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Abstract

:

Respiratory syncytial virus (RSV) is a leading cause of acute lower respiratory tract infections in the elderly and in children, associated with pediatric hospitalizations. Recently, first vaccines have been approved for people over 60 years of age applied by intramuscular injection. However, a vaccination route via mucosal application holds great potential in the protection against respiratory pathogens like RSV. Mucosal vaccines induce local immune responses, resulting in a fast and efficient elimination of respiratory viruses after natural infection. Therefore, a low-energy electron irradiated RSV (LEEI-RSV) formulated with phosphatidylcholine-liposomes (PC-LEEI-RSV) was tested ex vivo in precision cut lung slices (PCLSs) for adverse effects. The immunogenicity and protective efficacy in vivo were analyzed in an RSV challenge model after intranasal vaccination using a homologous prime-boost immunization regimen. No side effects of PC-LEEI-RSV in PCLS and an efficient antibody induction in vivo could be observed. In contrast to unformulated LEEI-RSV, the mucosal vaccination of mice with PC formulated LEEI-RSV showed a statistically significant reduction in viral load after challenge. These results are a proof-of-principle for the use of LEEI-inactivated viruses formulated with liposomes to be administered intranasally to induce a mucosal immunity that could also be adapted for other respiratory viruses.
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1. Introduction


Human respiratory syncytial virus (RSV) is a highly infectious and seasonally occurring member of the Pneumoviridae family that can lead to upper and lower respiratory tract infections (LRTI) [1,2,3]. Patients such as infants, especially in the first six months of life, pre-term born, the elderly over 60 years of age, or patients suffering from additional lung pathologies are at high risk of severe lung disease after RSV infection [1,2,4]. In 2019, the global burden of RSV was approximately 33 million associated LRTI and 101,400 RSV-attributed deaths in children under six years of age [4]. In the elderly, RSV has a similar or even greater burden than influenza, as evidenced in prolonged hospital stays, more intensive care unit admissions, and higher mortality [5,6,7,8].



The vaccine development against RSV has been faced with several drawbacks. In the 1960s, a formalin-inactivated RSV (FI-RSV) vaccine trial in children enhanced the severity of the disease after natural reinfection, which was associated with bronchopneumonia, pulmonary eosinophilia, and extensive monocyte infiltrations, with two fatal cases [9,10].



Since 1986, passive immunization with the monoclonal antibody palivizumab [1,11,12,13], and more recently, the improved nirsevimab, are available [14,15]. Several vaccine approaches have currently entered clinical trials and the first vaccines were approved by the Food and Drug Administration (FDA) in 2023 [8,16,17]. Two recombinant subunit vaccines containing stabilized RSV prefusion-F protein have been FDA-approved for adults 60 years and above. The immunizations showed an efficacy against RSV-related LRTI of 82.6% (AReSVi-006) and 85.7% (RSVPreF), respectively [17,18,19,20,21,22]. The latter prefusion F protein vaccine (RSVPreF) approved for older adults (NCT05035212) also showed protection in infants after maternal vaccination (NCT04424316) [16,21,22,23,24,25]. In addition, an mRNA-vaccine expressing the stabilized RSV pre-F is currently in phase III clinical trial [26,27]. Further vaccine approaches include vector-based vaccines such as MVA-BN-RSV, a vector expressing the F, G, M2, and N protein of RSV in phase III [8,27], and live-attenuated vaccines, virus-like particles, and nanoparticles [8,27].



Despite these great breakthroughs, all setups are based on intramuscular applications whereby a mucosal vaccination route could be beneficial against respiratory viruses. The mucosal application is atraumatic and may enhance the vaccination acceptance in the community over needle-based applications [28,29]. Most importantly, mucosal vaccinations against respiratory viruses trigger the mucosal immune system, promoting local immune responses, resulting in a fast and efficient elimination of viruses directly in the respiratory tract [28,30]. The induction of the mucosal immunity can be advantageous over systemic vaccination approaches, especially in RSV-naïve children, as the latter could lead to the overwhelming immune pathology known after natural RSV infection [31,32]. Only a few vaccine candidates have the potential to be safe and effective after mucosal application. In particular, vector vaccines and live-attenuated vaccines are known candidates, as promising results in preclinical trials have been shown and may have favorable outcomes for patients [30,33,34]. Even though live-attenuated and vector vaccines have great potential, reactogenicity, reversion to a virulent pathogen, or the possibility of retrograde transport into the brain, are undesirable risks [35,36,37]. Inactivated vaccines can circumvent these biosafety risks, since pathogens are no longer capable of the replication in the vaccinees.



