REF]. Endocytosis is responsible for the majority of cellular uptake of siRNA lipoplexes. A minor pathway, probably mediated by fusion between siRNA lipoplexes and the plasma membrane, has also been identified on several cell lines (African green monkey kidney epithelial cells BSC-40, human embryonic kidney cells 293FT, and human cervical carcinoma cells HeLa) [START_REF] Lu | A Novel Mechanism Is Involved in Cationic Lipid-Mediated Functional siRNA Delivery[END_REF].

Intracellular barriers

Following cell internalization, gene delivery vectors are mostly found in the endosome and undergo a degradation process through endosomal acidification and proteases actions (from early endosome to lysosome in Figure 18B) [START_REF] Blanco | Principles of Nanoparticle Design for Overcoming Biological Barriers to Drug Delivery[END_REF]. The carrier should be able to escape the endosome and protect the fragile therapeutic material from rapid degradation [START_REF] Whitehead | Erratum: Knocking down barriers: advances in siRNA delivery[END_REF]. In case of gene therapy, endosomal sequestration of the genetic material is usually considered as one of the main obstacles to efficient delivery [START_REF] Jayaraman | Maximizing the potency of siRNA lipid nanoparticles for hepatic gene silencing in vivo[END_REF].

Once in the cytoplasm, the nanomedicine should release the nucleic acid cargo to make them available to the cellular machinery [START_REF] Kwon | Before and after Endosomal Escape: Roles of Stimuli-Converting siRNA/Polymer Interactions in Determining Gene Silencing Efficiency[END_REF]. However, cationic nanocarriers frequently used for gene delivery have a high affinity for negatively charged nucleic acids. A large excess of cationic charges or the use of highly charged cationic groups (i.e., quaternary ammonium or primary amines) can hinder the dissociation of the nanocarrier-oligonucleotides complexes and therefore reduce transfection efficacy [START_REF] Semple | Rational design of cationic lipids for siRNA delivery[END_REF]. It is to note that Splice Switching Oligonucleotides have an additional hurdle to overcome as they must then enter the nucleus to be efficient, as shown in Figure 18B [START_REF] Godfrey | Delivery is key: lessons learnt from developing splice-switching antisense therapies[END_REF].

Developed strategies to overcome the barriers

In this section, examples of common strategies aiming at tackling the issues involved in systemic siRNA delivery will be listed.

Extracellular barriers

One of the strategies elaborated to increase the nanocarriers circulation time is to coat their surface with polyethylene-glycol (PEG) or another hydrophilic polymer with appropriate coating density, thus preventing or delaying adhesion to plasmatic proteins and reducing the opsonization and recognition by the immune cells [START_REF] Harris | Effect of Pegylation on Pharmaceuticals[END_REF]. Phagocytosis is an important immune defense, highly effective at removing exogenous materials from blood following opsonization, thanks to the monocytes and macrophages. Introducing a hydrated steric barrier surrounding the carrier, using molecules such as PEG, can also help controlling their size and stability in vitro and preventing aggregation in the bloodstream in vivo. Moreover, when designing delivery systems, the strategy should be tailored to the target tissue. For example, it is not necessary to greatly PEGylate nanocarriers aiming at delivering genes to the liver, as carriers of 60 to 120 nm have already a great tropism for this organ. Moreover, PEGylation can prevent the intrinsic transfection efficacy of a carrier, through inhibition of endosomal escape [START_REF] Mui | Influence of Polyethylene Glycol Lipid Desorption Rates on Pharmacokinetics and Pharmacodynamics of siRNA Lipid Nanoparticles[END_REF][START_REF] Hatakeyama | The Polyethyleneglycol Dilemma: Advantage and Disadvantage of PEGylation of Liposomes for Systemic Genes and Nucleic Acids Delivery to Tumors[END_REF]. On the contrary, if the aim is tumor transfection, a prolonged circulation time will favor passive accumulation of the vector in the tumor tissue through Enhanced Permeability and Retention (EPR) effect [START_REF] Golombek | Tumor targeting via EPR: Strategies to enhance patient responses[END_REF]. This strategy could also be applicable to the placental tissue but has not completely been studied yet.

The size of nanocarriers is also an important factor. To avoid renal filtration, nanocarriers smaller than 10 nm should be avoided since they are massively excreted by the kidneys [START_REF] Longmire | Clearance Properties of Nano-Sized Particles and Molecules as Imaging Agents: Considerations and Caveats[END_REF].

To target the lungs, for example, some studies used vectors larger than 2000 nm that will accumulate in the pulmonary capillaries [START_REF] Minami | siRNA delivery targeting to the lung via agglutination-induced accumulation and clearance of cationic tetraamino fullerene[END_REF]. The optimal size is therefore dependent on the target organ. The optimal size for a nanocarrier to deliver its cargo to a solid tumor in animal models was shown to be comprised between 40 and 60 nm [START_REF] Sykes | Investigating the Impact of Nanoparticle Size on Active and Passive Tumor Targeting Efficiency[END_REF][START_REF] Tang | Investigating the Optimal Size of Anticancer Nanomedicine[END_REF]. This size should favor tumor penetration and retention as well as cell internalization. However solid tumor in animal models are usually primary or metastatic xenografts that might show a different structural development with reference to human tumors [START_REF] Richmond | Mouse Xenograft Models vs GEM Models for Human Cancer Therapeutics[END_REF]. Many correlations have been found between the placenta and the solid tumors physiological and biochemical features [START_REF] King | Tumor-homing peptides as tools for targeted delivery of payloads to the placenta[END_REF], we can therefore learn from the data collected on nanocarriers intended for cancer applications.

The surface charge of the nanocarrier (cationic, neutral or anionic) and its composition (lipidic, polymeric or other) highly influence its biodistribution. Cationic nanocarriers are for example well known to be subjected to opsonization and macrophages uptake in the lung, liver and spleen [START_REF] Blanco | Principles of Nanoparticle Design for Overcoming Biological Barriers to Drug Delivery[END_REF]. Nanoparticles presenting a neutral or anionic surface charge show less adsorption of plasmatic proteins, this stealthiness leading to a prolonged circulation half-life [START_REF] Alexis | Factors Affecting the Clearance and Biodistribution of Polymeric Nanoparticles[END_REF]. As indicated above, PEGylation is a well-known technique to increase a particle's furtivity [START_REF] Harris | Effect of Pegylation on Pharmaceuticals[END_REF].

Using targeting agents on the nanocarrier surface (small molecules, antibodies, peptides, aptamers...) enables targeting more specifically some organs and hence increase the fraction of the drug delivered to the target tissue.

Intracellular barriers

Endosomal escape is established as one of the main obstacle to overcome for efficient transfection in vivo. Studies have evaluated that only 1 to 2% of the total amount of siRNA delivered to a cell by a lipidic nanocarrier was able to escape the endosome to reach the cytosol [START_REF] Sahay | Efficiency of siRNA Delivery by Lipid Nanoparticles Is Limited by Endocytic Recycling[END_REF][START_REF] Stewart | Challenges in Carrier-Mediated Intracellular Delivery: Moving beyond Endosomal Barriers[END_REF]. Many viruses have developed endosomal escape strategies. Three main mechanisms are reported in the literature: fusion independent, passive diffusion or fusion-dependent mechanisms, as described in Figure 19.

Figure 19: Schematic representation of the endosomal pathway followed by a nucleic acid nanocarrier after endocytosis [START_REF] Andrianov | Polyphosphazenes for Biomedical Applications[END_REF]. A, the nucleic acid cargo leave the endosome through a fusion independent mechanism, B, a passive diffusion mechanism, C, a fusion-dependent mechanism.

The fusion independent mechanism (Figure 19A) implies the destabilization of the endosomal membrane via transfer of peptides into this membrane. This type of mechanism was observed in non-enveloped viruses [START_REF] Mudhakir | Learning from the Viral Journey: How to Enter Cells and How to Overcome Intracellular Barriers to Reach the Nucleus[END_REF]. Passive diffusion of the therapeutic content (Figure 19B) can only apply to small hydrophobic drugs that have characteristics enabling their passive diffusion trough the endosomal membrane after destabilization of the nanocarrier [START_REF] Drummond | Current Status of pH-Sensitive Liposomes in Drug Delivery[END_REF]. The third mechanism, fusion-dependent (Figure 19C) is the mechanism that can be adapted to the lipidic nanocarriers. Destabilization of the nanocarrier induces a fusion with the lipidic endosomal membrane and provokes the delivery of the therapeutic content into the cytosol [START_REF] Drummond | Current Status of pH-Sensitive Liposomes in Drug Delivery[END_REF].

Numerous strategies have been developed to enable the nanocarriers to mimic these mechanisms. For instance, strategies based on pH-sensitive lipids enable the carriers to either destabilize or fuse with the endosomal membrane when an acidic pH (≈ 5-6) is reached in the endosome [START_REF] Xu | Ultra-pH-Responsive and Tumor-Penetrating Nanoplatform for Targeted siRNA Delivery with Robust Anti-Cancer Efficacy[END_REF][START_REF] Yoshizaki | Potentiation of pH-Sensitive Polymer-Modified Liposomes with Cationic Lipid Inclusion as Antigen Delivery Carriers for Cancer Immunotherapy[END_REF][START_REF] Jiang | Functional Liposomes Based on pH-Responsive Cell-Penetrating Peptide and Hyaluronic Acid for Tumor-Targeted Anticancer Drug Delivery[END_REF][START_REF] Paliwal | A Review of Mechanistic Insight and Application of pH-Sensitive Liposomes in Drug Delivery[END_REF][START_REF] Zhang | In Vivo Gene Delivery by Nonviral Vectors: Overcoming Hurdles?[END_REF]. Various types of pH-sensitive lipids have been developed: ionizable (i.e. having an apparent pKa ~6,4 like DOPE), cleavable, fusogenic, switchable lipids (i.e. pH change leads to conformational change of the lipid and therefore triggers lipoplexes' destabilization and fusion with the endosomal membrane as seen with CSL-3, Figure 20) [START_REF] Fenton | Amino Alcohol Ionizable Lipid Materials for Highly Potent In Vivo mRNA Delivery[END_REF][START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF]... -Be obtained by a reproducible process enabling scale up -Have a good shelf stability (liquid or lyophilized form) -Be able to protect, carry, and deliver efficiently the nucleic acids to the targeted placenta -Be able to homogeneously deliver the nucleic acids to the targeted placental cell layer -Be able to deliver therapeutic quantities to either cytosol or nucleus of the targeted placental cells -Induce low or no immune response to permit repeated administrations -Be able to prevent transplacental passage of the nucleic acids cargo to restrain fetal exposure and preferably, be specific to placental tissue to limit non-specific delivery to maternal tissues, reducing potential toxicity and off-target effects. [START_REF] Palmer | Jumonji Domain Containing Protein 6 Is Decreased in Human Preeclamptic Placentas and Regulates sFLT-1 Splice Variant Production[END_REF] 

Placental models for drug delivery assessment and therapeutic potential evaluation

Different evaluation models have been set-up to adapt transplacental passage assessment to nanoparticles. In parallel, many models are used to investigate potential therapies for PE. Both include in vivo experiments in rodents, ex vivo perfusion of human term placenta as well as in vitro transfer or efficacy studies on trophoblastic cells from human or rodent placental tissues (see Figure 21 and Table 7). Experiments on gravid rodents can provide important information on the nanocarriers' biodistribution including potential translocation to the fetus. However, the placenta is the most species-specific organ within the class of mammals [START_REF] Enders | Comparative placental structure[END_REF]. It is noteworthy that there are substantial differences in placental development, architecture, function and pathology between rodents and humans [START_REF] Muoth | Nanoparticle transport across the placental barrier: pushing the field forward![END_REF].

Various animal models have been described as preeclampsia models and are currently sorted in four categories (i) spontaneous, (ii) surgically induced, (iii) pharmacologically/substance induced and (iv) transgenic (Table 7) [START_REF] Erlandsson | Inventory of Novel Animal Models Addressing Etiology of Preeclampsia in the Development of New Therapeutic/Intervention Opportunities[END_REF]. Authors emphasize that the ideal animal model should reflect all stages of the disease to overcome some of the limitations preventing human therapy prediction. However, many of the inventoried models fail to reproduce the pathogenesis of PE and all stages of the pathology, mimicking mostly the 3 rd stage, when the maternal symptoms appear. BPH/5 mice and Dahl salt-sensitive rats (Dahl S) are examples of spontaneous models displaying all stages of PE but also preexisting hypertension. Among the surgically induced models, reduced uterine perfusion pressure model (RUPP) enables studying a gestation over 4 to 6 weeks and therefore opens the possibility to study the impact of a sFlt-1 circulation level reduction. In contrast, pathogenesis cannot be studied in this model. L-NAME is an example of pharmacologically/substance-induced model that only enables investigating the final stage of the disease. Numerous genetic models have been setup to study PE. Among them, a mouse model overexpressing storkhead box-1 (STOX1) is described as highly relevant.

This model is based on the identification of polymorphism in the transcription factor STOX1 in a genetic study on Dutch preeclamptic women [START_REF] Van Dijk | Maternal segregation of the Dutch preeclampsia locus at 10q22 with a new member of the winged helix gene family[END_REF]. Transgenic mice showed high concentrations of sFlt-1 and symptoms of severe preeclampsia when gravid, enabling investigating etiology of the pathology and potential therapies [START_REF] Doridot | Preeclampsia-Like Symptoms Induced in Mice by Fetoplacental Expression of STOX1 Are Reversed by Aspirin Treatment[END_REF].

Some interesting data can be collected from this kind of model but extrapolation from animal to human remains challenging for both transplacental passage and pathophysiology studies. It is necessary to combine in vivo results with ex vivo and in vitro models based on the use of human placenta tissues. The most prominent model to reliably predict placental transfer of therapeutic drugs is, besides pregnant rodents, the dually perfused ex vivo human placenta model [START_REF] Hutson | The Human Placental Perfusion Model: A Systematic Review and Development of a Model to Predict In Vivo Transfer of Therapeutic Drugs[END_REF]. The ex vivo model of perfused cotyledon represents the only dynamic method capable of recreating the physiological conditions for how the human placenta works in utero in the third trimester of pregnancy (Figure 22). This model of placental transport has been adapted to evaluate the passage of nanocarriers as well [START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF][START_REF] Bajoria | Liposomal Thyroxine: A Noninvasive Model for Transplacental Fetal Therapy[END_REF][START_REF] Bajoria | Effect of lipid composition of cationic SUV liposomes on materno-fetal transfer of warfarin across the perfused human term placenta[END_REF][START_REF] Refuerzo | Liposomes: a nanoscale drug carrying system to prevent indomethacin passage to the fetus in a pregnant mouse model[END_REF][START_REF] Soininen | Human placental cell and tissue uptake of doxorubicin and its liposomal formulations[END_REF][START_REF] Barzago | Placental Transferof Valproic Acid after Liposome Encapsulation duringin Vitro Human Placenta Perfusion[END_REF][START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF][START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF][START_REF] Mathiesen | Modelling of human transplacental transport as performed in Copenhagen, Denmark[END_REF][START_REF] Menjoge | Transfer of PAMAM dendrimers across human placenta: prospects of its use as drug carrier during pregnancy[END_REF]. The major restrictions of the perfusion model are a limited experiment duration (several hours) and a complex set-up leading to a low percentage of successful procedures. No interspecies data extrapolation is needed thanks to the human origin of this model. Thus the dually perfused ex vivo human placenta model appears the most suitable to study the ability of nanocarriers to gain access to the fetal circulation.

The dually perfused placenta model was also used to investigate preeclampsia physiopathology and putative treatments. The model enables to pharmacologically induce PE symptoms or to perfuse placentae collected from preeclamptic women [START_REF] May | Perfusion of human placenta with hemoglobin introduces preeclampsia-like injuries that are prevented by α1-microglobulin[END_REF][START_REF] Jain | Hypoxic treatment of human dual placental perfusion induces a preeclampsia-like inflammatory response[END_REF][START_REF] Eshkoli | Perfusion with magnesium sulfate increases sFlt-1 secretion only in the fetal side of placenta of women with preeclampsia[END_REF]. results [START_REF] Miller | Human placental explants in culture: Approaches and assessments[END_REF]. The villous placenta explant model presents the main advantage to preserve the in vivo architecture of the tissue. In the placental explants, the trophoblasts are naturally cocultured with the appropriate cells (Figure 23). Therefore, the explants model seems to combine the ideal properties for nanocarriers's evaluation. As shown in various reports, it enables screening nanoparticles according to their penetration ability in the different placental layers [START_REF] Juch | Dendritic polyglycerol nanoparticles show charge dependent bio-distribution in early human placental explants and reduce hCG secretion[END_REF][START_REF] Muoth | Impact of particle size and surface modification on gold nanoparticle penetration into human placental microtissues[END_REF].

Moreover, pathological tissues can be collected and studied using the explants model. In the specific case of preeclampsia, it has been used to assess inhibitory effects on the elevated sFlt-1 release from preeclamptic placenta [START_REF] Cudmore | Resveratrol inhibits the release of soluble fms-like tyrosine kinase (sFlt-1) from human placenta[END_REF][START_REF] Brownfoot | Metformin as a prevention and treatment for preeclampsia: effects on soluble fms-like tyrosine kinase 1 and soluble endoglin secretion and endothelial dysfunction[END_REF][START_REF] Rajakumar | Novel Soluble Flt-1 Isoforms in Plasma and Cultured Placental Explants from Normotensive Pregnant and Preeclamptic Women[END_REF]. In addition to ex vivo models, in vitro models are also extensively used in the context of placental functions assessment, therapeutic approaches evaluation and studies on cellular uptake of nanocarriers.

Human placental villous cytotrophoblasts (VCT) isolated from term placenta is particularly well suited to complement data acquired on other models for placental investigations. Working with placenta recovered from a cesarean section (last trimester at full term) after collecting informed consent of the patients, make it possible to isolate trophoblastic cells. In vivo villous cytotrophoblasts fuse to form the syncytiotrophoblast layer, which bathes in maternal blood.

The cell layer is therefore directly involved in mother-fetus exchanges, and the location of the placenta's endocrine and immunological functions (cytokines secretion). In vitro, a syncytiotrophoblast is obtained spontaneously by the fusion of primary VCT [START_REF] Orendi | Placental and trophoblastic in vitro models to study preventive and therapeutic agents for preeclampsia[END_REF]. This model enables therefore studying the morphological and functional differentiation of trophoblastic cells but also analyzing how placental tissue responds to its exposure to different xenobiotics during pregnancy. Many studies reported therapeutic explorations on VCT [START_REF] Orendi | Placental and trophoblastic in vitro models to study preventive and therapeutic agents for preeclampsia[END_REF][START_REF] Kaitu'u-Lino | Characterization of protocols for primary trophoblast purification, optimized for functional investigation of sFlt-1 and soluble endoglin[END_REF] and few of them investigated nanocarriers uptake and toxicity [START_REF] Juch | Dendritic polyglycerol nanoparticles show charge dependent bio-distribution in early human placental explants and reduce hCG secretion[END_REF].

A strategy to increase the predictability of in vitro transfer models is to move from static to dynamic culture conditions. By the end of the first trimester of pregnancy, the maternal blood, carried through the spiral arteries, circulates between the chorionic villi in the placental intervillous chambers. As a result, the syncytiotrophoblast is in direct contact with the maternal blood flow. Most recently it has been demonstrated that trophoblasts respond to fluid shear stress with induction of microvilli formation, changes in Ca 2+ influx, in vivo-like localization of a membrane transporter (Glucose transporter 1) as well as altered glucose uptake and transport [START_REF] Miura | Fluid shear triggers microvilli formation via mechanosensitive activation of TRPV6[END_REF]. The culture of human trophoblasts in dynamic conditions is closer to physiological environment and would enable deeper understanding of interactions with nanocarriers. Lecarpentier et al. developed a microfluidic model to reproduce in vitro the frictional forces exerted by the maternal blood on the surface of the syncytiotrophoblast in vivo [START_REF] Lecarpentier | Computational Fluid Dynamic Simulations of Maternal Circulation: Wall Shear Stress in the Human Placenta and Its Biological Implications[END_REF].

Because they are more easily available, trophoblastic cell lines remain the most widely used models for endocrine, transport studies and therapeutic approaches evaluation (Table 8).

Derived from choriocarcinoma (such as BeWo, Jeg-3 and Jar) or virus-transfected primary trophoblasts (SGHPL group of cells as well as the HTR-8/SVneo) or obtained by fusion of primary human first trimester trophoblasts with a choriocarcinoma cells (ACH-3P), trophoblastic cell lines were developed to give the possibility to experiment on proliferative cells. Indeed opposed to the primary cells that no longer proliferate in vitro and thus only enable short-term experiments, cell lines proliferate enabling for extended experiment time. Besides, the use of cell lines removes interindividual variability constraints, enhancing reproducibility and enabling to assess the net effect of a treatment [START_REF] Orendi | Placental and trophoblastic in vitro models to study preventive and therapeutic agents for preeclampsia[END_REF].

To study syncytial fusion and hormone secretion, BeWo remains the most broadly used villous trophoblast model. However when studying preeclampsia, their applications are limited to prophylaxis therapeutics evaluation since the cells are unable to secrete antiangiogenic factors, the main feature in the third stage of the pathology. Actually it was reported by Kaitu'u-Lino et al. that among the commonly used cell lines, only HTR-8/SVneo produced sFlt-1 in culture [START_REF] Kaitu'u-Lino | Characterization of protocols for primary trophoblast purification, optimized for functional investigation of sFlt-1 and soluble endoglin[END_REF].

Recently, the different trophoblastic cell lines were compared in a study. Authors concluded that BeWo cells were adequate to study syncytial fusion while ACH-3P, JAR and Jeg-3 cells did not form a syncytiotrophoblast [START_REF] Rothbauer | A comparative study of five physiological key parameters between four different human trophoblastderived cell lines[END_REF]. Noteworthy some discrepancies in fusion rates were displayed by BeWo cells in different laboratories, revealing the appearance of different strains due to the long existence of the cell line [START_REF] Orendi | Placental and trophoblastic in vitro models to study preventive and therapeutic agents for preeclampsia[END_REF]. ACH-3P cells provided results closer to primary cells and placental perfusion in terms of trans-epithelial electrical resistance (TEER) and transfer ratios [START_REF] Rothbauer | A comparative study of five physiological key parameters between four different human trophoblastderived cell lines[END_REF]. Some in vitro transfer studies with nanocarriers were performed on the BeWo b30 Transwell model [START_REF] Ali | Preparation, characterization, and transport of dexamethasone-loaded polymeric nanoparticles across a human placental in vitro model[END_REF][START_REF] Kloet | Translocation of positively and negatively charged polystyrene nanoparticles in an in vitro placental model[END_REF]. This model was first validated to measure transport of polystyrene nanoparticles [START_REF] Cartwright | In vitro placental model optimization for nanoparticle transport studies[END_REF]. It has been compared to the human perfused placenta. In both models, size dependent transport of polystyrene nanoparticles was found [START_REF] Mathiesen | Modelling of human transplacental transport as performed in Copenhagen, Denmark[END_REF]. However, prediction of the Transwell model seems less efficient for nanocarriers than for small molecules, probably due to the lack of fluid flow [START_REF] Poulsen | Modeling placental transport: correlation of in vitro BeWo cell permeability and ex vivo human placental perfusion[END_REF].

Table 8 : Partial list of placental cell lines and their characteristics of interest.

To get closer to the complexity of placental organization, a 3D culture of various cells involved in the placental structure was recently suggested as a predictive model for nanotoxicity assessment. In the co-culture, an inner core of fibroblasts (HVMF) deriving from the villous stroma is surrounded by BeWo cells, representing the trophoblasts [START_REF] Muoth | Nanoparticle transport across the placental barrier: pushing the field forward![END_REF]. Another in vitro set-up was recently described, based on the microfluidic organ-on-a-chip technique. Human trophoblasts (JEG-3) and human umbilical vein endothelial cells (HUVECs) were co-cultured on each side of a thin extracellular matrix (ECM) membrane under flow. Cellular monolayers were obtained on the membrane and exhibited glucose transport and metabolism close to the in vivo reported measurements [START_REF] Lee | Placenta-ona-chip: a novel platform to study the biology of the human placenta[END_REF].

Despite significant improvements, the use of the existing cell lines is still limited by their restricted ability to express all necessary functions and/or to form a functional and physiological syncytium.

Altogether, in vitro models are a necessary step in studying potential therapeutics or disease management protocols. In vitro models alone cannot, however, enable anticipating fully the complex in vivo situation.

Introduction

In this thesis project, we report the first results of the project 'nanomedicines for preeclampsia'. As the name mentions, the 'nanomedicines for preeclampsia' project aims at developing new medications based on the concept of drug delivery systems to address the health care issues related to the management of a pregnancy complication, preeclampsia.

This experimental section is organized in five chapters; each of them is presented as a research article with defined objectives. In the fourth chapter of this experimental section, we quantitatively evaluated the placental uptake of lipoplexes into villous explants. For this purpose, extraction protocol and HPLC method were developed and validated, enabling precise quantification of fluorescent lipid in the placental explants. The developed method was used for placental uptake quantification of lipoplexes formulation that showed promising results at the cellular level in chapter 3. Explants were additionally imaged with confocal microscopy in order to obtain qualitative and quantitative analysis of placental uptake of lipoplexes. Some analytical validation experiments are planned and this study will be then submitted for publication.

The fifth chapter discusses the potential of antisense sequences as therapeutic agents for preeclampsia management. From the literature review, it was established that reduction of circulating sFlt-1 is a major lead for preeclampsia treatment. Therefore, two antisense approaches, siRNA and SSO, targeting various sFlt-1 isoforms, were evaluated on primary human villous cytotrophoblasts. The data collected in this study confirmed the potential of antisense strategies for preeclampsia. Optimization of sequences design and evaluation protocol, as well as complementary experiments are needed to complete this study and to consolidate our conclusion.

Overall, this experimental section provides: i) an evaluation methodology and serial improvements in chapters 1, 2 and 4; ii) information on liposomes interactions with placental tissue in chapters 1 and 2; iii) data confirming the potential of lipoplexes formulation for gene delivery to human placenta in chapters 3 and 4; iv) efficacy evaluation of some antisense sequences aiming at lowering sFlt-1 secretion in chapter 5.

Preliminary assessment: influence of liposomes' surface properties on their interactions with the human placental tissue

The objective of this study was to investigate with a simple set-up the influence of the liposomes' characteristics on their interactions with the human placenta. To be able to monitor the carrier into the tissue, a fluorescent-labeled lipid was incorporated in the formulations.

Human placental explants and fluorescence microscopy and macroscopy were used, for this preliminary study, as an interaction assessment model to enable visualization of adhesion and/or penetration into the tissue.

This study has been presented as poster communications in the Conference on innovation in drug delivery: site-specific drug delivery 2016, the 3 rd SFnano annual meeting 2016 and the YRLS young researchers in life science congress, 7 th edition 2016.

Introduction

Nanocarriers are particles with at least one dimension included in a range of 1-100 nm, depending on the context, the definition can be extended to bigger particles (<1 μm).

Nanocarriers are able to carry a greater percentage of active molecules to the targeted tissues as compared to the distribution of free molecules. Modifying the biodistribution of encapsulated drugs can increase their efficacy and decrease their side effects.

Nanomedicines have a potential in the treatment of pregnancy-related pathologies by providing controlled biodistribution in the pregnant patient. The use of safe nanocarriers composed of biocompatible and biodegradable components and already clinically administered to nonpregnant patients would be a valuable strategy.

Therefore, liposomes appear as one of the safest options. Liposomes are auto-assembled structures of phospholipid bilayers able to encapsulate hydrophilic or hydrophobic molecules.

The in vivo fate of nanocarriers, including liposomes, depends on several combined parameters,

i.e. their sizes, surface charge and composition. Several studies reported size and surface properties dependent biodistribution of liposomes in animal models [START_REF] Levchenko | Liposome clearance in mice: the effect of a separate and combined presence of surface charge and polymer coating[END_REF][START_REF] Ishida | Effect of the physicochemical properties of initially injected liposomes on the clearance of subsequently injected PEGylated liposomes in mice[END_REF][START_REF] Fanciullino | Biodistribution, Tumor Uptake and Efficacy of 5-FU-Loaded Liposomes: Why Size Matters[END_REF]. Studying drug delivery to the placenta, the behavior of drugs encapsulated in nanocarriers in terms of placental retention and transplacental passage was evaluated on various models [START_REF] Valero | Nanomedicine as a potential approach to empower the new strategies for the treatment of preeclampsia[END_REF]. The literature data showed that encapsulation of drugs into liposomes could influence the passage of drugs with characteristics enabling their intrinsic passage. In most studies, only the encapsulated drugs were monitored, giving little information about the carrier's behavior itself and about the impact of the carrier's characteristics on its interaction with the tissue. In one report, transplacental passage of the liposomal carrier itself was evaluated in an animal model and no intact liposome was detected on the fetal side [START_REF] Tuzel Kox | Uptake of Drug-Carrier Liposomes Delivery of Drugs and Nutrients by Placenta: Transplacental[END_REF].

In this study, we chose to focus on placental retention and therefore evaluated the influence of liposomes' surface properties, i.e. charge and PEGylation on their interaction with human placental tissue. It is expected that surface charge of the liposomes would have an influence since it was already shown in non-pregnant animals, ex vivo on other organs and in vitro on many cell types [START_REF] Smith | Zeta potential: a case study of cationic, anionic, and neutral liposomes[END_REF]. PEGylation is a classical surface modification implemented on liposomes to increase their stability in biological media [START_REF] Lee | Delivery of Liposomes into Cultured KB Cells via Folate Receptormediated Endocytosis[END_REF]. A lipid covalently bond to poly 

Liposomes preparation

Liposomes were prepared following the ethanolic injection preparation method. The ethanolic injection method was performed as described previously [START_REF] Mignet | Development of a liposomal formulation of the natural flavonoid fisetin[END_REF][START_REF] Pons | Liposomes obtained by the ethanol injection method[END_REF]. Briefly, lipids were dissolved in ethanol at a specific molar ratios (see Table 10). One volume of lipids solution in ethanol at a concentration of 5 mg/mL was then injected into ten volumes of phosphate buffered saline (PBS; pH 6.8) 10 mM under magnetic stirring at room temperature. The suspension was left under stirring for two hours and then concentrated to 2.5 mM of total lipids by ethanol evaporation under reduced pressure at room temperature. the interactions with the placental tissue, as seen in other therapeutic contexts [START_REF] Suk | PEGylation as a strategy for improving nanoparticle-based drug and gene delivery[END_REF]. In order to evaluate the impact of these characteristics on the ability of the liposomes to interact with the placental tissue, we prepared liposomes with different surface properties.

