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A customized long acting formulation of the kisspeptin analog C6 triggers ovulation in anestrus ewe
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The modulation of the kisspeptin system holds promise as a treatment for human reproductive disorders and for managing livestock breeding. The design of analogs has overcome some unfavorable properties of the endogenous ligands. However, for applications requiring a prolongation of drug activity, such as ovulation induction in the ewe during the non-breeding season, additional improvement is required. To this aim, we designed and tested three formulations containing the kisspeptin analog C6. Two were based on polymeric nanoparticles (NP1 and NP2) and the third was based on hydrogels composed of a mixture of cyclodextrin polymers and dextran grafted with alkyl side chains (MD/pCD). Only the MD/pCD formulation prolonged C6 activity, as shown by monitoring luteinizing hormone (LH) plasma concentration (elevation duration 23.4 ± 6.1, 13.7 ± 4.7 and 12.0 ± 2.4 h for MD/pCD, NP1 and NP2, respectively). When compared with the free C6 (15 nmol/ewe), the formulated (MD/pCD) doses of 10, 15 and 30 nmol/ewe, but not the 90 nmol/ewe dose, provided a more gradual release of C6 as shown by an attenuated LH release during the first 6 h post-treatment. When tested during the non-breeding season without progestogen priming, only, the formulated 30 nmol/ewe dose triggered ovulation (50% of ewes). Hence, we showed that a formulation with an adapted action time would improve the efficacy of C6 with respect to inducing ovulation during the nonbreeding season. This result suggests that formulations containing a kisspeptin analog might find applications in the management of livestock reproduction but also point to the possibility of their use for the treatment of some human reproductive pathologies.

administration protocols. To comply with these varied needs, a possible approach is the design of customized formulations offering a long lasting action of the active Kp analogs.

In the present study, we investigated the ability of three formulations containing the Kp analog C6 to induce ovulation in ewe during the non-breeding season. C6 is a lipopeptide based on the backbone of the shortest, 10 amino acid-long, endogenous form of Kp, Kp10. Kp10 was modified to increase its resistance to proteolytic degradation and to reduce its renal clearance. [START_REF] Beltramo | Rational design of triazololipopeptides analogs of kisspeptin inducing a long-lasting increase of gonadotropins[END_REF] Furthermore, C6 is more potent than endogenous Kp10 and its selectivity for KISS1R has been shown both in vitro and in vivo. [START_REF] Decourt | A synthetic kisspeptin analog that triggers ovulation and advances puberty[END_REF] To induce ovulation in small ruminants (ewes and goats), a combination of hormones is currently used. These hormones, however, give somehow suboptimal results and are questioned for their impact on the environment (progestogens) or for animal welfare issues related to their production (pregnant mare serum gonadotropins [PMSG]). Alternative methods, avoiding the use of these hormones, would be welcomed. One possible way to achieve this goal is by modulation of the Kp system. Activation of the KISS1R directly stimulates the release of gonadotropinreleasing hormone (GnRH) from GnRH neurons [START_REF] Messager | Kisspeptin directly stimulates gonadotropin-releasing hormone release via G protein-coupled receptor 54[END_REF][START_REF] Han | Activation of gonadotropinreleasing hormone neurons by kisspeptin as a neuroendocrine switch for the onset of puberty[END_REF] and therefore holds a central position in the activation of the mammalians reproductive axis.

Several lines of evidence including the infertility in human patients showing a loss of function mutation of the KISS1R, [START_REF] Seminara | The GPR54 gene as a regulator of puberty[END_REF][START_REF] De Roux | Hypogonadotropic hypogonadism due to loss of function of the KiSS1-derived peptide receptor GPR54[END_REF] mirrored by data on Kiss1 or Kiss1r gene knockout in mice, [START_REF] Seminara | The GPR54 gene as a regulator of puberty[END_REF] show the prime importance of this system in reproduction. Experiments performed using either Kp10 or the longest (Kp54, 54 amino acid-long in human) endogenous Kp isoform, demonstrated their reliability to stimulate GnRH and gonadotropins secretion in several mammalian species. [START_REF] Messager | Kisspeptin directly stimulates gonadotropin-releasing hormone release via G protein-coupled receptor 54[END_REF][START_REF] Hashizume | Characteristics of stimulation of gonadotropin secretion by kisspeptin-10 in female goats[END_REF][START_REF] Whitlock | Interaction of estrogen and progesterone on kisspeptin-10-stimulated luteinizing hormone and growth hormone in ovariectomized cows[END_REF][START_REF] Leonardi | Effect of Kisspeptin-10 on plasma luteinizing hormone concentrations and follicular dynamics during the luteal phase in cattle[END_REF][START_REF] Magee | Biological and anatomical evidence for kisspeptin regulation of the hypothalamicpituitary-gonadal axis of estrous horse mares[END_REF][START_REF] Decourt | Acute injection and chronic perfusion of kisspeptin elicit gonadotropins release but fail to trigger ovulation in the mare[END_REF][START_REF] Navarro | Advanced vaginal opening and precocious activation of the reproductive axis by KiSS-1 peptide, the endogenous ligand of GPR54[END_REF][START_REF] Shahab | Increased hypothalamic GPR54 signaling: a potential mechanism for initiation of puberty in primates[END_REF][START_REF] Albers-Wolthers | Identification of a novel kisspeptin with high gonadotrophin stimulatory activity in the dog[END_REF] During the non-breeding season, when the reproductive system is in a dormant state, an i.v. perfusion of Kp10 lasting 24 h induced ovulation in 75% of ewes. [START_REF] Caraty | Kisspeptin synchronizes preovulatory surges in cyclical ewes and causes ovulation in seasonally acyclic ewes[END_REF][START_REF] Sebert | Insights into the mechanism by which kisspeptin stimulates a preovulatory LH surge and ovulation in seasonally acyclic ewes: potential role of estradiol[END_REF] Stimulations lasting only 6 or 12 h, however, resulted in a significant reduction of ovulation rate. [START_REF] Sebert | Insights into the mechanism by which kisspeptin stimulates a preovulatory LH surge and ovulation in seasonally acyclic ewes: potential role of estradiol[END_REF] This confirms that a treatment based on Kp alone could trigger ovulation and that, to be effective, the stimulation should last at least 24 h. These results also highlighted some limits of the use of endogenous Kp isoforms: they are short lived and hence a chronic administration is required for a prolonged stimulation of the receptor. This is an unsurmountable drawback for field applications.