Virus inactivation approaches, especially those using physical methods, are safe and have low production costs [38,39,40]. We have shown previously that low-energy electron irradiation (LEEI) is a safe, non-toxic, and non-probe harming inactivation method [41,42,43,44,45,46]. The advantage over other irradiation methods is that the emission of secondary photon radiation is minimal, reducing the need for extensive shielding and making LEEI-technologies applicable in standard laboratories [43,47]. Since the penetration depth of low-energy electrons is highly limited [48,49], we have developed automated processes that generate thin liquid films, enabling the efficient LEEI of pathogens in suspension up to multi-liter scales [41,42,43,46]. LEEI has advantages over other radiation types such as ultraviolet (UV) light. It was previously shown that UV light is harmful to viral proteins including RSV-F, the most relevant protein for the induction of protective immune responses against RSV [50,51]. This is in line with the observation that RSV-F is also damaged by treating RSV with formalin [52,53]. It has been shown that this misfolding of surface RSV-F proteins was one major reason for the unfortunate outcome of the vaccine trial in the 1960s, resulting in poor protective [10,53,54] and unbalanced Th2 immune responses [55,56].



In contrast to these studies with misfolded RSV-F protein in formalin-inactivated RSV vaccine preparations, we have previously shown that in LEEI-inactivated RSV (LEEI-RSV), at least 70% of the RSV-protein is present in the Pre-F-conformation [44]. In the associated preclinical trial, intramuscular application of LEEI-RSV with Alhdydrogel showed high protection upon RSV challenge, which was associated with no significant immune pathology in the lungs of infected mice [44].



In the present study, we investigated the mucosal application of LEEI-RSV for the first time. As the mucosa forms a physical and enzymatic barrier, inactivated vaccines applied mucosally should be formulated for resorption and immune stimulatory reasons [28]. LEEI-RSV was formulated with liposomes as they are known to be safe, low, or non-toxic and easy to produce [29,57]. As a liposome, phosphatidylcholine (PC) was chosen to provide a broad mucosal and systemic immune response after instillation [58,59,60,61].



RSV is one main reason for hospitalizations in infants and the elderly. Even though first vaccines directed against RSV-F have been approved, a mucosal whole virus vaccine could be beneficial with a broader immune response, especially in combinational use with the approved vaccines. Therefore, we developed an inactivated vaccine using LEEI and tested it in a mucosal vaccination model. The formulated PC-LEEI-RSV showed no safety concerns in the ex vivo murine precision cut lung slice (PCLS) model. The intranasal application of PC-LEEI-RSV was well-tolerated and reduced the viral load in mice. Our results indicate that the formulation of LEEI inactivated RSV mediates protective efficacy after mucosal homologous prime and boost vaccination.




2. Materials and Methods


	
Cell Culture and Virus Production






Type 2 human epithelial cells (HEp-2; ATCC, Manassas, VA, USA) were used for all RSV production and in vitro assays. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX (Thermo Fisher Scientific, Dreieich, Germany), containing 10% heat inactivated fetal calf serum (FCS) and antibiotics (100 IU/mL penicillin with 100 µg/mL Streptomycin, Thermo Fisher Scientific, Dreieich, Germany) at 37 °C with 5% CO2.