To prepare the liposomes, we used various lipids, and namely charged lipids. Cationic lipid DMAPAP (DiMyristoylAminoPropylAminoPropyl) presents 3 positive charges per molecule and was successfully used in previous reports to formulate liposomes [START_REF] Arruda | Non-Viral Gene Delivery Vectors[END_REF][START_REF] Schlegel | Anionic polymers for decreased toxicity and enhanced in vivo delivery of siRNA complexed with cationic liposomes[END_REF].

Phosphatidylserine phospholipids are charged natural components of the biological membranes and are widely used in liposomes formulations [START_REF] Borborema | Pharmacokinetic of meglumine antimoniate encapsulated in phosphatidylserine-liposomes in mice model: A candidate formulation for visceral leishmaniasis[END_REF]. SOPS (Stearoyl Oleoyl PhosphatidylSerine), a lipid derivative, presents one net negative charge per molecule.

Table 10 shows the prepared liposomes, their lipid composition, and their measured hydrodynamic diameter, Polydispersity Index (PdI) and Zeta potential. Preparing liposomes with the cationic lipid DMAPAP, enabled to obtain liposomes exhibiting a surface charge of +30 ± 1.5 mV. While the Zeta potential of the formulation containing SOPS was -23 ± 1.4 mV.

As expected, the formulation composed of only neutral lipids exhibited a neutral surface charge, -7 ± 0.9 mV. Therefore, we obtained liposomes presenting different surface charges. The size of the three different formulations was around 100 nm (76 to 112 nm). PdI was around 0.2 for neutral and anionic liposomes while for the cationic ones it was over 0.4. The size distribution of the cationic liposomes clearly showed that two populations were formed.

To study the influence of the PEGylation as surface parameter, we prepared the same formulations and added 5% of a PEGylated lipid. Size and Zeta potential of the PEGylated formulations are shown in Table 10. The presence of the hydrophilic polymer led to a little increase in size of all formulations (around 10 nm). PdI remained unchanged. When PEGylated, cationic liposomes still exhibited a surface charge of +27.5 ± 1.5 mV, -15.0 ± 0.9 for anionic liposomes, -5.38 ± 1.57 for neutral ones. Despite the fact that surface PEGylation can mask some charges [START_REF] Smith | Zeta potential: a case study of cationic, anionic, and neutral liposomes[END_REF], the three formulations still showed three different electrophoretic mobility profiles. In order to anticipate the liposomes' behavior during the ex vivo experiments, the evolution of size and PdI of non-PEGylated and PEGylated liposomes in cell culture medium at 37°C was assessed as a function of time. In all cases, the measurement quality became poor after 60 minutes so further data were not included. Figure 24 shows the size and polydispersity of the three non-PEGylated formulations. For all three formulations, the size and PdI increased with time. It is to note that cationic liposomes are highly unstable in terms of size and PdI in the presence of serum. This result was expected since cationic lipids are known to interact with negatively charged serum protein and this interaction promote liposomes aggregation [START_REF] Nakamura | Modifying Cationic Liposomes with Cholesteryl-PEG Prevents Their Aggregation in Human Urine and Enhances Cellular Uptake by Bladder Cancer Cells[END_REF].

Figure 25 shows the key role of the PEG in liposomes' stability in terms of size and polydispersity. For all three formulations, the size and PdI increase with time was reduced compared to the non-PEGylated formulations. Particularly, neutral PEGylated liposomes appeared stable during 60 min in medium containing serum 

Imaging interaction of the prepared liposomes with human placental explants

To assess the influence of liposomes' surface properties on placental interactions, formulations as described in Table 10 were incubated for 24 hours with explants dissected from placentae.

Tissue was observed using confocal microscopy after immunostaining.

First, three concentrations of cationic liposomes, 2.5, 0.2 and 0.02 µmol/ml were tested in order to setup the experimental conditions. As shown in the Figure 26, the tissue structure can be seen thanks to a blue staining revealing the DNA and a green labeling of the actin filaments.

With all three liposomes concentrations, the rhodamine labeling of the liposomes was detected, indicating an interaction of the liposomes with the placental tissue. The intensity of detected rhodamine fluorescence seems to be related to the incubation concentration of liposomes.

Experiments were performed on placentae collected between 37 and 41 and between 8 and 10 weeks of gestation and qualitatively, observed trends were unchanged. Examples of both are therefore presented in the following figures. Interaction with the tissue was observed with 0.2, 0.1 µmol/ml concentrations while incubation with 0.04 µmol/ml appeared below the detection limit of the confocal microscope. Based on these results the concentration of 0.2 µmol/ml (Figure 27A) was selected for further experiments with other formulations.

The influence of surface charge and PEGylation of liposomes on explant/liposomes interaction was shown in (Figure 28). Interaction with the placental tissue was detected following incubation with the three non-PEGylated formulations (Figure 28 Furthermore homogeneous liposomes distribution in the first layer of the placental tissue was observed with the three PEGylated formulations (Figure 28; 2D, 2E, 2F). Red fluorescence intensity in the tissue tended to be higher with the cationic liposomes than with the anionic and neutral ones. PEGylation was able to prevent aggregation in culture medium as seen in stability experiments and confirmed in the pictures while interaction with the tissue was not prevented. To complete these findings, explants incubated with the PEGylated formulations were imaged with a fluorescence macroscope (Figure 29). This technique enables getting an overview of the liposomes' distribution in whole explants. Rhodamine fluorescence was observed in the tissue with the three formulations. Semi-quantitative analysis showed that red signal intensity in the tissue was significantly higher than the autofluorescence of the tissue when incubated with liposomes. Intensity was the highest with cationic liposomes, then with the anionic ones and with the neutral ones. However, the detected fluorescence intensity with cationic liposomes had a quite large value distribution. These data are consistent with the trend observed with confocal microscopy. Few models are available to evaluate specifically the potential of nanomedicines for pregnant women. In this study, we highlight i) the fact that the human placental explants are an interesting model with a simple experimental set-up for liposomes interactions studies, and ii) the importance of surface properties of liposomes on their interactions with placental tissues. These findings are consistent with the data reported in the literature on interactions of other liposomes formulations with various in vitro, ex vivo and in vivo models [START_REF] Valero | Nanomedicine as a potential approach to empower the new strategies for the treatment of preeclampsia[END_REF].

The structure of the placental villous is composed of a mesenchymal axis containing the fetal capillaries and two layers of trophoblastic cells. The outer cell layer is the syncytiotrophoblast (STB), in vivo this layer is in contact with maternal blood and in the ex vivo explants model, with incubation medium. Meanwhile the inner trophoblast layer is composed of epithelial like cells, mononucleated villous cytotrophoblasts (CTB). The placental explant as ex vivo model displays the advantages of maintaining this morphology and the functional characteristics of the placental villi. In addition placental explant model enables to experiment for up to several days; suitability of the model to determine placental transport of nutrients and other molecules uptake was established from 1999 [START_REF] Sooranna | Characterization of human placental explants : morphological , biochemical and physiological studies using first and third trimester placenta[END_REF]. We therefore suggest the use of human placental explants as a preselection test to complete the possibilities offered by the other ex vivo models and in vivo studies.

Some improvement of the protocol used in this study can be suggested in order to get more relevant information about liposomes distribution into placental tissue.

First, the use of Phalloidin as a marker presents some limitations. A specific marker of trophoblastic cells would enable to assess whether liposomes' distribution in the explants is actually limited to this cell type. Moreover, to confirm whether the liposomes actually penetrate into the tissue it would be necessary to assess the integrity of the syncytiotrophoblast layer.

Specific immunostaining of the trophoblasts could be done with a cytokeratin 7 labeling, and enabling besides integrity assessment of the microvilli surface of the syncytiotrophoblast.

Second, complete immersion of the explants and static conditions also limit the interpretation of these findings. With the explants folded in the bottom of the well, contact surface with incubation medium is highly different from the in vivo situation where the villous are floating in the maternal blood. In addition, with static conditions, liposomes could sediment during the incubation and therefore induce a non-relevant interaction with the tissue in the bottom of the 119 well. Optimized incubation conditions enabling the villous to float and be unfolded in the medium would be beneficial.

Besides interpretation of the semi-quantitative analysis realized on the fluorescence macroscopy pictures is limited by autofluorescence and effect of tissue superposition on fluorescence intensity. To further study the penetration of liposomes in placental explants, a quantitative assessment is needed to complete the semi-quantitative one realized with fluorescence macroscopy.

The main interest of liposomes is their ability to carry a drug and modify its biodistribution.

Therefore, to go further, liposomes should be loaded with a drug or a drug model and both should be monitored on the explants model thanks to a dual labeling. Indeed it was reported in the literature that placental retention rate and transplacental passage of an encapsulated drug seem to depend on the nanocarrier's characteristics but also on the drug's characteristics [START_REF] Valero | Nanomedicine as a potential approach to empower the new strategies for the treatment of preeclampsia[END_REF].

Conclusion

In this study, various surface properties' liposomes were prepared incorporating fluorescent lipids, incubated with the explants model, and then interactions were assessed with confocal microscopy. Results showed that rhodamine was detected in the placental tissue following incubation with all formulations. The red fluorescence and by extension the liposomes' distribution seemed to be limited to the surface or the first cell layer of the placental tissue. In addition, the PEGylation of liposomes' surfaces lead to an increase of their stability in the incubation medium. When PEGylated, the cationic liposomes seemed to be more internalized in the tissue compared to the anionic and neutral ones on the confocal and macrofluorescence images.

For a thorough study of liposomes' interaction with placenta, these data should be completed with other models derived from human placenta. Indeed apart from the tissue penetration, an important concern in case of maternal exposure to nanomedicine is transplacental passage of the carrier and the loaded drug. The most relevant model to evaluate if one or both gain access to the fetal circulation would be human perfused placenta model.

Overall, this study allows us to suggest placental explants as a model for first assessment of nanocarriers designed for pregnancy-related pathologies and suggest some improvements on a promising model, human placental explants.

Conventional liposomes' transplacental passage and placental penetration assessment

The objective of this study was to develop a methodology to assess nanocarriers' transplacental passage and penetration into human placenta. We therefore evaluated the interaction of doubly labeled PEGylated liposomes (fluorescently-labeled lipid and fluorescent probe as model drug)

with human placenta, using the dually perfused human placenta model and the human placenta explants model after optimization.

This study has been published as a research article in International Journal of Pharmaceutics and presented as in an oral communication in the 4 th SFnano annual meeting 2017. 123

Introduction

Today, there is a lack of research on innovative strategies to treat pregnant women. Therapeutic approaches for pregnancy complications remain underfunded and under-investigated [START_REF] Shields | Exclusion of Pregnant Women From Industry-Sponsored Clinical Trials[END_REF].

Industrial development of drug-based strategies to improve pregnant women's care is rather rare. This is undoubtedly due to the possible transplacental passage of drugs and their potential impact on fetal development. There is therefore a critical need to develop and encourage novel therapeutic approaches to treat pregnant women. Strategies avoiding or limiting transplacental passage are a prerequisite to the use of many types of drugs during pregnancy [2]. Just as well, new ways to control placental penetration, accumulation and passage of drugs would encourage innovative therapies to treat specific pregnancy complications where only the maternal tissues, the placenta itself or the fetus are the targets.

Nanomedicine is an emerging field of medical science precisely expected to provide a controlled biodistribution of its associated drug. The application of nanomedicine for diagnostic and/or therapeutic purposes, has gained great interest over the last decade [START_REF] Fattal | Nanomedicine technology: current achievements and new trends[END_REF]. The advantages displayed by innovative drug delivery systems would be well adapted for the treatment of pregnant women, yet only a few research papers have been published about pregnancy applications [START_REF] Keelan | Therapeutic and safety considerations of nanoparticle-mediated drug delivery in pregnancy[END_REF]. Among drug delivery systems on the market [START_REF] Weissig | Nanopharmaceuticals (part 1): products on the market[END_REF], liposomes and lipidic nanocarriers appear as the safest nanocarriers to administer to pregnant women as their lipid composition (phospholipids, cholesterol…) confer them a perfect biocompatibility. Liposomes would allow either targeting the mother, the placenta or the fetus while decreasing adverse events [START_REF] Keelan | Therapeutic and safety considerations of nanoparticle-mediated drug delivery in pregnancy[END_REF]. Future developments include the design of nanocarriers able to preferentially cross the placental barrier and thus overcoming the challenge of treating the fetus with limited toxicity and biodistribution to the mother. Physiological changes in pregnancy, namely the increasing uterine blood flow from roughly 60 mL/min to 800 mL/min at term, boost the chances of success for drug delivery systems based strategies [START_REF] Burton | Rheological and Physiological Consequences of Conversion of the Maternal Spiral Arteries for Uteroplacental Blood Flow during Human Pregnancy[END_REF].

In this context, selecting appropriate tools to study the interactions of nanomedicines with the placenta (absence of penetration, accumulation or transplacental passage) is critical to evaluate their potential and/or risk as therapeutic approaches in pregnancy. Only a few articles are devoted to this research area and focus on transplacental passage of drugs encapsulated into drug delivery systems or administered through conventional dosage forms. Most studies were conducted using pregnant rodents and human perfused placenta [START_REF] Saunders | Transplacental transport of nanomaterials[END_REF][START_REF] Refuerzo | Uterus-targeted liposomes for preterm labor management: studies in pregnant mice[END_REF]. Interesting data on global biodistribution and toxicity can be collected from animal models but extrapolation from animal data to humans remains challenging, especially as the placenta is the most speciesspecific organ of all [START_REF] Enders | Comparative placental structure[END_REF]. Therefore, the use of ex vivo and in vitro models from human placenta tissues appears necessary.

The dually perfused ex vivo human placenta is a reliable model to predict placental transfer of therapeutic drugs [START_REF] Hutson | The human placental perfusion model: a systematic review and development of a model to predict in vivo transfer of therapeutic drugs[END_REF][START_REF] Gavard | Contribution and limit of the model of perfused cotyledon to the study of placental transfer of drugs. Example of a protease inhibitor of HIV: nelfinavir[END_REF][START_REF] Ceccaldi | Apports de la perfusion ex vivo du cotylédon humain dans l'étude du passage placentaire des médicaments[END_REF]. It presents the main advantage of using human tissue in conditions close to physiological in utero. Immediately after birth, a single cotyledon is detached from a human term placenta to be reperfused, allowing fetal and maternal circulations to be recreated by a pump system. This model of placental transport has been adapted to evaluate the passage of drugs loaded into nanocarriers in a limited number of studies [START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF][START_REF] Bajoria | Liposomal Thyroxine: A Noninvasive Model for Transplacental Fetal Therapy[END_REF][START_REF] Bajoria | Effect of lipid composition of cationic SUV liposomes on materno-fetal transfer of warfarin across the perfused human term placenta[END_REF][START_REF] Refuerzo | Liposomes: a nanoscale drug carrying system to prevent indomethacin passage to the fetus in a pregnant mouse model[END_REF][START_REF] Soininen | Human placental cell and tissue uptake of doxorubicin and its liposomal formulations[END_REF][START_REF] Barzago | Placental Transferof Valproic Acid after Liposome Encapsulation duringin Vitro Human Placenta Perfusion[END_REF][START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF][START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF][START_REF] Mathiesen | Modelling of human transplacental transport as performed in Copenhagen, Denmark[END_REF][START_REF] Menjoge | Transfer of PAMAM dendrimers across human placenta: prospects of its use as drug carrier during pregnancy[END_REF]. The perfusion model is however limited by the experiment duration and the complex setup.

The human placental explants model appears as suitable to complement the former model regarding the assessment of placental interactions with nanocarriers. Villous placenta explants cultures have been used from the 60s to study placental physiology, transport, metabolism and endocrine function. This technique allows experiments to last from several hours to several days and reduces the influence of interindividual variability on the results [START_REF] Miller | Human placental explants in culture: Approaches and assessments[END_REF]. Compared to the primary cell culture of trophoblasts or 3D-model of co-cultures [START_REF] Muoth | Nanoparticle transport across the placental barrier: pushing the field forward![END_REF], the villous placenta explant model presents the main advantage of preserving the in vivo architecture of the tissue.

In the placental explants, the trophoblasts are naturally co-cultured with the appropriate cells.

Therefore, the explant model composed of human cells conserving the in vivo organization seems to be more adequate for nanocarriers' evaluation.

In this study, we evaluated the interaction of doubly labeled PEGylated liposomes with human placenta, using both the dually perfused human placenta model and the human placenta explants model to provide an insight into the transplacental passage and placental penetration.

PEGylated liposomes and encapsulating carboxyfluorescein as a small hydrophilic drug model were labeled with rhodamine-lipid conjugate. An HPLC method has been set-up to monitor both the drug and the lipid into the perfusion media. The fluorescence properties of both the drug analog and the liposomes allowed a double monitoring when perfused in the dually perfused human placenta model and incubated with human placental explants. Quantitative and qualitative analyses, using HPLC and confocal microscopy, have been performed to study transplacental passage and interactions with the different placental cell layers. GmbH (Göttingen, Germany).

Liposomes preparation

Liposomes were prepared by the ethanolic injection method as described previously [START_REF] Mignet | Development of a liposomal formulation of the natural flavonoid fisetin[END_REF] [218]. Briefly, lipids were dissolved in ethanol at a specific molar ratio (DOPC: CHOL: DOPE-Rh: DODAGLY-PEG; 55: 35: 5: 5). One volume of lipids solution in ethanol at a concentration of 5 mg/mL was then injected into ten volumes of phosphate buffered saline (PBS; pH 6.8) 10 mM containing carboxyfluorescein (CF) (0.5 mg/mL) under magnetic stirring at room temperature. The suspension was left under stirring for two hours and then concentrated to 5 mM under reduced pressure at room temperature. Each suspension was then purified from free CF using a Sephadex P 10 column.

Liposomes characterization

Mean particle size (Z-average), polydispersity index (PDI) and Zeta potential were determined using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK). Before each measurement, appropriate dilution (1/100) of liposomes suspension was performed in PBS 10 mM for size and in NaCl 10 mM for Zeta potential measurements. All measurements were carried out at 25 °C in triplicate. Drug loading content (LC %) and encapsulation efficiency (EE %) were calculated using equations 1 and 2. To measure the encapsulation efficiency, centrifugal filter units with 30 kDa molecular weight cut-off were spun at 14000 rpm for 30 minutes at 25°C. Amounts of free CF and total CF in the formulation were quantified by HPLC as described in section 2.9.

Equation 1: LC % = ((CFTot -CFfree) /Amount of lipids)*100

Equation 2: EE %= ((CFTot -CFfree) / CFTot)*100

In vitro drug release

In vitro release of CF from PEGylated liposomes was evaluated by the dialysis bag diffusion technique. Phosphate buffered saline (PBS; pH 6.8) 10 mM was selected as the release medium.

The dialysis bag with a 14 kDa molecular weight cut-off was soaked in water for 12 hours before use. 300 µL of CF-loaded liposomes containing 12 mg/L of CF were transferred into the bag, then both ends were tightly sealed and immersed into 300 mL of medium in a flask under slight magnetic stirring (100 rpm). At predetermined time points (0.25, 0.50, 1, 2, 6, and 24 hours), 300 µL of medium were collected and immediately replaced with an equal volume of fresh medium. CF concentration was determined in each sample using HPLC (see 2.9.). Data provided are compared to a control experiment where an aqueous solution of CF was placed into a similar dialysis bag, other parameters being identical. Experiments were performed in triplicate. Time points were compared with an unpaired t-test using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA).

Placentae collection

Placentae were collected from women with normal pregnancies following caesarean section (between 37 and 41 weeks gestation) or legal and voluntary termination (between 8 and 10 weeks gestation). Biological samples were obtained after informed patient written consent and approval from our local ethics committee (CCP-PRB, Paris Cochin, N°18-05, Paris, France).

Dually perfused human placenta

Collected placentae were perfused in a closed double circuit as previously described [START_REF] Hutson | The Human Placental Perfusion Model: A Systematic Review and Development of a Model to Predict In Vivo Transfer of Therapeutic Drugs[END_REF].

Briefly, a visual examination confirmed vascular integrity of both maternal and fetal sides, and then cannulation of a distal branch of a fetal artery and its associated vein supplying a peripheral cotyledon was performed. Perfusion on the maternal side was subsequently initiated by insertion of two catheters into the intervillous space. The fetal and maternal circulations were established at flow rates of 6 mL/min and 12 mL/min, respectively using DMEM supplemented with bovine serum albumin at 37°C. An aqueous solution of CF or a suspension of rhodamine-labeled liposomes encapsulating an equivalent amount of CF was added into the maternal compartment (300 mL; final concentration of CF: 12 µg/L) for 120 minutes. As a control, the freely diffusing marker antipyrine (Ap) was used to assess the placental permeability. Samples from the maternal reservoir and the fetal venous circulation were collected at 0, 30, 60, 90, 120 minutes. CF and DOPE-rhodamine concentrations were determined using HPLC apparatus as described in section 2.2.9. Perfusion experiments were performed in triplicate and started within 30 minutes after placental delivery.

Villous explants

The placental tissue was washed with Hank's balanced salt solution, and then carefully dissected into small villous. Explants were suspended, using a needle, above wells filled with Dulbecco's modified Eagle's medium completed with 10% fetal bovine serum and 1% glutamine, and left at 37°C and 5% CO2 under soft agitation. Explants were incubated for 24 hours with medium, an aqueous solution of CF (1.2 mg/L) or rhodamine-labeled liposomes encapsulating an equivalent amount of CF.

Confocal microscopy

Placental explants were washed with 1% PBS, fixed with 4% PFA, and embedded in agarose for immunostaining. Blocks were cut into 120 μm-thick slices using a Vibratome (Technical Products International, Maryland Heights, USA). Slices were permeabilized for 30 min with 0.5% Triton X-100 and blocked for 2 h in 4% fatty acid-free bovine serum albumin (BSA).

Cells' immunolabeling was realized with mouse antibodies against a human trophoblast specific marker, cytokeratin 7 (CK07). Fluorochrome-conjugated secondary antibody was coupled to Alexa Fluor 405®. Nuclei were stained with Topro-3-iodide. Slices were observed with a spinning disk microscope (Leica, Wetzlar, Germany). Filters used were excitation wavelength 405 nm and emission band-pass (PB) 417-477 nm for Alexa Fluor 405®, 491 nm and PB 506-545 for carboxyfluorescein, 561 nm and PB 573-637 nm for rhodamine, 633 nm and PB 672-712 nm for Topro-3-iodide. Image acquisitions were performed on the Cochin Imaging Facility. For the semi-quantitative assessment, ROIs (Regions of Interest) were selected for two types of positions: syncytiotrophoblast (STB) and mesenchymal axis (M), using the cytokeratin 7 immunostaining, on six pictures per villous. Signal intensity in the ROIs from each picture for 491 nm and 561 nm were measured using the Image J (NIH) software, then the mean ratio between STB and M intensities was calculated for each villous and groups

were compared with a one-way ANOVA test using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). For CF quantification, a method adapted from [START_REF] Rossi | Practical Method for the Multigram Separation of the 5-and 6-Isomers of Carboxyfluorescein[END_REF] was used. The mobile phase consisted in an initial mixture of methanol and PBS 10mM (15:85). The gradient started with the initial mixture for 7 min, it ran from 15 % to 80 % of methanol in 3 minutes, and then the 80 % organic phase was maintained for 2 minutes, returned to initial condition in 3 min and kept up to 25 minutes run time. The flow rate used was 1 mL/min and 50 µL of sample were injected.

Detection was performed by fluorescence with 495nm as excitation wavelength and 517 nm as emission wavelength. Linearity was checked with solutions of CF prepared in the same matrix as samples, the concentration range was 15 to 250 ng/L and detection limit was 5 ng/L.

The mobile phase for DOPE-rhodamine quantification consisted in a mixture of isopropanol and water (50:50). The elution gradient consisted in a 25 minutes run, maintaining the initial conditions for 10 min, increasing to 70 % of isopropanol in 5 minutes, and then returning to the initial conditions in 10 min. A 0.5 milliliter per minute flow rate was used and 50µL of sample were injected. Detection was performed by fluorescence with an excitation wavelength of 550 nm and an emission wavelength of 580 nm. Linearity was validated with solutions of DOPErhodamine prepared in the same matrix as samples, the concentration range was 1 to 250 ng/L and detection limit was 0.5 ng/L.

Antipyrine concentrations were also measured by HPLC, using ultraviolet detection at 290 nm.

The mobile phase was a mixture of phosphate buffer (0.05 mol/L, pH 3), methanol and tetrahydrofuran (75:25:0.9). Linearity was checked with antipyrine concentrations ranging from 50 to 20,000 μg/L and the lower quantification limit of antipyrine was 50 μg/L.

The two assessed transport parameters, percentage of maternal initial dose (%Cmi) and percentage of fetal maximal concentration (%Cfmax) were calculated as shown in equation 3 and 4 [START_REF] Challier | Criteria for evaluating perfusion experiments and presentation of results[END_REF]. All values were expressed as the mean ± SD, data curves were generated with GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). The area under curve of 129 maternal (MAUC) and fetal (FAUC) concentrations of CF and DOPE-Rh were calculated using the trapezoidal method and the average values and %Cfmax were compared with an unpaired ttest. The formulation exhibited a mean particle size of 95 ± 8 nm, a PDI of 0.3 ± 0.04 and a Zeta potential of -9.0 ± 0.8. CF encapsulation efficiency was 75 ± 11 % and the drug loading content was 0.3% ± 0.04 w/w. Encapsulation values are consistent with similar formulations previously described [START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF][START_REF] Pons | Liposomes obtained by the ethanol injection method[END_REF], the low drug loading content being expected with hydrophilic drugs [START_REF] Eloy | Liposomes as carriers of hydrophilic small molecule drugs: Strategies to enhance encapsulation and delivery[END_REF].

The in vitro release profile of CF from the liposomes in PBS is compared to free CF in Figure 30. A biphasic release was observed in both cases with a rapid release up to 2 hours followed by a sustained release until 24 hours. From one hour, a moderate difference between aqueous solution of CF and liposomal CF was observed and remained significant until 24 hours. At one hour 44 ± 4% CF was released from the liposomes while 57 ± 7 % was released with free CF (p < 0.05). The observed CF release was expected from a liposomal model formulation encapsulating a small hydrophilic drug. Generally, hydrosoluble drugs present a low loading content and short retention time into liposome formulations [START_REF] Jaafar-Maalej | Ethanol injection method for hydrophilic and lipophilic drug-loaded liposome preparation[END_REF]. Such formulation with double labeling of carrier and encapsulated drug able to release during the experiments was chosen to establish tools allowing studies on nanocarrier properties to interact with placental tissues.

Figure 30: In vitro release profile of carboxyfluorescein. (CF). Free carboxyfluorescein (circles); liposomal carboxyfluorescein (squares) (n=3).

In the next sections, the formulation was evaluated on human placental perfusion and cultured placental explants ex vivo models, in comparison with an aqueous solution of carboxyfluorescein.

Evaluation of liposomes transplacental passage on the dually perfused human placenta model

Placenta is the organ between maternal and fetal circulations that controls the passage of drugs.

The ex vivo model of dually perfused human placenta represents the only dynamic method able to recreate the physiological conditions observed in utero in the third trimester of pregnancy (Set-up is schematized in Figure 31 A). Moreover, it allows a close monitoring of experimental variables [START_REF] Hutson | The Human Placental Perfusion Model: A Systematic Review and Development of a Model to Predict In Vivo Transfer of Therapeutic Drugs[END_REF][START_REF] Balan | The effects of pravastatin on the normal human placenta: Lessons from ex-vivo models[END_REF][START_REF] Jovelet | Variation in transplacental transfer of tyrosine kinase inhibitors in the human perfused cotyledon model[END_REF]. estimated to be significantly different from the passage of the aqueous solution of CF (1.8%) [START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF][START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF]. Nevertheless, no information was provided about the transplacental passage of liposomes. Every other study on dually perfused human placenta followed exclusively the encapsulated drug. The only example of nanocarrier labeling concerns another type of nanomedicine, fluorescently-labeled PAMAM dendrimers, with no loaded drug [START_REF] Menjoge | Transfer of PAMAM dendrimers across human placenta: prospects of its use as drug carrier during pregnancy[END_REF].

To the best of our knowledge, this study is the first report with doubly labeled liposomes, following both the drug and the carrier on the dually perfused human placenta model.

Suspended villous explants model as a complementary ex vivo model of human placenta

In this study, we propose to use human placental explants as a complementary ex vivo model to assess the interactions between nanocarriers and human placenta in terms of uptake and location into placenta tissue.

The placenta can be divided into two parts: the chorionic plate, composed of floating villous, and the basal plate, composed of anchoring villous, attached to the maternal endometrium. The chorionic villous represents the placental structural and functional unit [START_REF] Gude | Growth and function of the normal human placenta[END_REF]. Therefore, this placenta unit was chosen as an elementary model to study the materno-fetal interface transport, metabolism and endocrine functions [START_REF] Miller | Human placental explants in culture: Approaches and assessments[END_REF].

In our objective to study the interactions with nanocarriers, villous from human placenta were carefully dissected just after delivery and the explants were suspended above well plates.

