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Therapeutic cancer vaccines need thoughtful design to efficiently deliver appropriate antigens and adjuvants to the immune system. In the current study, we took advantage of the versatility of a liposomal platform to conceive and customize vaccines containing the three elements needed for the induction of efficient antitumor immunity: i) a CD4 epitope peptide able to activate CD4 + T helper cells, ii) a CD8 tumor-specific epitope peptide recognized by CD8 + T cytotoxic cells and iii) Pattern Recognition Receptor (PRR) agonists which stand as adjuvants. Each type of component, conjugated to liposomes, was evaluated individually by comparing its vaccine efficacy after immunization of naïve mice. These screening steps resulted in the optimization of three liposomal constructs bearing a peptide from HA influenza virus protein as CD4 epitope, a peptide from HPV16 E7 oncoprotein as CD8 epitope and TLR4, TLR2/6 or NOD1 agonists as adjuvant, which displayed antitumoral efficiency against a mouse model of disseminated tumors transformed by HPV16. Our results validated the interest of our customizable liposomal platform as delivery system for cancer vaccination. We also demonstrated their interest as tool for vaccine design allowing the strategical selection of components, and the evaluation of epitope-adjuvant association.

Introduction

Since the discovery of the first human tumor-associated antigen (TAA) in 1991 [START_REF] Van Der Bruggen | A gene encoding an antigen recognized by cytolytic T lymphocytes on a human melanoma[END_REF], an increasing interest towards active immunotherapy has grown, offering new hope for the design of effective therapeutic vaccines [START_REF] Coulie | Tumour antigens recognized by T lymphocytes: at the core of cancer immunotherapy[END_REF][START_REF] Finn | Human Tumor Antigens Yesterday, Today, and Tomorrow[END_REF]. Activation of adaptive immune responses represent a potent alternative for the two major challenges in cancer therapy: increasing specificity to avoid side effects and inducing immune memory for the prevention of tumor relapse.

One major key steps for antitumor immunity induction is the differentiation of CD8 + T-cells into cytotoxic T-lymphocytes (CTL), which performs selective destruction of tumor cells [START_REF] Palucka | The Basis of Oncoimmunology[END_REF]. Physiologically, a cellular immune response begins with the endocytosis of tumor cell fragments by dendritic cells (DC) and the subsequent antigen processing of TAA-derived peptides (refer as epitopes). Those peptides, presented at the DC surface associated to MHC molecules, will prime CD4 + and CD8 + T-cells and induce their differentiation into type 1 T helper lymphocytes (Th) and CTL, respectively. Th1 cells producing IFN-γ are crucial for priming and expansion of tumor-specific CTL and promotes the generation and maintenance of CD8 + memory T-cells [START_REF] Kennedy | Multiple roles for CD4+ T cells in anti-tumor immune responses[END_REF]Kim and Cantor, 2014, p. 4). The efficiency of this process is also dependent upon the maturation of DC, which should have perceived danger signals from the tumor micro-environment through its pattern-recognition receptors (PRR). To summarize, three types of cells, CTL, Th cells and DC, are involved in antitumor immune response and should be therefore activated by therapeutic vaccines.

Several studies established the importance of Th cells for the development of effective cancer vaccines [START_REF] Fayolle | In vivo induction of cytotoxic T cell response by a free synthetic peptide requires CD4+ T cell help[END_REF][START_REF] Ossendorp | Specific T Helper Cell Requirement for Optimal Induction of Cytotoxic T Lymphocytes against Major Histocompatibility Complex Class II Negative Tumors[END_REF][START_REF] Nishimura | Distinct role of antigen-specific T helper type 1 (Th1) and Th2 cells in tumor eradication in vivo[END_REF][START_REF] Phan | Immunization of Patients with Metastatic Melanoma Using Both Class I-and Class Ii-restricted Peptides from Melanomaassociated Antigens[END_REF][START_REF] Aarntzen | Targeting CD4+ T-Helper Cells Improves the Induction of Antitumor Responses in Dendritic Cell-Based Vaccination[END_REF]. Interestingly, some of them showed that the addition of CD4 + T-cell epitope peptides (CD4 epitopes) derived from antigen that are not expressed by the tumor, in association to tumor specific CD8 + T-cell epitope peptides (CD8 epitope), increased specific antitumor activity [START_REF] Casares | Immunization with a tumor associated CTL epitope plus a tumor related or unrelated Th1 helper peptide elicits protective CTL immunity[END_REF][START_REF] Kennedy | T Helper Lymphocytes Rescue CTL from Activation-Induced Cell Death[END_REF][START_REF] Slingluff | The Present and Future of Peptide Vaccines for Cancer: Single or Multiple, Long or Short, Alone or in Combination?[END_REF]. DC maturation and thus, selection of potent danger signals (also known as adjuvants in vaccination) are also essential for the induction of short peptides immunogenicity [START_REF] Banday | Cancer vaccine adjuvants -recent clinical progress and future perspectives[END_REF][START_REF] Khong | Adjuvants for peptide-based cancer vaccines[END_REF]). An optimal adjuvant should i) promote inflammation and recruit DC, ii) activate those cells to promote antigen uptake and epitope presentation and iii) induce the expression of co-stimulatory molecules and cytokines for T-cell activation, proliferation and polarization of cellular immune response. Within the last decades, agonists of PRR from Toll-like and NOD-like receptors families (TLR and NLR) appeared to be the most promising candidates to fulfill these criteria, and are now commonly used to enhance subunit vaccines immunogenicity [START_REF] Demento | Pathogenassociated molecular patterns on biomaterials: a paradigm for engineering new vaccines[END_REF][START_REF] Dowling | Toll-like receptors: the swiss army knife of immunity and vaccine development[END_REF]. For example, the monophosphoryl lipid-A (MPLA), a TLR4 ligand, has received Food and Drug administration (FDA) approval and is already involved in several clinical trials [START_REF] Vacchelli | Trial watch[END_REF]. In conclusion, efficient cancer vaccines should induce Th differentiation and DC maturation in order to trigger potent CTL-responses against tumor cells [START_REF] Melief | Therapeutic cancer vaccines[END_REF][START_REF] Wong | Advances in Therapeutic Cancer Vaccines[END_REF]. Synthetic and molecularly defined vaccine should therefore contain three elements: a tumor-derived peptide (CD8 epitope) to ensure tumor specificity, a CD4 epitope to activate Th cells and a PRR agonist as vaccine adjuvant.