RSV laboratory strain A long was obtained from ATCC (VR-26). M. Peeples and P. Collins (NIH, Bethesda, MD, USA) kindly provided the recombinant RSV expressing GFP (rgRSV). Virus propagation and titer determination was performed as previously described [34,62]. In short, the different virus strains were propagated on 90% confluent monolayers of HEp-2 cells. Cells were infected with a multiplicity of infection (MOI) of 0.1 in FCS-free medium for 3 h at 37 °C with 5% CO2. Unbound virus was removed by replacing the medium with fresh 1% FCS containing medium and incubated for 72 h at 37 °C with 5% CO2. The infected cell supernatant was clarified by centrifugation for 5 min at 2000× g and 4 °C, followed by filtration through a 0.45 µm-filter and ultracentrifugation at 21,000× g through a 20% (w/v) sucrose cushion in PBS for 3 h at 4 °C in a SureSpin 630 swing-out rotor (Thermo Fisher Scientific, Dreieich, Germany). The pelleted virus was resuspended in 10% (w/v) sucrose in PBS and titrated using a focus forming assay or a tissue culture infectious dose 50 (TCID50) assay. For the focus forming assay, confluent monolayers of HEp-2 cells were infected with serial dilutions of the virus and incubated for 48 h at 37 °C with 5% CO2. Viral rgRSV foci were visualized by fluorescence and RSV-long was analyzed by immunocytochemical (ICC) staining with an anti-RSV antibody (AB1128; Sigma Aldrich, Taufkirchen, Germany) [63]. For the TCID50-assay, viral stocks were diluted in 10-fold increments and incubated on confluent HEp-2 cell monolayers in a 96-well microwell plate for a period of five to six days. The cells were monitored for cytopathic effects (CPE) and the titer was calculated using the Reed–Muench method [64].



	2.

	
Virus Inactivation







	a.

	
Low-energy electron irradiation (LEEI)







RSV samples were irradiated in a custom-built irradiation device situated in a BSL2 laboratory at the Fraunhofer Institute for Cell Therapy and Immunology [41]. This can be equipped with different modules constructed as research prototypes to enable the automated LEEI of liquid samples. RSV was inactivated in a system using disposable bags. Briefly, bags were filled with 10 mL each of an RSV-solution diluted in PBS with 10% (w/v) sucrose and sealed. Based on previous experiences, the samples were treated with LEEI of 300 keV, 1.2 mA [41,44]. Controls underwent the same process without applying LEEI. Afterward, the bags were reopened and the liquid collected for further testing. Inactivation of RSV was confirmed in a cell culture assay as described previously [41]. In short, HEp-2 cells in a 6-well cell culture plate were inoculated with 100 µL per well of irradiated samples and controls. The development of cytopathic effects (CPE) was monitored for five to six days before the supernatant was passaged to fresh cells. After an additional five to six days of incubation, the samples were considered inactivated when no CPE was visible.



	b.

	
Dosimetric analysis







The absorbed dose applied was estimated by using a liquid dosimeter based on 2,3,5-triphenyl-tetrazolium chloride (TTC, Carl Roth, Karlsruhe, Germany), which undergoes colorization due to a dose-dependent reaction to red formazan, as described in the study of Schopf et al. [65]. Previously, a calibration function to convert absorbance values into dose was found with a combined uncertainty of 11.8% in the dose range of 6.5–38 kGy. That calibration was performed at the radiation plant REAMODE of Fraunhofer FEP using a standard reference film dosimeter Risø B3 (DTU Health Tech, Lyngby, Denmark).



The TTC was filled in the bag and irradiated with a constant acceleration voltage of 300 kV. The beam current was varied from 0 to 2.0 mA in intervals of 0.5 mA, and a linear regression was conducted to calculate the resulting dose in the unit gray (Gy).



	3.

	
ELISA RSV Conservation after LEEI







To examine the conservation of the antigenicity of RSV, enzyme-linked immunosorbent assays (ELISAs) were performed as previously described [41,44]. Briefly, 5 µL irradiated RSV samples and controls were coated on black NUNC 96-well MicroWell™ PolySorp® plates (Thermo Fisher Scientific, Dreieich, Germany) in carbonate coating buffer (35 mM NaHCO3 (Carl Roth, Karlsruhe, Germany), 15 mM Na2CO3 (Carl Roth, Karlsruhe, Germany), pH 9.6) in a total volume of 100 µL/well overnight at 4 °C. For a quantitative standard curve, RSV was coated in fivefold dilutions in concentrations ranging from 5 × 102 to 1 × 105 FFU and processed as the LEEI-RSV. To convert the FFU values to TCID50, the correlation factor 0.7 was used [66]. The plate was washed three times with PBS containing 0.05% Tween 20 (PBS-T, Carl Roth, Karlsruhe, Germany) and blocked with 5% (w/v) skimmed milk powder (Carl Roth, Karlsruhe, Germany) in PBS (Bio&Sell, Feucht, Germany) for 2 h at room temperature. A monoclonal antibody recognizing RSV-F (18F12, [62]), diluted 1:200 in 2% (w/v) skim milk in PBS, was added and incubated for 2 h at room temperature, followed by the polyclonal Peroxidase AffiniPure Sheep Anti-Mouse IgG (H + L) antibody (Dianova, Hamburg, Germany) diluted 1:500. After 1 h of incubation, the readout was performed using a Centro XS3 luminometer (Berthold Technologies, Bad Wildbad, Germany). Enhanced chemiluminescent substrate (ECL, Pierce, Waltham, MA, USA) was diluted 1:10 in PBS and 100 µL of the substrate was injected into each well after 1.5 s of delay. Relative light units (RLU) were counted for 1 s.