Different ways of culturing villous explants for biochemical evaluation have been listed by Miller et al.: either at the bottom of the well, freely floating villi hanging from a block into the medium, or using a supportive mesh [START_REF] Miller | Human placental explants in culture: Approaches and assessments[END_REF]. To study nanomedicine uptake, it is important to favor freely floating explants in order to avoid false interactions due to nanocarrier precipitation. We optimized the model using a needle to suspend the villous and maintain it floating in the medium. Moreover, the defined incubation conditions, namely the temperature, CO2 concentration, mechanical stir and position of the villous, were intended to be consistent with the physiological environment where the villous unfolds in the maternal blood of the intervillous chamber (Figure 34A).

A thorough understanding of the tissue structure and the various cell layers constituting the placental interface is essential to assess a drug and/or drug carrier's level of placental penetration. As schematized in Figure 34B, each villous is constituted of a mesenchymal axis containing the fetal capillaries. Two layers of trophoblastic cells surround the mesenchymal axis: a layer of epithelial cells like mononucleated villous cytotrophoblasts (CTB) and a syncytiotrophoblast (STB) layer [START_REF] Gude | Growth and function of the normal human placenta[END_REF].

The explant villous model allowed to visualize the various cell layers and distinguish villous CTB and STB. Immunostaining of cells of trophoblastic origin and observation of the explant with a spinning disk microscope ascertained integrity of the villous structure following the described incubation conditions. Figure 34C compares the placental villous structures of two different terms, and enables to discriminate trophoblastic layers from mesenchymal axis, as the cytotrophoblast layer appears less visible at term compared to first trimester placenta. Notably, the diffusion distance from the mother's to the fetus' circulation, i.e. across the placenta, decreases with time, from 50-100 µm during first trimester to 4-5 µm at term [START_REF] Richard | Fetal Neonatal Physiol[END_REF]. Several authors previously reported that the placental thickness decreases throughout gestation due to syncytiotrophoblast renewal by progressive fusion of the villous cytotrophoblasts [START_REF] Syme | Drug Transfer and Metabolism by the Human Placenta[END_REF]. Thus, the villous explant model outlines structural data in accordance with the physiological development of the placenta involving an epithelial-like turnover. During the first trimester the placenta proliferates, mainly to grow and, later, mostly to regenerate and repair itself [START_REF] Mayhew | Villous Trophoblast: Morphometric Perspectives on Growth, Differentiation, Turnover and Deposition of Fibrin-type Fibrinoid During Gestation[END_REF]. An important body of evidence shows that, in addition to the thickness changes, permeability and transport are quite different in early pregnancy and in the last trimester [START_REF] Sooranna | Characterization of human placental explants : morphological , biochemical and physiological studies using first and third trimester placenta[END_REF][START_REF] Gude | Growth and function of the normal human placenta[END_REF][START_REF] Glazier | Placental Transport in Early Pregnancy-A Workshop Report[END_REF].

Consequently, third trimester placenta, expected to be more permeable, was chosen to evaluate nanocarriers' penetration for the rest of the study. 

Evaluation of liposomes uptake on the suspended villous explant model

To assess whether the liposomes and the CF (free or encapsulated into liposomes) penetrated trough the surface of human placenta, we incubated explants of human term placental tissue with the formulations. Penetration assessment was performed by following the fluorescent labels with spinning disk microscopy after a 24-hour incubation to obtain a detectable signal. In Figure 35C, the red fluorescence corresponding to DOPE-rhodamine co-localized with the trophoblast immunostaining of the cytokeratin-7 marker. This observation indicates that DOPErhodamine accumulated within the outer syncytiotrophoblast (STB) layer of the placenta, rather than penetrating into the underlying mesenchymal axis. Red fluorescence within the villous mesenchyma was detected sporadically but was associated with integrity loss of the overlying STB. In Figure 35D, the signal intensity ratio between trophoblastic and mesenchymal localization of the red fluorescence appeared significantly higher than in the control and free CF groups (p < 0.0005). This may indicate that the conventional PEGylated liposomes formulation is up taken, retained and probably metabolized in the STB and has no or very restricted access to the fetal circulation. These results using the suspended villous explant model confirmed but also complemented the previous ones obtained with the dually perfused placenta model.

Figure 35: Spinning disk microscopy images of placental chorionic villi (x40) and semi -quantitative analysis. Illustrations of representative villi of an explant incubated with A) free CF and C) liposomal CF. Visualization of the villous structure I and IV; CF and CK07: II and V; rhodamine-labeled liposomes and CK07: III and VI. Blue: DNA nuclei; Cyan: cytokeratin 7 immunolabeling cells of trophoblastic origin; Green: carboxyfluorescein; Red: rhodamine-labeled liposomes; STB: syncytiotrophoblast layer; M: mesenchyma containing fetal vessels (n=3). Signal intensity ratio between trophoblastic cells and mesenchymal axis into the placental chorionic villi of B) free and liposomal CF and D) free CF and rhodamine-labeled liposomes. Green signal intensity ratios (CF, B)

were not significantly different between groups whereas red signal intensity ratio (rhodamine, D) was significantly higher following incubation with liposomes (Control vs. Liposomes: p < 0.0005; CI -0.5398 to -0.2115).

To our knowledge, this is the first report of PEGylated liposomes penetration on human suspended placental explants. In a comparable study, the ex vivo model of human placental explants was used to assess the delivery of doxorubicin by a nanosphere carrier derived from bacteria, EnGeneIC Delivery Vehicles (EDVs). Doxorubicin was more internalized into the human STB when the surface of the nanocarrier was decorated with an antibody targeting the epidermal growth factor receptor (EGFR). However, no specific staining of the STB was used to confirm penetration estimations [START_REF] Kaitu'u-Lino | Targeted Nanoparticle Delivery of Doxorubicin Into Placental Tissues to Treat Ectopic Pregnancies[END_REF]. Another group recently studied placental targeting with tumor-homing decorated nanocarriers. A protocol of 24 hours incubations assessed specific peptide binding to the placental surface. Pulse chase experiments were used to ensure real penetration. However peptide-decorated and undecorated liposomes were not tested on human explants [START_REF] King | Tumor-homing peptides as tools for targeted delivery of payloads to the placenta[END_REF]. In both cited studies, villous were not suspended and thus remained folded in the medium, which can impair the interaction and thus be less representative of the in vivo conditions.

Villous placental explants bear the advantage of retaining the tissue's architecture and the cellto-cell organization, similarly to the dually perfused human placenta model. In both cases, morphological and functional characteristics of the organ are maintained. The experimental setup for villous placental explants is yet quite simple, while perfusion of human placenta is delicate and has a high failure rate. According to a study of Mathiesen et al., only 15% of placentae received in one year could be perfused with success [START_REF] Mathiesen | Quality assessment of a placental perfusion protocol[END_REF]. Despite numerous assets of the dually perfused placenta model, one major restriction remains the limitation of the experiment duration to few hours. In contrast, the explant model allows carrying the experiment for up to twelve days according to a recent review. Authors conclude that the adaptability of the placental organ to various clinical and incubation conditions is illustrated in the vigor of the explant model [START_REF] Miller | Human placental explants in culture: Approaches and assessments[END_REF]. The villous explants model allows a convenient evaluation of nanocarriers' interactions with the placental structure as testing triplicates of different formulations on the same placenta is possible. Besides, while the perfusion model is currently restrained to the third trimester, the villous explants model allows going further and test nanocarriers on placentae from different pregnancy stages, displaying or not pathological conditions. Obviously, though, this model bears its own limitations. Mainly no measurement on the fetal circulation is available, thus no transplacental passage rate can be directly assessed.

Therefore, in case of nanocarriers' exposure evaluation, complete emancipation from the perfusion model is not possible.

To obviate some of the limitations, villous placental explant cultures appeared as the most adequate to complement the data collected with the perfused placenta model. Indeed, Balan et al. chose the same combination of two models to assess the effect of pravastatin exposure on pregnant women [START_REF] Balan | The effects of pravastatin on the normal human placenta: Lessons from ex-vivo models[END_REF]. 141

Conclusion

Very few models are currently available to specifically evaluate the potential of nanomedicines in pregnant women therapies. Here, we suggest the use of suspended human placental explants to complement the information provided by the perfused human placenta model for the evaluation of nanomedicines.

In this study, results obtained with these two ex vivo models were consistent and complementary. Full information about the drug model (carboxyfluorescein) and the liposomal carrier (rhodamine-DOPE) uptake and transplacental passage were gathered. No difference on transplacental transfer rate of free and encapsulated carboxyfluorescein was shown after a 2hour placental perfusion or a 24-hour incubation. Carboxyfluorescein appeared to diffuse freely through the villous explant in both cases. This expected behavior could be explained by the release of this hydrophilic small molecule from the liposomes formulation in the culture medium. Besides, with the perfused placenta model, no intact liposome could cross the placenta towards the fetus and even after 24 hours, liposomes were retained in the villous explants syncytiotrophoblasts. All these data evidenced the necessity to use dually labeled drug delivery systems and complementary ex vivo models to evaluate their placental interaction properties.

To our knowledge, this work is the first to study the suspended human placental explants in complement to the perfused human placenta model as evaluation tools of placental penetration and transplacental passage of nanocarriers. These tools may favor the development of pharmaceutical formulations designed for the treatment of pregnant women pathologies. 143

Potential of liposomes as gene delivery vectors for human placental cells

The objective of this study was to evaluate the cellular internalization of siRNA carried by three different liposome-based formulations in human primary cytotrophoblasts. All three formulations are designed to reach neutrality after siRNA loading and were selected as they were previously shown to favor transfection with a limited toxicity on other cell types.

This study has been published as a communication in Molecules and was presented in a poster communication in the first Nanomed Workshop 2018 and an oral communication will be given in the IFPA 2018, Clinical Growth via Placenta congress.

Introduction

Surveys of the world's clinical trial registries showed pregnant patients are still underrepresented during medication development, and particularly in evaluation and safety trials [START_REF] Shields | Exclusion of Pregnant Women From Industry-Sponsored Clinical Trials[END_REF][START_REF] Scaffidi | The pregnant women as a drug orphan: a global survey of registered clinical trials of pharmacological interventions in pregnancy[END_REF]. The routine exclusion of pregnant women from clinical trials and the absence of post-marketing surveillance are leading to a huge lack of information regarding drug efficiency and safety for both the fetus and mother [START_REF] Baylis | Why Physicians and Women Should Want Pregnant Women Included in Clinical Trials[END_REF]. In addition, pregnancy disorders, like preeclampsia, placental insufficiency, viral infection, trophoblastic cancer, and fetal growth restriction, remain without curative treatment and cause considerable health issues [START_REF] Keelan | Therapeutic and safety considerations of nanoparticle-mediated drug delivery in pregnancy[END_REF]. There is, thus, a critical need to encourage research projects aiming at providing additional preclinical safety data and developing new therapeutic strategies. More specifically, drug delivery approaches could carry new active molecules to the placenta, an organ involved in many pregnancy disorders.

Nanomedicine is expected to increase the distribution specificity of therapeutic molecules while reducing their off-target distribution therefore improving therapeutic efficacy and safety [START_REF] Alhareth | How should we plan the future of nanomedicine for cancer diagnosis and therapy?[END_REF][START_REF] Lamichhane | Liposomes: Clinical Applications and Potential for Image-Guided Drug Delivery[END_REF]. The advantages displayed by nanocarriers appear well-suited for pregnancy disorder treatments. Rationally designed nanocarriers could meet the essential requirements: providing an optimized treatment for the mother while avoiding side effects for the fetus by limiting the drug's transplacental passage [START_REF] Valero | Nanomedicine as a potential approach to empower the new strategies for the treatment of preeclampsia[END_REF].

Few reports have been published about the application of nanomedicine for the treatment of pregnancy disorders. We listed and discussed in a recent review the potential of nanomedicine, and particularly liposomes, to empower new strategies for the treatment of preeclampsia, one of the most severe pregnancy complications often responsible for prematurity [START_REF] Valero | Nanomedicine as a potential approach to empower the new strategies for the treatment of preeclampsia[END_REF]. We recently reported that PEGylated liposomes penetrate the outer cell layer of the placenta without gaining access to the fetal circulation [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. This finding supports the potential of liposomes as carriers of therapeutic molecules, including gene therapy agents, such as small interfering RNA (siRNA).

RNAi-based medicine holds a pivotal place in the future treatment of human diseases. siRNA are double-stranded RNA oligonucleotides able to induce the silencing of a target gene via RNA interference. Specificity provided by the siRNA sequence could be exploited in the development of therapeutic strategies for pregnancy disorders [START_REF] Yu | Modulating circulating sFlt1 in an animal model of preeclampsia using PAMAM nanoparticles for siRNA delivery[END_REF]. However, their instability in biological fluids, as well, as their hydrophilicity, hinder delivery to the target tissue and cellular uptake. Liposome-based formulations could offer the opportunity (i) to protect fragile nucleic acids from nucleases degradation; (ii) to target siRNA delivery to the outer cell layer of placenta villi (the syncytiotrophoblast); and (iii) to restrict off-target effects especially towards the fetus.

In this work, we evaluated the cellular internalization of siRNA carried by three different liposome-based formulations. All three formulations are designed to reach neutrality after siRNA loading and have previously been shown to favor transfection with a limited toxicity on other cell types [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF][START_REF] Schlegel | Anionic polymers for decreased toxicity and enhanced in vivo delivery of siRNA complexed with cationic liposomes[END_REF][START_REF] Seguin | Fine tuning of mixed ionic and hydrogen bond interactions for plasmid delivery using lipoplexes[END_REF]. Formulations complexed with a fluorescently-labeled siRNA were incubated in vitro with primary human villous cytotrophoblasts. Cells were then observed using confocal microscopy in order to estimate the rate of siRNA internalization into the cells.

Results

Formulations characterization

In this study, we selected three formulations previously developed for gene delivery purposes aiming at avoiding the well-known toxicity associated to cationic lipoplexes. The preparation methods and compositions were used as described in [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF][START_REF] Schlegel | Anionic polymers for decreased toxicity and enhanced in vivo delivery of siRNA complexed with cationic liposomes[END_REF][START_REF] Seguin | Fine tuning of mixed ionic and hydrogen bond interactions for plasmid delivery using lipoplexes[END_REF], and they are based on the addition of specific lipids and polymers. DMAPAP is a lipopolyamine chosen from a library of cationic lipids and used in our laboratory for its reduced toxicity and high reproducibility as an in vitro transfecting agent [START_REF] Byk | Synthesis, Activity, and Structure-Activity Relationship Studies of Novel Cationic Lipids for DNA Transfer[END_REF]. DDSTU is a lipothiourea designed to interact with nucleic acids through hydrogen bond interactions, providing high cargo release efficacy and low toxicity [START_REF] Breton | Comparative gene transfer between cationic and thiourea lipoplexes[END_REF]. CSL-3 is a pH-dependent switchable lipid able to complex siRNA and to release it following a pH change [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF]. DMAPAP+AA formulation contained 50% of DMAPAP and 5% of PEGylated lipid. An anionic polysaccharide, sodium alginate (AA), was added concurrently to siRNA when preparing DMAPAP+AA, to increase the silencing efficiency and 

siRNA delivery to primary cytotrophoblasts

The placenta is the interface organ connecting maternal and fetal circulations and controlling the passage of gas, nutrients, and xenobiotics. The outer cell layer, the syncytiotrophoblast (ST), is in direct contact with the mother's blood flow containing the administered drugs. The culture of human primary villous cytotrophoblasts (VCT) is the most relevant in vitro model in the context of the formulation evaluation for pregnancy-related disease therapy. Indeed, the VCT differentiates in vitro to form a functional syncytiotrophoblast by cell fusion.

To evaluate the delivery efficiency of the three formulations, villous cytotrophoblasts were incubated with formulations loaded with rhodamine-labeled siRNA Figure 36. Lipofectamine, a commercial cationic lipid-based reagent, is commonly used for in vitro cells transfection, including villous cytotrophoblasts [START_REF] Forbes | Methods for siRNAmediated Reduction of mRNA and Protein Expression in Human Placental Explants, Isolated Primary Cells and Cell Lines[END_REF]. Lipofectamine was used in this study as a deliverypositive control. Due to the toxicity of lipofectamine, incubation time must be limited to a maximum of 5 h.

Figure 36: Confocal images comparing siRNA internalization into villous cytotrophoblasts (40×) depending on the formulation (scale bar 1 0 µm). Nuclei were labeled with DAPI (blue), cytokeratin 7, i.e., cytoskeleton, with Alexa 488 (green), and siRNA with rhodamine (red).

Confocal microscopy observations showed that all tested formulations led to fluorescent siRNA uptake in the primary cytotrophoblasts. The observed rhodamine fluorescence intensity in the cells incubated with the three formulations for 24 h is visually comparable to the one obtained with lipofectamine after 5 h. Therefore, the three tested formulations are able to deliver siRNA to human primary cytotrophoblasts.

In order to compare the formulations, a semi-quantitative analysis was performed on confocal images. The percentage of VCT internalizing siRNA was calculated based on the detection of the rhodamine signal into cells marked with cytokeratin 7, a specific marker of human trophoblasts Figure 37. In this paper, we report for the first time siRNA internalization into human primary cytotrophoblasts using liposomes as nanocarriers. The tested formulations were previously developed and designed for in vivo applications. Results showed that DMAPAP+AA, DMAPAP/DDSTU, and CSL-3 had similar or lower delivery efficiency compared to the commercial reagent, lipofectamine. In addition, these formulations are serum compatible allowing an extended incubation time to 24 h in comparison to lipofectamine (5 h maximum).

A high tolerance of the lipoplexes formulations was previously reported in vitro with cells from non-placental origin [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF][START_REF] Schlegel | Anionic polymers for decreased toxicity and enhanced in vivo delivery of siRNA complexed with cationic liposomes[END_REF][START_REF] Seguin | Fine tuning of mixed ionic and hydrogen bond interactions for plasmid delivery using lipoplexes[END_REF]. The biocompatibility was also confirmed upon intravenous injection on various in vivo mice models, no sign of hemolysis was observed [START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Schlegel | Reduced in vitro and in vivo toxicity of siRNA-lipoplexes with addition of polyglutamate[END_REF][START_REF] Bedarida | Reduced endothelial thioredoxin-interacting protein protects arteries from damage induced by metabolic stress in vivo[END_REF].

Further experiments to study the toxicity of lipoplexes on VCT should be performed.

Various in vitro evaluation models have been set-up for the study of placental functions. Many placental cell lines, like BeWo (from choriocarcinoma origin) or HTR8 (immortalized extravillous cytotrophoblasts), can be used, but have a restricted ability to express all necessary functions and/or fail to form a functional and physiological syncytium. To overcome these limitations, the use of human primary villous cytotrophoblasts purified from human placentae seems to be the most suitable to evaluate the potency of different siRNA carriers. This model presents the advantage of both expressing a human phenotype and being representative of morphological and functional differentiation of trophoblastic cells. In addition, villous cytotrophoblasts fuse in vivo to form the syncytiotrophoblast layer which is in direct contact with the maternal circulation. A syncytiotrophoblast is obtained in vitro by the fusion of primary VCT [START_REF] Orendi | Placental and trophoblastic in vitro models to study preventive and therapeutic agents for preeclampsia[END_REF]. Moreover, no interspecies data extrapolation is needed thanks to the human origin of this model.

Primary cells are difficult to transfect by non-viral vectors. Fused cells, such as

syncytiotrophoblasts with specific barrier properties, were not expected to efficiently allow non-viral vectors to be internalized and deliver their content. Actually, numerous transfection reagents have been tested on placental primary cells and showed highly variable levels of internalization efficacy and reproducibility [START_REF] Forbes | Methods for siRNAmediated Reduction of mRNA and Protein Expression in Human Placental Explants, Isolated Primary Cells and Cell Lines[END_REF].

In our first study, we showed that liposomes are good candidates as vectors for placental drug delivery thanks to their interaction with the syncytiotrophoblast without the transfer of formulation components to the fetus [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. In this study, we demonstrate that siRNA loaded into lipoplexes are internalized by VCT. In a previous report, Bajoria et al. studied the internalization of liposomes loaded with a small hydrophilic molecules on human trophoblasts.

The authors showed that liposomes were internalized by an energy-dependent pathway and suggested endocytosis as one of the placental cells uptake mechanisms [START_REF] Bajoria | Endocytotic uptake of small unilamellar liposomes by human trophoblast cells in culture[END_REF]. The internalization pathway for the lipoplexes should be investigated, with endocytosis being highly probable, as this mechanism was previously reported for lipoplexes internalization in other cell types [START_REF] Pinnapireddy | Composite liposome-PEI/nucleic acid lipopolyplexes for safe and efficient gene delivery and gene knockdown[END_REF].

Moreover, another step in developing these new drug delivery strategies for pregnancy diseases will be to study the efficiency of gene silencing using a therapeutic siRNA. Indeed, nucleic acid internalization is only a part of the complex gene delivery process and does not necessarily imply knockdown of the gene of interest. A potential correlation between cellular internalization and transfection efficiency is however probable with the tested formulations as in vivo gene silencing was demonstrated for two of them in previous investigations [START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Schlegel | Reduced in vitro and in vivo toxicity of siRNA-lipoplexes with addition of polyglutamate[END_REF][START_REF] Bedarida | Reduced endothelial thioredoxin-interacting protein protects arteries from damage induced by metabolic stress in vivo[END_REF].

Further experiments are needed to evidence the absence of placental in-depth penetration and transplacental passage of the siRNA using complementary models, like the human placental explants and the human perfused placenta.

To conclude, our results show that well designed lipoplexes are prone to deliver siRNA into the syncytiotrophoblast, a key target site in many pregnancy-related pathologies. The development of safe and efficient formulations require more investigations and more knowledge in both nanomedicine and pregnancy pathologies. Cationic Switchable Lipid 3) were synthesized as described in previous publications [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF][START_REF] Mignet | Anionic pHsensitive pegylated lipoplexes to deliver DNA to tumors[END_REF]. 

Thiourea lipid DDSTU (2-[2-(didecylamino)-2-oxo-ethoxy]-N -[2-(2,3- dihydroxypropylcarbamothioylamino)-1-[(2,3- dihydroxypropylcarbamothioylamino)methyl]ethyl]

Liposomes and lipoplexes preparation

Three liposome formulations were prepared: DMAPAP+AA, DMAPAP/DDSTU and CLS3-50 according to previous reports [START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Schlegel | Anionic polymers for decreased toxicity and enhanced in vivo delivery of siRNA complexed with cationic liposomes[END_REF][START_REF] Seguin | Fine tuning of mixed ionic and hydrogen bond interactions for plasmid delivery using lipoplexes[END_REF]. Briefly, for DMAPAP+AA, lipids (DMAPAP/DOPE/Dodagly-PEG 50/45/5, molar ratio) were dissolved in chloroform and the organic solvent was evaporated to form a thin film. The dried film was hydrated with 150 mM NaCl and extruded to obtain a homogenous suspension of liposomes (2.5 mM). For the DMAPAP/DDSTU formulation, liposomes were prepared by the ethanolic injection method with the specific molar ratio: DMAPAP/ DDSTU/Dodagly-PEG, 25/70/5, in order to obtain a final lipid concentration of 2.5 mM in 150 mM NaCl. For the CLS3-50 formulation, liposomes were prepared using the thin film method with a lipid composition and molar ratio of CSL3/DSPC/cholesterol/Dodagly-PEG 50/10/37.5/2.5. The dried film was hydrated with 5% dextrose, sonicated and extruded, and the final concentration was adjusted to 2.5 mM.

Formulation preparation methods and/or hydration buffer differ from one-another as we intended to follow precisely the protocols described in [START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Schlegel | Anionic polymers for decreased toxicity and enhanced in vivo delivery of siRNA complexed with cationic liposomes[END_REF][START_REF] Seguin | Fine tuning of mixed ionic and hydrogen bond interactions for plasmid delivery using lipoplexes[END_REF].

Lipoplexes were prepared by mixing an equal volume of the siRNA solution (plus sodium alginate for the DMAPAP+AA formulation) to the cationic liposome suspension and rapidly mixed by vortexing. When using lipofectamine 2000, the same steps were followed, and the diluted transfection reagent was mixed with an equal volume of siRNA solution. According to the manufacturer's instructions, ratio was 1 µL of lipofectamine for 5 pmol of siRNA.

Lipoplexes were incubated for 30 min at room temperature for the DMAPAP+AA and DMAPAP/DDSTU formulations and lipofectamine, 10 min at 50 °C for the CSL-3 formulation.

The charge ratio was N/P = 4 for DMAPAP+AA, DMAPAP/DDSTU, and CSL-3, and was calculated based on the molar ratio of positive charges (three positive charges per molecule of DMAPAP, one per molecule of CSL3) and the molar ratio of negative charges (from siRNA and sodium alginate molecules, 3.08 nmol negative charges per µg and 5.05 nmol negative charges per µg, respectively).

Liposomes and lipoplexes characterization

Mean particle hydrodynamic diameter (Z-average), polydispersity index (PdI), and Zeta potential were determined using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). Before each measurement, an appropriate dilution (1/100) of liposomes or lipoplexes suspensions was performed in NaCl 150 mM. The encapsulation efficiency of siRNA in the formulations was determined by RiboGreen ® assay according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA).

Placentae collection

Placentae were collected from women with normal pregnancies, following caesarean section (between 37 and 41 weeks of gestation). Biological samples were obtained after informed patient written consent and approval from our local ethics committee (CCP-PRB, Paris Cochin, N°18-05, Paris, France).

Primary villous cytotrophoblasts isolation and purification

Primary villous cytotrophoblasts (VCT) isolation by differential trypsin digestion was performed as previously described [START_REF] Handschuh | Human Chorionic Gonadotropin Produced by the Invasive Trophoblast But Not the Villous Trophoblast Promotes Cell Invasion and Is Down-Regulated by Peroxisome Proliferator-Activated Receptor-γ[END_REF]. Chorionic villous were washed, dissected, and rinsed in Ca 2+ , Mg 2+ -free HBSS, then incubated sequentially with trypsin. Each time, the supernatant containing VCT was collected after tissue sedimentation, filtered (100 μm), and incubated with 10% FCS (v/v) to stop trypsin activity. After Percoll gradient fractionation, cells were diluted to a concentration of 1 × 10 6 cells/mL in DMEM supplemented with 10% FCS, 2 mM glutamine, 100 UI/mL penicillin, and 100 μg/mL streptomycin. Cells were then plated at a density of 150,000 cells/cm 2 on 60 mm culture dishes. VCT were incubated overnight in 5% CO2 at 37 °C and washed three times with PBS to eliminate non-adherent cells. Culture purity was assessed by immunolabeling with anti-CK7 antibody (a trophoblast-specific marker). The quality of the culture and formation of the ST was monitored by hCG quantification in cell supernatants. Semi-quantitative assessment was performed counting at least 100 cells per condition per placentae. Statistical tests were performed using GraphPad Prism (GraphPad Software Inc.

5.01, La Jolla, CA, USA).

Supplementary information

This section presents preliminary data collected on tolerance of primary villous cytotrophoblasts (VCT) to the formulations. Indeed, despite the reported high tolerance of these three lipoplexes formulations in vitro and in vivo, it should be confirmed on VCT.

Materials and Methods

Metabolic activity

After 24 h incubation of VCT cells with the formulations, cell viability was determined by measuring mitochondrial activity using a WST-1 Cell Counting Kit according to the manufacturer's instructions (Sigma Aldrich, Saint Quentin Fallavier, and France).

Mitochondrial activity is dependent on the optical density (O.D.) measured with a microplate reader at 450 nm wavelength. Data are expressed as ratios to the activity measured after 24 h incubation with lipofectamine.

Differentiation of VCT

Confocal microscopy pictures obtained following the procedure described in 3.4. were analyzed again to evaluate VCT fusion. The number of mononuclear cells, small syncytia (3 to 5 nuclei) and big syncytia (> 5 nuclei) were assessed on at least 100 cells per conditions. Data are expressed as rate of syncytia number to the total number of nuclei, for small or big syncytia.

Results and Discussion

Metabolic activity

First, the WST-1-based assay was used to assess the metabolic activity of the VCT cells after 24 h incubation with PEGylated DMAPAP/ DDSTU/ CSL-3 lipoplexe formulations. It was compared with the measured activity of cells incubated with Lipofectamine 2000 under the same conditions. In all cases, a non-coding siRNA was transfected.

In this assay, an expansion in the number of viable cells results in an increase in the overall activity of mitochondrial dehydrogenases in the sample. This augmentation in enzyme activity leads to an increase in the amount of dye formed, which directly correlates to the number of metabolically active cells in the culture. A toxicity can be revealed by a decrease of the dye formed.

The Figure 38 revealed more metabolically active cells in the culture after incubation with our three formulations than with Lipofectamine 2000 (around three times higher for all formulations). However, cells collected from only two placentae were tested and data from control cells (incubated with medium only) had to be excluded because of a technical problem.

This preliminary experiment suggests a clear lower toxicity of the tested lipoplexes formulations than lipofectamine for VCT and will be completed to confirm the safety of our formulations. Moreover, to complete the cytotoxicity assessment, during the experiment described in 3.2.2., cells supernatants were collected to measure lactate dehydrogenase release in medium, as it is an indicator of cell distress. The measurements are ongoing to evaluate the potential damage or toxicity on VCT.

Morphological changes and differentiation of VCT

To gather preliminary information, pictures obtained in experiment during 3.2.2. were observed to consider potential morphological changes between control cells and cells incubated with formulations or commercial agent. No global morphological difference was observed, nor fragmentation of the nuclei's DAPI staining, a sign of DNA condensation (Figure 36).