It was already shown that peptides and TLR agonists should be presented simultaneously to DC in order to induce an optimal immune response, for instance, by using a nanoparticular carrier such as liposome [START_REF] Kim | In Vivo Modulation of Dendritic Cells by Engineered Materials: Towards New Cancer Vaccines[END_REF]. Because of their numerous advantages, interest for liposome-based delivery system dramatically increased over the past decades in the vaccine development area [START_REF] Torchilin | Recent advances with liposomes as pharmaceutical carriers[END_REF][START_REF] Schwendener | Liposomes as vaccine delivery systems: a review of the recent advances[END_REF]. Indeed, conventional liposomes are intrinsically biocompatible and present a very low pro-inflammatory activity and cytotoxicity. Their chemical and physical characteristics (size, surface, composition) can be easily modulated to enhance DC targeting and antigen uptake. And finally, their inherent properties concede them the capacity to incorporate a wide range of molecules, allowing the association of hydrophilic peptides and amphiphilic adjuvants to the same nanoparticle. In our previous works, liposomal vectors were used to co-deliver peptide epitopes in combination with adjuvant for different vaccinal applications [START_REF] Heurtault | Design of a liposomal candidate vaccine against Pseudomonas aeruginosa and its evaluation in triggering systemic and lung mucosal immunity[END_REF][START_REF] Kakhi | Liposomal constructs for antitumoral vaccination by the nasal route[END_REF][START_REF] Roth | Induction of effective and antigen-specific antitumour immunity by a liposomal ErbB2/HER2 peptide-based vaccination construct[END_REF][START_REF] Thomann | Antitumor activity of liposomal ErbB2/HER2 epitope peptide-based vaccine constructs incorporating TLR agonists and mannose receptor targeting[END_REF]. We developed a cancer vaccine against renal carcinoma (RenCa) tumor cells, expressing ErbB2 in BALB/c mice. The liposomal construct contained an ErbB2-derived CD8 epitope and an influenza-derived CD4 epitope in association with S-[2,3-bispalmitoyloxy-(2R)-propyl]-R-cysteinyl-alanyl-glycine (Pam 2 CAG, TLR2/6 agonist). Therapeutic vaccinations with this construct induced a strong antitumor activity against RenCa cells and complete tumor eradication in several mice whereas 1:1 mixture of liposomes containing only CD8 and CD4 peptides with liposomes containing only the TLR agonist had a reduced effect [START_REF] Thomann | Antitumor activity of liposomal ErbB2/HER2 epitope peptide-based vaccine constructs incorporating TLR agonists and mannose receptor targeting[END_REF]. Our previous work also demonstrated the importance of having a CD4 epitope in the liposomal formulation, which is required for the antitumor effect [START_REF] Roth | Induction of effective and antigen-specific antitumour immunity by a liposomal ErbB2/HER2 peptide-based vaccination construct[END_REF].

To go further, we wanted to demonstrate the versatility of our approach by demonstrating that this liposomal platform could be modulated to develop vaccines effective against other tumor types, by customizing each type of elements conjugated to the nanoparticles (Figure 1). In this study, as a proof of concept, we developed a rational and sequential strategy using an in vivo easy screen in tumor-free mice for the design of peptide-based liposomal constructs that induce an optimal effective immune response in mouse bearing tumors transformed by human papillomavirus (HPV). For this, in a first step, we compared immune response induced by two universal CD4 peptide epitopes: an influenza-derived CD4 peptide already used in our first works and a CD4 peptide epitope derived from tetanus toxin. To note, these peptides are designed for human use, as most of the human population is immunized against flu and tetanus. In a second step, we chose CD8 peptide epitopes that confer the tumor specificity of our construct. These peptides were derived from E7, a TAA expressed by our tumor model (the HPV-transformed TC-1 cell line) [START_REF] Lin | Treatment of established tumors with a novel vaccine that enhances major histocompatibility class II presentation of tumor antigen[END_REF]. In the last step, various amphiphilic adjuvants were compared (TLR2/6, TLR4 and NOD1 agonists) in association with the epitope combination selected before. Our strategy led to the development of three effective cancer vaccines against a mouse model of HPV-transformed tumors.