To overcome this inconvenient, we developed a series of Kp analogs. [START_REF] Beltramo | Rational design of triazololipopeptides analogs of kisspeptin inducing a long-lasting increase of gonadotropins[END_REF] These analogs were a significant improvement over endogenous Kp. In small ruminants, a single i.m. injection of the best analog, the lipopeptide C6, when combined with progestogen priming, induced ovulation in both breeding and non-breeding seasons. This suggests the possibility to replace PMSG by Kp analogs. [START_REF] Decourt | A synthetic kisspeptin analog that triggers ovulation and advances puberty[END_REF][START_REF] Decourt | The kisspeptin analog C6 is a possible alternative to PMSG (pregnant mare serum gonadotropin) for triggering synchronized and fertile ovulations in the alpine goat[END_REF] Nevertheless, in the absence of progestogen priming, a single C6 injection was unable to induce ovulation during the non-breeding season. This was likely a result of the sudden luteinizing hormone (LH) increase observed after C6 injection and an insufficient duration of the stimulation. Regardless of the dose used, the LH plasma concentration after C6 injection lasted no more that approximately 12 h. [START_REF] Decourt | A synthetic kisspeptin analog that triggers ovulation and advances puberty[END_REF] Furthermore, the plasma LH concentration reached a peak quite rapidly after injection (approximately 4-5 h). Such a rapid increase is likely inadequate to permit a sufficient follicular growth before ovulation. Another analog of Kp, TAK-683, has been tested in goat. This analog is a nonapeptide incorporating two D-amino acids and an azaglycine. [START_REF] Asami | Design, synthesis, and biological evaluation of novel investigational nonapeptide KISS1R agonists with testosterone-suppressive activity[END_REF] The finding that injection of TAK-683 in goat during the follicular phase resulted in follicular regression corroborates the speculation that an adequate follicular growth is a potential issue. [START_REF] Goto | Ovarian and hormonal responses to follicular phase administration of investigational metastin/kisspeptin analog, TAK-683, in goats[END_REF] In this context, there is a clear need to develop an injectable formulation that is able to incorporate and then gradually release Kp analogs in an animal model during at least 1 day to induce ovulation.

In the present study, we tested the capacity of different injectable C6-loaded devices to stimulate in a more gradual and persistent manner LH release. The objective was to identify a formulation capable of inducing a stimulation of LH release lasting approximately 24-48 h, a duration assumed to be convenient for ovulation induction. We used C6-loaded biocompatible polymeric nanoparticles (NPs) as well as a self-assembled hydrogel based on a cross-linked cyclodextrin polymer (pCD) and a modified dextran grafted with alkyl side chains (MD). The NPs were made of poly(lactic-co-glycolic acid) (PLGA) copolymers, which are well known for their in vivo biocompatibility. [START_REF] Essa | The Design of Poly(lactide-co-glycolide) Nanocarriers for medical applications[END_REF][START_REF] Elmowafy | Biocompatibility, biodegradation and biomedical applications of poly(lactic acid)/poly(lactic-coglycolic acid) micro and nanoparticles[END_REF] Similarly, the MD/pCD nanogels were previously shown to be well tolerated in vivo after i.m. administration in rabbits, making them promising injectable devices for local delivery of drugs. [START_REF] Daoud-Mahammed | Self-assembling cyclodextrin based hydrogels for the sustained delivery of hydrophobic drugs[END_REF] In addition, the hydrogels were efficient to incorporate a variety of hydrophobic active molecules. [START_REF] Daoud-Mahammed | Spontaneous association of hydrophobized dextran and poly-betacyclodextrin into nanoassemblies. Formation and interaction with a hydrophobic drug[END_REF][START_REF] Gref | New self-assembled nanogels based on host-guest interactions: characterization and drug loading[END_REF][START_REF] Daoud-Mahammed | Cyclodextrin and polysaccharide-based nanogels: entrapment of two hydrophobic molecules, benzophenone and tamoxifen[END_REF] In the present study, we showed that, during the non-breeding season, the MD/pCD formulation incorporating C6 approached the targeted goal by increasing the length of LH release and inducing ovulation in the absence of progestogen priming. 

| MATERIALS AND METHODS

| Animal model

| Materials

| Peptide synthesis

C6 was assembled by standard automated Fmoc/tBu solid phase peptide synthesis, except for the introduction of the triazole. The heterocycle being generated through solid-supported copper-catalyzed azide/alkyne cycloaddition as described earlier. [START_REF] Beltramo | Rational design of triazololipopeptides analogs of kisspeptin inducing a long-lasting increase of gonadotropins[END_REF] All the compounds were purified by reverse phase HPLC.

| Nanoparticle preparation

The lipopeptide C6, 200 nmol or 500 nmol (dry powder) was solubilized in 50 μL of DMSO, whereas 10 mg of PLGA was solubilized in 750 μL of DCM. A PVA solution (0.5 w/v) was prepared using MilliQ water.