Moreover, the number and size of observed syncytia were assessed on the same pictures. The example of cells extracted from one placenta is given in Figure 39. No radical difference was observed between the groups, indicating that VCT differentiation might be uninfluenced by the formulations nor lipofectamine. Yet to confirm this hypothesis, actual fusion index evaluation should be performed as previously described, using a specific marker of the membrane edges like desmoplakin or E-cadherin [START_REF] Cocquebert | Comparative expression of hCG β-genes in human trophoblast from early and late first-trimester placentas[END_REF]. Less than 10% of the medications have enough data to determine their safety of their use for pregnant women, leaving healthcare providers and pregnant patients with limited options [START_REF] Cdc | Treating for Two | Medication and Pregnancy[END_REF].

The effects of this use could be birth defects, pregnancy loss, prematurity, infant death, developmental disabilities or other unknown outcomes. The burden of these effects is not just medical, the US FDA (Food and Drug Administration) estimated that birth defects and prematurity cost the government 29 billion dollars annually [START_REF] Mitchell | Medication use during pregnancy, with particular focus on prescription drugs: 1976-2008[END_REF].

More research is required in this area of pregnancy management to provide enough knowledge for safer use of medications. Developing innovative drug delivery systems, that favor a specific pharmacokinetic and biodistribution profile, is one of the promising strategies for rendering it safer and/or more effective.

In addition, physiological changes that happen during pregnancy empower the potential of nanomedicine as a suitable candidate for a controlled biodistribution of drugs. First, modifications in cardiovascular functions during pregnancy are in favor of enhancing interactions between placenta and nanocarriers. Uteroplacental blood flow increases from 60 mL/min to reach ~800 mL/min at term. Then, intravenously administered nanocarriers have higher chances of accumulating within the intervillous space in the placenta where the chorionic villous interact with maternal circulation for nutrient exchange. Second, the drop in pressure from the maternal uterine arteries (70 mmHg to 10 mmHg) to the intervillous space leads to possible longer interactions with floating chorionic villous. Favored distribution and longer interactions of nanocarriers with placental cells could increase the probability of internalization of the carried drug into the target cells. Such properties could be of great benefit in therapy aiming to treat placental pathologies like preeclampsia [START_REF] Valero | Nanomedicine as a potential approach to empower the new strategies for the treatment of preeclampsia[END_REF].

Liposomes are one of the most studied nanocarriers, which have a good safety profile since they are mainly composed of phospholipids. Size and surface properties can affect their biodistribution and specifically uptake by the tissues. Functionalizing liposomes surface with chains of polyethylene glycol is a common strategy used to evade the reticuloendothelial system uptake and enable longer circulation time [START_REF] Gref | Biodegradable long-circulating polymeric nanospheres[END_REF]. The specific design of liposomes could potentially modulate placental uptake and transplacental passage of encapsulated therapeutic agent.

Neutral non-PEGylated liposomes of ~70 nm carrying carboxyfluorescein (encapsulated CF) as a model drug showed a difference in placental uptake and transplacental passage comparing to free CF in aqueous solution [START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF] An increase in placental uptake of encapsulated CF [START_REF] Bajoria | Endocytotic uptake of small unilamellar liposomes by human trophoblast cells in culture[END_REF];

and an increase in its transplacental passage compared to the free one were reported [START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF].

Another study reported on relatively larger liposomes ~230 nm encapsulating valproic acid, an anticonvulsant drug well-known to induce congenital malformations like neural tube defects [START_REF] Nau | Valproic acid-induced neural tube defects[END_REF]. Decreased uptake of valproic acid by placental cells and lower transplacental passage was observed using a liposome-based formulation [START_REF] Barzago | Placental transfer of valproic acid after liposome encapsulation during in vitro human placenta perfusion[END_REF]. Optimal formulation of liposomes in terms of size and surface properties could provide a carrier limiting the transplacental passage of drugs while specifically delivering drugs to placental cells. This therapeutic approach could be useful in the case of preeclampsia, a disease where placental cells are a target to deliver drugs [START_REF] Al-Jameil | A Brief Overview of Preeclampsia[END_REF].

Reported nanocarriers for pregnancy-related diseases were usually evaluated on ex vivo models, dually perfused placenta, and villous placenta explant. Our previous study reported the setting up of a methodology to evaluate both transplacental passage and placental uptake of labeled liposomes encapsulating a fluorescent drug model [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. PEGylated liposomes (size = 95 ± 8 nm) labeled with rhodamine-lipid and encapsulating carboxyfluorescein (CF) were added to the maternal compartment of a dually perfused placenta and transplacental passage was compared with free CF. This study quantified the transplacental passage of CF as well as its carrier through fluorescence detection of the drug model and rhodamine-lipid conjugate by HPLC analysis.

The same formulation was besides incubated with human placenta explants and the penetration of the liposomes through the cells was visualized by confocal microscopy. Rhodamine-lipid was not detected in the fetal compartment after placental perfusion, neither in the mesenchymal axis of the incubated explants. This could possibly point out that intact liposomes do not penetrate deep enough into placental tissues to reach the fetal circulation; opening up the potential use of this nanocarrier for therapies that aim at treating placental diseases like preeclampsia.

Another study of our group evaluated the placental cells uptake of siRNA carried by three different formulations of lipoplexes [START_REF] Valero | Liposomes as Gene Delivery Vectors for Human Placental Cells[END_REF]. Lipoplexes are a complex of liposomes and nucleic acids, here siRNA. Internalization efficiency was compared with lipofectamine 2000, a commonly used transfection agent. The three formulations were based on: i) a lipopolyamine DMAPAP in combination with sodium alginate [START_REF] Byk | Synthesis, Activity, and Structure-Activity Relationship Studies of Novel Cationic Lipids for DNA Transfer[END_REF], ii) DMAPAP in combination with DDSTU, a lipothiourea [START_REF] Breton | Comparative gene transfer between cationic and thiourea lipoplexes[END_REF] and iii) CSL-3 which is a pH-dependent switchable lipid [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF].

The study concluded that the internalization rate was similar between the formulation containing DMAPAP with sodium alginate and lipofectamine.

The previous publication proved the uptake of liposomes by human placental explants and the internalization of lipoplexes composed of DMAPAP and siRNA on cytotrophoblasts cultures.

Thus, the next step was to evaluate the placental penetration of DMAPAP lipoplexes formulation with sodium alginate on the human placental explants, which appeared as the most relevant ex-vivo model.

The objective of this study was to quantify the uptake of lipoplexes by the human placenta explant, tracking both the drug and the carrier. A suspended villous explants model was used according to our previously published protocol [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. A green fluorophore-conjugated lipid, DOPE-NBD (dioleoylphosphatidylethanolamine -nitrobenzoxadiazole) was added to liposomes composition as a marker, and 50% of siRNA were tagged with red fluorescence siRNA-TAMRA (tetramethylrhodamine) to monitor the therapeutic agent. Suitable extraction and analytical method are needed for quantitative analysis of DOPE-NBD in biological media.

Literature analysis enabled us to identify i) factors and conditions that influence lipid analysis by HPLC [START_REF] Jeschek | A versatile, quantitative analytical method for pharmaceutical relevant lipids in drug delivery systems[END_REF], and ii) required conditions for the fluorescent probe extraction of a nanocarrier in biological media [START_REF] Alhareth | HPLC quantification of doxorubicin in plasma and tissues of rats treated with doxorubicin loaded poly(alkylcyanoacrylate) nanoparticles[END_REF]. Lipid analysis by HPLC is commonly performed using light scattering evaporating detection [START_REF] Jeschek | A versatile, quantitative analytical method for pharmaceutical relevant lipids in drug delivery systems[END_REF][START_REF] Becart | Quantitative analysis of phospholipids by HPLC with a light scattering evaporating detector -application to raw materials for cosmetic use[END_REF][START_REF] Rodríguez-Otero | Determination of Phospholipids in Milk by HPLC with Evaporative Light Scattering Detector: Optimization and Validation[END_REF]. However, the sensitivity of this approach is conditioned by the technical features of the detector. Sensitivity of lipid quantification can be improved by measuring indirectly via fluorescence detection [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF][START_REF] Castro | The photophysics of a Rhodamine head labeled phospholipid in the identification and characterization of membrane lipid phases[END_REF]. In this case, lipids should be coupled to fluorescent probes before analysis.

In this study, a liquid-liquid extraction method and HPLC method based on fluorescent detection were developed for DOPE-NBD analysis. After incubation of formulation with human villous placenta explants, the uptake of fluorescently-labeled lipoplexes was quantified using the developed method. We examined then the relationship between lipoplexe 

Liposomes and lipoplexes preparation

Liposomes were prepared by thin film hydration method as described before [START_REF] Bangham | AN OVERVIEW[END_REF]. Briefly, lipids were dissolved in chloroform with a molar ratio of DMAPAP/DOPE/DOPE-NBD/Dodagly-PEG; 50:40:5:5. Then dehydrated in a rotatory evaporator to form a thin film.

The thin film is then rehydrated with a 150mM NaCl solution, and then extruded to form a homogenous liposomes suspension at 2.5 mM of total lipids. Lipoplexes were prepared as described before by mixing equal volumes of the cationic liposomal suspension and the siRNA + alginate solution in 150mM NaCl, and then rapidly vortexing the mixture [START_REF] Arruda | Lipoplexes Strengthened by Anionic Polymers: Easy Preparation of Highly Effective siRNA Vectors Based on Cationic Lipids and Anionic Polymers[END_REF]. The N/P charge ratio was 4, calculated using the molar ratio of charges of DMAPAP, siRNA and sodium alginate. DMAPAP has three positive charges per molecule while siRNA has 3.08 nmol negative charges per microgram and sodium alginate has 5.05 nmol negative charges per microgram. Lipoplexes were prepared with 50% of TAMRA-labeled and 50% of unlabeled non-coding siRNA sequence.

Liposomes and lipoplexes characterization

Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) was used to determine the mean particle hydrodynamic diameter (Z-average), polydispersity index and Zeta potential.

Dilution of (1/100) of liposomes or lipoplexes suspension was performed using 150 mM NaCl.

RiboGreen ® assay was used to determine the encapsulation efficiency of siRNA according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA).

Ex vivo model set-up and incubation

The suspended villous explants model was used as described previously [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. Briefly, placentae were obtained from a caesarean section of full-term pregnancy after obtaining a written consent from the patient. Small villi were dissected from the placenta, each villous explant was hung by a needle in wells filled with Dulbecco's modified Eagle's medium containing 10% bovine serum and 1% glutamine. Lipoplexes were added to the medium to obtain different concentrations 36 or 18 μmol/L of lipoplexes which corresponded to 1630.8 and 815.4 μg/L of DOPE-NBD respectively, then the wells were incubated for 24 h at 37 °C and 5% CO2 under soft agitation, to approximate normal physiological conditions.

Liquid-liquid extraction

To extract lipids, liquid-liquid extraction was optimized. Each incubated explant was collected and washed then transferred into 5 mL Eppendorf tube where it was sliced using a scalpel to facilitate homogenization. To the sliced explants, 0.4 ml of water and 0.1 ml of 10% Triton X-100 were added and tubes were vortexed for 30 seconds. The mixture was sonicated for 10 min for two cycles while vortexing again between the two cycles. The homogenate was transferred to a hemolysis tube then 3 mL of chloroform were added. The mixture was vortexed for 20 min and centrifuged at 2000 RPM for 10 min. The organic phase was collected in glass balloon and the process was repeated with another 3 mL of chloroform. The collected phase was dehydrated via rotary evaporation under 1 mbar and room temperature. The remaining residue is reconstituted in 500 microliter of ethanol then filtered using 0.2 μm cellulose acetate filter Nalgene ® (Thermofisher Scientific) and then, injected in HPLC using fluorescent detection for quantification.

Results and Discussion

To evaluate the interaction of lipoplexes with human placental explants, complementary quantitative and qualitative analyses have been performed. First, liquid/liquid extraction and HPLC methods have been developed for DOPE-NBD dosage into human placental tissues.

Second, quantitative analysis was complemented with qualitative assessment of lipoplexes penetration into placental explants by confocal imaging.

HPLC method development and validation

Optimization of chromatographic conditions

The mobile phase (water, methanol, and isopropanol) was chosen based on the lipophilic feature of DOPE-NBD. Many gradients were tested to elute effectively DOPE-NBD with a sharp peak improving the limit of detection. The main concept was to start with a gradient with more polar mobile phase with a higher percentage of methanol and water to elute most of the polar constituents in the extract in the first minutes of the run and therefore minimize interference with DOPE-NBD peak. The gradient then gradually shifted to a more non-polar mobile phase to start eluting lipids including DOPE-NBD. Eventually, we used two gradients that could successfully elute DOPE-NBD with a retention factor between 1 and 5 and tailing factor around 1. Gradient 1 (G1) and Gradient 2 (G2) are shown in Table 12.

Table 12: Optimization of HPLC conditions. Composition of mobile phase in percentages for G1 and G2

Both the tested gradients G1 and G2 gave symmetric and sharp peaks. Using G1, DOPE-NBD was eluted with a retention time of 7.2 min, k'= 1.95 and a tailing factor= 1.66 (Figure 40a). Using G2, a sharper peak was obtained with retention time of 12.6 min, k'= 3.17 and a tailing factor= 1.24 (Figure 40b). Increasing water percentage in the initial mobile phase of gradient G2 resulted in a sharper peak with lower tailing factor and within optimal value for retention capacity k'. It also enabled to delay the elution, displacing the target peak away from interfering peaks, the latter can be due to the presence of side products of DOPE-NBD synthesis or post-synthesis degradation products. Therefore, G2 was the gradient of choice for conducting this study. 

Extraction optimization

Liquid-liquid extraction was used to recover fluorescent lipids from lipoplexes and biological matrix. Chloroform was chosen for extraction because of its high ability to dissolve lipids, immiscibility with water and ease of evaporation under vacuum conditions. After extraction process, extracts were reconstituted with ethanol, chosen as injection solvent for safety reasons.

Method validation

Method was validated in terms of linearity, recovery, specificity and detection and quantification limits. Ability of the method to assess the analyte without interferences from sample matrix is defined as the specificity. In order to check the specificity of our method, villi were incubated with a known concentration of 36 μmol/L of total lipoplexes lipids in medium (C1). lipoplexes were similar to non-fluorescent liposomes and lipoplexes reported in the previous study [START_REF] Valero | Liposomes as Gene Delivery Vectors for Human Placental Cells[END_REF].

Quantitative assessment

Uptake determination was performed on explants extracted from three term placentae. From each placenta, several villi were dissected, and incubated; they were classified by placenta (with the letter Y or Z) and by villi number (1 to 4). Lipoplexes concentrations chosen for explants incubation were based on the previous study conducted by our group [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. Table 13 shows that villous explants Y1, Y2, Z1 and Z2 incubated with C1, 36 μmol/L of total lipids, presented relatively higher amount of DOPE-NBD than Y3, Y4, and Z3 explants incubated with incubation concentration 2 (C2 18 μmol/L, half the concentration of C1). Uptake determination was performed on villi from two placentae and normalization of calculations were done based on the mass of villi. It is to note that the optimized quantification protocol enables obtaining reproducible data. Indeed, relative standard deviation between explants duplicates incubated with the same lipoplexes concentration and placenta was low, less than 7% in all cases.

Table 13 : DOPE-NBD quantification in placental tissue after incubation with various lipoplexes concentrations. Villi from placenta Y and Z, incubated with both C1 and C2 (36 and 18 μmol/L of total lipids respectively) and the amount of DOPE-NBD per g of villi quantified in extract of each villi normalized to their mass.

Table 14 shows ratios between the amount of DOPE-NBD in 1 g explants and the measured concentration in the incubation medium.

First, a difference between theoretical incubated medium concentration (Table 13) and measured incubation concentration at the end of incubation time (Table 14) was observed.

Measured incubation concentrations were determined in control wells containing incubation medium without villous. The observed difference could be a result of slight degradation of the fluorescent lipid in the incubation medium and under incubation conditions.

Table 14 shows that uptake of DOPE-NBD was observed in villous extracted from all placentae and all tested incubation conditions: the ratio between measured DOPE-NDB amount in one gram of tissue and measured amount in one-milliliter incubation medium, varied from 6 to 41 depending on the incubation concentration and villous origin. For placenta Y, the ratio is around 10 in the four tested villous and the two lipoplexes concentrations. This observation was not confirmed when analyzing villous of placenta Z. However, more samples are needed, in terms of villi and placenta, to conclude on this point.

The observed difference in uptake ratio between placentae might be due to interindividual variability. Among the placental characteristics, we hypothesized that gestational age is a major parameter in the observed placental interindividual variability. Indeed, the placental organ is highly evolutive during pregnancy; thinness of the syncytiotrophoblast and permeability to nutrients and some xenobiotics increase with gestational age [START_REF] Richard | Fetal and neonatal physiology[END_REF]. Comparison between uptake ratios should be performed on villous of placenta with narrowed gestational ages.

Overall, the uptake ratio calculation should consider more parameters (gestational age, mother smoking, fetal sex…).

Table 14: Influence of incubated lipoplexe concentration on placental uptake. Villous explants incubated with C1 (Y1, Y2, Z1 & Z2), C2 (Y3, Y4 & Z3) and ratio between DOPE-NBD concentration in 1 g tissue and in 1 ml incubated medium to compare the penetration levels between duplicates and placentae. C1 and C2 were 36 and 18 μmol/L of total lipids respectively.

Qualitative assessment by confocal microscopy

Confocal microscope images were obtained from explants incubated with lipoplexes and compared with control explants (without lipoplexes). Fluorescent lipids of the formulation and complexed siRNA seemed to adhere to and penetrate into the syncytiotrophoblast, i.e. placental specific cell layer in direct contact with maternal blood. Our previous study showed that siRNA complexed with this formulation were internalized by primary VCT, representing a syncytiotrophoblast model in vitro [START_REF] Valero | Liposomes as Gene Delivery Vectors for Human Placental Cells[END_REF]. These experiments in placental explants, an ex vivo model relevant for retaining tissular structure, confirm the previously collected data.

Tissue localization information are of high interest to complement the quantitative data as it showed that lipoplexes (lipids and siRNA) actually do not gain access to the mesenchymal axis and thus fetal circulation. In order to thoroughly assess transplacental passage of the selected formulation, further experiments will be performed using the complementary ex vivo model of perfused placenta as described in the second chapter [START_REF] Valero | Assessment of dually labelled PEGylated liposomes transplacental passage and placental penetration using a combination of two ex-vivo human models: the dually perfused placenta and the suspended villous explants[END_REF]. 

Conclusion

In this study, we developed and validated a HPLC method suitable for quantitative analysis of placental uptake of lipoplexes. The developed method showed high specificity, sensitivity and reproducibility.

The amount of internalized lipoplexes increased with increasing concentration of lipoplexes. Interindividual variability was observed between the uptake ratios among different placentae, this variability could be reduced by specifying inclusion criteria. Confocal microscopy imaging provided another layer of information about the position of the carrier and the therapeutic agent relative to tissues.

These data confirmed with an ex-vivo model based on human placental tissues the interest of lipoplexes formulations for syncytiotrophoblast penetration. Moreover, at the tissue level no in depth penetration of nanocarrier nor siRNA was observed, suggesting the potential of lipoplexes as nanomedicines for pregnant patient applications.

The developed HPLC method could potentially be applied to other liposomes formulations to acquire more quantitative data and uncover more about distribution of nanocarriers in placental tissue.

Introduction

During pregnancy, hypertension is the most prevalent maternal complication worldwide (affecting 7-10% of all pregnancies). Preeclampsia (PE) is a hypertensive disorder of pregnancy, considered as major cause of maternal and perinatal morbidity and mortality.

Criteria for the clinical diagnosis of preeclampsia are mainly de novo maternal hypertension (>140/90 mm Hg) in a previously normotensive woman and proteinuria (0.3 g per 24 hours), after 20 weeks of gestation [START_REF] Mol | Pre-eclampsia[END_REF]. Currently, the delivery of the placenta is the only way to ease the mother's symptoms and save her life in the case of severe preeclampsia [1]. Preeclampsia is a multifactorial syndrome but in most cases, the cause is a poor perfusion of the placenta leading to placental dysfunction and abnormal differentiation and function of the syncytiotrophoblast.

Key factors in the preeclamptic pathology are the excessive secretion of soluble form of the VEGF receptor 1 (sFlt-1) and low production of placental growth factor (PlGF) by the STB leading to reduced free PlGF in the maternal circulation [START_REF] Karumanchi | Angiogenic Factors in Preeclampsia[END_REF]. Indeed, the observed angiogenic imbalance (increased sFlt-1/PlGF ratio) was shown to be involved in the maternal symptoms and sFlt-1 concentrations were correlated with the disease severity [START_REF] Rana | Angiogenic factors and the risk of adverse outcomes in women with suspected preeclampsia[END_REF]. When sFlt-1 concentration is increased, available PlGF in the maternal circulation are decreasing, resulting in endothelial dysfunction, hypertension and subsequent maternal organ injury [START_REF] Karumanchi | Angiogenic Factors in Preeclampsia[END_REF]. Small lowering of sFlt-1 concentration through maternal blood circulation apheresis was shown to enable transient stabilization of the maternal disease's clinical evolution [START_REF] Thadhani | Pilot Study of Extracorporeal Removal of Soluble Fms-Like Tyrosine Kinase 1 in Preeclampsia[END_REF][START_REF] Thadhani | Removal of Soluble Fms-Like Tyrosine Kinase-1 by Dextran Sulfate Apheresis in Preeclampsia[END_REF]. However, this promising procedure turns out to be extremely invasive and requires a very specific and expensive clinical setting, limiting its accessibility for the patients. A small reduction of sFlt-1 plasma concentrations using specific antisense therapy appears therefore as a valuable alternative therapeutic strategy [START_REF] Valero | Nanomedicine as a potential approach to empower the new strategies for the treatment of preeclampsia[END_REF].

This strategy is highly challenging though, as little is known about sFlt-1 production mechanism. Many studies showed that sFlt-1 is produced through alternative Flt-1 RNA processing [START_REF] Kendall | Inhibition of vascular endothelial cell growth factor activity by an endogenously encoded soluble receptor[END_REF][START_REF] Huckle | Post-transcriptional control of expression of sFlt-1, an endogenous inhibitor of vascular endothelial growth factor[END_REF][START_REF] He | Alternative splicing of vascular endothelial growth factor (VEGF)-R1 (FLT-1) pre-mRNA is important for the regulation of VEGF activity[END_REF][START_REF] Heydarian | Corrigendum to "Novel Splice Variants of sFlt1 are Upregulated in Preeclampsia[END_REF][START_REF] Thomas | Intronic polyadenylation signal sequences and alternate splicing generate human soluble Flt1 variants and regulate the abundance of soluble Flt1 in the placenta[END_REF]. Some active cleavage-polyadenylation (poly (A)) sites have been identified as an alternative splicing mechanism and studies demonstrated that strong intronic poly (A) signal sequences generate the heterogeneity of human sFlt-1. From this mechanism arise various sFlt-1 transcripts differing by their C-terminal sequences but constantly exhibiting a large 3' UTR [START_REF] Thomas | Intronic polyadenylation signal sequences and alternate splicing generate human soluble Flt1 variants and regulate the abundance of soluble Flt1 in the placenta[END_REF].

Antisense therapy involves the binding of a complementary oligonucleotide sequence to a targeted RNA, inducing protein expression modulation. Several types of antisense approaches have been discovered and studied; they can be divided in two types of action mechanism:

enzyme-dependent degradation of the targeted mRNA or steric-blocking oligonucleotides (enzyme independent). In order to exploit the possibilities offered by the two mechanisms, two strategies were selected for investigations, each involving one-mechanism type.

Among the enzyme-dependent strategies, siRNA, short double stranded RNA duplexes, were selected. They are a powerful tool in medical research and widely explored as potential therapeutic agents, with ongoing investigations in many clinical trials [START_REF] Ozcan | Preclinical and clinical development of siRNA-based therapeutics[END_REF]. Moreover, a recent study reported the use of siRNA against sFlt-1 encapsulated in a polymeric carrier, polyamidoamine (PAMAM), on a tumor necrosis factor-α induced preeclampsia mouse model.

Authors demonstrate that circulating levels of sFlt-1 and preeclamptic symptoms (mean arterial pressure and urine protein concentrations) were attenuated. However the sequence design was not justified in the discussion and further experiments are needed to strengthen these findings [START_REF] Yu | Modulating circulating sFlt1 in an animal model of preeclampsia using PAMAM nanoparticles for siRNA delivery[END_REF].

Among the enzyme-independent strategies, splice-switching oligonucleotides (SSO) are short RNA single strands able to modulate the targeted gene's splicing by creating a steric block that prevents the binding of splicing factors and machinery. SSO are also particularly promising in terms of clinical applications [START_REF] Havens | Splice-switching antisense oligonucleotides as therapeutic drugs[END_REF], two drugs based on this strategy are already FDA approved:

Eteplirsen for Duchenne muscular dystrophy and Nusinersen for spinal muscular atrophy [START_REF] Aartsma-Rus | FDA Approval of Nusinersen for Spinal Muscular Atrophy Makes 2016 the Year of Splice Modulating Oligonucleotides[END_REF].

Additionally, it was previously shown that specifically designed SSO could modulate the Flt-1 gene splicing on in vivo models. Specific SSO sequences aimed at increasing sFlt-1 variant 1 production while reducing Flt-1 to subsequently induce a local anti-angiogenesis effect. Upon specific SSO administration in a laser-induced choroidal neovascularization (CNV) mice model, the sFlt-1/Flt-1 ratio was increased, inducing a CNV reduction and in tumor xenografted mice, sFlt-1 mRNA expression was increased, and tumor volume reduced [START_REF] Owen | Morpholino-Mediated Increase in Soluble Flt-1 Expression Results in Decreased Ocular and Tumor Neovascularization[END_REF].

In this study, the knockdown efficiency of two antisense approaches was evaluated in terms of sFlt-1 mRNA expression and protein secretion. First, sFlt-1 secretion of various cell models was evaluated to select the most relevant knockdown assessment model. Meanwhile, antisense sequences were specifically designed: 3 siRNA targeting one of the sFlt-1 variant (named v_2 or e15a), and 2 SSO sequences targeting Flt-1 pre-mRNA polyadenylation sites. The commercial lipidic transfection agent lipofectamine was used to transfect the cells as it is commonly used for both strategies and was shown to be efficient on placental cells [START_REF] Forbes | Methods for siRNAmediated Reduction of mRNA and Protein Expression in Human Placental Explants, Isolated Primary Cells and Cell Lines[END_REF].

mRNA expression levels of sFlt-1 and Flt-1 in the cells were quantified by qPCR and levels of secreted sFlt-1 and PlGF proteins were measured with immunoassay in cells supernatants.

of the first two digestions were discarded to eliminate residual syncytiotrophoblast fragments, and the cell suspensions resulting from the following 4 th to 8 th sequential digestions were passed through a pre-equilibrated mesh filter (pore size 40 μm) to remove tissular debris. The trypsin was inactivated by adding 5 mL of fetal bovine serum (FBS) to the filtrate in 50 mL Falcon tubes. After centrifugation at 1200 rpm for 10 min at 20°C, the cell pellet was resuspended in high glucose DMEM (4500 mg/L), supplemented with 1% L-glutamine, 1% of penicillinstreptomycin. The cells were then purified on a discontinuous Percoll gradient (5% to 70% in 5% steps) after centrifugation at 2500 rpm for 20 min at 20°C and the layers between 30% and 60% Percoll were collected. Cell viability was assessed by Trypan Blue exclusion and an automated cell counter (Bio-Rad).

Primary cells and cell lines culture

Isolated villous cytotrophoblast (VCT) cells, human invasive proliferative extravillous cytotrophoblast (HIPEC) [START_REF] Pavan | Human invasive trophoblasts transformed with simian virus 40 provide a new tool to study the role of PPAR in cell invasion process[END_REF] and HTR8/SVneo were seeded at a final density of 1.10 6 cells ⁄ mL in culture 6 well-plates (Corning, Bagneaux-sur-Loin, France). Cells were cultivated in high glucose DMEM supplemented with 1% of penicillin-streptomycin, 1% of Glutamine and 10% of FBS at 37°C in humid atmosphere with 5% CO2. For primary cells, they were first allowed to adhere to the surface of the wells for 24 h after extraction, then the medium was removed and the cells were gently washed 3 times with 10 mM phosphate buffer saline to remove dead cells. Fresh medium, previously equilibrated for 15 min in the respective incubator was then added.

VCT transfection

When approximately 70% confluence was achieved, the cells medium was changed to OptiMEM and cells were transfected and kept in the incubator for 1 or 3 days more. For siRNA knockdown efficiency evaluation, cells were transfected with lipofectamine 2000 (Thermofisher Scientific) at a final siRNA concentration of 20 nM for 5 h. siRNA sequences aiming at knocking down sFlt-1 and non-coding siRNA sequence (or siCtl) are described in 5.3. Results

Selecting assessment model: sFlt-1 secretion evaluation of various trophoblastic cells

The first objective of this study was to identify an in vitro evaluation model for sFlt-1 secretion modulation under normoxic conditions. According to the literature, immortalized extravillous trophoblasts HTR8/SVneo are reported as a human trophoblastic cell line secreting sFlt-1 [START_REF] Heydarian | Novel Splice Variants of sFlt1 are Upregulated in Preeclampsia[END_REF][START_REF] Kaitu'u-Lino | Characterization of protocols for primary trophoblast purification, optimized for functional investigation of sFlt-1 and soluble endoglin[END_REF]. Additionally, some primary human trophoblasts were previously immortalized in the UMR-S1139 laboratory, human invasive proliferative extravillous cytotrophoblast (HIPEC), for which sFlt-1 production was not evaluated [START_REF] Pavan | Human invasive trophoblasts transformed with simian virus 40 provide a new tool to study the role of PPAR in cell invasion process[END_REF]. On the other hand, production of sFlt-1 from primary human villous cytotrophoblasts (VCT) extracted from non-pathological term placentae was widely reported [START_REF] Rana | Ouabain inhibits placental sFlt1 production by repressing HSP27-dependent HIF-1 alpha pathway[END_REF][START_REF] Nakada | Toll-like Receptor-3 Stimulation Upregulates sFLT-1 Production by Trophoblast Cells[END_REF][START_REF] Nagamatsu | Cytotrophoblasts Up-Regulate Soluble Fms-Like Tyrosine Kinase-1 Expression under Reduced Oxygen: An Implication for the Placental Vascular Development and the Pathophysiology of Preeclampsia[END_REF][START_REF] Li | Aspirin inhibits expression of sFLT1 from human cytotrophoblasts induced by hypoxia, via cyclooxygenase 1[END_REF].