	4.

	
Lipid Production and Virus Packaging







Phosphatidycholine (PC, LIPOID GmbH, Ludwigshafen, Germany) liposome formulations were prepared by a thin-film hydration method, followed by size reduction via manual extrusion. Forty mg of lipids was dissolved in 1.5 mL methanol (VWR, Darmstadt, Germany) and evaporated in a rotavapor (Büchi R-114, Büchi Labortechnik AG, Flawil, Schweiz) by reducing the pressure to 500 mPa, followed by further reductions to 150 mPa and finally to 50 mPa. The pressure was held at each of these values for 30 min before proceeding to the next pressure reduction. The whole process was conducted at 37 °C. The resulting lipid film was rehydrated by adding 1 mL of PBS pH 7.4 buffer (Fisher Scientific GmbH, Schwerte, Germany) and vortexing for 20 min. The liposome mixture was then extruded manually through a 200-nm polycarbonate membrane (Avestin, Mannheim, Germany) using a two-chamber manual extruder (Avestin, Mannheim, Germany). This procedure resulted in unilamellar liposomes. In order to prevent the loss of activity, the vaccine was incorporated into the vesicles after manufacturing the liposome formulation. The inactivated virus material was mixed in a ratio of 1:5 (liposomes:LEEI-RSV) with the liposome formulation and vortexed for 5 min. This material was kept at 4 °C prior to testing.



	5.

	
Precision Cut Lung Slices (PCLSs)







	a.

	
Preparation and treatment of murine, precision cut lung slices (PCLSs)







Female BALB/c mice (Charles River Laboratories, Sulzfeld, Germany) were sacrificed at three months of age. Lungs were resected and filled with a warm 2% agarose (Sigma Aldrich, Taufkirchen, Germany) solution in DMEM/F12 (Gibco, Waltham, MA, USA). Solidified lung lobes were cut into slices with a 300 µm thickness on a vibratome (Krumdieck Tissue Slicer, Alabama Research and Development, Muniford, AL, USA) in EBSS (Th Geyer, Renningen, Germany). The generated murine precision cut lung slices were treated with different concentrations of the vaccine candidates and cultured in DMEM/F12 supplemented with penicillin and streptomycin (10,000 U/mL, Gibco, Waltham, MA, USA) at 37 °C with 5% CO2 for 24 h.



	b.

	
Viability testing







To assess the viability of the murine precision cut lung slices (mPCLSs), the amount of released lactate dehydrogenase (LDH) was analyzed using the Cytotoxicity Detection Kit (Roche, Basel, Switzerland). The metabolic activity was measured using the Cell Proliferation Reagent WST-1 (Roche, Basel, Switzerland). Furthermore, cells were marked using the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, Waltham, MA, USA) to visualize the viable and dead cells by confocal laser scanning microscopy (LSM 800, Zeiss, Jena, Germany). All kits and reagents were applied at the manufacturer’s recommendations.



	c.

	
Cytokine secretion







To assume the immune response of the vaccine-treated mPCLS, the concentration of TNF-α was measured in the supernatants by ELISA (RnD, DuoSet, Minneapolis, MN, USA). Furthermore, released IFN-α, -β, -γ, IL-1β, IL-6, IL-10, IP-10, KC, MCP-1, MIP-1α, and RANTES were quantified by the U-Plex assay (Mesoscale Discovery, Rockville, MD, USA). All assays were performed following the manufacturer’s recommendations at appropriate sample dilutions.



	6.