To 750 μL of polymer solution, 10 μL of lipopeptide in DMSO was added followed by vortexing. The resulting solution was added dropwise to 2 mL of PVA 0.5% (w/v) under vortex. The obtained emulsion was then transferred to a 10-mL vial and sonicated as: three times for 30 s each at 20% power and one time for 30 s at 10% power Drug loading and release were studied by HPLC (1100 series; Agilent) using a column (2.6 μm, 30 Â 2.1 mm; Phenomenex). The detection was at 220 nm and the mobile phase consisted of binary mixtures of (A) water with 0.1% TFA and (B) acetonitrile with 0.1% TFA. The gradient conditions were: 0-2 min: 0-20% B; 2-6 min: 20-45% B; 6-10 min: 45-75% B; and 10-15 min: 75-0% B.

The flow rate was 1 mL min À1 and the injection volume was 5 μL.

A standard calibration curve was obtained using stock solution of C6 in DMSO, diluted with ACN/water 45/55.

| Gel formulation

The water soluble polymers MD and pCD were prepared as described previously. [START_REF] Gref | New self-assembled nanogels based on host-guest interactions: characterization and drug loading[END_REF] The β-CD polymer (pCD) was prepared by cross-linking hydroxypropyl-β-cyclodextrin (β-CD) with epichlorohydrin (EP), under strongly alkaline conditions. [START_REF] Renard | Preparation and characterization of water soluble high molecular weight β-cyclodextrinepichlorohydrin polymers[END_REF] Briefly, 100 g of anhydrous β-CD were dissolved in 160 mL of NaOH 33% w/w solution. Then, 81.52 g of EP was added to the solution heated to 30 C. The reaction was stopped before the gelation point by addition of acetone, neutralized and purified by dialysis using a SpectraPure membrane with a cut-off of 100,000 g mol À1 . The pCD polymer was recovered by freeze-drying.

The average molar mass was 2 Â 10 6 g mol À1 , and the β-CD content reached 70% w/w as determined by 1 H NMR spectroscopy.

To synthesize MD bearing hydrophobic lauryl side chains, 4 g of dextran (40,000 g mol À1 ) was solubilized in 100 mL of dimethylformamide containing 1 g of lithium chloride, followed by the addition of 0.62 mL of lauryl chloride and 0.031 mL of pyridine. After the reaction was carried out at 80 C for 3 h, the MD obtained was isolated by precipitation in isopropyl alcohol, solubilized in MilliQ water and purified by dialysis. The substitution yield was 5% according to the 1 H NMR spectra.

The MD/pCD gel was prepared by mixing equal volumes of aqueous solutions of each polymer. Accordongly, pCD (75 mg mL À1 ) and MD (75 mg mL À1 ) were independently solubilized overnight in distilled water at room temperature under gentle shaking. The kisspeptin analog was solubilized in the pCD solution at the desired concentration (from 10 to 90 nmol into 200 μL) by overnight gentle shaking.

Finally, to obtain the MD/pCD hydrogel containing the C6, to the MD solution was added slowly an equal volume of the pCD/C6 solution, taking care to avoid bubble formation. The hydrogel was allowed to settle down by keeping it overnight at room temperature. Thus, the hydrogel was perfectly separated from the supernatant, so that the supernatant was removed carefully and the hydrogel was injected.

| Evaluation of formulated C6 on LH plasma concentration

Three formulations containing C6 were tested in vivo to assess their capacity to increase LH plasma concentration. Three days before the experiment, ewes were placed in small contiguous pens and, on the day before the experiment, a catheter (inner diameter 1.0, length 52 mm; Intraflon 2) was inserted in the jugular vein. Three blood samples (2 mL each) were collected at 30-min intervals before the treatment to establish the basal LH level in the plasma. After the injection, samples (2 mL) were collected every hour for 11 h and then every 2 h until the end of the experiment. Samples were spun down, and plasma was collected and stored at À20 C until processed for LH measurement.

For the PLGA-NP1 and PLGA-NP2, the dose of 15 nmol of C6 was incorporated in a volume of 600 μL. Incorporation efficiency for the two formulations was 93%-96%, as determined by assessing by HPLC the non-incorporated C6 amounts in the supernatants. For the MD/ pCD, the dose of C6 incorporated was 20 nmol in 200 μL. In this case, the incorporation efficiency is approximately 80%, and we used a larger dose to compensate for the lower incorporation efficiency. All formulations were injected s.c. Data are expressed as median and interquartile range (n = 6).

| Dose-response experiments

These experiments were performed with the MD/pCD formulation containing 10, 30 or 90 nmol/ewe of C6 (200 μL/ewe) injected i.m. to different groups of ewes. An additional group of ewes received an injection of the same volume of the empty formulation. Blood (2 mL) was sampled every 30 min for 1 h before injection to establish basal LH concentrations, and then every 2 h until 27 h after injection and every 4 h until the end of the experiment (71 h after formulation injection). Following the injection, a blood sample was taken every day for 14 days to measure progesterone plasma concentration. A progesterone plasma concentration exceeding 1 ng mL À1 and lasting 3 days was considered a hallmark of ovulation and corpus luteum formation. Samples were spun down, and plasma was collected and stored at À20 C until processed for LH or progesterone measurement. The experiment were performed in two different years and data pooled together. Because of the results obtained in the first year experiment, in the second year, the dose of 90 nmol was not tested. Data are expressed as median and interquartile range (n = 4-10).