The two trophoblastic cell lines and primary cells were therefore cultured for 24 hours after seeding to enable sFlt-1 accumulation in supernatants, which were subsequently analyzed. For the two cell lines, HTR8/SVneo and HIPEC, mean sFlt-1 detected were 84 ± 34.3 and 63 ± 27.2 pg/mL respectively. For VCT, however, 5222 ± 627.5 pg/mL sFlt-1 were detected in the supernatants (Figure 44). Detected concentrations of sFlt-1 in cell lines' supernatants were estimated to be too low to enable a potential knockdown evaluation. However, the order of magnitude of primary VCT sFlt-1 secretion in medium under normoxic conditions was consistent with clinical concentrations in non preeclamptic pregnant woman (around 1500 pg/mL) [START_REF] Maynard | Excess placental soluble fms-like tyrosine kinase 1 ( sFlt1 ) may contribute to endothelial dysfunction , hypertension , and proteinuria in preeclampsia[END_REF][START_REF] Tuzcu | Circulating endothelial cell number and markers of endothelial dysfunction in previously preeclamptic women[END_REF]. Therefore primary human villous cytotrophoblasts (VCT) isolated from human term placentae appeared as relevant and were selected as the in vitro assessment model. To confirm these results at another biological level, mRNA expression of full length Flt-1 and variants 1 and 2 of sFlt-1 were assessed in the collected cell pellets. Moreover, the immunoassay quantifying sFlt-1 does not enable to distinguish soluble forms variants from each other. This test might be therefore inadequate to reveal a siRNA efficacy when sequences are designed to be specific of one of the soluble forms. RTqPCR was thus used to gather information on expression levels of the mRNA variants of interest. Figure 46 (A andB) shows relative mRNA expression of sFlt-1 variants 1 and 2, no difference was revealed between the applied conditions. The sequences were designed to be specific of the soluble variants and appeared so in silico but absence of modulation of full length Flt-1 should still be confirmed. mRNA expression levels of the full length Flt-1 mRNA expression were measured and remained stable upon transfection (Figure 46C). To optimize this protocol and confirm the results, PCR amplicons were sequenced in order to assess primers' specificity. Sanger sequencing results confirmed specificity of full length Flt-1 and sFlt-1_v1 primer but revealed that sFlt-1_v2 could be optimized, we used therefore, in the subsequent paragraphs, other primers sequences, denoted as sFlt-1_v2', described in the literature and showing better specificity [START_REF] Jebbink | Expression of placental FLT1 transcript variants relates to both gestational hypertensive disease and fetal growth[END_REF].

Designed siRNA sequences

Since a recent study analyzed Flt-1 mRNA family expression in 21 different human tissues and reported that variant 2 represented more than 80% of Flt-1 related transcripts, it was decided to focus on the variant 2 of sFlt-1 for the enzyme-dependent antisense approach [START_REF] Jebbink | Expression of placental FLT1 transcript variants relates to both gestational hypertensive disease and fetal growth[END_REF]. Based on the previously obtained results, other siRNA sequences were designed with help of the Eurogentec Company and are referred to as siRNA v2b, siRNA v2c, and siRNA v2d. In order to complete the evaluation with information on secretion kinetics, cells were kept 72 hours after transfection and supernatants collected every 24 hours.

When cells were transfected with siRNA v2b, siRNA v2c, and siRNA v2d, measured sFlt-1 secretion rates in supernatants were lower than in VCT transfected with non-coding siRNA. Besides the PlGF, secretion rates were measured and compared in Figure 47B as PlGF is a complementary key factor in preeclampsia. Indeed sFlt-1 PlGF dosages were suggested as diagnostic tool, predicting chances of the patients to develop the disease in a short term [START_REF] Zeisler | Predictive Value of the sFlt-1:PlGF Ratio in Women with Suspected Preeclampsia[END_REF]. In control VCT cultures, mean PlGF concentrations were around 458 ± 77 pg/mL and, no difference upon transfection with anti-sFlt-1 siRNAs was observed in PlGF concentrations nor in secretion rates to untransfected cells. Increase of free PlGF concentrations could have been expected following sFlt-1 reduction. However potential differences in secretion kinetics between PlGF and sFlt-1 were not taken in account in this experiment. 

Anti-sFlt-1 SSO sequences evaluation

To open to a different approach, oligonucleotides aiming at blocking the access of the cellular machinery to the targeted RNA were investigated. Indeed several teams recently showed that SSOs could be particularly useful when two splice variants have opposing functions as for Flt-1 gene [START_REF] Kole | RNA modulation, repair and remodeling by splice switching oligonucleotides[END_REF][START_REF] Owen | Morpholino-Mediated Increase in Soluble Flt-1 Expression Results in Decreased Ocular and Tumor Neovascularization[END_REF]. Upon binding of the designed SSO to targeted sites, splice switch between the membrane and soluble form of Flt-1 mRNA production should be modulated. As the most accessible polyadenylation sites identified in intron 13 of Flt-1 pre-mRNA are 5'pA and #5pA [START_REF] Ashar-Patel | FLT1 and transcriptome-wide polyadenylation site (PAS) analysis in preeclampsia[END_REF] (see chapter 2 of Literature Review), two complementary SSO sequences were designed that could induce reduction of sFlt-1 variant 1 and increase of Flt-1 expression (in collaboration with Lehto T and Gupta D, Karolinska Institutet). Potential splicing modulation was assessed after 24 h according to the collaborators' protocol. Additionally, as a modulation of both sFlt-1 variant 1 and Flt-1 was expected, relative mRNA expression of sFlt-1 variants 1 and Flt-1 were assessed (Figure 51A andC) no difference was revealed between the applied conditions for both genes. Moreover, no off target modulation of sFlt-1 variants 2 was observed (Figure 51B).

Figure 51: Relative quantification of mRNA expression of sFlt-1 variant 1 (A) and variant 2 (B) and full length(C). Presented as Fold change to control untransfect ed cells (2 -∆∆Ct ).

Cells were transfected 24 h before with scramble non-coding SSO sequences, SSO ctl, or SSO sequences targeting first polyadenylation site (5'pA), SSO short, or fifth polyadenylation site (#5pA), SSO long (200 nM). Mann Whitney test, all comparisons between treatment and control were non-significant (n=5 placentae, P>0.05).

Discussion

In this study, a small reduction of sFlt-1 concentration via an antisense approach was investigated. Primary human villous cytotrophoblasts (VCT) were chosen as a model because they greatly expressed the target [START_REF] Rana | Ouabain inhibits placental sFlt1 production by repressing HSP27-dependent HIF-1 alpha pathway[END_REF][START_REF] Nakada | Toll-like Receptor-3 Stimulation Upregulates sFLT-1 Production by Trophoblast Cells[END_REF][START_REF] Nagamatsu | Cytotrophoblasts Up-Regulate Soluble Fms-Like Tyrosine Kinase-1 Expression under Reduced Oxygen: An Implication for the Placental Vascular Development and the Pathophysiology of Preeclampsia[END_REF][START_REF] Li | Aspirin inhibits expression of sFLT1 from human cytotrophoblasts induced by hypoxia, via cyclooxygenase 1[END_REF] and present the advantages of primary cells, while cells lines have a restricted ability to express all necessary functions and sparsely secreted sFlt-1.

Two antisense strategies were evaluated to assess the potential of these agents as therapeutics in case of preeclampsia. Soundness of the selected targeted sequences was recently confirmed by an extensive study reporting transcriptome-wide polyadenylation site analysis (PAS-Seq) in preeclampsia. Authors confirmed that Flt-1 gene was upregulated in the preeclamptic pathology and one of their goal was to evaluate abundance of the various sFlt-1 mRNA isoforms. sFlt-1-i13 short (sFlt-1_v1 targeted by the SSO short sequence of our study), sFlt-1-i13 long (sFlt-1_v1 targeted by the SSO long) and sFlt-1-e14a (sFlt-1_v2 targeted by the three siRNA sequences) represented 88 to 97% of the measured Flt-1 mRNA in the analyzed placental tissue collected from normal pregnancies [START_REF] Ashar-Patel | FLT1 and transcriptome-wide polyadenylation site (PAS) analysis in preeclampsia[END_REF].

Transfection with SSO sequences aiming at reducing sFlt-1_v1 secretion and increasing Flt-1 production did not any show significant impact on total sFlt-1 secretion. However, the tested siRNA sequences targeting sFlt-1_v2 appeared to reduce total sFlt-1 secretion. This finding is consistent with the PAS-Seq analysis showing that sFlt-1_v2 or sFlt-1-e14a was the most abundant sFlt-1 mRNA, representing around 50 % of them, while both sFlt-1_v1 mRNA represented 20 to 25 % [START_REF] Ashar-Patel | FLT1 and transcriptome-wide polyadenylation site (PAS) analysis in preeclampsia[END_REF]. A decrease in sFlt-1_v2 might therefore be more discernable than a decrease in sFlt-1_v1 when measuring total sFlt-1 secretion. Notably, one siRNA sequence induced a significant 2-fold decrease in sFlt-1 secretion.

The data collected in this study could serve as a background to adjust sequences design to increase their potential. To complete these data, increasing concentrations of antisense therapy agents and transfections with a mix of several sequences targeting of both sFlt-1_v1 and sFlt-1_v2 could be assessed. Moreover, efficacy of the promising antisense sequences could be potentiated by their vectorization in the formulations optimized for delivery to the syncytiotrophoblast. Indeed penetration efficacy of three liposomes formulations of lower toxicity than lipofectamine was recently shown on VCT by our group [START_REF] Valero | Liposomes as Gene Delivery Vectors for Human Placental Cells[END_REF]. The most efficient tested formulation, based on cationic lipid DMAPAP and anionic polymer alginate, was previously shown to have a great potential in several in vivo studies [START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Schlegel | Reduced in vitro and in vivo toxicity of siRNA-lipoplexes with addition of polyglutamate[END_REF][START_REF] Bedarida | Reduced endothelial thioredoxin-interacting protein protects arteries from damage induced by metabolic stress in vivo[END_REF].

In parallel, several improvements can be suggested in order to optimize the protocol used in this study. Variability of cells samples due to the interindividual placenta variability could be reduced by carefully defining precise inclusion criteria. Increasing sample size would also increase the power of statistical tests and lead to more conclusive data. More advanced analytical tools that measure specifically each sFlt-1 variant at the protein level could improve the specificity of dosages data [START_REF] Rajakumar | Novel Soluble Flt-1 Isoforms in Plasma and Cultured Placental Explants from Normotensive Pregnant and Preeclamptic Women[END_REF].

In a subsequent step, optimized sequences could be evaluated on models closer to the preeclamptic pathology. Several studies reported a link between preeclampsia and hypoxia, therefore a way to approach pathologic conditions could be to culture VCT in hypoxic conditions. A recent study actually showed that VCT sFlt-1 secretion was induced in vitro under 1 or 3% of O2 [START_REF] Palmer | Maternal plasma concentrations of the placental specific sFLT-1 variant, sFLT-1 e15a, in fetal growth restriction and preeclampsia[END_REF]. Furthermore, data could be completed with evaluation on an ex vivo model, placental explants. This model preserves the advantages of primary cell models while complementing them with maintenance the whole tissue structure, and can be collected from normal or preeclamptic placentae. Previous reports have shown the feasibility of explant transfection with oligonucleotides [START_REF] Sadeh-Mestechkin | The effect of heat shock protein 27 on extravillous trophoblast differentiation and on eukaryotic translation initiation factor 4E expression[END_REF][START_REF] George | Heme Oxygenase-1 Attenuates Hypoxia-Induced sFlt-1 and Oxidative Stress in Placental Villi through Its Metabolic Products CO and Bilirubin[END_REF].

Conclusion

Overall, this study reports the use of two antisense strategies to modulate sFlt-1 secretion by primary villous cytotrophoblasts. No significant difference in both mRNA expression and protein secretion was observed upon transfection with the tested sequences. However, slight modulations were observed and a significant decrease of total sFlt-1 secretion was achieved by some of the tested siRNA. Complementary experiments could confirm the potential of antisense therapy for preeclampsia. More investigations in sequence design, formulation optimization and evaluation models are needed to establish a proof of concept.

III. Discussion

The main objectives of this thesis project were:

1-To establish a methodology to study the interaction of nanocarriers with the placenta in order to evaluate their potential as drug delivery systems for the therapy of pregnant patients, 2-To conceive a nanomedicine for the treatment of preeclampsia by:  collecting data on the safest nanocarrier formulation in the context of pregnancy, bearing the capacity to deliver a biomolecule such as siRNA to placental cells,  selecting a therapeutic agent based on antisense therapy for preeclampsia treatment.

Towards a methodology adapted to the development of nanomedicines for pregnant patients

Very few models are currently available to evaluate specifically the potential of nanomedicines designed for pregnancy-related pathologies. In the first chapter, organotypic culture of human placental explants was suggested for first assessment of nanocarriers in this context.

As an ex vivo model, the placental explants display the advantages of maintaining tissue structure and functional features (Figure 23, literature review section, 5.2.). From 1999, some groups established suitability of the placental explants to determine placental transport of nutrients and uptake of other molecules [START_REF] Sooranna | Characterization of human placental explants : morphological , biochemical and physiological studies using first and third trimester placenta[END_REF]. To gather preliminary data for our project, various liposomes formulations incorporating fluorescent lipids were prepared, incubated with the explants model, and then imaged by confocal microscopy. Results showed that the fluorescent-lipid labeling the nanocarrier was detected in the placental tissue following incubation with all formulations. The liposomes' distribution seemed to be limited to an adhesion to the surface of the placental tissue or to a penetration into the outer cell layer, the syncytiotrophoblast. PEGylation of liposomes' surfaces lead to an increase of the formulations' stability in the incubation medium while internalization of the liposomes in the tissue was not prevented, regardless of the surface charge. The main limits of this setup were the absence of uptake quantification, and the low precision of qualitative assessment of penetration (no cell types' identification, no check of tissue surface integrity). Moreover, the used static conditions drug and no information was provided about the transplacental passage of liposomes themselves. Therefore, one of the main inputs of our study was to also quantify the nanocarrier's transplacental passage. When the model formulation was perfused in the maternal blood compartment, no intact liposome was detected in the fetal circulation.

To provide detailed information on liposomes' and drugs' distribution in the placental tissue, human placental explants model were optimized. Incubation conditions were modified to be closer to the physiological environment of the villous in vivo: soft agitation and suspended villi (Figure 34, experimental section, 2.3.3.). Uptake of carboxyfluorescein and DOPE-rhodamine

were assessed semi-quantitatively on images acquired by confocal microscopy. The distribution of CF was not different whether free or encapsulated after a 24-hour incubation with placental explants. However, liposomes were retained in the villous explants' syncytiotrophoblasts.

Results obtained with both the human perfused placenta model and suspended human placental explants were consistent and complementary. The developed tools may favor the development of pharmaceutical formulations designed for the treatment of pregnant women pathologies.

In the fourth chapter, to complement and reinforce the methodology, a HPLC method was setup enabling to quantify nanocarriers' penetration into the suspended placental explants.

A lipoplexe-based formulation was prepared with liposomes labeled with a fluorescent lipid (DOPE-NBD). These liposomes were complexed with a fluorescently-labeled, non-coding siRNA (siRNA-TAMRA). Confocal microscopy imaging provided qualitative data on placental penetration of both the carrier and the therapeutic agent that were consistent with the information gathered in chapters 1 and 2.

Encapsulated in liposomes formulations, both small molecules and nucleic acids penetrated into the syncytiotrophoblast. However, contrary to CF, siRNA alone are not able to penetrate the superficial layer of the placenta: lipofectamine, a well-known transfection agent is required.

Moreover, opposite to CF molecules, siRNA seem unable to cross the different layers of placenta in order to reach the mesenchymal axis where fetal blood circulates.

Liquid-liquid extraction and HPLC methods were optimized and validated. The quantification protocol enabled obtaining consistent data. When assessing NBD-DOPE amount in the tissue of explants duplicates (extracted from the same placenta and incubated with the same lipoplexes concentration), relative standard deviation was low, less than 7% in all cases. The developed quantification method could potentially be applied to other liposomes formulations and other tissue models to acquire more quantitative data and uncover more about the in vivo distribution of nanocarriers.

As a first step, key parameters to be assessed through the development of nanocarriers for pregnant patient applications were established: transplacental passage, placental uptake and penetration level. Overall, the developed methodology helped studying thoroughly the behavior of various liposomes formulations and could also be applied to other nanocarriers (Figure 52). Fluorescent probes are often used to label lipids for lipid-based membranes and drug delivery system studies [START_REF] François-Martin | Actual fusion efficiency in the lipid mixing assay -Comparison between nanodiscs and liposomes[END_REF][START_REF] Sakdiset | High-Throughput Screening of Potential Skin Penetration-Enhancers Using Stratum Corneum Lipid Liposomes: Preliminary Evaluation for Different Concentrations of Ethanol[END_REF][START_REF] Strijkers | Paramagnetic and fluorescent liposomes for target-specific imaging and therapy of tumor angiogenesis[END_REF][START_REF] Andresen | Investigation of enzyme-sensitive lipid&nbsp;nanoparticles for delivery of siRNA to blood&ndash;brain barrier and glioma cells[END_REF]. They induce a relatively low modification of the systems' characteristics and therefore behavior. This type of labeling presents the main advantage of enabling both precise imaging and sensitive quantification.

Besides, other applications of fluorescent probes could be of interest in our project. The ability of fluorescence to be quenched when a probe is encapsulated at high concentration in liposomes' aqueous cavity can be used as a tool for biodistribution studies ex vivo or in vivo [START_REF] Tansi | Fluorescencequenching of a Liposomal-encapsulated Near-infrared Fluorophore as a Tool for in vivo Optical Imaging[END_REF]. The detection of fluorescence is then related to the release of the probe from liposomes to the incubation medium or to the biological medium.

Moreover, a specific type of flow cytometry relies on fluorescence, fluorescence-activated cell sorting (FACS). The principle of this technique is to sort cells from heterogeneous biological samples according to their light scattering and fluorescent features [START_REF] Andresen | Investigation of enzyme-sensitive lipid&nbsp;nanoparticles for delivery of siRNA to blood&ndash;brain barrier and glioma cells[END_REF][START_REF] Maldonado-Estrada | Evaluation of Cytokeratin 7 as an accurate intracellular marker with which to assess the purity of human placental villous trophoblast cells by flow cytometry[END_REF]. A protocol could be set-up to gently dissociate the explant's tissue after incubation with the formulations, and then cells could be labeled with cytokeratin 7 antibodies. Information of high interest would be accessible: the ratio of trophoblastic cells encompassing fluorescent drug and carrier.

Förster Energy Transfer (FRET) is another application of fluorescence. When two fluorescent probes have parts of their excitation and emission spectrum overlapping and are physically close enough (< 100 Å), the donor probe can be excited and instead of emitting a photon, it will transfer its energy to the acceptor probe that will emit a photon. Detection of the acceptor probe's fluorescence evidences the integrity of the liposome encapsulating both probes while detection of the donor probe's fluorescence indicates the disassembly of liposomes. Actually, the common lipid mixing assay relies on this technique to study membrane fusion and could be adapted to assess liposomes' integrity upon penetration in the tissue [START_REF] François-Martin | Actual fusion efficiency in the lipid mixing assay -Comparison between nanodiscs and liposomes[END_REF]. Figure 53 shows an example of assessment of nanocarriers' integrity following their cellular uptake using both FRET and FACS. autofluorescence for imaging techniques [START_REF] Lécuyer | Chemically engineered persistent luminescence nanoprobes for bioimaging[END_REF]. Gathering complementing information could be achieved by using other types of labels like radiolabeling. Relying on radioactivity detection enables sensitive quantification while it requires a complex and expensive setup to ensure safety of the operator.

Ex vivo models were chosen to establish the methodology as they present the main advantage of relying on human tissues and enable to work on pathological tissue of placentae collected from pathological pregnancies. Yet, to go further than our first interactions assessments objectives, the use of in vivo models is key. Indeed, biodistribution studies are essential in the development of nanomedicines for patients and very few data are available on gestation models. Moreover, the safety of the nanomedicine should be assessed in vivo as potential side effects of nanomedicine strategies are mainly driven by the change in biodistribution of the carried therapeutic agent.

However, placentation in mammals is a species-specific process and animal models should therefore be carefully selected when aiming at correlating to human pregnancy (Figure 54) [START_REF] Enders | Comparative placental structure[END_REF][START_REF] Chavatte-Palmer | Placentation in different mammalian species[END_REF]. Rodents are the most used animal models in research, yet some non-rodent species could be more physiologically-appropriate. According to a recent review, mice and rats are best-suited for fundamental investigation, while rabbits exhibit more tissue-specific physiological resemblance and ovine share more physical similarities with human gestation [START_REF] Chavatte-Palmer | Diet before and during Pregnancy and Offspring Health: The Importance of Animal Models and What Can Be Learned from Them[END_REF]. For more relevant animal models, a greater quantity of materials and specific facilities are needed. One additional advantage of liposomes over other nanocarriers is that industrial processes are already validated for large-scale production. Another level of complexity will be to assess the developed nanomedicines in pathological models. Indeed biodistribution can be influenced by pathological conditions and efficacy of the strategy should be evaluated on the most relevant models. The available preeclampsia models are listed in the literature review (II, 5.1.). Among them, the surgically induced RUPP model 205 (reduced uterine perfusion pressure) seems well suited to study the impact of our approach on sFlt-1 circulating concentrations and the clinical consequences of its reduction. Moreover it appears to be transferable to various species as reports indicate feasibility on rats, mice and rabbits so far [START_REF] Losonczy | Increased peripheral resistance during reduced uterine perfusion pressure hypertension in pregnant rabbits[END_REF][START_REF] Li | A model of preeclampsia in rats: the reduced uterine perfusion pressure (RUPP) model[END_REF][START_REF] Fushima | Reduced Uterine Perfusion Pressure (RUPP) Model of Preeclampsia in Mice[END_REF].

Overall, an appropriate model selection is essential for the development of new drugs. Hence, it would be interesting to establish correlations between the data collected on in vivo and ex vivo models. Indeed reducing and refining animal tests has become an ethical priority [START_REF] Mole | Animal Models in Forensic Science Research: Justified Use or Ethical Exploitation?[END_REF]. The formulation giving the highest cellular internalization rate in vitro (containing DMAPAP and alginate) was then selected and optimized to enable uptake quantification ex vivo. Fluorescent probe conjugated lipid DOPE-NBD was integrated in the formulation to apply methods described in chapters 2 and 4 of the experimental section. Qualitative imaging showed that the formulation adhered to the syncytiotrophoblast and penetrated into this specific cell layer, being consistent with the data collected on empty or encapsulating CF liposomes (first and second chapters); neutral liposomes penetrated into the syncytiotrophoblast when incubated with human placental explants. This study also provided new information: carried siRNA tagged with a red fluorescent probe were detected in the syncytiotrophoblast as well.

Moreover, this study provided quantitative data about the placental uptake of lipoplexes in human placental explants using a validated HPLC method measuring a fluorescent lipid. When incubating human suspended placental explants with various lipoplexes concentrations, the amount of internalized lipoplexes increased with concentration. However, no linear relationship was observed between uptake and incubation concentration. Further experiments establishing the type of relationship would be beneficial. Besides, high interindividual variability was observed between the fluorescent lipid uptake ratios among different placentae. This finding highlights the fact that each individual's placenta is different from one to another; therefore, stricter inclusion criteria might reduce this variability (i.e. fetal sex, gestational age, maternal pathologies...). Moreover, specific points could be normalized like the position of these dissected villous in each placenta (i.e. distance from umbilical cord or from the edges) and the cellular composition of each villous (ratio of fibroblasts and fetal-placental vessels to trophoblasts).

Overall, the collected data provides a basis for the design of nanocarriers for antisense delivery to the syncytiotrophoblast.

Additional formulation characterization and internalization mechanisms assessment are necessary for the optimization of siRNA delivery systems for pregnant patients applications.

Indeed essential steps for siRNA delivery stagger from encapsulation efficiency, siRNA protection efficiency, internalization into the targeted cells, siRNA extra-an intracellular release, endosomal escape, and to in vivo distribution. The particular physiological conditions of the pregnant woman should induce longer interactions between nanocarriers and cells, subsequently leading to a passive targeting of the syncytiotrophoblast (see literature review, section 1.4.), yet the formulation's features should be adapted to this context.

First beyond size, Zeta potential and siRNA encapsulation efficiency, surface and morphological properties could be assayed using Transmission Electron Microscopy, Atomic Force Microscopy and X-Ray techniques.

Knockdown efficiency is also a key parameter to assess, as promoted internalization of the nucleic acid does not necessarily imply higher knockdown of the target. Indeed the antisense sequences need to reach specific targets like the RISC complex or even the nucleus to be efficient. Therefore this assessment involves to gather more knowledge on uptake mechanism, via endocytosis pathways analyses by using specific inhibitors for example [START_REF] Pinnapireddy | Composite liposome-PEI/nucleic acid lipopolyplexes for safe and efficient gene delivery and gene knockdown[END_REF] and endosomal escape using lysotracker labeling and confocal imaging for example [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF].

Further experiments are needed to study the safety of the strategy beyond thorough assessment of the absence of transplacental passage of the therapeutic agent. For nanomedicines in general, we expect the potential adverse effects to be driven mainly by the biodistribution change of the therapeutic agent. Therefore, the most relevant assays to anticipate side effects would be in vivo experiments on animal models. Yet for pregnant patient applications, this assessment should be complemented with the evaluation of the impact of the nanomedicine on human placenta as it is highly species dependent and an adverse event affecting the organ could induce toxicity for the fetus. Moreover, as the angiogenic imbalance is the target, potential impact of the nanomedicine on maternal endothelial cells should be evaluated.

Furthermore, formulations used in this project were selected based on their previously demonstrated efficiency in vivo for other applications. However, further optimization could enable producing delivery systems best suited for the pregnant patient application.

As an example, the use of titrable (or pH-sensitive) lipids is a common strategy to promote endosomal escape and many lipid types have been developed with this objective in mind [START_REF] Andresen | Investigation of enzyme-sensitive lipid&nbsp;nanoparticles for delivery of siRNA to blood&ndash;brain barrier and glioma cells[END_REF][START_REF] Sato | A pHSensitive Cationic Lipid Facilitates the Delivery of Liposomal siRNA and Gene Silencing Activity in Vitro and in Vivo[END_REF][START_REF] Lin | Influence of cationic lipid composition on uptake and intracellular processing of lipid nanoparticle formulations of siRNA[END_REF].

Another potential improvement would be to tailor surface coating. Prolonged systemic circulation is essential to obtain an efficient distribution of intravenously administered nanomedicines. Surface coating of nanocarriers with hydrophilic polymers like PEG is commonly used in this purpose, yet this strategy was also shown to limit targeted cells uptake and endosomal escape [START_REF] Hatakeyama | The Polyethyleneglycol Dilemma: Advantage and Disadvantage of PEGylation of Liposomes for Systemic Genes and Nucleic Acids Delivery to Tumors[END_REF]. Consequently various approaches have been developed, involving chain length modification, labile or cleavable linkers to conjugate the PEG to the particle [START_REF] Andresen | Investigation of enzyme-sensitive lipid&nbsp;nanoparticles for delivery of siRNA to blood&ndash;brain barrier and glioma cells[END_REF][START_REF] Xu | Design and evaluation of pH-sensitive liposomes constructed by poly(2-ethyl-2-oxazoline)-cholesterol hemisuccinate for doxorubicin delivery[END_REF][START_REF] Kale | Enhanced transfection of tumor cells in vivo using "Smart" pH-sensitive TAT-modified pegylated liposomes[END_REF][START_REF] Ishida | Targeted delivery and triggered release of liposomal doxorubicin enhances cytotoxicity against human B lymphoma cells[END_REF]. Among the approaches, some aim at triggering dePEGylation at the target site to increase drug delivery specificity. Metalloproteinase (MMP) sensitive PEGylated lipids were developed, based on the enrichment in MMP tumor environment, to increase nanomedicines penetration and endosomal escape in cancer cells [START_REF] Andresen | Investigation of enzyme-sensitive lipid&nbsp;nanoparticles for delivery of siRNA to blood&ndash;brain barrier and glioma cells[END_REF][START_REF] Zhu | Matrix Metalloprotease 2-Responsive Multifunctional Liposomal Nanocarrier for Enhanced Tumor Targeting[END_REF]. This strategy might be applicable to placenta targeting as MMP are highly present in this organ and even believed to be involved to some extend in the preeclamptic pathology [START_REF] Chen | Matrix Metalloproteinases in Normal Pregnancy and Preeclampsia[END_REF][START_REF] Espino | New Insights into the Role of Matrix Metalloproteinases in Preeclampsia[END_REF][START_REF] Majali-Martinez | Placental membrane-type metalloproteinases (MT-MMPs): Key players in pregnancy[END_REF]. As an example, Figure 56 shows a strategy combining titrable lipids, cleavable peptides and targeting ligand (Angiopep) to promote siRNA internalization in brain cells. To go further, nanomedicines could be functionalized by molecules that specifically adhere to the syncytiotrophoblast to induce tissue-specific interactions and enhance binding and internalization into placental cells. So far no consensus on a specific ligand for this target has been established in the literature. Unspecific targeting ligands have been investigated ex vivo on human placental models and in vivo in rodents (anti-EGFR and iRGD) [START_REF] King | Tumor-homing peptides as tools for targeted delivery of payloads to the placenta[END_REF][START_REF] Kaitu'u-Lino | Targeted Nanoparticle Delivery of Doxorubicin Into Placental Tissues to Treat Ectopic Pregnancies[END_REF]. Yet the use of such unspecific ligand remains questionable, as it would imply exposure of other tissues to the treatment. From a library of tumor homing peptides, the same group selected and evaluated the pentapeptide CGKRK as a targeting ligand for syncytiotrophoblast targeting [START_REF] King | Tumor-homing peptides as tools for targeted delivery of payloads to the placenta[END_REF]. However, absence of quantitative assessment of biodistribution of the ligand-liposomes does not enable concluding on the interest of the tumor-homing peptides ligands in vivo.