Experimental Procedures

Lipids, adjuvants and peptides

Egg yolk L-α-phosphatidylcholine (PC), and cholesterol (Chol, recrystallized in methanol) were purchased from Sigma-Aldrich. Egg yolk L-α-phosphatidyl-DL-glycerol (PG) was purchased from Avanti Polar lipids. Lipid purities exceeded 99%. The lipopeptide S-[2,3bis(palmitoyloxy)-(2R)-propyl]-(R)-cysteinyl-alanyl-glycine (Pam 2 CAG) and the thiolreactive dipalmitoylglycerol-maleimide anchor (DPGmal) were synthesized in the laboratory as previously described [START_REF] Heurtault | Design of a liposomal candidate vaccine against Pseudomonas aeruginosa and its evaluation in triggering systemic and lung mucosal immunity[END_REF][START_REF] Roth | Synthesis of thiol-reactive lipopeptide adjuvants. Incorporation into liposomes and study of their mitogenic effect on mouse splenocytes[END_REF]. The lipopolysaccharide derivative monophosphoryl lipid A (MPLA) and the acylated derivative of the dipeptide γ-D-Glu-mDAP (C12iEDAP) were purchased from Invivogen. All reagents were conserved under argon atmosphere at -20 °C, in a powder form or dissolved in chloroform/methanol (9/1 v/v). Synthetic peptides were obtained from Genosphere Biotechnologies. The tetanus toxinderived peptide TT 830-844 (CG-QYIKANSKFIGITEL, MW=1885 g/mol) and influenza virus haemagglutinin-derived peptide HA 307-319 (PKYVKQNTLKLAT-C, MW=1606 g/mol), refer to CD4 + T-cell peptide epitopes. Peptides derived from the human papillomavirus oncogene protein E7 49-57 (E7C: RAHYNIVTF-C and CE7: C-RAHYNIVTF, MW=1223 g/mol), refer to CD8 + T-cell peptide epitopes. MART 27-35 peptide (AAGIGILTV, MW=815 g/mol) is an irrelevant peptide in this tumor model and was used as negative control during ELISpot assay. HA or TT peptides conjugated to KLH (PKYVKQNTLKLATC-KLH, KLH-CGQYIKANSKFIGITEL) were purchased from Genosphere Biotechnologies. Imject Alum® was obtained from Thermo Fisher Scientific.

The purity of each peptide was assessed by HPLC and was above 85%.

Formulation of liposomal constructs

Multilamellar vesicles (MLV) were prepared by lipid film hydration technique as described previously [START_REF] Kakhi | Airway administration of a highly versatile peptide-based liposomal construct for local and distant antitumoral vaccination[END_REF]. Briefly, a chloroform/methanol solution (9/1 v/v) containing a mixture of lipids, adjuvant and/or DPGmal anchor were mixed in a round-bottom Pyrex tube, and was completely dried under high vacuum for 45 min. Molar ratios of each component are shown in Table 1. The resulting lipid film was then hydrated in 10 mM Hepes buffer (pH 6.5) containing 5% (w/v) sorbitol at a final phospholipid concentration of 15 mM, leading to the formation of MLV. This suspension was then sonicated (1 s cycle every 3 s) during 1 h at room temperature under a continuous flow of argon, using a Vibra Cell 75041 ultrasonicator (750 W, 20 kHz, Fisher Bioblock Scientific) equipped with a 3 mm-diameter tip probe (40% amplitude). The resulting small unilamellar vesicle (SUV) preparations were centrifuged at 13,000g for 15 min to remove the titanium dust originating from sonication probes.

Peptides were first dissolved in milliQ water and potential disulphide bonds were reduced with 0.7 M eq. tris(2-carboxyethyl) phosphine hydrochloride (Sigma-Aldrich) for 15 min under argon. Equimolar quantities of CD4 and/or CD8 peptide epitopes were then coupled to preformed DPGmal-containing SUV by Michael addition at pH 6.5 (0.5 molar eq. of each peptide compared to surface accessible thiol-reactive maleimide functions). After 4h under argon at room temperature, a 10-fold excess of β-mercaptoethanol was added for 30 min to inactivate unreacted maleimide groups on DPGmal-containing SUV. Then, the formulation was extensively dialyzed (Spectra/Por, exclusion limit of 12-14 kDa, Spectrum laboratories) against a 10 mM Hepes buffer (pH 7.4) containing 5% (w/v) sorbitol to eliminate unconjugated peptides and excess of reagents. Finally, 4% glucose (w/v) was added as a cryoprotectant and formulations were snap frozen in liquid nitrogen and stored at -80 °C until further usage.