| Retrospective comparison of dose-response data of formulated and free C6

In the context of previous projects, we have performed several experiments with C6 at the dose of 15 nmol/ewe under identical experimental conditions to that used in the present work. Hence, we though interesting to retrospectively compare these data with that obtained with the formulation to get some insight in the features of the initial profile of LH secretion of free and formulated C6. The analysis was performed on the first 12 h by dividing the data on three periods: from 0-6 h, from 0-12 h, and from 12 to 24 h posttreatment. For these three periods were calculated the area under the curve (AUC) and the median LH concentration of formulated and free C6.

| Hormone assay

Plasma LH concentrations were measured using previously described radioimmunoassays. [START_REF] Pelletier | Radio-immunologic determination of plasma lutenizing hormone in sheep. Comparison with the biologic determination of LH by the diminution of ovarian ascorbic acid, and example of the application to measure of the blood LH in ewes[END_REF][START_REF] Montgomery | Changes in pulsatile LH secretion after ovariectomy in Ile-de-France ewes in two seasons[END_REF] The assay standard was 1055-CY-LH (equivalent to 2.2 NIH-LH-S1). Intra-assay and inter-assay coefficients of variation at 2.3 ng mL À1 were 5% and 9%, respectively, and assay sensitivity was 0.2 ng mL À1 . Progesterone was measured by an enzyme-linked immunosorbent assay (ELISA) following a previously described method. [START_REF] Decourt | A synthetic kisspeptin analog that triggers ovulation and advances puberty[END_REF] 

| Statistical analysis

To calculate the AUC, the basal was established as the mean of the samples taken before injection and was subtracted from all other sample values; peaks defined by fewer than five consecutive points were not taken into account. The beginning of an LH peak was defined as an increase in LH concentration at least three times the basal for at least two consecutive values. The reverse criteria was used to define the peak end. The interval between the beginning and end of the peak was used to calculate peak duration. The statistical analysis was performed using the non-parametric one-way Kruskal-Wallis analysis of variuance followed by Dunn's multiple comparisons post-hoc test. The assumptions to perform a Kruskall-Wallis test are that the data distribution did not fit a Gaussian distribution, differences between each value and the group median were independents, and the shape of data distribution between groups was similar. Statistical analysis was performed with Prism, version 6.0 (GraphPad Software Inc.).

| RESULTS

| NP formulation

Both NP1 and NP2 nanoformulations were characterized by mean hydrodynamic diameters of 280 nm and 263 nm, respectively, suitable for i.m. injection and a narrow size distribution (polydispersity index [PDI] < 0.1). The C6 incorporation efficiency was high (93%-96%, as measured by HPLC in the supernatants) (Table 1). In the NP formulations, the polymer concentration was 10 mg mL À1 .

T A B L E 1 Characterization of the nanoparticle (NP) formulations: mean hydrodynamic diameter, polydispersity index, C6 incorporation efficiency and concentration in the formulation The lipopeptide C6 was not released out from the NPs under storage conditions (4 C) for 30 days, as evaluated by HPLC (analysis of the supernatant after centrifugation). Moreover, there were no significant changes in the mean diameters and PDIs of NPs (< 5% variation) indicating the stability of the nanoformulations. interactions with the biological media take place, leading to release of the lipopeptide.

| Effect on LH plasma concentration in the ewe

| Comparison of different C6 formulations

The injection of NP1 and NP2 containing the C6 triggered a quick increase in LH plasma concentration (Figure 2) that reached a peak at A larger variability of the beginning of the peak and time to reach maximal LH concentration were observed, leading to a significant increase of peak duration and time to peak compared to the other formulations.

| Effect on LH of different C6 doses incorporated into the MD/pCD formulation

Because the above results showed that MD/pCD is a better choice than NPs for slowing the induction of LH, in the following experiments, only MD/pCD was investigated. Treatment with the empty MD/pCD formulation had no effect on LH plasma concentration (Figure 4). Conversely, all ewes treated with the formulation containing C6 showed an increase in the LH plasma concentrations. The kinetic of LH increase induced by the 10, 30 or 90 nmol/ewe dose, however, greatly differed (Figure 4). The effect of the 10 nmol/ewe dose was more variable compared to that obtained with the 30 or 90 nmol/ewe doses (Supporting information, Figure SS2).

Comparison of peak maximal amplitude, time to peak maximal amplitude, duration of LH elevation and AUC triggered by the three doses showed that the 10 nmol/ewe dose required a longer time to reach the maximal amplitude compared to the 90 nmol/ewe dose (Figure 5). The maximal amplitude achieved by the LH plasma concentration after the 10 nmol/ewe dose tended to be smaller than that induced by the 90 nmol/ewe dose (Figure 5). The total amount of LH release by the 30 and 90 nmol/ewe doses was larger than that induced by the 10 nmol/ewe dose.