	
Immunization and RSV Challenge in Mice







Female BALB/c mice were purchased at Charles River Laboratories (Sulzfeld, Germany) or breed at the Center for Experimental Medicine at the Fraunhofer Institute of Cell Therapy and Immunology and maintained under a specific pathogen-free environment in isolated ventilated cages. Seven- to eight-week-old mice were included in the experiment. Animal experiments were carried out according to the EU Directive 2010/63/EU for animal experiments and were approved by local authorities. Groups of five mice each were vaccinated in a homologous prime-boost manner at a four-week regime. Vaccination was intramuscular (i.m.) with LEEI-RSV adjuvanted with Alhdydrogel (LEEI-RSV i.m.) with 50 µL per hind leg (3 × 106 TCID50/mL) or intranasal (i.n.) with PC-formulated LEEI-RSV (2 × 105 TCID50/mL) or non-formulated LEEI-RSV with 40 µL per immunization. Blood for serum samples was collected one week before the first vaccination and three weeks after prime and boost vaccination. Mice were challenged four weeks after boost immunization with 106 FFU RSV per animal intranasally as previously published [44]. Five days after infection, mice were euthanized and lungs were isolated for analysis of the viral load. In detail, lungs were homogenized in gentlMACSTM M Tubes (Miltenyi Biotec., Bergisch Gladbach, Germany) with 2 mL ice-cold PBS using a gentlMACS Dissociator (Miltenyi Biotec., Bergisch Gladbach, Germany). After centrifugation at 2000× g for 5 min at 4 °C, the cleared supernatant was stored at −80 °C before viral RNA isolation [63].



	7.

	
RSV RNA Copy Analysis with qRT-PCR







Viral RNA was isolated from 140 µL of the cell-free lung homogenate supernatant using the QIAamp-Viral-RNA-Mini-Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. To determine the RSV-copy numbers, 45 ng of RNA was reverse transcribed and analyzed with the QIAGEN QuantiTECT RT-qPCR Kit using the RSV sense primer (5′-AGATCAACTTCTGTCATCCAGCAA-3′), RSV antisense primer (5′-GCACATCATAATTAGGAGTATCAAT-3′), and SYBR Green for detection in LightCycler® 480 (Roche, Basel, Switzerland). Synthetic RSV-RNA of T7-transcripts served as the standard for the quantification of viral genome copy numbers [34].



	8.

	
Analyzing RSV-Specific Neutralizing Antibodies







RSV neutralizing antibody titers in the sera were determined by co-incubation with rgRSV. After sixfold dilution of the mouse sera in Hanks’ balanced salt solution (HBSS, Thermo Fisher Scientific, Dreieich, Germany), the complement was inactivated by incubation at 56 °C for 30 min. Serial twofold dilutions in DMEM with GlutaMAX (Thermo Fisher Scientific, Dreieich, Germany) containing 10% FBS and penicillin/streptomycin (Thermo Fisher Scientific, Dreieich, Germany) or a negative control without serum was incubated with around 100 FFU rgRSV per well for 1 h at 37 °C at 5% CO2. After 1 h, the serum containing virus was transferred on pre-seeded Hep2-cells and incubated for 48 h at 37 °C with 5% CO2. The analysis was performed by counting the green fluorescent viral foci using a FlouroSpot reader (AID Diagnistika, Straßberg, Germany). The neutralizing-antibody titer was defined as the highest serum dilution inhibiting rgRSV infection by more than 50% in comparison to the negative control (PRNT50 = 50% plaque neutralization titers). The detection limit of the neutralizing antibody was set at the lowest serum dilution (1:6) [34,44].



	9.