Physicochemical characterization of liposomal constructs 2.3.1. Nanoparticle diameter measurement

The average diameter of formulated liposomes was measured by dynamic light scattering using a Zetasizer Nano-ZS (Malvern instruments) with the following specifications: viscosity: 1.014 cP; refractive index: 1.34; scattering angle: 90°; temperature: 25 °C. SUV were diluted at 1/100 in 10 mM Hepes buffer (pH 7.4) containing 5% (w/v) sorbitol, and the results presented are the average of three consecutive measurements. Data were analyzed using the multimodal number distribution software included with the instrument. Particle size is expressed in intensity. Sample are considered monodispersed when the polydispersity index (PDI) is < 0.3.

Zeta potential

Zeta potential of liposomes was determined at 25 °C using a Zetasizer Nano-ZS. The samples were dispersed at 1/100 in 10 mM Hepes buffer containing 5% (w/v) sorbitol (pH 7.4) and the zeta potential was calculated from the electrophoretic mobility based on the Smoluchowski approximation.

Phosphatidylcholine assay

The PC content of formulated liposomes was determined using an enzymatic assay with the LabAssay™ Phospholipid kit (Wako Pure Chemical industries). Briefly, 1-2 µL of SUV were incubated with 200 µL of the enzymatic reagent in triplicates in a 96-well plate. The reagent contains phospholipase C that releases the choline, which is then oxidized by the choline oxidase. The reaction produces hydrogen peroxide needed by the peroxidase to convert a chromogen into a blue product. After 10 min at 37 °C, absorbance was measured at λ=595 nm using a microplate reader (Safas SP2000, Xenius 5801). PC content in each sample was determined from a calibration curve prepared with purified choline chloride.

Peptide assay

The quantification of conjugated peptides in each formulation was performed after dialysis, using fluorescamine (4-Phenylspiro-[furan-2(3H),1-phthalan]-3,3′-dione, Sigma-Aldrich) in a fluorometric assay. Briefly, amino acids were generated during acid hydrolysis of peptideconjugated liposomes at 110 °C for 12 h in a heating module (Pierce Reacti Therm III™).

After neutralization by the addition of sodium hydroxide, 20 µL of the hydrolysis solution was added to 750 µL of 50 mM sodium borate buffer (pH 9), followed by the addition of 250 µL of fluorescamine solution in dioxane (300 mg/L). Fluorescence was measured immediately at λexcitation = 400 nm and λemission = 480 nm. A physical mixture of plain liposomes and peptides were used to establish a calibration curve. Coupling rates were calculated relative to the quantity of surface-exposed maleimide functions.

2.4. In vivo evaluation of liposomal constructs 2.4.1. Animals Specific-pathogen-free 6-8 week-old male C57BL/6J mice were purchased from Charles River Laboratories. In vivo experiments were performed in full compliance with the EU directive 2010/63/EU adopted on 22 September 2010, relating to the protection of animals used for experimental purposes and in compliance with the French law (décret n° 2013-118, 1 February 2013). Experiments were performed with the approval of the local Animal Care and Use Committee of Alsace (authorization number: APAFIS #10825-2017073117337272 v2).

Tumor cell line

All the reagents use for cell culture was purchased from Sigma-Aldrich. TC-1 cells expressing HPV16 E7 protein were obtained from ATCC® (CRL-2785™). TC-1 cell line was derived from pulmonary epithelial cells of C57BL/6J mice, immortalized by transduction of the LXSN16E6E7 retroviral vector and subsequently transformed with the pVEJB plasmid expressing activated human c-Ha-ras gene [START_REF] Lin | Treatment of established tumors with a novel vaccine that enhances major histocompatibility class II presentation of tumor antigen[END_REF]. They were cultivated in RPMI 1640 culture medium supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 UI/mL penicillin and 100 µg/mL streptomycin and were incubated at 37 °C in 5% CO 2 , 80% humidity.

Injection schedules

To study the antigenicity of CD4 epitopes, mice were immunized once with a subcutaneous injection in the right flank (100 µL) of 15 µg of peptides conjugated to adjuvanted liposomes or conjugated to KLH and emulsified in alum. Control groups were injected with equivalent amount of lipids (0.72 mg PC for plain liposomes) or alum (2 mg aluminium oxide for alum control). The mice were sacrificed 10 days after injection (Figure 2A) For the comparison and choice of CD8 + T-cell epitopes, mice were immunized twice with liposomes containing 15 µg of E7 peptide or plain liposomes at day 0 and 14 and sacrificed 7 days after the last immunization (Figure 2B). In both protocols, spleen and lymph nodes draining the injection site (axillary and inguinal) were harvested to assess the induction of a specific immune response. Antitumor efficacy of vaccine candidates was studied in a murine model of therapeutic vaccination (Figure 2C). 100,000 TC-1 cells were injected intravenously in the tail vein of C57BL/6J mice on day 0, followed by two s.c. injections of liposomal vaccines (15 µg E7 peptide content) at day 2 and day 4. 28 days after tumor cell injection, lymphoid organs were harvested, and lungs were collected to evaluate the antitumor activity.

Evaluation of immune response

Spleen and lymph nodes draining the injection site (axillary and inguinal) were harvested and conserved in ice-cold RPMI 1640 culture medium, supplemented with 100 UI/mL penicillin, 100 µg/mL streptomycin, 10% FCS and 10 µM β-mercaptoethanol. Spleens and lymph nodes from the same treatment group were pooled. Organs were dissociated and filtered onto a 70µm nylon mesh cell strainer. Resulting cell suspensions were centrifuged at 200g for 5 min.