We compared data previously obtained with C6 at the dose of 15 nmol/ewe and formulated C6 at the same dose with the doseresponse data. These previous data were obtained under the same experimental conditions: ovary-intact ile-de-France ewes during the non-breeding season injected i.m. with C6 in the absence of progestogen priming. To establish whether the formulation slowed the LH release induced by C6, we analyzed the period from 0 to 6 h, 0 to 12 h and 12 to 24 h after treatment. During the first 6 h post-treatment, the AUC of the 10, 15 and 30 nmol/ewe doses of formulated C6 was smaller compared to the AUC of free C6 (Figure 6A). This was also true for the median concentration (Figure 6B). Twelve hours after treatment, the median and AUC of free C6 was still significantly different only for the 10 nmol/ewe dose (Figure 6C andD). At a later time (12-24 h), the AUC and the median concentration of LH were smaller for the free C6 compared to the formulated one at the dose of 15 and 30 nmol/ewe. Regardless of the period of time taken into consideration, the mean LH concentration after treatment with free C6 or the 90 nmol/ewe formulation did not show a significant difference (Figure 6).

| Effect on progesterone of different C6 doses incorporated into the MD/pCD formulation

The 10 nmol/ewe dose had minimal effect on progesterone concentrations and only one ewe showed an increased that only lasted 7 days (Table 2; see also (Supporting information, Figure SS3). The 30-nmol dose elicited an increase in progesterone in five out of 10 ewes with a profile reminiscent of a normal luteal phase (Table 2; see also Supporting information, Figure SS3). One ewe treated with the 90-nmol dose showed an increase in the progesterone level over several days but progesterone was already elevated above basal at the beginning of treatment and further increased starting from day 7 post-treatment. This was not considered to be induced by the treatment and was not a normal cycle. In the same group, two other ewes showed an elevation of progesterone lasting only 5 and 6 days, respectively. In the control group, empty formulation, one ewe showed a progesterone increase suggesting a normal luteal phase (Table 2; see also Supporting information, Figure SS3).

The LH profiles of ewes that ovulated or did not ovulate after the 30 nmol/ewe dose were compared to establish a possible difference. However, none of the parameters measured differed between the two groups (see Supporting information, Figure SS4).

| DISCUSSION

We developed a formulation containing the Kp analog C6 allowing a more gradual and prolonged activation of the reproductive axis compared to free C6. During the non-breeding season and in the absence of other treatments, the formulated C6 at the dose of 30 nmol/ewe triggered ovulations in 50% of individuals. These encouraging results

suggest that a formulation containing C6 might permit bypassing the use of steroid hormones to manage reproduction during the non-breeding season in small ruminants.

The key role of Kp in stimulating GnRH, and consequently gonadotrophins release, is well established in mammals and has fueled research for therapeutic and field applications. The sought after effect is mainly an activation of KISS1R to stimulate a quiescent reproductive system or to remediate a pathological deficit of the hypothalamicpituitary-gonadal axis. Even though most studies have focused on human pathologies, 2 this knowledge could be also applied for developing new strategies to manage reproduction in livestock. [START_REF] Beltramo | Towards new strategies to manage livestock reproduction using kisspeptin analogs[END_REF] Studies in several domestic species converge to show that an appropriate stimulation of the Kp system would lead to controlled secretion of gonadotrophins and induction of ovulation. In heifers, a single injection of Kp10 under low progesterone concentration has no effect on ovulation. Conversely, the same dose administered as multiple injections during a 2-h period triggeres ovulation, [START_REF] Leonardi | Kisspeptin induces ovulation in heifers under low plasma progesterone concentrations[END_REF] highlighting the critical importance of dosing regimen for an effective stimulation. In the goat, the administration of a Kp analog (TAK-683) leads to ovulation with a shorter interval time compared to the control group. [START_REF] Kanai | An administration of TAK-683 at a minimally effective dose for luteinizing hormone stimulation under the absence of the ovary induces luteinizing hormone surge in ovaryintact goats[END_REF] We obtained similar results in goats and ewes using C6. [START_REF] Decourt | A synthetic kisspeptin analog that triggers ovulation and advances puberty[END_REF][START_REF] Decourt | The kisspeptin analog C6 is a possible alternative to PMSG (pregnant mare serum gonadotropin) for triggering synchronized and fertile ovulations in the alpine goat[END_REF] Current field protocols based on treatment with hormones to trigger ovulation in small ruminants require the use of a pessary containing a progestogen and an injection of PMSG at pessary withdrawal. We have previously shown that C6 could successfully replace PMSG in this protocol. [START_REF] Decourt | The kisspeptin analog C6 is a possible alternative to PMSG (pregnant mare serum gonadotropin) for triggering synchronized and fertile ovulations in the alpine goat[END_REF] To explore further the potential of C6, we investigated the possibility of triggering ovulation in the ewe during the non-breeding season using only C6. A single injection of C6 during the non-breeding season is unable to trigger ovulation in the absence of progestogen priming (C. Decourt, V. Robert, D. Lomet, M. Beltramo, unpublished data). During the anestrus season, LH levels are low and C6 injection triggers a very rapid and substantial LH increase leading to a maximal LH concentration in approximately 4-5 h. In the ewe, the LH surge is preceded by a moderate increase in LH for 24-48 h. This small increase preceding the LH surge would be important for follicular maturation and appropriate function of the corpus luteum. [START_REF] Mcnatty | Evidence that changes in luteinizing hormone secretion regulate the growth of the preovulatory follicle in the ewe[END_REF] The release pattern elicited by free C6 does not provide such an initial low increase in LH. We suspected that the rapid LH surge induced by free C6 prevents the follicle to growth to the required size for a correct ovulation. This would explain the failure of a single C6 injection to induce ovulation. On the other hand, it was reported that LH pulsatile secretion is not mandatory for follicular maturation that could be achieved under a GnRH perfusion. [START_REF] Mcnatty | Evidence that changes in luteinizing hormone secretion regulate the growth of the preovulatory follicle in the ewe[END_REF] Taken together, these considerations give hope that a slow release formulation containing C6, leading to a sufficiently long lowlevel stimulation of LH secretion, would be able to trigger ovulation.