Placental-type chondroitin sulfate (pl-CS) appears as a more distinctive targeting option: expression of this potential target has been shown to be specific to the placental and tumor tissue (Figure 57) [START_REF] Salanti | Targeting Human Cancer by a Glycosaminoglycan Binding Malaria Protein[END_REF]. A peptide derived from the CSA-binding protein (VAR2CSA) that is found in malaria-infected erythrocytes, and binds specifically to the pl-CS, could be an interesting specific targeting ligand. Moreover, as placental malaria can occur at all the gestational ages, pl-CS expression is believed to be continuous during pregnancy and thus a reliable target. Therefore CSA-binding protein (VAR2CSA) could be optimized to functionalize liposomes and specifically target the syncytiotrophoblast in vivo.

Figure 57: Schematic representation of pl-CS expression in the indicated tissue categories [START_REF] Salanti | Targeting Human Cancer by a Glycosaminoglycan Binding Malaria Protein[END_REF].

Although potential ligands for syncytiotrophoblast targeting are mainly peptides, many types of molecules have been developed for active targeting with varying degrees of success. Some studies report the use of small molecules [START_REF] Nascimento | Hyaluronic acid-conjugated lipoplexes for targeted delivery of siRNA in a murine metastatic lung cancer model[END_REF], antibodies [START_REF] Carradori | Antibody-functionalized polymer nanoparticle leading to memory recovery in Alzheimer's disease-like transgenic mouse model[END_REF][START_REF] Dai | Quantifying the Ligand-Coated Nanoparticle Delivery to Cancer Cells in Solid Tumors[END_REF], and aptamers [START_REF] Alshaer | Aptamer-guided siRNA-loaded nanomedicines for systemic gene silencing in CD-44 expressing murine triple-negative breast cancer model[END_REF][START_REF] Dhar | Targeted delivery of cisplatin to prostate cancer cells by aptamer functionalized Pt(IV) prodrug-PLGA-PEG nanoparticles[END_REF].

The method of liposomes functionalization depends on the type of ligand, usually the ligand is covalently bound at the extremity of PEG chains. Numerous linking methods have been previously described for nanocarriers functionalization [START_REF] Nicolas | Design, functionalization strategies and biomedical applications of targeted biodegradable/biocompatible polymer-based nanocarriers for drug delivery[END_REF]. Whatever the type of ligand used, it is necessary to accurately investigate the density of ligand at the surface of the nanocarriers.

It is of the utmost importance to determine the density of ligand coating providing optimal recognition efficiency of the target while avoiding the loss of stealth provided by the PEG shell.

The ex vivo models developed in this study could provide the much needed tools to perform those evaluations.

Overall, this study reports the use of two antisense strategies to modulate sFlt-1 secretion by primary villous cytotrophoblasts. Collected data show that this strategy is promising as slight modulations were observed and a significant decrease of total sFlt-1 secretion was achieved by some of the tested siRNA. This study shows the potential of antisense therapy as a promising strategy for preeclampsia treatment that complementary experiments could confirm.

These findings will serve as a basis to optimize further the evaluation techniques, sequences design and nanomedicine, in order to establish a proof of concept.

The main limitation in the performed protocol resides in the measurement of total sFlt-1 secretion that did not discriminate between the sFlt-1 protein isoforms. To enable a more thorough evaluation, it would be necessary to quantify each protein isoform and thus uncover potential compensation mechanism between isoforms when aiming at knocking-down the expression of one of them. More specific analytical tools could improve the relevance of collected data, as the new sFlt-1_v2 specific ELISA test developed by Rajakumar et al. [START_REF] Rajakumar | Novel Soluble Flt-1 Isoforms in Plasma and Cultured Placental Explants from Normotensive Pregnant and Preeclamptic Women[END_REF].

One advanced strategy would be to use a combination of sequences targeting specifically all the isoforms of sFlt-1.

About sequences optimization, despite many tools and algorithms, knockdown efficiency of designed antisense sequences is not guaranteed. It has been reported that target sites close to the start codon are the most likely to be efficiently silenced [START_REF] Fakhr | Precise and Efficient siRNA Design: A Key Point in Competent Gene Silencing[END_REF]. Unfortunately, in case of sFlt-1 targeting, the specific sites that can be targeted without affecting full length Flt-1 do not meet this criteria. However, as recently reviewed, other factors could be taken into account (i.e.

distance between target region and transcription start site, nucleotide composition, lack of offtarget effects and capacity of the target site and siRNA to form secondary structures) [START_REF] Fakhr | Precise and Efficient siRNA Design: A Key Point in Competent Gene Silencing[END_REF].

Furthermore, chemical modifications aiming at stabilizing the sequences can increase knockdown efficacy and reduce potential off target effects. In a recent study, partially and fully chemically-modified siRNA were delivered with conjugates (cholesterol-triethylene glycol linker) and in vivo retention in various organs was compared. Remarkably, the authors claim that sFlt-1 mRNA was reduced in primary trophoblasts upon transfection with chemically modified sequences [START_REF] Hassler | Comparison of partially and fully chemically-modified siRNA in conjugate-mediated delivery in vivo[END_REF].

Soundness of the targeted sequences in our study was recently confirmed. Only two genes, i.e.

NRIP1 (RIP140) and Flt-1 were reported to be upregulated in preeclampsia (using transcriptome-wide polyadenylation site analysis, PAS-Seq and previous microarray and RNA-abundant in placental tissue (Figure 58). These results give supplementary credit to the antisense therapy strategy for preeclampsia as transcription of the entire Flt-1 locus was increased in both early-onset and late-onset preeclampsia cohorts [START_REF] Ashar-Patel | FLT1 and transcriptome-wide polyadenylation site (PAS) analysis in preeclampsia[END_REF]. [START_REF] Meekins | A study of placental bed spiral arteries and trophoblast invasion in normal and severe pre-eclamptic pregnancies[END_REF] detected mRNA isoforms at the Flt-1 locus. Adapted from [START_REF] Ashar-Patel | FLT1 and transcriptome-wide polyadenylation site (PAS) analysis in preeclampsia[END_REF].

To go further, evaluation at the tissue level could provide key information. The use of placental explants, extracted from either normal or preeclamptic placentae, could enable to simultaneously evaluating both drug delivery and knockdown efficacy on the same model. Moreover, efficacy of the promising antisense sequences could be potentiated by their vectorization in the formulations optimized for delivery to the syncytiotrophoblast. Indeed internalization efficacy of three liposomes formulations with lower toxicity compared to lipofectamine was shown on primary villous trophoblasts [START_REF] Valero | Liposomes as Gene Delivery Vectors for Human Placental Cells[END_REF] and transfection potential of the most efficient formulation based on DMAPAP and alginate was demonstrated in vivo in several studies targeting other tissues [START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Schlegel | Reduced in vitro and in vivo toxicity of siRNA-lipoplexes with addition of polyglutamate[END_REF][START_REF] Bedarida | Reduced endothelial thioredoxin-interacting protein protects arteries from damage induced by metabolic stress in vivo[END_REF].

1.2. Liposomes and lipoplexes

Liposomes preparation

A summary of the formulations reported in the manuscript is presented in Table 18. The liposomes' labeling (non-labeled, red-labeled or green-labeled) were adapted to the objectives of each study and to the properties of the carried molecules. GianMario Mietti (Erasmus student) prepared some of the formulations reported in chapter one of the experimental section.

I prepared the remaining formulations with guidance from Khair Alhareth. Liposomes preparation methods aim at obtaining hydrated lipids, then spherical vesicles composed of a phospholipid bilayer surrounding an aqueous core, the liposomes. Among the numerous preparation methods available, I performed two in this project: ethanolic injection and thin film.

The ethanolic injection method is illustrated in Figure 59A and was performed as described previously. Lipids were dissolved in ethanol at a specific molar ratios (ratio of each lipid in the formulation). One volume of lipids solution in ethanol is then injected into an aqueous solution under magnetic stirring at room temperature [START_REF] Mignet | Development of a liposomal formulation of the natural flavonoid fisetin[END_REF][START_REF] Pons | Liposomes obtained by the ethanol injection method[END_REF]. I used this method to prepare the formulations described in chapters one to four. When encapsulating a hydrophilic drug with this method, the drug is added to the solution into which the lipids are injected. The thin film method is illustrated in Figure 59B and was performed as described before. Lipids were dissolved in chloroform according to the selected molar ratio, then dehydrated in a rotary evaporator to form a thin film. The thin film is then rehydrated with an aqueous solution to form a liposomes suspension [START_REF] Bangham | AN OVERVIEW[END_REF]. I followed this method to prepare the DMAPAP+AA, DMAPAP/DOPE-NBD+AA and CLS-3 formulations in chapters 3 and 4 of the experimental section. It is to note that these formulations and their preparations methods have been optimized in previous work of our laboratory and collaborators. 

Principle of the purification method

Size exclusion chromatography was chosen as the purification method. This liquid solid chromatography is based on molecular exclusion. As illustrated in Figure 60A, the constituents of the liquid phase to be purified are separated according to their size and geometry. The small particles permeate the gel particles of the column and their migration is slowed down compared to the one of the big particles enable to permeate the gel.

Therefore when preparing liposomes encapsulating CF, I purified each liposome suspension from free CF using a commercial size exclusion chromatography column, Sephadex P 10. This 

Encapsulation efficiency

For encapsulation of small hydrophilic molecules, drug loading content (LC %) and encapsulation efficiency (EE %) were calculated using equations 1 and 2. Protocol of encapsulation efficiency measurements is described in Figure 64, centrifugal filter units with 30 kDa molecular weight cut-off were spun at 14000 rpm for 30 minutes at 25°C. Amounts of free CF and total CF in the formulation were quantified by HPLC. 
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 332353 Figure 2: A) The three stages of preeclampsia pathophysiology: Stage I, abnormal remodeling of myometrial vascular network leads to placental hypoperfusion and dysfunction of the syncytiotrophoblast layer (stage II). Finally, the placenta releases necrotic fragments and secretes soluble factors, inducing maternal endothelial dysfunction (stage III). B) The key role of sFlt-1 in the third stage: the trophoblastic cells secrete two major angiogenic factors, the vascular endothelial growth factor (VEGF) and the placental growth factor (PlGF). These factors induce placental vascular development through interactions with the high affinity receptor tyrosine kinases Flt-1 and KDR (VEGFR-1 & 2) on endothelial cells. The VEGF receptor 1 is also produced as a soluble form: sFlt-1 and modulate the availability of VEGF and PlGF in the maternal circulation. In case of preeclampsia, secretion of sFlt-1 is increased and becomes disproportionate, it captures circulating VEGF and PlGF. ......................................................................................................................................................... 35 Figure 3: sFlt-1 and Flt-1 mRNA and protein structure. Alternative mRNA variants gives rise to full length and secreted forms of Flt-1 receptor. sFlt-1 protein retains the first six immunoglobulin-like domains of Flt-1, enabling VEGF-binding. The transmembrane (TM) and intracellular regions, encoded by exons 16-30, are excluded from sFlt-1. Adapted from [81]. ....................................................................................................... 53
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 545 Figure 5: Tissue-specific expression of Flt-1 transcript variants. A, Real-time quantitative polymerase chain reaction was performed on RNA isolated from 21 different human tissues, plus human brain microvascular endothelial cells (HBMEC) and human umbilical vein endothelial cells (HUVEC), as indicated on the left.
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  . ................................................................................................................................................ 72

Figure 12 : 73 Figure 13 : 74 Figure 14 : 77 Figure 15 : 79 Figure 16 : 81 Figure 17 : 82 Figure 18 : 84 Figure 19 : 88 Figure 20 : 90 Figure 21 : 93 Figure 22 : 96 Figure 23 : 97 Figure 24 : 112 Figure 25 : 113 Figure 26 : 114 Figure 27 : 115 Figure 28 :

 1273137414771579168117821884198820902193229623972411225113261142711528 Figure 12: Example of chemical modifications on antisense oligonucleotides [124]. .................................... 73 Figure 13: Structures of Eteplirsen (right) and Nusinersen (left) [125]........................................................... 74 Figure 14: Structure of the GalNAc-siRNA conjugate from Alnylam® Pharmaceuticals [113]. ................... 77 Figure 15: Schematic representation of cationic lipids .................................................................................... 79 Figure 16: A) Semi-developed formula of DDSTU, B) Hydrogen bonds between thiourea and phosphate group [143]. ................................................................................................................................................................ 81 Figure 17: A) Schematic model of lipoplexes' formation. .............................................................................. 82 Figure 18: Delivery strategies and biological barriers for oligonucleotide delivery. A) Delivery systems can vectorize short synthetic oligonucleotides (ONs) by two different strategies: by covalent conjugation; or by formation of nanoparticles between the delivery vector and ON molecules. B) Extracellular and intracellular barriers encountered by ONs and ON/vector conjugates/nanoparticles before reaching to their active site inside the cells upon systemic administration. MPS mononuclear phagocyte system. [148]. ................................... 84 Figure 19: Schematic representation of the endosomal pathway followed by a nucleic acid nanocarrier after endocytosis [168]. A, the nucleic acid cargo leave the endosome through a fusion independent mechanism, B, a passive diffusion mechanism, C, a fusion-dependent mechanism. ............................................................... 88 Figure 20: Graphical representation of the liposomal pH-sensitive delivery system based on a conformational switch. A) Protonation-induced conformational change of the pH-sensitive switchable lipids. B) Disruption of the lipidic bilayer of the liposome upon acidification, leading to drug release and endosome destabilization [178]. ................................................................................................................................................................ 90 Figure 21: Preeclampsia in vitro research model systems [179]. .................................................................... 93 Figure 22: Placental perfusion set-up (closed circuit). .................................................................................... 96 Figure 23: Cross-section of placental explant [194]. ....................................................................................... 97 Figure 24: Evolution of the size and PdI of the non-PEGylated liposomes in culture medium containing serum at 37°C. (n=3 preparations, mean ± SD) ........................................................................................................ 112 Figure 25: Evolution of the size and PdI of the PEGylated liposomes in culture medium containing serum at 37°C (n=3 preparations, mean ± SD). ............................................................................................................ 113 Figure 26: Influence on explant/liposomes interaction of concentration of cationic liposomes: A) 2.5 µmol/ml (total lipids/ml of incubation medium); B) 0.2 µmol/ml; C) 0.02 µmol/ml. -blue: DNA nuclei -green: actin filaments -red: liposomes. Placentae collected between 8 and 10 weeks of gestation. ................................ 114 Figure 27: Influence on explant/liposomes interaction of concentration of PEGylated cationic liposomes: A) 0.2 µmol/ml; B) 0.1 µmol/ml; C) 0.04 µmol/ml. -blue: DNA nuclei -green: actin filaments -red: liposomes. Placentae collected between 37 and 41 weeks of gestation. .......................................................................... 115 Figure 28: Influence on explant/liposomes interaction of surface charge and PEGylation. 1) non-PEGylated liposomes: A) anionic; B) cationic; C) neutral (placentae collected between 8 and 10 weeks of gestation); 2) PEGylated liposomes D) anionic; E) cationic; F) neutral (placenta collected between 37 and 41 weeks of gestation except E: 8 to 10) -blue: DNA nuclei -green: actin filaments -red: liposomes ........................... 116
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 291173013131132321333313635 Figure 29: A) Fluorescence macroscopy images of placental explants (x5.7 magnification) incubated with (a) control, (b) anionic, (c) cationic, (d) neutral liposomes. B) Comparing fluorescence intensity (n=4 placentae, control: explant incubated with medium only). (Kruskal-Wallis test: control vs. anionic P<0.005, control vs. neutral P<0.05, control vs. cationic P<0.0005) .............................................................................................. 117 Figure 30: In vitro release profile of carboxyfluorescein. (CF). Free carboxyfluorescein (circles); liposomal carboxyfluorescein (squares) (n=3). .............................................................................................................. 131 Figure 31: A) Schematized set-up of dually perfused human placenta model. B) Evolution of the percentage of maternal initial dose based on the carboxyfluorescein signal in maternal and fetal compartments as a function of perfusion time of free carboxyfluorescein (maternal: triangles, fetal: circles) and liposomal carboxyfluorescein (maternal: inverted triangles, fetal: squares) (n=3). ....................................................... 132 Figure 32: Accumulation kinetic of CF in the fetal compartment (percentage of maximal fetal concentration as a function of perfusion time) when free; or encapsulated in liposomes. At 30 min, CF accumulation in the fetal compartment is significantly lower when encapsulated (p < 0.001; CI 0.1178 to 0.2407) (n=3). ........ 133 Figure 33: Percentage of maternal initial dose (DOPE-rhodamine signal) in maternal (inverted triangles) and fetal (squares) compartments as a function of perfusion time of rhodamine labeled-liposomes (n=3). ........ 134 Figure 34: A) Schematized set-up of suspended villous explants model. B) Scheme of human chorionic villi (adapted from [245]). C) Cross-section images of chorionic villous obtained with spinning disk microscope (x40) corresponding to the black section on the scheme. I represents a villous from first trimester placenta and II a term placenta villous. Blue: DNA nuclei; Cyan: cytokeratin 7 immunolabeling cells of trophoblastic origin. ........................................................................................................................................................................ 136 Figure 35: Spinning disk microscopy images of placental chorionic villi (x40) and semi-quantitative analysis.
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 1383614937 Figure 36: Confocal images comparing siRNA internalization into villous cytotrophoblasts (40×) depending on the formulation (scale bar 10 µm). Nuclei were labeled with DAPI (blue), cytokeratin 7, i.e., cytoskeleton, with Alexa 488 (green), and siRNA with rhodamine (red). ................................................. 149 Figure 37: Percentage of observed cells internalizing siRNA. Results are expressed as mean ± standard error from values of experiments realized on cells collected from four placentae. Kruskal -Wallis Dunn's multiple comparison test: lipofectamine vs. control, p < 0.05 (*); DMAPAP+AA vs. control, p < 0.05 (*); DMAPAP/DDSTU and CSL-3 vs. control, non-significant. ...................................................................... 150
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 381583915940169411704217143174441864518746 Figure 38: Comparing metabolic activity of VCT measured with WST-1 after 24 h incubation with the formulations. Data are expressed as a % of measured activity of the cells incubated with lipofectamine for 24 h (n=2 placentae). .......................................................................................................................................... 158 Figure 39: VCT differentiation in vitro, counts in cells extracted from one placenta are given as an example. A) Rate of observed small syncytium (3 to 5 nuclei) B) Rate of observed big syncytium (> 5 nuclei). ....... 159 Figure 40: Chromatograms of DOPE-NBD: a) obtained with gradient G1. b) obtained with gradient G2. . 169Figure 41: a) Chromatograms of samples obtained by spiking biological extract with DOPE-NBD before liquid-liquid extraction to obtain a standard curve integrating the extraction process. b) Standard curves obtained by spiking biological matrix with DOPE-NBD: without integrating the extraction process (squares), integrating the extraction process (diamonds). .............................................................................................. 170 Figure 42: Specificity assessment. Chromatograms of extracted sample from villous incubated with C1 (36 μmol/L of total lipids) compared to control (villous with medium only). ..................................................... 171 Figure 43: Confocal microscope images of explants; A) incubated with lipoplexes (theoretical concentration C1) overlay (M Mesenchyme, STB syncytiotrophoblast), B) channels of red and green fluorescence to better observe liposomes labeled with NBD, green and siRNA with TAMRA, red, C) control explant, overlay of all four channel: only blue (Nuclei) and cyan (trophoblasts) were detected. ..................................................... 174 Figure 44: Comparing sFlt-1 concentration in cells supernatants of three trophoblastic cell lines, HTR8/SVneo and HIPEC (n=4 quadruplicates) and primary VCT cells (n=4 placentae) after 24hours of accumulation (20% O2). ................................................................................................................................................................. 186 Figure 45: Comparing rate of sFlt-1 concentration in transfected VCT to sFlt-1 concentration in untransfected VCT. siCtl transfected with non-coding siRNA, siRNA v1, v2 and v1+v2 transfected respectively with either siRNA v1, siRNA v2 or an equimolar concentration of both. Total siRNA concentration 20 nM. Measurements realized 24 h after transfection. Mann Whitney test, all comparisons between treatment and control were nonsignificant (n=3 placentae, P>0.05). .............................................................................................................. 187 Figure 46: Relative quantification of mRNA expression of sFlt-1 variant 1 A), variant 2 B) and full length C).

188 Figure 47 : 190 Figure 48 : 191 Figure 49 : 192 Figure 50 : 193 Figure 51 : 193 Figure 52 : 201 Figure 53 : 203 Figure 54 : 204 Figure 55 : 207 Figure 56 : 210 Figure 57 : 211 Figure 58 : 214 Figure 59 : 258 Figure 60 : 259 Figure 61 : 260 Figure 62 : 261 Figure 63 : 262 Figure 64 :
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Figure 1 :

 1 Figure 1: The human placenta is the exchange organ between the maternal and fetal circulation. The tertiary villous represents the placental structural and functional unit. Each villous is constituted of a mesenchymal axis, containing the fetal capillaries (orange), linked to the umbilical vessels. Two layers of trophoblastic cells surround the mesenchymal axis: a layer of villous cytotrophoblasts (yellow) and a syncytium layer, the syncytiotrophoblast (green). The latter is in contact with maternal blood within the intervillous chamber. The maternal oxygenated blood enters the chamber through the uterine spiral arteries (red arrow), and the uterine veins drain the deoxygenated blood (blue arrow).

Figure 2 :

 2 Figure 2: A) The three stages of preeclampsia pathophysiology: Stage I, abnormal remodeling of myometrial vascular network leads to placental hypoperfusion and dysfunction of the syncytiotrophoblast layer (stage II). Finally, the placenta releases necrotic fragments and secretes soluble factors, inducing maternal endothelial dysfunction (stage III). B) The key role of sFlt-1 in the third stage: the trophoblastic cells secrete two major angiogenic factors, the vascular endothelial growth factor (VEGF) and the placental growth factor (PlGF). These factors induce placental vascular development through interactions with the high affinity receptor tyrosine kinases Flt-1 and KDR (VEGFR-1 & 2) on endothelial cells. The VEGF receptor 1 is also produced as a soluble form: sFlt-1 and modulate the availability of VEGF and PlGF in the maternal circulation.In case of preeclampsia, secretion of sFlt-1 is increased and becomes disproportionate, it captures circulating VEGF and PlGF.

  The full-length tyrosine kinase receptor fms-like tyrosine kinase receptor (Flt-1 or VEGFR1) is a transmembrane receptor composed of seven immunoglobulin-like domains in the extracellular ligand-binding region and cytoplasmic tyrosine kinase domains. Kendall et al. first described sFlt-1 and showed that the soluble receptor is constituted by six Ig-like domains of around 30 aminoacids[START_REF] Kendall | Inhibition of vascular endothelial cell growth factor activity by an endogenously encoded soluble receptor[END_REF] (Figure3).

Figure 3 :

 3 Figure 3: sFlt-1 and Flt-1 mRNA and protein structure. Alternative mRNA variants gives rise to full length and secreted forms of Flt-1 receptor. sFlt-1 protein retains the first six immunoglobulin-like domains of Flt-1, enabling VEGF-binding. The transmembrane (TM) and intracellular regions, encoded by exons 16-30, are excluded from sFlt-1. Adapted from [81].

Figure 4 :

 4 Figure 4: Flt-1 variants and splicing mechanism, adapted from [81,84]. A) Schematic of the Flt-1 transcripts. Dark line represents the mature mRNA while the filled boxes represent the coding sequence. The location of exons 1, 13, 14, and 30 are shown above each transcript as open boxes and the skipped splice site in exon 13 is also indicated. The true extent of the 3'UTR in sFlt-1is not known. B) Scale map of Flt-1 intron 13 indicating sites of consensus cleavage-polyadenylation signals #1-6, the 5'-polyadenylation site (''5'-pA'') previously reported[START_REF] He | Alternative splicing of vascular endothelial growth factor (VEGF)-R1 (FLT-1) pre-mRNA is important for the regulation of VEGF activity[END_REF], and restriction endonuclease cleavage by XbaI (X), HindIII (H), AgeI (A), MluI (M), and BtrI (B). Striped bar, hybridization probe for genomic library screening.

Figure 6 :

 6 Figure 6: Potential mechanism of oxygen level influencing Flt-1 gene splicing via Jmjd6 [93]. Under normoxic conditions, Jmjd6 is active and hydroxylates U2AF65, resulting in production of Flt-1. In contrast, under hypoxia, the catalytic activity of Jmjd6 is minimized, resulting in reduced hydroxylation of U2AF65 and in turn alternate splicing of Flt-1 pre-mRNA towards production of sFlt-1 variants.
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 2 Enzyme-dependent degradation of the targeted mRNA RNA interference RNA interference enables establishing therapeutic strategies trough the diminution of the expression of the targeted protein. It covers the use of siRNA (small interfering RNA) or miRNA (micro interfering RNA). This domain is one of the most studied and clinically advanced domain of gene therapy today (Table

Figure 7 :

 7 Figure 7: Small interfering RNAs (siRNAs) have a specific structure allowing them to bind within RNA interference-induced silencing complex. The siRNA structure is composed of two strands, a 19 base pair region of duplex, with two unpaired overlapping nucleotides on the 3'-end of each strand. The site at which the mRNA target is cleaved (leaving the antisense strand intact) is indicated by a bold arrow. The sequence depicted is ALN -RSV01. dT, deoxythymidine [112].

Figure 8 :

 8 Figure8: The mechanism of RNA interference. Long double-stranded RNA (dsRNA) is introduced into the cytoplasm, where it is cleaved into small interfering RNA (siRNA) by the enzyme Dicer. Alternatively, siRNA can be introduced directly into the cell. The siRNA is then incorporated into the RNA-induced silencing complex (RISC), resulting in the cleavage of the sense strand of RNA by argonaute 2 (AGO2). The activated RISC -siRNA complex seeks out, binds to and degrades complementary mRNA, which leads to the silencing of the target gene. The activated RISC-siRNA complex can then be recycled for the destruction of identical mRNA targets[START_REF] Whitehead | Erratum: Knocking down barriers: advances in siRNA delivery[END_REF].

Figure 9 :

 9 Figure 9: Enhanced stability of siRNAs modified by 2'-O-Methyl function at alternating nucleotide positions. A) Name, sequence, and chemical modifications of unmodified and modified siRNA. Lowercase letters = unmodified RNA, underlined bold letters = 2'-OMe. B) Serum stability of siRNAs. Unmodified and modified siRNAs were incubated in 10% human serum at 37°C for 0, 1, 3, 6, or 24 h and aliquots were analyzed on 15% native polyacrylamide gels. The modified sequence's migration on the gel is unchanged after 24 hours incubation in serum while the unmodified one appears degraded after one hour.Adapted from[START_REF] Choung | siRNAs to Improve Serum Stability without Loss of Efficacy[END_REF].

  Briefly, antisense gapmer oligonucleotides are short RNA strands able to hybridize to target sequences present in mRNA. Their flanks are chemically modified but the center, or the gap, is not and permit a highly specific base-pairing and enable them to regulate the function of the target. The mRNA duplex formed by the gapmer and the targeted mRNA is recognized and degraded by the ribonuclease H[START_REF] Kole | RNA therapeutics: beyond RNA interference and antisense oligonucleotides[END_REF] (Figure10).

Figure 10 :

 10 Figure 10: Mechanism of antisense gapmer oligonucleotide induced downregulation of gene expression [103].

  broadly chemically modified to obtain properties compatible with their use as drugs. The various chemical modifications include 2-O-methyl phosphorothioate oligonucleotides (2OMe), locked nucleic acids (LNAs), phosphorodiamidate morpholino oligomers (PMO) and peptide nucleic acids (PNAs) (see examples in Figure 12).

Figure 12 :

 12 Figure 12: Example of chemical modifications on antisense oligonucleotides [124].

Figure 13 :

 13 Figure 13: Structures of Eteplirsen (right) and Nusinersen (left) [125].

Figure 14 :

 14 Figure 14: Structure of the GalNAc-siRNA conjugate from Alnylam® Pharmaceuticals [113].
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 111 Cationic lipids for nucleic acid deliveryBased on the specific needs of gene therapy, cationic lipids have been, since the 70's one of the first developed strategy for nucleic acid delivery.Cationic lipids are composed of three domains: a polar head group, a spacer and a hydrophobic anchor (Figure15).

Figure 15 :

 15 Figure 15: Schematic representation of cationic lipids

Figure 16 :

 16 Figure 16: A) Semi-developed formula of DDSTU, B) Hydrogen bonds between thiourea and phosphate group [143].

Figure 18 :

 18 Figure 18: Delivery strategies and biological barriers for oligonucleotide delivery. A) Delivery systems can vectorize short synthetic oligonucleotides (ONs) by two different strategies: by covalent conjugation; or by formation of nanoparticles between the delivery vector and ON molecules. B) Extracellular and intracellular barriers encountered by ONsand ON/vector conjugates/nanoparticles before reaching to their active site inside the cells upon systemic administration. MPS mononuclear phagocyte system.[START_REF] Lehto | Sequence-defined polymers for the delivery of oligonucleotides[END_REF].

Figure 20 :

 20 Figure 20: Graphical representation of the liposomal pH-sensitive delivery system based on a conformational switch. A) Protonation-induced conformational change of the pHsensitive switchable lipids. B) Disruption of the lipidic bilayer of the liposome upon acidification, leading to drug release and endosome destabilization[START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF].