The lymph node cell pellet was resuspended in RPMI medium, where FCS is replaced with 2% normal mouse serum. To lyse red blood cells, the spleen cell pellet was resuspended in ammonium-chloride-potassium (ACK) lysing buffer (0.15 M NH 4 Cl, 1 mM KHCO 3 , and 0.1 mM EDTA, pH 7.4) and incubated at room temperature for 30 sec. ACK was diluted 10 times in RPMI to stop the lysis. After centrifugation, spleen cell pellet was resuspended in RPMI 2% normal mouse serum. Cells were incubated at 4.10 6 cells/mL in a PVDF membrane 96well plate pre-coated with IFN-γ purified antibody for ELISpot (see below).

Direct procedure was used in tumor-bearing mice and indirect procedure with sample originated from tumor-free mice. PVDF membrane 96-well plates (Multiscreen® HTS filter plates, Merck Millipore) were activated with 35% ethanol for 1 min, followed by three washes with sterile PBS. All plates were coated with 100 µL/well of purified anti-mouse IFNγ (clone AN-18)at 15 µg/mL in PBS overnight at 4 °C. After three washes, membranes were blocked with RPMI 10% FCS for at least 2 h at 37 °C and washed again with RPMI without FCS. Spleen or lymph node cell suspensions were cultured in triplicates (4.10 6 cells/mL), in presence of recombinant human IL-2 (30 UI/mL), with CD4 + or CD8 + T-cell epitopes (10 µg/mL), irrelevant peptide (10 µg/mL) or TC-1 tumor cells (1.25.10 5 cells/mL). Cells cultured in medium alone or with 1.25 µg/mL of concanavalin-A were used as negative and positive controls, respectively. After 20-24 hrs at 37 °C, 5% CO 2 , cells were removed by 6 washes with washing buffer. A volume of 100 µL of biotinylated anti-IFN-γ antibody (clone R4-6A2) diluted at 1 µg/mL in PBS 0.01% Tween 20 was added for 2 h at 37 °C. Plates were then washed 6 times with washing buffer and alkaline phosphatase-conjugated extravidin (1/5000) was added. After 45 of incubation at 37 °C, followed by 3 washes in washing buffer and 3 washes in PBS alone, spots were revealed by the addition of 100 µL of BCIP/NBT substrate during 20 min. To stop the reaction, plates were extensively washed with water and dried overnight before analysis (Bioreader 4000 PRO-S, Biosys). The number of spots obtained in absence of peptide (background) was subtracted from other conditions. The number of spots/well was normalized per 10 6 cells and averaged for each replicate. To allow the proliferation of peptide specific T-cells, spleen and lymph nodes cells were cultured in a 6well flat-bottom plate (5.10 6 cells/mL) in RPMI 10% FCS, in the presence of epitope peptides (10 µg/mL) at 37 °C in 5% CO 2 atmosphere for 3 days. On day 2, half of the supernatant was replaced with fresh culture medium containing 20 UI/mL recombinant human IL-2. Cells were harvested on day 3, centrifuged at 200 g for 5 min and resuspended in RPMI medium with 2% normal mouse serum. A standard ELISpot assay was then performed (see above).

2.4.5. Assessment of antitumor activity 28 days after tumor injection, mice were sacrificed for enumeration of pulmonary tumor nodules. Mice lungs were contrasted by intratracheal injection of 15% India ink solution, followed by bleaching into a Fekete's solution. For each mouse, the number of white tumor nodules on the black surface of lungs was counted with a magnifier lamp.

Statistical analysis

All data are presented as mean ± SEM. Statistical differences between results obtained in the ELISpot assay were determined by a two-way ANOVA followed by a Tukey post-hoc test, carried out with the GraphPad Prism 7.0 software. A Kruskal-Wallis test was performed for the comparison of tumor count (one-way non parametric ANOVA). Difference between groups was considered statistically significant for p<0.05 (one symbol), p<0.01 (two symbols) or p<0.001 (three symbols). Each experiment was conducted at least two times using 4-5 animals per group.

Results and Discussion

Physicochemical characterization of peptide-based liposomal constructs

The aim of this study was to develop a new peptide-based liposomal vaccine, which contains two epitope peptides (CD4 and CD8 epitopes) and an adjuvant, chosen among agonists of the TLR or NLR family. To select optimal components, liposomal formulations, with an increasing degree of complexity, were conceived according to a classical lipid film hydration method followed by sonication (Table 1). The vesicles were obtained from egg phosphatidycholine, phosphatidyl-glycerol and cholesterol in a ~54/13/33 molar ratio, and a thiol-reactive maleimide anchor DPGmal was added at a ratio of 3%. Mono-epitope liposomal constructs were prepared by conjugation of CD4 epitope (HA or TT peptides) to the surface of preformed SUV. Equimolar quantities of CD4 (HA peptide) and CD8 epitopes (CE7 or E7C peptides) were conjugated to the liposomes, for the formation of di-epitope constructs.

Every peptide-based liposomes also carried one amphipathic adjuvant: a TLR2/6 agonist (Pam 2 CAG), a TLR4 agonist (MPLA) or a NOD1 agonist (C12iEDAP).