This prompted us to search for a formulation containing C6 and providing an initial low level of LH release in an attempt to mimic the more natural activation of the hypothalamic-pituitary-gonadal axis.

F I G U R E 6 Comparison of luteinizing hormone (LH) release after treatment with free or formulated C6 (MD/pCD). The release of LH triggered by formulated C6 (10, 15, 30 and 90 nmol/ewe) was compared with that elicited by 15 nmol/ewe dose of free C6 from previous experiments. The area under the curve (AUC) and the median LH concentration were evaluated for the period from 0 to 6, 0 to 12, and 12 to 24 h post-injection. In the first 6 h post-treatment, the total amount of LH release and the median concentration of the We thought that, in our case, the most appropriate strategy would be a stimulation of LH release over a 24-to 48-h period. Between the available formulations for slow release of drugs, we opted for PLGA NPs and a hydrogel formulation based on MD and pCD. PLGA is a polymer approved for slow release of drugs in human. Peptidederived molecules like our analog could be successfully formulated with PLGA as shown by the commercialization of PLGA formulation containing octreotide (a somatostatin analog) or leuprolide acetate (a GnRH analog). [START_REF] Park | Formulation composition, manufacturing process, and characterization of poly(lactide-co-glycolide) microparticles[END_REF] MD/pCD hydrogels were also well tolerated in an animal model. [START_REF] Daoud-Mahammed | Self-assembling cyclodextrin based hydrogels for the sustained delivery of hydrophobic drugs[END_REF] We tested two PLGA NPs with different LA:GA ratios, as well as the hydrogel. In vitro release studies showed that the chemical compo- Our results corroborate the hypothesis that a pulsatile stimulation of LH release is not mandatory to trigger ovulation, [START_REF] Sebert | Insights into the mechanism by which kisspeptin stimulates a preovulatory LH surge and ovulation in seasonally acyclic ewes: potential role of estradiol[END_REF][START_REF] Mcnatty | Evidence that changes in luteinizing hormone secretion regulate the growth of the preovulatory follicle in the ewe[END_REF] although a continuous stimulation would probably require a very precise set of conditions to be successful.

The fact that only half of ewes treated with a dose of 30 nmol/ ewe ovulated could be related to specific physiological conditions reducing treatment efficacy. In the 30 nmol/ewe group, animals that ovulated or did not ovulate have a similar LH profile after treatment. This would rule out a possible involvement of the pituitary response, leading to different LH secretion patterns, as an explanation of the ability to ovulate or not. Hence, it is reasonable to assume that ovary physiology could be implicated in this response difference. Development of follicles in the ewe is characterized by follicular waves. Follicular waves are present also during the non-breeding season. [START_REF] Noel | Ovarian follicular dynamics in Suffolk ewes at different periods of the year[END_REF] In our experiment, the treatment was delivered without knowing the phase of the follicular wave. In the ewe, granulosa cells start to express LH receptors when the follicle reaches a diameter of approxmately 3-3.5 mm. [START_REF] Monniaux | Follicular growth and ovarian dynamics in mammals[END_REF] The expression of LH receptors on the granulosa cells signals a complete maturation of the follicle that acquires the capacity to ovulate following an LH surge. It is possible that, in some ewes, the dominant follicle was sufficiently grown up to respond to LH stimulation, leading to an appropriate ovulation, whereas in other ewes was not. Consequently, an LH surge intervening when the follicle is too small would likely be ineffective wiith respect to triggering ovulation.

To test this hypothesis, it would be interesting to perform studies at different moment of the follicular wave dynamic. An appropriate injection timing in relation to the development of the follicular wave could eventually lead to a higher ovulation rate.

A few methods are currently being used to manage livestock reproduction during the non-breeding season. Methods based on hormone treatment (progestogen priming coupled to PMSG administration) are largely used in intensive breeding facilities. They have proved to be effective, even though they are not optimal. For example, the use of this method in the non-breeding season in two ewe breeds (Lacaune et Blanche du Massif Central) resulted in a mean gestation rate after artificial insemination of 64% and a lambing rate of 50%. [START_REF] Freret | Comparison of fertility after AI in 2 meat sheep breeds: Lacaune and blanche du massif central. 16èmes Rencontres-Rsecherches-Ruminants[END_REF] However, their major drawback is the increasing hostility of the society to the use of hormones in livestock management. Indeed, alternative methods bypassing the use of hormones have been developed.

They are mainly based on the exposure to artificial photoperiod and on the so-called ram effect. These methods imply modifications of farming system and facilities. To control photoperiod, animals should be housed indoor in a light-proof building to avoid possible interference from natural light. In the case of the ram effect, which is manly based on the stimulatory activity of pheromones released by males, males should be kept separated from females. This requires hosting sexes in separate building far apart to avoid unplanned contact of females with the male pheromones. Furthermore, during the nonbreeding season, rams are less effective with respect to stimulating ovulation, reducing the efficacy of the method. Even in ewes primed with a progestogen, exposure to an untreated ram during the nonbreeding season would induce estrus in only 38.3% of ewes. [START_REF] Ungerfeld | Equine chorionic gonadotrophin administration to rams improves their effectiveness to stimulate anoestrous ewes (the "ram effect[END_REF] Keeping males under a short photoperiod, typical of the breeding season, would reduce this problem. [START_REF] Dardente | Seasonal breeding in mammals: from basic science to applications and back[END_REF] Further improvement of the success rate could be obtained by also keeping females under a short photoperiod. Nevertheless, the response to the ram effect appears to be highly variable depending on the breed and anestrus moment (early, middle or late). [START_REF] Chanvallon | New insights into the influence of breed and time of the year on the response of ewes to the 'ram effect[END_REF] Hence, these two approaches come with several drawbacks, making them difficult to apply and suboptimal. Hence, during the non-breeding season, the possibility of using an alternative method based on a single i.m. injection to trigger ovulation, as would be the case with the formulated C6, is appealing. Considering that current methods have undergone several decades of optimization, the 50% ovulation rate we obtained in this first attempt with the formulated C6 is promising. It is reasonable to assume that optimization of our protocol would allow further improvement of the ovulation rate making our approach competitive.