	
Analysis of RSV-Binding Antibodies in Mouse Sera







To examine the amount of RSV-binding IgG-antibodies in the sera of vaccinated animals, ELISA analyses were performed as previously described [41,44]. Briefly, purified and heat-inactivated (56 °C, 30 min) RSV was coated at a concentration of 5 × 105 FFU/well on black NUNC 96-well MicroWell™ PolySorp® plates (Thermo Fisher Scientific, Dreieich, Germany) in carbonate coating buffer (35 mM NaHCO3, 15 mM Na2CO3, pH 9.6) in a total volume of 100 µL/well at 4 °C for 24 h. The plate was washed three times with PBS containing 0.05% Tween 20 (PBS-T) and blocked with 5% (w/v) milk powder in PBS for 1 h at room temperature. The sera were diluted 1:2000 in 2% (w/v) skim milk in PBS and added in 100 µL to each well. After incubation for 2 h at room temperature, secondary antibodies for the total IgG, horse radish peroxidase (HRP) conjugated anti-mouse IgG antibody (Peroxidase AffiniPure Sheep Anti-Mouse IgG (H + L), polyclonal, Dianova, Hamburg, Germany) was added at a 1:1000 dilution and incubated for 1 h at room temperature. The readout was performed using enhanced chemiluminescent substrate (ECL, Pierce, Waltham, MA, USA) diluted 1:10 in PBS and 100 µL of the substrate was injected into each well. After 1.5 s of delay, the relative light units (RLU) were counted for 1 s at the Centro XS3 luminometer (Berthold Technologies, Bad Wildbad, Germany).



	10.

	
Statistical Analysis







Statistical analysis was performed using GraphPad Prism Version 6.07. Data were analyzed using the Mann–Whitney U-test. Level of statistical significance is indicated as follows: *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.




3. Results


3.1. LEEI Inactivation and Formulation of RSV


For pathogen inactivation, LEEI is a potent method, which we described earlier in detail [41]. For the vaccination of mice, we inactivated RSV with LEEI, therefore confirming the dosimetry and success of the inactivation process. LEEI-RSV was then formulated with PC for further testing.



3.1.1. LEEI Inactivation in the Bag Module Leads to Sufficient Surface Conservation


To determine the current to use for an irradiation with 25 kGy, which we had already defined as a safe inactivation dose of RSV [44], a dosimetry of the custom-built prototype with the use of the bag module was performed. Therefore, the radiochromic liquid dosimeter TTC was used for an estimation of the applied dose [41]. Through an interpolation of the applied beam current (Figure 1a), a dose of 25 kGy was defined at 1.2 mA



The inactivation with LEEI was performed as described in the Methods section After the process, cells were infected with the LEEI-treated RSV-samples to verify inactivation. After the second passage, no CPE was detectable in the cells infected with RSV treated with 25 kGy of LEEI, thus being considered inactivated (Figure S1). This led to further testing of the material and analysis of the conservation of the F-glycoprotein. Hence, an ELISA was performed where the whole RSV-F-content was tested with 18F12 (Figure 1a). As a control, the processed material without irradiation (0 kGy) was tested and there was a non-statistically significant 1.4-fold reduction in the 25 kGy group (Figure 1b). To determine the RSV amount corresponding to the measured relative light unit (RLU) signal, a standard curve with a serial dilution of RSV was generated by ELISA (Figure S2). The amount of RSV was calculated for the processed material using this standard curve. For the process control (0 kGy), 30,276 RLU/s corresponded to 6.97 × 104 TCID50 and for LEEI-RSV irradiated with 25 kGy, 21,392 RLU/s correlated with 4.58 × 104 TCID50 (Figure 1b).




3.1.2. Formulation of Inactivated Material


To apply inactivated RSV intranasally, the material was formulated in liposomes after inactivation. A solution of inactivated LEEI-RSV at a concentration of 2 × 105 TCID50/mL in PBS with 10% (w/v) sucrose was added to the unilamellar liposome formulation at a LEEI RSV:lipid ratio of 5:1. Zetasizer measurements showed a size distribution of 200 nm ± 49 nm. The rather large variation in liposomal size may be a result of the known variation in particle size of the RSV itself, which ranges between 150 and 250 nm [67]. The RSV content of the formulated liposomes was verified by ELISA.





3.2. Evaluation of Adverse and Immunogenic Effects of the New Vaccine Ex Vivo


An easy and fast procedure to test for adverse effects or the acute toxicity of drugs and vaccines on lung tissues is the human or rodent precision cut lung slice (PCLS) technology [68,69,70]. Freshly prepared living murine lung tissue was sliced (300 µm thickness) into cell culture dishes and incubated with the two compounds for 24 h. In addition to the toxicity, the secretion of cytokines was measured.