As described on Table 2, liposomal constructs exhibited a mean diameter around 60 nm for plain liposomes or mono-epitope formulations and 75 nm for di-epitope liposomes, regardless of their composition. All formulations presented a monodisperse size distribution (PDI<0.3) with a narrow distribution, except for TT-Pam 2 CAG liposomes, which had a polydispersity index of 0.461. The observed hydrophobicity of TT peptide could have disturbed the homogeneity of the suspension during the coupling process. Zeta potentials were negative; their variability (-47 to -65 mV) might be attributed to the presence of bilayer components hiding the negative charge of PG. The overall yield of peptide binding always exceeded 75% of the external surface-exposed maleimide functions whatever the chosen peptide or peptide combination.

Altogether, those formulations presented specific features (size below 100 nm and negative surface charge) which will allow them to be efficiently drained by the lymphatic system or endocytosed rapidly by DC at the site of injection [START_REF] Kelly | Targeted liposomal drug delivery to monocytes and macrophages[END_REF][START_REF] Oussoren | Liposomes to target the lymphatics by subcutaneous administration[END_REF]. The liposomal formulation process and the peptide conjugation method were reproducible and efficient.

Selection of the CD4 + T-cell epitope

To select a potential CD4 epitope that can be used in a vaccine platform, we evaluated the antigenicity of two well-known universal peptide epitopes: HA 307-319 peptide from influenza virus and TT 830-844 peptide from tetanus toxin, each conjugated to liposomal constructs. Those peptides were selected because the majority of human population is expected to possess memory CD4 + T-cells against these proteins, since influenza virus infection is ubiquitous and tetanus toxin vaccine widespread. Therefore, this strategy could benefit of pre-existing CD4 + T-cell memory, as it was already report that TT 830-84 peptide-based vaccines induced recall response in humans, mice and non-human primates [START_REF] Fraser | Generation of a universal CD4 memory T cell recall peptide effective in humans, mice and non-human primates[END_REF]. Moreover, these selected peptides were already reported to induce CD4 + T-cell responses in humans and mice expressing different haplotypes of MHC class-II [START_REF] Schneider | Immunogenicity of free synthetic peptides corresponding to T helper epitopes of the influenza HA 1 subunit. Induction of virus cross reacting CD4+ T lymphocytes in mice[END_REF][START_REF] Valmori | Use of human universally antigenic tetanus toxin T cell epitopes as carriers for human vaccination[END_REF][START_REF] Gal | Lipopeptide-based melanoma cancer vaccine induced a strong MART-27-35-cytotoxic T lymphocyte response in a preclinal study[END_REF].

The analysis of immune response induced by peptides tethering to liposomes was performed by measuring the specific cellular response in vivo in mouse. As activation of adaptive immune response requires stimulation of innate immunity, TLR2/6 agonist (Pam 2 CAG) was added in the liposomal constructs. This adjuvant was previously developed in our team and evaluated in BALB/c mice with success [START_REF] Roth | Synthesis of thiol-reactive lipopeptide adjuvants. Incorporation into liposomes and study of their mitogenic effect on mouse splenocytes[END_REF]. Each formulation containing HA or TT peptides associated to adjuvanted liposomes was injected by s.c. route on the right flank of tumor-free C57BL/6J mice. Ten days after, specific immune response was determined by measuring the number of IFN-γ producing splenocytes when stimulated with peptides ex vivo during an ELISpot assay (Figure 2A). Plain liposomes (containing only lipids) were used as negative control.

A high number of HA specific IFN-γ producing T-cells was observed in mice treated with HA peptide conjugated to adjuvanted liposomes, showing that HA is recognized by T cells in these mice (Figure 3). On contrary, when we focused on mice treated with TT-liposomes, a similar response was observed with TT peptide and an irrelevant peptide. The lack of specific immune response observed with this construction suggests that TT peptide is not able to induce an immune response when attached to liposomes. This could be a consequence of the heterogeneity of this liposomal formulation already observed in terms of physicochemical properties (PDI>0.3, Table 2) or inherent to TT peptide antigenicity.

To discriminate between these two possibilities, HA and TT epitope peptides were conjugated to a carrier protein (KLH) and injected in mice emulsified in a conventional potent adjuvant, alum. As expected, a significant specific cellular immune response was observed in mice injected with HA conjugated to KLH, while KLH-conjugated TT construct was unable to induce a specific response showing that TT is not antigenic in C57BL/6J mice (Figure 3). These results are in accordance with experiments showing a poor binding of TT peptide to MHC class-II subclass expressed in C57BL/6J mice (I-A b molecules) [START_REF] Alexander | Development of high potency universal DRrestricted helper epitopes by modification of high affinity DR-blocking peptides[END_REF].

In conclusion, HA peptide was able to induce the differentiation of specific CD4 + T-cells no matter which type of vaccinal system was used. The conjugation of HA to the surface of liposomes didn't disturb antigen presentation process, allowing peptide binding to MHC class-II and its presentation at the surface of DC. These results showed that HA peptide was a potent activator of CD4 + T-cells in this model and was thus selected for its use as CD4 epitope in the following liposomal constructions. Furthermore, we validated our methodology for the screening of epitopes in tumor-free mice and confirmed that DPGmal-containing liposomes are good delivery systems for antigenic peptide.