Figure 21 : 94 5. 1 .

 21941 Figure 21: Preeclampsia in vitro research model systems [179].

Figure 22 :

 22 Figure 22: Placental perfusion set-up (closed circuit).

Figure 23 : 3 .

 233 Figure23: Cross-section of placental explant[START_REF] Murthi | Analysis of homeobox gene action may reveal novel angiogenic pathways in normal placental vasculature and in clinical pregnancy disorders associated with abnormal placental angiogenesis[END_REF].

First, we report

  preliminary results on the interactions with placental tissue of liposomes formulations exhibiting different surface characteristics. The human placenta explants were selected as ex vivo model because of their relevance and simple set-up. Liposomes were labeled with a fluorescent probe in order to monitor their distribution into placental villi using confocal microscopy. Results showed a relation between surface characteristics of liposomes and their apparent penetration into placental villi. In addition, this study enabled us to provide some improvement to the ex vivo model regarding the setup conditions and the markers' choice, then applied in chapter 2.The second chapter reports transplacental passage and placental penetration assessment of conventional liposomes. To gather information related to liposomes' behavior in placental tissue, liposomes were labeled with a fluorescent lipid and encapsulated a fluorescent drug model. Dually labeled liposomes were then assessed using two human ex vivo models, the dually perfused placenta model that provides information about transplacental passage and the placenta explants model that provides information about penetration and localization of liposomes into placental villous. The combination of these two models and monitoring of both drugs and carriers enabled us to collect complete information about the interaction of conventional liposomes with the placental tissue. This chapter was published as a research article in International Journal of Pharmaceutics, volume 532, issue 2, 2017.The third chapter discusses the potential of liposomes as gene delivery vector for human placental cells. We report the evaluation of siRNA internalization into placental cells upon transfection with three lipoplexes formulations. Human primary villous cytotrophoblasts were used as in vitro model and the internalization of fluorescently-labeled siRNA was evaluated using confocal microscopy. This study demonstrates that siRNA loaded into lipoplexes were internalized into human villous cytotrophoblasts. This chapter was published as a communication in an open access journal, Molecules, volume 23, issue 5, 2018.

(

  ethylene glycol) (PEG) chains is incorporated in the formulation, enabling some PEG chain to partially cover the liposomes' surface. In vitro and in vivo it has been shown that PEGylated liposomes have a higher blood circulation time by (i) reducing colloidal aggregation through creation of a steric barrier, (ii) reducing serum protein adsorption, (iii) reducing 1.2. Materials and methods 1.2.1. Materials L-alpha-dioleylphosphatidylethanolamine (DOPE), DOPE conjugated to rhodamine (DOPE-Rh); 1,2-dioleoyl-sn-glycero-3-phosphocoline (DOPC), 1-stearoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (SOPS) and cholesterol (Chol) were purchased from Avanti Polar Lipids (Alabaster, USA). DMAPAP (2-{3-[Bis-(3-amino-propyl)-amino]-propylamino}-Nditetradecyl carbamoyl methyl-acetamide, or dimyristoylaminopropylaminopropyl) and DODA-GLY-PEG2000 ((2-dioctadecylcarbamoyl-methoxyacetylamino) acetic acid-(αmethoxy)-polyethylene glycol 2000 ester) were synthesized as described by Mignet et al. [216,217]. Water was purified on a Milli-Q system obtained from a Millipore® synergy system (Millipore, Fontenay-sous-Bois, France). Analytical grade solvents were purchased from Carlo Erba (Val de Reuil, France) and used as such. Dulbecco's modified eagle's medium, Hank's balanced salt solution (HBSS), phosphate buffered saline (PBS), Glutamine, were purchased from Sigma Aldrich (Saint Quentin Fallavier, France). Alexa Fluor 488 Phalloidin and TOPRO-3-iodide were purchased from Life Technologies (Saint Aubin, France). Paraformaldehyde (PFA) was purchased from Electron Microscopy Sciences (Hatfield, United Kingdom). Bovine serum albumin (BSA) was purchased from Interchim (Montluçon, France).
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 1 50) in BSA 1% for 30 min. Nuclei were stained with Topro-3-iodide. Slices were observed and images (1024 × 1024 pixels) were recorded on a confocal microscope (TCS-SP2; Leica, Nanterre, France) equipped with an X40 oil-immersion objective (NA = 1.00). Image acquisitions were performed on the Cellular and Molecular Imaging facility, INSERM UMS 025-CNRS UMS 3612, Faculté de Pharmacie de Paris, Université Paris Descartes, Paris, France. 1.2.7. Fluorescence macroscopy Placental explants were washed with 1% PBS, and then imaged with a fluorescence macroscope selecting the excitation 515 nm and emission 590 nm filter to detect rhodamine (MacroFluo Leica Z6 APO). ROIs (Regions of Interest) were selected on the villous pictures and signal intensity in the regions were measured with the Image J (NIH) software. Statistical analysis of signal intensity ratio in tissue to background was performed with Kruskal-Wallis test using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). 1.3. Results 1.3.1. Varying liposomes' surface charge and properties Some of the main characteristics of the liposomes are surface properties, including charge and PEGylation. It is expected that a change in liposomes characteristics would imply a change in

Figure 24 :Figure 25 :

 2425 Figure 24: Evolution of the size and PdI of the non-PEGylated liposomes in culture medium containing serum at 37°C. (n=3 preparations, mean ± SD)

Figure 26 :Figure 26 .

 2626 Figure 26: Influence on explant/liposomes interaction of concentration of cationic liposomes: A) 2.5 µmol/ml (total lipids/ml of incubation medium); B) 0.2 µmol/ml; C) 0.02 µmol/ml. -blue: DNA nuclei -green: actin filaments -red: liposomes. Placentae collected between 8 and 10 weeks of gestation.

115 Figure 27 :

 11527 Figure 27: Influence on explant/liposomes interaction of concentration of PEGylated cationic liposomes: A) 0.2 µmol/ml; B) 0.1 µmol/ml; C) 0.04 µmol/ml. -blue: DNA nuclei -green: actin filaments -red: liposomes. Placentae collected between 37 and 41 weeks of gestation.

  ; 1A, 1B, 1C). The red fluorescence appears on the surface or inside the first cell layer of the tissue. Distribution of liposomes seemed homogeneous while cationic liposomes seemed to aggregate on the tissue surface (Figure28; 1B). This interpretation is consistent with the instability of the cationic liposomes in medium observed and discussed in 1.1.3.2.

Figure 28 :

 28 Figure 28: Influence on explant/liposomes interaction of surface charge and PEGylation. 1) non-PEGylated liposomes: A) anionic; B) cationic; C) neutral (placentae collected between 8 and 10 weeks of gestation); 2) PEGylated liposomes D) anionic; E) cationic; F) neutral (placenta collected between 37 and 41 weeks of gestation except E: 8 to 10)blue: DNA nuclei -green: actin filaments -red: liposomes

Figure 29 :

 29 Figure 29: A) Fluorescence macroscopy images of placental explants (x5.7 magnification) incubated with (a) control, (b) anionic, (c) cationic, (d) neutral liposomes. B) Comparing fluorescence intensity (n=4 placentae, control: explant incubated with medium only). (Kruskal-Wallis test: control vs. anionic P<0.005, control vs. neutral P<0.05, control vs. cationic P<0.0005)
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 29 Quantification of CF, DOPE-rhodamine and antipyrine by HPLC CF and DOPE-Rh were quantified by high-performance liquid chromatography (HPLC) using a Shimadzu LC-20AD system (Duisburg, Germany) operating in a gradient mode, connected to a C18 column (Kromasil, C18, 5 microns, 4.6 mm *250 mm, 100Å, Interchim, Montluçon, France). Analyses were performed at 40°C with double detection; photodiode array PDA (SPD-M20A, Shimadzu) and fluorescence detector (RF-10AXL, Shimadzu). Samples were prepared by adding 1 volume of methanol to 3 volumes of samples collected from maternal or fetal reservoir. Samples were analyzed twice, first for CF determination and then for DOPE-Rh quantification.

Equation 3 : 130 2. 3 . Results and discussion 2 . 3 . 1 .

 31303231 (%Cmi) = (Ct/Cmi) × 100, where Ct is the concentration of the probe at one time point in the maternal or fetal compartment and Cmi is the maternal concentration of the same probe when starting the perfusion. Equation 4: (%Cfmax) = (Cf/Cfmax) × 100, where Cf is the venous fetal concentration of drug and Cfmax is the maximal fetal concentration of the same drug after a two-hour perfusion. Formulation characterization and drug releaseIn this study, PEGylated liposomes were prepared and evaluated in terms of transplacental passage and placental uptake. The liposome formulation carried carboxyfluorescein (CF) as a drug model and was labeled with a fluorescent lipid (DOPE-rhodamine) as a marker. The choice of CF and DOPE-rhodamine is based on their fluorescence properties and the non-overlap of excitation and emission wavelength of these two molecules. Indeed, the excitation and emission wavelengths are λex= 495 and λem= 517 nm for CF and λex= 550 and λem= 580 nm for DOPErhodamine. Therefore, the double labeling of liposomes with these two fluorescent dyes allowed simultaneous monitoring of both drug and carrier even if the drug is released from the carrier.

Figure 31 :

 31 Figure 31: A) Schematized set-up of dually perfused human placenta model. B) Evolution of the percentage of maternal initial dose based on the carboxyfluorescein signal in maternal and fetal compartments as a function of perfusion time of free carboxyfluorescein (maternal: triangles, fetal: circles) and liposomal carboxyfluorescein (maternal: inverted triangles, fetal: squares) (n=3).

Figure 32 :

 32 Figure 32: Accumulation kinetic of CF in the fetal compartment (percentage of maximal fetal concentration as a function of perfusion time) when free; or encapsulated in liposomes. At 30 min, CF accumulation in the fetal compartment is significantly lower when encapsulated (p < 0.001; CI 0.1178 to 0.2407) (n=3).

Figure 33 :

 33 Figure 33: Percentage of maternal initial dose (DOPE-rhodamine signal) in maternal (inverted triangles) and fetal (squares) compartments as a function of perfusion time of rhodamine labeled-liposomes (n=3).

Figure 34 :

 34 Figure 34: A) Schematized set-up of suspended villous explants model. B) Scheme of human chorionic villi (adapted from [245]). C) Cross-section images of chorionic villous obtained with spinning disk microscope (x40) corresponding to the black section on the scheme. I represents a villous from first trimester placenta and II a term placenta villous. Blue: DNA nuclei; Cyan: cytokeratin 7 immunolabeling cells of trophoblastic origin.

Figure

  Figure35Ashows the penetration of the aqueous solution of carboxyfluorescein in the villous structure. The green fluorescence of the hydrophilic probe was detected in the trophoblastic layers and mesenchymal axis of the villous. The semi-quantitative analysis of fluorescence intensities revealed no significant difference in CF repartition into the villous between the free and liposomal CF as shown in Figure35B. In all three groups, the mean signal intensity ratio between trophoblastic and mesenchymal localizations was 1.2 ± 0.04, showing no difference between the two localizations and confirming results obtained with the dually perfused placenta model.

  decrease cellular toxicity. DMAPAP/DDSTU formulation was composed of 25% of DMAPAP, 70% of DDSTU, and 5% of PEGylated lipid; mixing DMAPAP and DDSTU is expected to bring both internalization and release abilities. The CSL-3 formulation contained 50% of CLS3 as the cationic lipid and 2.5% of PEGylated lipid. Complete compositions and preparation methods are described in the Materials and Methods (see Section 3.4.1 and Section 3.4.2).Physicochemical characterization was performed with or without siRNA, referred to as lipoplexes and liposomes, respectively. The hydrodynamic diameter, polydispersity index (PdI), Zeta potential, and encapsulation rate are shown in Table11. The hydrodynamic diameters of the DMAPAP-based formulations were around 100 nm, while the diameters of CSL-3-based formulations were around 170 nm. After siRNA complexation, a size increase was observed for all three formulations. Zeta potentials of all formulations were moderately positive and reached neutrality after siRNA addition due to electrostatic interactions between cationic liposomes and siRNA, indicating complexation. Complexation was confirmed and quantified by RiboGreen® assay. The results showed that the siRNA was not available for the fluorescent probe, indicative of a full complexation of siRNA in the three nanoconstructs.

Figure 37 :

 37 Figure 37: Percentage of observed cells internalizing siRNA. Results are expressed as mean ± standard error from values of experiments realized on cells collected from four placentae. Kruskal-Wallis Dunn's multiple comparison test: lipofectamine vs. control, p < 0.05 (*); DMAPAP+AA vs. control, p < 0.05 (*); DMAPAP/DDSTU and CSL-3 vs. control, nonsignificant.
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 4 Materials and Methods 3.4.1. Materials Cationic lipids DMAPAP (2-{3-[Bis-(3-amino-propyl)-amino]-propylamino}-N-ditetradecyl carbamoyl methyl-acetamide, or dimyristoylaminopropylaminopropyl), and CSL-3 (N 1 -(2,6-Bis(5-dodecyl-2-methoxyphenyl)pyridin-4-yl)-N 1 ,N 2 ,N 2 -trimethylethane-1,2-diamine, or

  acetamide, or didecylserinethiourea) was synthesized as described in the work of Breton et al. [255]. PEGylated lipid Dodagly-PEG ((2dioctadecylcarbamoyl-methoxyacetylamino) acetic acid-(α-methoxy)-polyethylene glycol 2000 ester) was synthesized according to previous protocol [216]. Commercial lipids DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), DSPC (1,2-distearoyl-sn-glycero-3phosphocholine) and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Dulbecco's modified eagle's and optiMEM medium, Hank's balanced salt solution (HBSS), glutamine, penicillin streptomycin, Triton X100, and sodium alginate were purchased from Sigma Aldrich (Saint Quentin Fallavier, France). Primary and secondary antibodies, and DAPI, were obtained from Life Technologies (Saint Aubin, France). Paraformaldehyde (PFA) was acquired from Electron Microscopy Sciences (Hatfield, UK). Fetal calf serum (FCS) was purchased from Eurobio (Courtaboeuf, France).
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 46 In vitro siRNA internalization VCT were incubated with rhodamine-labeled nonspecific siRNA molecules (CGGCAAGCTGACCCTGAAGTTCAT) (Qiagen, Courtaboeuf, France) at a final siRNA concentration of 20 nM. Lipofectamine 2000 transfection reagent was used according to the manufacturer's instructions, i.e., using optiMEM medium without FCS, and the incubation time was 5 h. For the three prepared formulations, an adequate concentration of lipoplexes suspension was diluted into optiMEM with FCS to reach the siRNA final concentration. Incubation with the formulation lasted 24 h. Experiments were performed on cells isolated from n = 4 placentae. After 5 h of cell incubation, an observation by fluorescence microscope was performed showing a fluorescence signal for all liposomal and lipofectamine formulations of siRNA (data not shown). 3.4.7. Confocal microscopy After 48 h of primary culture, VCT were fixed in 4% paraformaldehyde for 20 min, then paraformaldehyde was neutralized with NH4Cl 50 mM for 10 min. Cells were rinsed three times with PBS and permeabilized in Triton 0.1% for 10 min. Saturation of unspecific sites was performed in PBS with 1% BSA and 0.1% Tween at room temperature. Primary antibodies against cytokeratin 7 were added for 2 h at room temperature and amplified with the Alexa Fluor 488 ® -conjugated secondary antibody for 2 h at room temperature. Nuclei were then stained with DAPI. Cells were mounted in a fluorescent Dako mounting medium (Dako, Glostrup, Denmark), examined, and photographed on a TCS SP2 confocal microscope (Leica, Wetzlar, Germany) of the Cellular and Molecular Imaging facility, INSERM UMS 025-CNRS UMS 3612, Faculté de Pharmacie de Paris, Université Paris Descartes, Paris, France.

Figure 38 :

 38 Figure 38: Comparing metabolic activity of VCT measured with WST-1 after 24 h incubation with the formulations. Data are expressed as a % of measured activity of the cells incubated with lipofectamine for 24 h (n=2 placentae).

Figure 39 : 4 .

 394 Figure 39: VCT differentiation in vitro, counts in cells extracted from one placenta are given as an example. A) Rate of observed small syncytium (3 to 5 nuclei) B) Rate of observed big syncytium (> 5 nuclei).
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 42 concentration and uptake magnitude by the villous explants. Finally, confocal microscopy imaging was used to assess placental penetration qualitatively and complement the quantitative data. The internalization of both liposomes, monitoring DOPE-NBD green fluorescence, and drug model, siRNA tagged with red fluorescence, were visualized. Materials and Methods 4.2.1. Materials Cholesterol, DOPE (1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine) and DOPE conjugated to fluorescent NBD, DOPE-NBD, (1, 2-dioleoyl sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1, 3-benzodiaoxadiazol-4-yl) was purchased from Avanti Polar Lipids (Alabaster, USA). Dimyristoylaminopropylaminopropyl (DMAPAP), a cationic lipid was synthesized as mentioned in previous publications[START_REF] Mignet | Anionic pHsensitive pegylated lipoplexes to deliver DNA to tumors[END_REF]. Dodagly-PEG ((2-dioctadecylcarbamoylmethoxyacetylamino) acetic acid-(α-methoxy)-polyethylene glycol 2000 ester), a PEGylated lipid was synthesized as reported previously[START_REF] Mignet | Development of a liposomal formulation of the natural flavonoid fisetin[END_REF]. 3' TAMRA-labeled and unlabeled noncoding siRNA (UUCUCCGAACGUGUCACGU) were acquired from (Eurogentec, Angers, France). Milli-Q system was used to purify water and purchased from Millipore® synergy system (Millipore, Fontenay-sous-Bois, France). Hank's balanced salt solution (HBSS), Dulbecco's modified eagle's medium, optiMEM medium and glutamine for explant incubation, sodium alginate for lipoplexes preparation and Triton X100 used in extraction were purchased from Sigma Aldrich (Saint Quentin Fallavier, France). Fetal calf serum (FCS) added to incubation medium was purchased from Eurobio (Courtaboeuf, France). Primary and secondary Alexa Fluor antibodies and TOPRO-3-iodide were purchased from Life Technologies (Saint Aubin, France). Bovine serum albumin (BSA) was purchased from Interchim (Montluçon, France). Paraformaldehyde (PFA) for microscopy samples was obtained from Electron Microscopy Sciences (Hatfield, UK). Solvents of analytical grade (ethanol, methanol, isopropanol) were obtained from Carlo Erba (Val de Reuil, France).

Figure 40 :

 40 Figure 40: Chromatograms of DOPE-NBD: a) obtained with gradient G1. b) obtained with gradient G2.

A

  standard curve of DOPE-NBD at five concentrations 5, 10, 20, 30 and 60 μg/L was prepared in ethanol as injection solvent and in the presence of extracts of control villi (Figure 41b). Regression linearity between surface area and concentration was assessed showing R 2 of 0.999, slope of 53443 and intercept of 6971. Efficiency of DOPE-NBD recovery by the extraction procedure was assessed, hence control villi were spiked before extraction by adding known concentrations of DOPE-NBD (5, 10, 20, 30 and 60 μg/L) then performing the extraction procedure and injecting to HPLC. Standard curve showed good linearity, R 2 = 0.998, slope 30941 of and intercept of 18055. Extraction recovery was calculated by comparing the peak areas obtained by spiking biological extract with DOPE-NBD before liquid-liquid extraction to those obtained by spiking biological matrix with DOPE-NBD after extraction. Mean extraction efficiency was 55 ± 3 % with this protocol. Extraction efficiency was relatively low, this might be due to degradation and/or quenching of the fluorescent lipid during the extraction process.As there was a noteworthy impact of the extraction process on the recovery we chose to use the standard curve considering the extraction process to calculate the amount of fluorescent lipid in the study (Figure41aand b, diamonds). Obtained limit of detection was 0.5 µg/L and limit of quantification was 2.5 µg/L.

Figure 41 :

 41 Figure 41: a) Chromatograms of samples obtained by spiking biological extract with DOPE-NBD before liquid-liquid extraction to obtain a standard curve integrating the extraction process. b) Standard curves obtained by spiking biological matrix with DOPE-NBD: without integrating the extraction process (squares), integrating the extraction process (diamonds).

  Figure 42 presents the chromatogram of 10 times diluted extract of villous explant incubated with C1 showing a peak of DOPE-NBD (retention time 12.4 min), while chromatogram of extracted control explant incubated in the same medium without adding lipoplexes, did not show any peak.Therefore, the matrix did not induce interferences in the quantification of DOPE-NBD.

Figure 42 :

 42 Figure 42: Specificity assessment. Chromatograms of extracted sample from villous incubated with C1 (36 μmol/L of total lipids) compared to control (villous with medium only).

Figure 43

 43 shows representative images of the placental explants observed with confocal microscopy. Co-localization of green and red fluorescence signaling the presence of the carrier and the siRNA respectively, with syncytiotrophoblast layer, labeled by cytokeratin 7 antibody (cyan) was observed when explants were incubated with either C1 or C2 lipoplexes concentrations. No fluorescence associated to lipid or siRNA was observed in the mesenchyma. Control explant images showed the absence of the green and red fluorescence of DOPE-NBD and encapsulated siRNA, respectively.

Figure 43 :

 43 Figure 43: Confocal microscope images of explants; A) incubated with lipoplexes (theoretical concentration C1) overlay (M Mesenchyme, STB syncytiotrophoblast), B) channels of red and green fluorescence to better observe liposomes labeled with NBD, green and siRNA with TAMRA, red, C) control explant, overlay of all four channel: only blue (Nuclei) and cyan (trophoblasts) were detected.

85 ]Flt- 1 (

 851 5'-TGG-GAA-CAA-GAG-GGC-ATC-TG-3' (-) 5'-CCA-CCA-CTG-CAT-CAA-ATT-CAT-G-5'-AAG-GTC-GTG-CGT-CTG-AAG-3' (-) 5'-GAG-TCC-GTG-GGT-CTT-GAG-3' Designed by A. Wackx with OLIGO Explorer software sFlt-1_v2 (+) 5'-TAG-ACT-GTC-ATG-CTA-ATG-GTG-TCC-3' (-) 5'-GAC-GAT-GGT-GAC-GTT-GAT-GTA-T-3' 5'-CAC-ACA-GTG-GCC-ATC-AGC-3' (-) 5'-CGA-TGA-CGA-TGG-TGA-CGT-T-3' 5'-AGG-AAT-GTA-TAC-ACA-GGG-GAA-GAA-3' (-) 5'-CCT-TGT-GCT-TTT-AAA-TTT-GGA-GAT-3' [+) 5'-ATA-CCT-CAC-CTG-TTC-AAG-GAA-CCT-3'(-) 5'-TTA-ATA-GGA-GCC-AGA-AGA-GAG-TCG-3'[START_REF] Heydarian | Novel Splice Variants of sFlt1 are Upregulated in Preeclampsia[END_REF] 

Figure 44 :

 44 Figure 44: Comparing sFlt-1 concentration in cells supernatants of three trophoblastic cell lines, HTR8/SVneo and HIPEC (n=4 quadruplicates) and primary VCT cells (n=4 placentae) after 24hours of accumulation (20% O2).

Figure 46 :

 46 Figure 46: Relative quantification of mRNA expression of sFlt-1 variant 1 A), variant 2 B) and full length C). Presented as Fold change to control untransfected cells (2 -∆∆Ct ).siCtl transfected with non-coding siRNA, siRNA v1, v2 and v1+v2 transfected respectively with either siRNA v1, siRNA v2 or an equimolar concentration of both. To tal siRNA concentration 20 nM. Measurements realized 24 h after transfection. Mann Whitney test, all comparisons between treatment and control were non-significant (n=3 placentae, P>0.05).

Figure

  Figure 47A compares sFlt-1 secretion rate of transfected VCT to control untransfected VCT 72 hours after transfection. sFlt-1 secretion rate was significantly lower in medium of siRNA v2c and siRNA v2d treated cells than in medium of non-coding siRNA transfected cells (P<0.05 Man Whitney test). Particularly, an approximately 2-fold difference was observed between transfected control cells and siRNA v2d transfected cells sFlt-1 secretion (mean secretion rate were 103 ± 13 and 53 ± 9 % of sFlt-1 secretion in untransfected VCT for control and siRNA v2d transfected cells respectively and corresponding sFlt-1 concentration were 12021 ± 1958 and 6332 ± 981 pg/mL, Figure 48).

Figure 47 :

 47 Figure 47: Comparing A) rate of sFlt-1 concentration in transfected VCT to sFlt-1 concentration in untransfected VCT and B) PlGF concentration in transfected VCT to PlGF concentration in untransfected VCT. Cells were transfected with 20 nM of noncoding siRNA, siCtl, or of siRNA anti sFlt_ v2 (or e14a) sequence v2b, v2c or v2d. Measurements were realized 72 h after transfection (n=5 placentae). Mann Whitney test, n=5 placentae * P<0.05.

Figure 48 :

 48 Figure 48: Comparing sFlt-1 secretion at various time points in supernatant of cells transfected with siRNA anti sFlt_ v2 (or e14a) sequence v2b, v2c or v2d, Ctl were nontransfected cells, siCtl were transfected with non-coding siRNA. Total siRNA concentration 20 nM. n=3 placentae, Mann Whitney test at each time point, * P<0.05.

Figure 49

 49 Figure[START_REF] Tuzel Kox | Uptake of Drug-Carrier Liposomes Delivery of Drugs and Nutrients by Placenta: Transplacental[END_REF] shows relative mRNA expression of sFlt-1 variants 1 (A), 2 (B) and full length Flt-1 (C) in VCT cells. mRNA expression of sFlt-1 variant 2 appeared slightly decreased after anti-sFlt-1 siRNA transfection with v2b, v2c and v2d, mean fold change compared to untransfected cells being 0.3 ± 0.09, 0.7 ± 0.2 and 0.3 ± 0.1 respectively. Unexpectedly, non-targeted mRNA expressions of both sFlt-1 variants 1 and full length Flt-1 appeared also changed compared to untransfected cells. Therefore and due to the small number of samples and measurements, interpretation of these data are limited.

Figure 49 :

 49 Figure 49: Relative quantification of mRNA expression of sFlt-1 variant 1 A) and variant 2 B) and full length C), Presented as Fold change to control untransfected cells (2 -∆∆Ct ).Cells transfected 72 h before with siRNA anti sFlt_ v2-e14 sequence v2b, v2c, v2d, siCtl transfected with non-coding siRNA (20 nM, n=2 placentae).

Figure 50

 50 Figure[START_REF] Barzago | Placental transfer of valproic acid after liposome encapsulation during in vitro human placenta perfusion[END_REF] shows no statistically significant difference in sFlt-1 secretion rate (A) and PlGF secretion rate (B) between scramble transfected VCT and anti-sFlt-1 SSO transfected VCT. sFlt-1 secretion of control cells was slightly higher than after transfection with SSO long while PlGF secretion rate remained unchanged (sFlt-1 concentration were 3480 ± 273 and 2830 ± 108 pg/mL and PlGF concentration were 107 ± 17 and 115 ± 24 pg/mL, for control and SSO long transfected cells respectively).

Figure 50 :

 50 Figure 50: Comparing A) rate of sFlt-1 concentration in transfected VCT to sFlt-1 concentration in untransfected VCT and B) PlGF concentration in transfected VCT to sFlt-1 concentration in untransfected VCT. Cells were transfected 24 h before with scramble non-coding SSO sequences, SSO ctl, or SSO sequences targeting first polyadenylation site (5'pA), SSO short, or fifth polyadenylation site (#5pA), SSO long (200 nM). Mann Whitney test, all comparisons between treatment and control were nonsignificant (n=5 placentae, P>0.05).

Figure 52 :

 52 Figure 52: Overview of the proposed methodology for human placenta/nanocarriers interactions evaluation.

Figure 53 :

 53 Figure 53: Intracellular integrity of SQAd NAs nanocarriers assessed using FRET NAs (nanocarriers) and flow cytometry (as a detection method). The difference (red arrow) between the controls signals (fluorescent dyes in solution) and the one obtained with FRET NAs (nanocarriers encapsulating both donor and acceptor fluorescent dyes) was considered as energy transfer (FRET) reflecting NAs integrity. Adapted from[START_REF] Gaudin | Transport Mechanisms of Squalenoyl-Adenosine Nanoparticles Across the Blood-Brain Barrier[END_REF].

Figure 54 :

 54 Figure 54: Morphological classification of placentae [295].

Figure 55 :

 55 Figure55: Semi-developed formulae and particular interest of each selected lipid. A) DMAPAP is highly efficient to complex siRNA, alginate addition potentiate efficiency and enables the lipoplexe formulation to reach neutrality. B) DDSTU can form hydrogen bonds with phosphate groups of nucleic acids. C) CSL-3 changes conformation upon protonation. Adapted from[START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Byk | Synthesis, Activity, and Structure-Activity Relationship Studies of Novel Cationic Lipids for DNA Transfer[END_REF][START_REF] Breton | Comparative gene transfer between cationic and thiourea lipoplexes[END_REF].

Figure 56 :

 56 Figure 56: Schematic presentation showing the gene delivery by dual modified LNPs. The nanoparticle is modified with angiopep for receptor-mediated uptake in LRP-1 expressing cells (left pathway) and a MMP-cleavable lipopeptide for activation in tumor tissue microenvironment (right pathway). Intra-or extracellular cleavage of the lipopeptidedePegylates the LNP and reverses the surface charge from negative to positive leading to increased uptake and endosomal escape.[START_REF] Andresen | Investigation of enzyme-sensitive lipid&nbsp;nanoparticles for delivery of siRNA to blood&ndash;brain barrier and glioma cells[END_REF].