In conclusion, we have conceived a formulation that allows a slow release of C6, triggering an LH secretory pattern that is approaching the pre-surge conditions of a natural ovulation cycle and triggers ovulation. The fact that we consistently induced ovulation only at one dose and only in half of the ewes suggests that the dosing regimen should be optimized. Furthermore, the developmental stage of the follicular wave could be an important element for determining the success of the treatment and should be therefore taken into consideration. These two issues remain open for further investigation.

On the other hand, the results show that, in the ewe, progestagen priming and pulsatile LH release may not be mandatory for inducing ovulation during the non-breeding season. These two points represent an interesting insight from both basic and applied perspectives and demonstrate the feasibility of inducing ovulation with a single injection of a Kp analog during the non-breeding season.

Finally, another potential field of application for the formulation containing the C6 analog, or another Kp receptor agonist, is the treatment of human pathologies. For example, in patients affected by hypothalamic amenorrhea, a 2-week long treatment with Kp54, the long form of human KP, would increase reproductive hormone levels. [START_REF] Jayasena | Twice-weekly administration of kisspeptin-54 for 8 weeks stimulates release of reproductive hormones in women with hypothalamic amenorrhea[END_REF] Further supporting the idea that a prolonged stimulation would be beneficial to these patients, an 8-h long perfusion with human Kp54 succeeded in reactivating the hypothalamic-pituitary-gonadal axis and increased LH pulse frequency. [START_REF] Jayasena | Increasing LH pulsatility in women with hypothalamic amenorrhoea using intravenous infusion of Kisspeptin-54[END_REF] It is therefore likely that a formulation inducing the gradual release over time of Kp, or a synthetic analog, would provide an interesting strategy for treating this medical condition and avoiding the burden of repeated injections or of a perfusion. Such type of formulation would be advantageous also in other types of reproductive disorders requiring a protracted low-level stimulation of the Kp system.

  Experiments were performed during the non-breeding season (from the beginning of April to the first week of June) in ovary-ointact ewes of the Ile-de-France breed (3-5 years old, weighing 60-90 kg) maintained under normal husbandry. Experiments using animals were carried out accordingly to national and international regulations (directive 2010/63/UE, authorization F371752 of the French Ministry of Agriculture). All procedures were approved by the local Animal Ethics Committee (Comité d'Ethique en Expérimentation Animale Val de Loire) and authorized by the French Ministère de l'Enseignement supérieur, de la Recherche et de l'Innovation (authorization number 01873.03 and 10,958). Animals were housed at the INRAE research center facilities (Unité Expérimentale PAO, INRAE, 2018. Animal Physiology Experimental Facility; doi: 10.15454/1.5573896321728955E12).

  Two PLGA copolymers with lactic/glycolic acid ratios (L/G) of 50/50 and 75/25 (Expansorb ® 10P017 and 10P015, respectively) were obtained from Seqens. They had an average molar mass of 15-30 kDa and 5-10 kDa, respectively. Poly(vinyl alcohol) (PVA) (88% hydrolyzed, molar mass range 30,000 to 70,000 g mol À1 ), dichloromethane (DCM), dimethylsulfoxide (DMSO), dimethylformamide, lithium chloride, pyridine, trifluoroacetic acid (TFA), sodium chloride (NaCl), potassium chloride (KCl), sodium phosphate dibasic (Na 2 HPO 4 ), potassium phosphate monobasic (KH 2 PO 4 ) and acetonitrile (ACN) (high-performance liquid chromatography [HPLC] grade) were all purchased from Sigma-Aldrich. Phosphate buffer saline (PBS) at pH 7.4 (10 mM) was prepared by mixing stock solutions of Na 2 HPO 4, KH 2 PO 4 , KCl and NaCl in distilled water. Dextran (40,000 g mol À1 ) was obtained from Amersham Pharmacia and hydroxypropyl-β-CD (KLEPTOSE ® ) was kindly donated by Roquette. Fetal bovine serum (FBS) and Roswell Park Memorial Institute (RPMI) cell culture medium were from Thermo Fisher. Water was purified by reverse osmosis (Milli-Q; Millipore). All reagents were analytical grade.

  using a sonic probe (Sonopuls HD 2070; BANDELIN electronic GmbH & Co.). The organic solvent was removed under gentle stirring at room temperature. The NPs prepared with PLGA 50/50 and 75/25 were named PLGA-NP1 and PLGA-NP2, respectively. The size distribution of NPs was determined by dynamic light scattering using a Nano ZS90 (Malvern Panalytical). Each sample was measured three times for 1 min at 20 C and at an angle of 90 . The experiments were conducted in triplicate.