Selection of the CD8 + T-cell epitope

After the selection of the CD4 epitope, we chose a tumor specific CD8 epitope, which conditioned the specificity of induced immune responses. The tumor model used in this study is the TC-1 murine tumor cell line, expressing the E7 oncoprotein from HPV16. Previous studies on this model had identified a TAA that is essential for the design of targeted immunotherapy. Furthermore, TC-1 is a good preclinical model for human tumors transformed by HPV, such as non-small-cell lung cancer (NSCLC) or cervix cancer [START_REF] Prabhu | Lung Cancer and Human Papilloma Viruses (HPVs): Examining the Molecular Evidence [WWW Document[END_REF][START_REF] Fan | Correlation between squamous cell carcinoma of the lung and human papillomavirus infection and the relationship to expression of p53 and p16[END_REF]. The 49-57 peptide from E7 was already described to be antigenic in C57BL/6J mice and to induce an antitumor immune response against TC-1 cells after mouse immunizations [START_REF] Lin | Treatment of established tumors with a novel vaccine that enhances major histocompatibility class II presentation of tumor antigen[END_REF]Reinis et al., 2010, p. 7). Thus, we decided to evaluate the specific cellular immune response ability induced by this peptide conjugated to the liposome.

Because of the coupling strategy (Materials and Methods), a cysteine was added either at the N-or C-terminal part of the peptide sequence to allow conjugation at the surface of liposome through maleimide residue. As residue addition can alter the antigenicity of CD8 epitope, CE7 and E7C peptides were both assessed in vivo. In addition of the pre-selected CD4 epitope (HA peptide), each E7 peptide was conjugated to adjuvanted liposome containing Pam 2 CAG and injected twice at day 0 and 14 into C57BL/6J mice (Figure 2B). Seven days after the last immunization, spleen cells were harvested and the number of peptide specific IFN-γ producing T-cells was enumerated.

The addition of a second peptide at the surface of liposome didn't impair the capacity of HA peptide to elicit a specific CD4 + T-cell response, which was detectable in each group injected with HA-containing formulations (Figure 4). However, only liposomal construct containing E7C peptide was able to induce the differentiation of specific CD8 + T-cells, as shown by a significant increase of IFN-γ producing T-cells (right panel). N-terminal addition of a cysteine in E7 peptide sequence (CE7) seemed to have impaired its ability to induce a specific immune response.

No considerable differences between liposomal formulations containing CE7 or E7C were observed in term of physicochemical properties (diameter, zeta potential or peptide coupling rate, Table 2). We hypothesize that N-terminal cysteine addition on E7 peptide disturbed the antigen processing by DC or the peptide association to MHC class-I molecules. Even though most studies focused on MHC class-II epitopes, it was already shown that modification of flanking residues in peptides can affect the outcome of the specific cellular immune response [START_REF] Moudgil | Modulation of the immunogenicity of antigenic determinants by their flanking residues[END_REF]. To conclude, we successfully developed a suitable platform for vaccine design, where di-epitope liposomal constructs can be used to select CD4/CD8 epitopes through an easy screening on tumor-free mice. Thanks to these screening steps, E7C and HA peptides were selected as the most promising combination of epitopes able to induce a specific immune response in C57BL/6J mice.

Evaluation of the antitumor activity of liposome-based vaccines containing three different PRR agonists

After the selection of CD4 and CD8 epitopes, complete peptide-based liposomes, containing these epitopes associated to PRR agonists, were injected in tumor-bearing mice to evaluate their antitumor activity. So far, liposomal formulations used in this project contained the Pam 2 CAG, a TLR2/6 agonist synthetized in our laboratory which have already given promising results as vaccine adjuvant in BALB/c mouse models [START_REF] Heurtault | Design of a liposomal candidate vaccine against Pseudomonas aeruginosa and its evaluation in triggering systemic and lung mucosal immunity[END_REF][START_REF] Thomann | Antitumor activity of liposomal ErbB2/HER2 epitope peptide-based vaccine constructs incorporating TLR agonists and mannose receptor targeting[END_REF]. Two other promising PRR agonists were evaluated as potential cancer vaccine adjuvant: TLR4 agonist (monophosphoryl lipid-A, MPLA) and NOD1 agonist (C12iEDAP). MPLA is one of the most commonly used PRR agonist for therapeutic vaccines and has already entered several clinical trials [START_REF] Dowling | Toll-like receptors: the swiss army knife of immunity and vaccine development[END_REF]. NOD1 agonists were also considered as potent adjuvants to unleash Th2 immune response and in some cases Th1 immunity [START_REF] Maisonneuve | Unleashing the potential of NOD-and Toll-like agonists as vaccine adjuvants[END_REF].

Thus, liposomes containing a combination of HA and E7C peptide epitopes associated with one of the 3 adjuvants were conceived. To evaluate the effectiveness of each adjuvant, two different doses were assessed (Table 2), except for the TLR2/6 agonist whose concentration was taken from our previous studies in another tumor mouse model [START_REF] Thomann | Antitumor activity of liposomal ErbB2/HER2 epitope peptide-based vaccine constructs incorporating TLR agonists and mannose receptor targeting[END_REF].