Figure 58 :

 58 Figure 58: Flt-1 alternative PAS isoform analysis. A) Schematic of Flt-1 gene and six previously identified mRNA isoforms arising from alternative polyadenylation. Thick boxes: protein coding exons; thin boxes: 3′-UTRs; lines: introns; arrows: sFlt-1 and mFlt-1 polyadenylation sites. Table shows all previous isoform names and new systematic names. B) Bar graph showing mean expression (counts per million; CPM) across all libraries for all[START_REF] Meekins | A study of placental bed spiral arteries and trophoblast invasion in normal and severe pre-eclamptic pregnancies[END_REF] detected mRNA isoforms at the Flt-1 locus. Adapted from[START_REF] Ashar-Patel | FLT1 and transcriptome-wide polyadenylation site (PAS) analysis in preeclampsia[END_REF].

Figure 59 :

 59 Figure 59: Schematic representation of the performed liposomes preparation methods: A) thin film method, B) ethanolic injection [320].

step is illustrated in Figure 60B .

 60B Separation of the liposomes from the smaller free carboxyfluorescein molecules was monitored thanks to the pink color of the formulation and the yellow one of the free carboxyfluorescein.

  out at 25 °C in triplicate. Values presented in the experimental section are mean of at least three preparations and each one was measured in triplicates.Particles' surface charge: Zeta potential In a suspension, a charged particle attracts ions of opposed charge, they form a dense ionic layer around the particle called the Stern layer. A more diffuse ionic layer is formed around the Stern layer and the Zeta potential is the potential of this second layer. This potential is measured via electrophoresis. During electrophoresis, the particles move with a velocity which is dependent on: Zeta potential, field strength, dielectric constant of medium, and viscosity of the medium.The measured electrophoretic mobility is related to the Zeta potential by the Henri equation (Figure63).

Figure 63 :

 63 Figure 63 : Zeta potential principle, measurement electrode and Henry equation [323].

Equation 1 :

 1 LC % = ((CFTot -CFfree) /Amount of lipids)*100 Equation 2: EE %= ((CFTot -CFfree) / CFTot)*100

Figure 64 :

 64 Figure 64 : Protocol of encapsulation efficiency measurements (figure prepared by Martina Antonini)
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Table 1 :

 1 Effect of liposomes' size on transplacental passage and placental retention. CF carboxyfluorescein, DOX doxorubicin, DRV dehydrated-rehydrated vesicles MLV multi-lamellar vesicle, Nd non disclosed, LUV uni-lamellar vesicles, SUV small uni-lamellar vesicle, VPA valproic acid, IND indomethacin, Hb hemoglobin

Table 2 :

 2 Effect of liposomes' surface charge on transplacental passage and placental retention.Data collected thanks to those studies on liposomes are summarized in

Table 1 and Table 2,

  

Table 7 :

 7 

Preeclampsia animal models. Four mechanistic categories of animal models of preeclampsia addressing etiology of the disease and/or therapeutic/intervention opportunities, adapted from

[START_REF] Erlandsson | Inventory of Novel Animal Models Addressing Etiology of Preeclampsia in the Development of New Therapeutic/Intervention Opportunities[END_REF]

. b2GPI, beta 2-glycoprotein I; A1M, a1-microglobulin; AVP, arginine vasopressin; HtrA1, high temperature requirement A1; HbF, fetal hemoglobin; 17-HPC, 17-a-hydroxyprogesterone caproate; IDO, indoleamine 2,3-dioxygenase; L-NAME, nitro-L-arginine methyl ester; NO, nitric oxide; NOS, nitric oxide synthase; RUPP, reduced uterine perfusion pressure; sFlt-1, soluble fms-like tyrosine kinase 1; STOX1, Storkhead box 1; STS, sodium tanshinone IIA sulfonate; VEGF, vascular endothelial growth factor 96 5.2. Ex vivo models

  .2.4. Placentae collection Placentae were collected from women with normal pregnancies following caesarean section (between 37 and 41 weeks gestation) or legal and voluntary termination (between 8 and 10 weeks gestation). Biological samples were obtained after informed patient written consent and approval from our local ethics committee (CCP-PRB, Paris Cochin, and N ° 18-05, Paris,The placental tissue was washed with Hank's balanced salt solution, and then carefully dissected into small villi. Explants were disposed in well plates filled with Dulbecco's modified Eagle's medium completed with 10% fetal bovine serum and 1% glutamine, and left at 37°C and 5% CO2. Explants were incubated for 24 hours with various concentrations of the formulations suspended in medium (minimum n=2 placentae).

	France).
	1.2.5. Villous explants
	1.2.3. Liposomes characterization
	Mean particle size (Z-average), polydispersity index (PdI) and Zeta potential were determined
	using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK). Before each
	measurement, appropriate dilution (1/100) of liposomes suspension was performed in PBS 10

mM for size and in NaCl 10 mM for Zeta potential measurements. All measurements were carried out at 25 °C in triplicate. Values presented are mean of at least three preparations and each one was measured in triplicates. 11.2.6. Confocal microscopy Placental explants were washed with 1% PBS, fixed with 4% PFA, and embedded in agarose for immunostaining. Blocks were cut into 120 μm-thick slices using a Vibratome (Technical Products International, Maryland Heights, USA). Slices were incubated with AF 488 Phalloidin

Table 10 :

 10 Characterization of the liposomes prepared by ethanolic injection with different lipid compositions to obtain different surface properties Studying the stability of the prepared liposomesIn order to evaluate shelf stability, all formulations were stored in PBS at 4°C at least for 60 days and then characterized measuring size and PdI. The non-PEGylated cationic liposomes were not measured since aggregation was observed macroscopically. The size and PdI of the other formulations appeared stable, showing overall less than 10 nm size deviation and less than 0.04 PdI deviation (data not shown).

	Liposome type	Composition and molar ratio	Hydrody namic diameter (nm)	PdI	Zeta-potenti al (mV)
	cationic	DMAPAP/DOPE/DodaglyPEG2000/DOPE-			
	liposomes	Rhodamine			
	Non-PEGylated 50/49.5/0/0.5	86 ± 4	0.49 ± 0.01	31 ± 2
	PEGylated 50/44.5/5/0.5	92 ± 1	0.47 ± 0.01	27 ± 2
	anionic	SOPS/DOPC/Chol/DodaglyPEG2000/DOPE-			
	liposomes	Rhodamine			
	Non-PEGylated 20/55/24.5/0/0.5	112 ± 3	0.24 ± 0.02	-23 ± 1
	PEGylated 20/55/19.5/5/0.5	124 ± 0	0.29 ± 0.01	-15 ± 1
	neutral	DOPC/Chol/DodaglyPEG2000/DOPE-			
	liposomes	Rhodamine			
	Non-PEGylated 61/38.5/0/0.5	76 ± 2	0.24 ± 0.02	-7 ± 1
	PEGylated 61/33.5/5/0.5	91 ± 1	0.29 ± 0.01	-5 ± 2

Table 11 :

 11 Characterization of the liposomes and lipoplexes formulations.

		DMAPAP+AA	DMAPAP/DDSTU	CSL-3	
		Liposomes	Lipoplexes	Liposomes	Lipoplexes	Liposomes	Lipoplexes
	Mean hydrodynamic diameter (nm)	104 ± 4	121 ± 2	72 ± 4	86 ± 7	170 ± 9	317 ± 7
	Polydispersity Index	0.25 ± 0.02	0.18 ± 0.01	0.22 ± 0.01	0.24 ± 0.02	0.25 ± 0.01	0.25 ± 0.01
	Zeta potential (mV)	28 ± 4	-5 ± 2	12 ± 5	-2 ± 0.4	31 ± 2	-2 ± 1
	siRNA encapsulation (%)		100		100		98

Table 15

 15 and have been chosen according to the literature, or designed with the help of

	Eurogentec (Angers, France).

Table 15 :

 15 Selected or designed anti-sFlt-1 siRNA sequences (d: deoxyribonucleoside).

	Name	siRNA sequence	Reference
	siCtl	ACUUGUGGCCGUUUACGUCGC	[85]
	V1	UUAGAGCCUAGAGGUUUAAAU	[85]
	V2	UUUGCAGUGGUAGCAGUAGCA	[85]
	V2b	CCAUCGUCAUCGUCAUCAUdTdT	Designed with help of Eurogentec
	V2c	CCAUUGUCAUCAUCAUCAUdTdT	Designed with help of Eurogentec
	V2d	UCACCAUUGUCAUCAUCAUdTdT	Designed with help of Eurogentec

For SSO splicing modulation evaluation, cells were transfected with lipofectamine 2000 at a final SSO concentration of 200 nM for 5 h. SSO sequences were designed by collaborators (Lehto T and Gupta D, Karolinska Institutet) as described in Table

16

.

Table 16 :

 16 Neosynthesized cDNA was added to Sybergreen and analyzed with a 384-well PCR array (Eurogentec). RT-PCR was performed using specific oligonucleotide primers, described in Table17, based on the coding sequence of selected genes. The reactions were performed in duplicate for each cDNA.Mann Whitney test using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA).

	NanoDrop spectrophotometer (Thermo Fischer Scientific). The absorbance ratios at 260 nm /
	280 nm (protein contamination), and at 260 nm / 230 nm (extraction solvents contamination)
	were used to estimate RNA quality, which must be sufficient for subsequent qPCR experiments.
	5.2.7. Reverse transcriptase-quantitative polymerase chain reaction (RTqPCR)
	RT-PCR was performed with Superscript III reverse transcriptase (Invitrogen), according to the
	manufacturers' protocols. After dilution with RNase-free water, 11 µL of total RNA at 36 ng/µL

Designed SSO sequences for Flt-1 splicing modulation (*: phosphorothioates, m: methylated base).

Supernatants and cell pellets were collected at different time points.

5.2.6. Total RNA extraction

Total RNA was extracted from cultured villous cytotrophoblasts using Acturus® Picopure® RNA Mini kit and following the manufacturer's protocol. Total RNA was quantified with a was reverse-transcribed at 50°C for 50 minutes using the RT Super kit (Invitrogen). Reverse transcriptase was then inactivated by heat, 70°C for 15 minutes.

Table 17 :

 17 Primer sequences for quantitative PCR of human sFlt-1 and Flt-1, mRNA of interest, and hSDHA and hRPL13 housekeeping genes (18S sequences not provided by the manufacturer).

  Table shows all previous isoform names and new systematic names. B) Bar graph showing mean expression (counts per million; CPM) across all libraries for all

Table 18 :

 18 Summary of the formulations reported in the manuscript
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This introductive section is composed of one published review article (chapter 1) and complementary chapters (2 to 5). The references of all three sections (literature review, experimental section and discussion) are grouped in one bibliography at the end of the thesis (section IV).
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Summary of advantages and drawbacks of placental models

Many placental models are available; an overview of their advantages and limitations is shown in Table 9. Combining those models is necessary as a prospective clinical administration implies a complete understanding of the expected biodistribution, the potential indirect effect on the placenta, and probable alteration of the nanomedicine in the circulation.

Table 9 : Advantages and limitations of placental models reticuloendothelial system recognition and uptake [START_REF] Nogueira | Liposome and protein based stealth nanoparticles[END_REF][START_REF] Ahl | Enhancement of the in vivo circulation lifetime of l-αdistearoylphosphatidylcholine liposomes: importance of liposomal aggregation versus complement opsonization[END_REF][START_REF] Allen | Controlling the physical behavior and biological performance of liposome formulations through use of surface grafted poly(ethylene glycol)[END_REF][START_REF] Needham | PEG-covered lipid surfaces: bilayers and monolayers[END_REF]. However some groups also showed that PEGylation could reduce the internalization in the tissues [START_REF] Nogueira | Liposome and protein based stealth nanoparticles[END_REF][START_REF] Mishra | PEGylation significantly affects cellular uptake and intracellular trafficking of non-viral gene delivery particles[END_REF]. Few data are available on the impact of PEGylation on placental retention and transplacental passage in pregnancy models. Two papers studied transplacental passage and reported reduction of transplacental passage of drugs after encapsulation in PEGylated liposomes [START_REF] Kaga | Liposome-encapsulated hemoglobin (hemoglobin-vesicle) is not transferred from mother to fetus at the late stage of pregnancy in the rat model[END_REF][START_REF] Soininen | Human placental cell and tissue uptake of doxorubicin and its liposomal formulations[END_REF].

Therefore, the objective of this study was to investigate with a simple set-up the influence of the liposomes' characteristics on their interactions with the human placenta. To be able to monitor the carrier into the tissue, a fluorescent-labeled lipid was incorporated into the formulations. This strategy was chosen in order to limit the impact of the labeling on the exhibited characteristics of the liposomes. Human placental explants and fluorescence microscopy and macroscopy were used, for this preliminary study, as an interaction assessment model to enable visualization of adhesion and/or penetration into the tissue.

Liposomes as Gene Delivery Vectors for Human Placental Cells

Valero, L.; Alhareth, K.; Espinoza Romero, J.; Viricel, W.; Leblond, J.; Chissey, A.; Dhotel, H.; Roques, C.; Campiol Arruda, D.; Escriou, V.; Mignet, N.; Fournier, T.; Andrieux, K.

Molecules 2018, 23, 1085, doi:10.3390/molecules23051085.

Abstract

Nanomedicine as a therapeutic approach for pregnancy-related diseases could offer improved treatments for the mother while avoiding side effects for the fetus. In this study, we evaluated the potential of liposomes as carriers for small interfering RNAs t o placental cells. Three neutral formulations carrying rhodamine-labeled siRNAs were evaluated on an in vitro model, i.e., human primary villous cytotrophoblasts. siRNA internalization rate from lipoplexes were compared to the one in the presence of the lipofectamine reagent and assessed by confocal microscopy. Results showed cellular internalization of nucleic acid with all three formulations, based on two cationic lipids, either DMAPAP or CSL-3.

Moreover, incubation with DMAPAP+AA provided a rate of labeled cells as high as with lipofectamine (53 ± 15% and 44 ± 12%, respectively) while being more biocompatible. The proportion of cells which internalized siRNA were similar when using DMAPAP/DDSTU (16 ± 5%) and CSL-3 (22 ± 5%). This work highlights that liposomes could be a promising approach for gene therapy dedicated to pregnant patients. Keywords: liposomes; siRNA; placenta; primary trophoblast cells Author Contributions L.V., K.A., K.Al., and N.M. conceived and designed the experiments; L.V. and J.E.R. performed the experiments; L.V. and K.Al. analyzed the data; H.D., V.E., D.C.A., W.V., and J.L. contributed to the conception and synthesis of customized materials; L.V. and K.Al. prepared the manuscript; and L.V., K.Al., J.E.R., W.V., J.L., A.C., H.D., C.R., D.C.A., V.E., N.M., T.F. and K.A. revised the paper.
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The total time of the elution gradient was 25 min with a flow rate of 1 mL/min and an injection volume of 50 microliters. For the first 5 min initial conditions with a mobile phase of water, methanol and isopropanol; 10%, 80%, and 10% respectively were maintained, then changing to methanol and isopropanol; 40% and 60% respectively in 5 min occurred and was then maintained for 5 min and finally the conditions returned to initial ones in 5 min and were maintained for the last 5 min of the run. Fluorescence detection was applied with an excitation wavelength of 465 nm and an emission wavelength of 550 nm.

Confocal microscopy

After 24 h of incubation with lipoplexes, villous placenta explants were washed 3 times using PBS then fixed in 4% paraformaldehyde and kept at 4 °C. Villous were embedded in agarose, then cut into slices 120 µm thick using Vibratome (Technical Products International, Maryland Heights, USA). Slices were then treated with 500 µL of 0.5% Triton X-100 for 30 min. Unspecific sites were saturated using 4 % BSA at room temperature. Primary antibodies against cytokeratin 7 were incubated for 1 h at room temperature, then amplified with Alexa Fluor 

Evaluation of sFlt-1 knockdown via antisense sequences

The objective of this study was to evaluate the knockdown efficiency of two antisense approaches on primary villous cytotrophoblasts isolated from term placentae on sFlt-1 mRNA expression and protein secretion. Antisense sequences were specifically designed to target various sFlt-1 isoforms: 3 siRNA targeting one of the sFlt-1 variant (named v_2 or e15a), and 2 SSO sequences targeting Flt-1 pre-mRNA polyadenylation sites that induce sFlt-1 variant v_1 or i13. This study will be presented in an oral communication in the IFPA 2018, Clinical Growth via Placenta congress. might induce non-relevant interactions between sedimenting nanocarriers and folded placental tissue.

Based on the limitations of the first study, we proposed to improve the explant model setup and to complete the methodology with another model derived from human placenta to enable a more thorough study of liposomes' interaction with the placenta.

Therefore, in the second chapter, conventional PEGylated liposomes labeled with fluorescent lipids (DOPE-rhodamine) and encapsulating a hydrophilic small fluorescent molecule (carboxyfluorescein, CF) were prepared to represent a model nanocarrier. The in vitro release profile of CF in PBS was comparable between free and liposomal CF. This profile was consistent with previous studies reporting low loading content and short retention time of small hydrosoluble drugs into liposomes formulations [START_REF] Jaafar-Maalej | Ethanol injection method for hydrophilic and lipophilic drug-loaded liposome preparation[END_REF].

The evaluation methodology combined two models to collect safety data via transplacental passage assessment (ability of carrier and drug to access the fetal circulation), and efficiency data via uptake assessment (ability of the carrier and drug to enter the targeted cell layer).

Transplacental passage of both the drug model (carboxyfluorescein) and the liposomal carrier (DOPE-rhodamine) were assessed using the placental perfusion, a model established for the assessment of small molecules (Figure 22, literature review section, 5.2.). This technique was adapted to the assessment of nanomedicines for pregnant patients through the development of an HPLC method based on fluorescence detection. This method enabled to measure both carboxyfluorescein and DOPE-rhodamine in both maternal and fetal perfusate.

Upon two-hour perfusion, transplacental passage was similar between free and encapsulated CF (8 ± 0.8 vs. 8.5 ± 2.5 %). The absence of difference could be explained by the major release of this hydrophilic small molecule from the liposomes formulation in the culture medium. The group of Bajoria et al. previously studied transplacental passage of liposomes encapsulating CF with the same perfusion model [START_REF] Bajoria | Effect of the size of liposomes on the transfer and uptake of carboxyfluorescein by the perfused human term placenta[END_REF][START_REF] Bajoria | Effect of Surface Charge of Small Unilamellar Liposomes on Uptake and Transfer of Carboxyfluorescein across the Perfused Human Term Placenta[END_REF]. Behavior of liposomes displaying different sizes and surface charges were compared by solely monitoring the encapsulated molecule. Formulations tested in their paper were actually not comparable to the liposomes we prepared in our study.

For instance, when CF molecules were encapsulated in neutral, non-PEGylated liposomes of around 70 nm, they exhibited a transplacental passage of roughly 3% that was estimated to be significantly different from the passage of the aqueous solution of CF (1.8%). Nonetheless, all studies conducted on dually-perfused human placenta monitored exclusively the encapsulated

Towards a liposome formulation for siRNA delivery to placental cells

Based on the literature review, the selected strategy for preeclampsia treatment was to design a nanocarrier able to deliver an antisense therapy to placental cells.

In the context of pregnancy, the safest nanocarriers should be selected and liposomes appear as the best option with the highest knowledge on clinical application.

Moreover focusing on nanocarriers able to deliver siRNA, three liposome-based formulations containing cationic lipids and issued from the literature were chosen to first assess their ability to deliver antisense sequences to placental cells.

Liposomes complexed with a fluorescently-labeled siRNA were incubated in vitro with primary human villous cytotrophoblasts (VCT). Cells were then observed using confocal microscopy in order to estimate the rate of siRNA internalization into the cells.

The culture of human primary villous cytotrophoblasts is the most relevant in vitro model of the syncytiotrophoblast, the targeted cell layer of the placenta. Indeed the VCT differentiates in vitro to form a functional syncytiotrophoblast through cell fusion [START_REF] Aplin | Developmental cell biology of human villous trophoblast: current research problems[END_REF].

All three formulations were designed to reach neutrality after siRNA loading. It was previously shown that all three lipoplexes favor transfection with a limited toxicity on other cell types [START_REF] Viricel | Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery[END_REF][START_REF] Seguin | Fine tuning of mixed ionic and hydrogen bond interactions for plasmid delivery using lipoplexes[END_REF][START_REF] Schlegel | Reduced in vitro and in vivo toxicity of siRNA-lipoplexes with addition of polyglutamate[END_REF] but internalization and transfection were uncertain on VCT. The specific lipids used in this study were 1) DMAPAP, a lipopolyamine able to efficiently complex nucleic acids [START_REF] Byk | Synthesis, Activity, and Structure-Activity Relationship Studies of Novel Cationic Lipids for DNA Transfer[END_REF], 2) DDSTU, a lipothiourea designed to interact with nucleic acids through hydrogen bond interactions [START_REF] Breton | Comparative gene transfer between cationic and thiourea lipoplexes[END_REF], and 3) CSL-3, a pH-dependent switchable lipid able to complex siRNA and to release it following a pH change [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF] (Figure 55).

Results showed that the three formulations had similar or lower delivery efficiency compared to a commercial, in vitro reagent, lipofectamine.

Towards a therapeutic agent for preeclampsia treatment

As established from the literature review, a slight decrease in sFlt-1 concentration in the maternal circulation could enable preeclamptic disease stabilization.

Thus, the therapeutic strategy we selected consists in targeting placental cells secreting an excess of sFlt-1 via an antisense approach. First, an in vitro model enabled evaluating sFlt-1 knockdown efficiency of the sequences. Cell lines are easy to handle and well-suited for this type of study since they are able to proliferate and as tests are not submitted to interindividual variability. sFlt-1 secretion of various trophoblastic cell lines was assessed in normoxic conditions. Measured sFlt-1 protein concentrations in supernatants were low after a 24 h accumulation (< 100 pg/mL). In the same culture conditions, primary human villous cytotrophoblasts (VCT) produced greatly the protein though (around 5000 pg/mL). Therefore, primary human villous cytotrophoblasts (VCT) were chosen as a model for further experiments.

Isoforms of sFlt-1 to be targeted were identified from the literature. sFlt-1_v1 or sFlt-1-i13 encompasses to isoforms (sFlt-1-i13 short and sFlt-1-i13 long) that were both targeted in our study by the SSO short and the SSO long sequences respectively. sFlt-1_v2 or sFlt-1-e14a was targeted by the three siRNA sequences (siRNA v2b, siRNA v2c, and siRNA v2d). The three targeted isoforms were reported to represent 88 to 97% of the measured Flt-1 mRNA in human placental tissue [START_REF] Ashar-Patel | FLT1 and transcriptome-wide polyadenylation site (PAS) analysis in preeclampsia[END_REF]. To assess the potential of antisense sequences as therapeutic options in case of preeclampsia, two antisense mechanisms were investigated: enzyme-dependent degradation of the targeted mRNA or steric-blocking oligonucleotides that modulate mRNA production (enzyme independent). Among the enzyme-dependent strategies, siRNA, short double stranded RNA duplexes, were selected as they are widely explored as potential therapeutic agents in preclinical and clinical studies [START_REF] Ozcan | Preclinical and clinical development of siRNA-based therapeutics[END_REF]. Some of the tested siRNA sequences targeting sFlt-1_v2 appeared to reduce total sFlt-1 secretion in the VCT supernatants. One of them induced a significant two 2-fold decrease in sFlt-1 secretion, but at the mRNA level, no difference was observed in the experimental conditions used. Among the enzyme-independent strategies able to modulate the targeted gene's splicing, splice-switching oligonucleotides (SSO) were selected as they are also particularly promising in terms of clinical applications [START_REF] Havens | Splice-switching antisense oligonucleotides as therapeutic drugs[END_REF][START_REF] Aartsma-Rus | FDA Approval of Nusinersen for Spinal Muscular Atrophy Makes 2016 the Year of Splice Modulating Oligonucleotides[END_REF]. At both protein and mRNA levels, transfection with SSO sequences aiming at reducing sFlt-1_v1 secretion and increasing Flt-1 production did not show significant impact on total sFlt-1 secretion.

IV. Conclusion

In this thesis project, we report the first results of the project 'nanomedicines for preeclampsia', a project aiming at developing new medications based on the concept of drug delivery systems to address the health care issues related to the management of a pregnancy complication, preeclampsia.

The first objective of this thesis was therefore to establish a methodology to evaluate the potential of liposomal nanocarriers in the pregnant patient context. The suspended human placental explant was suggested as an evaluation tool in complement to the perfused human placenta model. The combination of those two ex vivo models enabled qualitative and quantitative assessment of both drugs' and carriers' placental penetration and transplacental passage.

The second objective of this thesis was to conceive nanomedicines for the treatment of preeclampsia. From the literature data, we envisioned that reduction of the circulating antiangiogenic factor sFlt-1 with specific biomolecules like siRNA or oligonucleotides was a promising therapeutic strategy. Following this approach, the potential of several liposomes formulations for antisense therapy delivery to human placental cells was demonstrated in vitro.

Moreover, several antisense sequences were specifically designed and the impact on sFlt-1 production by placental cells was evaluated, showing encouraging results.

In this thesis, we report the setting up of an evaluation methodology of interactions between nanomedicines and the placental tissue, enabling to assess both drugs and nanocarriers. The suggested tools helped gather the first leads on the optimal design of nanomedicines for preeclampsia. Overall, this work may pave the way for the development of pharmaceutical formulations designed for the treatment of pregnant women pathologies.

VI. Annex

Supplementary information about the Methods 

Cationic Switchable Lipid 3) were synthesized as described in previous publications [START_REF] Viricel | Switchable Lipids: Conformational Change for Fast pH-Triggered Cytoplasmic Delivery[END_REF][START_REF] Mignet | Anionic pHsensitive pegylated lipoplexes to deliver DNA to tumors[END_REF]. 

Principle of extrusion

Extrusion was the method followed to modify size particle distribution of some of the preparations. The principle of the extrusion technique is to force the liposomes suspension through a polycarbonate membrane having a defined pore size. After several passes through the pores, the liposomes suspension's size is close to the membrane's pore size and liposomes' size distribution becomes homogeneous. The procedure should be performed at a temperature above the transition temperature of the formulation's lipids. A picture of the operated device and a scheme of its components are presented in Figure 61A andB.

I applied this method on the DMAPAP+AA, DMAPAP/DOPE-NBD+AA and CLS3-50 formulations in chapters 3 and 4 of the experimental section. 

Lipoplexes preparation

The lipoplexes I prepared (chapters 3 and 4) were a complex of liposomes and siRNA, ratio between those two components is represented by the N/P ratio where N is the number of moles of positive charges and P the number of moles of negative charges. The charge ratio was N/P = 4 for DMAPAP+AA, DMAPAP/DDSTU, and CSL-3.

Lipoplexes were prepared by mixing an equal volume of the siRNA solution (plus sodium alginate for the DMAPAP+AA formulation) to the cationic liposomes suspension and rapidly mixed by vortexing. When using lipofectamine 2000, the same steps were followed, and the diluted transfection reagent was mixed with an equal volume of siRNA solution. According to the manufacturer's instructions, ratio was 1 µL of lipofectamine for 5 pmol of siRNA.

When incubated with cells in the third chapter, only the siRNA were labeled. When incubated with the explants, lipoplexes were labeled with DOPE-NBD (green) and prepared with 50% of TAMRA-labeled (red) and 50% of unlabeled non-coding siRNA sequence (chapter 4).

Liposomes and lipoplexes characterization

It is to note that the characterization of liposomal formulations was devoted to confirm the consistency of their characteristics with previously published data. Complementary experiments for thorough characterization of some of the formulations are ongoing.

Particles size, polydispersity: dynamic light scattering

The hydrodynamic diameter is the diameter of a hard sphere that diffuses at the same speed as The hydrodynamic diameter differs from the physical diameter that can be observed with electronic microscopy for example. Indeed the hydrodynamic diameter includes the layers of water and/or salt molecules that surrender the particles and accompany their movements.

The DLS technique also enables to assess the size distribution of the particles. The polydispersity index (PdI) is a dimensionless measure of the broadness of the size distribution.

In the software I used, Zetasizer, it ranges from 0 to 1.

Mean particle size (Z-average), polydispersity index (PdI) were determined using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK). Before each measurement, appropriate dilution (1/100) of liposomes suspension was performed in PBS 10 mM. All

Evaluation of interaction with placental models 2.1.Models

Ex vivo and in vitro models were used in the reported studies, all based on human placenta. In the first part of the experimental section, chapters 1 and 2, we focused on the evaluation of liposomal formulations on placental ex vivo models. Dually perfused human placenta was selected as a reference model for transplacental passage assessment. Placental explants were chosen and adapted to complete the evaluation of the formulations with a simple setup. In the second part, chapters 3 to 5, we focused on formulations intended for siRNA delivery. They were first assessed in vitro on specific primary placental cells, villous cytotrophoblasts then on the explants. Villous cytotrophoblasts appeared also as the most suitable model to evaluate the potential of the selected antisense sequences. I collected the placentae and performed the explants, VCT cultures and molecular biology experiments with the help of Jenifer Espinoza (Master 2 student). The placental perfusion technique was performed by Christelle Simasotchi and experiments were conducted with my help.

Data and statistical analysis

All data were expressed as mean ± standard deviation. Statistical tests were performed using GraphPad Prism (GraphPad Software Inc. 5.01, La Jolla, CA, USA). P values were expressed as thresholds (i.e. P <0.05, P <0.005 or P <0.0005). Comparisons were done on independent samples. In chapter two, parametric tests (t-test and ANOVA) were used despite the small sample number. However, when analyzing the same data with non-parametric tests (Mann-Whitney and Kruskal-Wallis), the same P value thresholds were obtained. In the other chapters of the experimental section, non-parametric tests were selected to compare groups with each other. Kruskal-Wallis test was used for multiple comparison, Mann-Whitney was used to compare two groups.

Imaging

GianMario Mietti (Erasmus student) performed some imaging experiments before my arrival and contributed to the preliminary setup of the markers with the help of Audrey Chissey (some pictures in chapter one). I performed the remaining imaging experiments.

In the chapter 2, image acquisitions were performed with a spinning disk microscope (Leica,