  Furthermore, C6 release from the NPs was investigated at 37 C in PBS (10-fold dilution of the NP suspensions). During 24 h of incubation, less than 7 ± 3% of C6 was released from both NP1 and NP2. This indicates the strong affinity of the lipopeptide for the PLGA 50/50 and 75/25 copolymer matrices. However, when the C6 release was performed in a cell culture medium containing serum (RPMI with 10% FBS; same concentration of the formulation), a progressive C6 release was obtained (Figure1). This clearly indicates that C6 release is triggered by the presence of serum components able to bind the lipophilic lipopeptide. The release reached a plateau at approximately 70% possibly because a saturation in C6 of the release media. These results suggest that, in vivo, C6 could be efficiently extracted from the PLGA NPs by the biological medium, rich in (apo)lipoproteins and other biological species with an affinity for C6.The C6 release from the MD/pCD hydrogels has been investigated under the same experimental conditions (water, PBS and RPMI with serum). Interestingly, regardless of the conditions, C6 could not be efficiently extracted (less than 2%). These results suggest that the hydrogel has the highest affinity for C6 compared to the NP formulations. This could be a result of: (i) the presence of CDs in its composition, known to host hydrophobic molecules and (ii) the lower surface displayed by the gel compared to the NPs, at which competitive F I G U R E 1 Release of C6 from poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs). The percentage of C6 released over time is shown when C6 is formulated in the PLGA NPs. The experiment was performed in vitro using the RPMI media supplied with 10% FBS and C6 present in the media was measured at 0, 0.5, 2, 4, 6, 24 and 48 h after the experiment started. The results show that more than 60% of the molecule is released in the first 6 h F I G U R E 2 Time course of luteinizing hormone (LH) plasma concentrations after treatment with formulated C6. Ewes during the nonbreeding season were injected i.m. with PLGA-NP1 (15 nmol/ewe of C6) (A), PLGA-NP2 (15 nmol/ewe of C6) (B) or MD/pCD (C) formulation containing C6 (15 nmol/ewe, assuming 80% incorporation into the formulation). The temporal profiles of LH concentration were similar for PLGA-NP1 and PLGA-NP2. Conversely, the MD/pCD formulation containing C6 showed a longer lasting LH elevation. The LH concentration was measured by a radioimmunoassay. Data are the median and interquartile range (n = 6)

3. 5 h

 5 Figure SS1).

4

 4 Effect of different doses of MD/pCD-C6 formulation on the temporal profile of luteinizing hormone (LH) concentrations. During the non-breeding season, ewes were treated with the empty MD/pCD formulation (A) or with the MD/pCD formulation containing 10, 30 or 90 nmol/ewe of C6 (B, C and D, respectively). The MD/pCD formulation containing the C6 induced an increase in LH that showed different profiles depending on the dose. Conversely, the empty MD/pCD formulation had no effect on LH plasma concentrations. The LH concentration was measured by a radioimmunoassay. Data are the median and interquartile range (n = 4-10)

5 F

 5 Parameters of the luteinizing hormone (LH) surge induced by the MD/pCD formulation containing different C6 doses. The MD/pCD formulation containing 10, 30 or 90 nmol of C6 was injected in non-breeding ewes. Analysis of LH concentrations in the plasma showed that the 30 and 90 nmol/ewe doses produced a larger release of LH as measured by the area under the curve (AUC) (A) (p = 0.0009; H = 14.09; *p ≤ 0.05; ***p ≤ 0.001). The time to reach the maximal amplitude of the LH peak was longer for the 10 nmol/ewe dose, intermediate for the 30 and shorter for the 90 nmol/ewe dose (B) (p = 0.04; H = 9.22; *p ≤ 0.05). Conversely, peak duration and maximal LH concentration did not differ between treatments (C, D) (p = 0.08, H = 4.9 and p = 0.9, H = 0.19, respectively). LH concentration was measured by a radioimmunoassay. Data are the median and interquartile range (n = 4-10). Statistical analysis was performed using a non-parametric one-way Kruskal-Wallis analysis of variance followed by Dunn's multiple comparisons post-test I G U R E 6 Legend on next page.

  H = 31.50, *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. This was true only for the 10 nmol/ewe dose after 12 h: (C) p < 0.0001, H = 25.81, ***p ≤ 0.001; (D) p < 0.0001, H = 25.47, ****p ≤ 0.0001. In the last period considered, 12 to 24 h post-injection, both the AUC and the LH concentration of the 15 and 30 nmol/ewe formulated C6 doses were higher compared to the 15 nmol/ewe dose of free C6: (E) p = 0.0007, H = 19.11, *p ≤ 0.05; **p ≤ 0.01; (F) p = 0.0001, H = 22.82, **p ≤ 0.01, ****p ≤ 0.0001. The 90 nmol/ewe formulated C6 dose elicited an effect on AUC and LH concentration similar to the 15 nmol/ewe dose of free C6 regardless of the period taken into consideration (A-F). Data are the median and interquartile range. Group size was: 10 nmol, n = 10; 15 nmol, n = 6, 30 nmol; n = 10, 90 nmol; n = 4 and 15 nmol C6 free, n = 17. Statistical analysis was performed using a non-parametric one-way Kruskal-Wallis analysis of variance followed by Dunn's multiple comparisons post-hoc test using the free C6 as a control T A B L E 2 Summary of ovulation after treatment with different C6 doses formulated with control

	10, 15 and 30 nmol/ewe formulated C6 doses were lower than the free C6, 15 nmol/ewe dose: (A) p < 0.0001, H = 34.01, *p ≤ 0.05; **p ≤ 0.01, ****p ≤ 0.0001; Normal luteal cycle Short luteal cycle Ovulation % (only normal cycle) Empty formulation 1 0 11% (1/9) Formulation 10 nmol C6 0 1 0 (0/10) Formulation 30 nmol C6 5 0 50% (5/10) (B) p < 0.0001, Treatment Formulation 90 nmol C6 0 2 0% (0/4)
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