TC-1 tumor cells were injected intravenously in the tail vein of mice, leading to the formation of orthotopic pulmonary nodules. At day 2 and 4 after tumor implantation, mice received therapeutic injections of liposomal vaccines and their capacity to inhibit tumor growth was measured by counting tumor lung nodules after 28 days (Figure 2C).

All PRR agonists associated with pre-selected peptide epitopes were able to induce a significant tumor regression in comparison with the control group, at one particular dosage (Figure 5). At the highest dosage (0.2 µg/injection), MPLA (TLR4 agonist)-conjugated liposomes presented a significant antitumor efficacy similar to Pam 2 CAG (TLR2/6 agonist at 2 µg/injection) liposomes. C12iEDAP containing liposome (NOD1 agonist) was very effective at 2 µg, even though NOD1 ligands were described to induce mainly Th2 immunity in the literature [START_REF] Fritz | Nod1-mediated innate immune recognition of peptidoglycan contributes to the onset of adaptive immunity[END_REF]. Surprisingly, liposomes containing a 10-times higher dose of C12iEDAP induced a loss of efficacy. The amount of adjuvant might have elicited an excessive inflammation, that could be detrimental as already shown with high or repeated dosage of various PRR agonists [START_REF] Engel | The pharmacokinetics of Toll-like receptor agonists and the impact on the immune system[END_REF].

By taking advantage of the inherent property of liposomes, which can incorporate amphiphilic molecules, the adjuvant capacity of TLR2/6, TLR4 and NOD1 agonists was evaluated and their respective optimal dose was found. We successfully developed three peptide-based cancer vaccines able to induce a specific immune response and a potent antitumor activity against TC-1 cells. Regarding the limited literature on vaccine platform, only few non-viral strategies for the rational design of vaccines were described [START_REF] Casares | Immunization with a tumor associated CTL epitope plus a tumor related or unrelated Th1 helper peptide elicits protective CTL immunity[END_REF][START_REF] Ong | Virus like particles as a platform for cancer vaccine development[END_REF]. In this paper, we used a promising liposomal platform, which can be modulated for the screening of epitopes and the evaluation of peptide-adjuvant association.

This modulable liposomal platform allowed the rational design of vaccines, which were effective against various types of tumors, showing the versatile potential of our approach. Amphiphilic TLR and NLR agonists were used as a proof of concept, but the evaluation of TLR3, TLR7/8 or TLR9 agonists as adjuvant in our liposomal platform should also be considered. Indeed, these three adjuvants have been extensively reported to promote the induction of CD8 + T-cell responses [START_REF] Dowling | Toll-like receptors: the swiss army knife of immunity and vaccine development[END_REF][START_REF] Khong | Adjuvants for peptide-based cancer vaccines[END_REF] and were shown to have an increased effect when conjugated to nanoparticules [START_REF] Chesson | Nanoparticles: augmenting tumor antigen presentation for vaccine and immunotherapy treatments of cancer[END_REF][START_REF] Ilyinskii | Adjuvant-carrying synthetic vaccine particles augment the immune response to encapsulated antigen and exhibit strong local immune activation without inducing systemic cytokine release[END_REF][START_REF] Jacobs | An ISCOM vaccine combined with a TLR9 agonist breaks immune evasion mediated by regulatory T cells in an orthotopic model of pancreatic carcinoma[END_REF].

Conclusions

In this project, we optimized a platform that allows the selection of vaccinal components during a short and easy screening in tumor-free mice. Thanks to those screening steps, three treatments were developed, which were able to induce a specific immune response and an antitumor activity in a murine model of lung cancer. In previous studies, we reported the antitumor efficacy of Pam 2 CAG adjuvanted peptide-based liposomes against the renal carcinoma RenCa cells expressing human ErbB2 protein in BALB/c mice [START_REF] Thomann | Antitumor activity of liposomal ErbB2/HER2 epitope peptide-based vaccine constructs incorporating TLR agonists and mannose receptor targeting[END_REF]. Therefore, we demonstrated the versatility of our strategy and the interest of this type of modulable platform for the development of fully customized vaccines. This approach should be assessed for the development of personalized preformed-cancer vaccines. Indeed, considering that only the CD8 epitope has to be specific of the tumor, liposomal platform containing a universal peptide and an adjuvant could be personalized by adding a TAA from any kind of cancer. Technological advances in genomics which allow the rapid identification of TAA from tumor biopsies should be associated with our strategy to allow the rational selection of vaccine targets for the development of therapy customized to patient's individual tumor [START_REF] Kirner | IMA901: a multi-peptide cancer vaccine for treatment of renal cell cancer[END_REF][START_REF] Sahin | Personalized vaccines for cancer immunotherapy[END_REF]. Indirect IFN-γ ELISpot assay was performed on splenocytes from mice immunized by two s.c. injections of vaccine constructs containing 15 µg of E7C or CE7 peptide or a dose equivalent of control (Plain lp.). Results are expressed as the average number of spots per 10 6 splenocytes ± SEM from 2 independent experiments. p<0.05 (*), two-way ANOVA. 
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