The non-formulated and formulated inactivated RSV material, LEEI-RSV and PC-LEEI-RSV, respectively, was tested on murine PCLS for adverse effects. The slices were incubated with tenfold serial dilutions of the material ranging from 103 to 106 TCID50/mL for 24 h. The LDH-release as a parameter for the cytotoxicity was measured in the supernatants. The background level of LDH-release in the medium control (TCID50 = 0) was around 30–45% of the Triton-lysed cells (Figure 2a). For both vaccines, up to a concentration of 105 TCID50/mL, no LDH release was detectable compared to the medium control (Figure 2a). In contrast, a dose of 106 TCID50/mL PC-LEEI-RSV induced a median LDH release of 80% compared to 45% in the medium control, while with LEEI-RSV, the induction was only to 39% compared to 31% (Figure 2a).



Looking at cell proliferation via the WST-conversion, a similar picture was visible: at a dose of 105 TCID50/mL, no changes compared to the medium control were visible (Figure S3). Subsequently, at a concentration of 106 TCID50/mL, both LEEI-RSV and PC-LEEI-RSV showed strongly reduced WST-conversion (Figure S3).



Analysis of the toxic effects in a live/dead staining supported the findings that a dose of 105 TCID50/mL PC-LEEI-RSV or LEEI-RSV showed no toxic effects on the lung tissue compared to only culture medium (mock) (Figure 2b).



Aside from the absence of adverse effects by the inactivated material, the secretion of cytokines was measured for PC-LEEI-RSV in a concentration of 104 TCID50/mL to ensure that the measured effects were not induced as by-products of toxicity but by the vaccine itself. The measured amounts of the indicated cytokines showed no significant differences between the PC LEEI-RSV in comparison to the medium control after 24 h (Figure 2c). Therefore, we concluded that PC-LEEI-RSV does not induce any of the measured cytokines in 24 h. In addition, IFN-alpha, -beta, and -gamma were measured but were under the limit of detection of 25 pg/mL, 1.5 pg/mL, and 0.9 pg/mL, respectively, in both conditions.




3.3. PC-LEEI-RSV Induces Immune Responses and Protection in Mice after Vaccination


To test the immunogenicity and protective efficacy of PC-LEEI-RSV, we used a well-established in vivo infection model of RSV. BALB/c mice were mucosally vaccinated in a homologous prime-boost regimen to analyze RSV specific humoral immune responses and protection against an RSV challenge. Routine follow-up of all animals showed no side effects at any timepoint after the applications of the different vaccines.



3.3.1. Humoral Systemic Immune Response after Vaccination


The induction of a humoral immune response was measured by analyzing serum samples from the blood of animals before vaccination (pre immune) and three weeks after prime and boost immunization, respectively.



Sera were used to analyze the systemic RSV neutralizing and RSV binding antibodies (Figure 3). RSV neutralizing antibodies in the unvaccinated control group were at the baseline level (Figure 3a). After prime and boost immunization, two out of five animals showed the induction of neutralizing antibodies after intranasal vaccination of PC-LEEI-RSV. The control group with intramuscular vaccination of Alhydrogel-adjuvanted LEEI-RSV showed a significant induction of RSV-neutralizing antibodies after boost vaccination (Figure 3a).



All intranasally vaccinated PC-LEEI-RSV animals produced RSV-specific IgG antibodies (Figure 3b). The induction was statistically significant in comparison to the unvaccinated animals and compared to the pre-immune levels of these mice (Figure 3b). The LEEI-RSV i.m. group showed a 16-fold higher amount of IgG antibodies than the PC-LEEI-RSV group. In both vaccinated groups, the induction was statistically significant in comparison to the unvaccinated animals and to the respective pre-immune levels of the mice (Figure 3b). Untreated animals only had baseline levels of the antibodies (Figure 3b).




3.3.2. PC-ELLI-RSV Protects Mice after RSV Challenge


To test the induced protective efficacy, an RSV challenge experiment with 106 FFU per mouse was performed. Animals were scored daily, and no clinical symptoms were detectable after RSV infection. Five days after challenge, mice were euthanized and the viral load was determined in the lungs.



PC-LEEI-RSV, given intranasally by a homologous prime boost vaccination regimen containing 8 × 103 RSV particles per application, induced an immune response, which led to a 171-fold reduction in the viral load compared to the untreated animals (Figure 4). The viral load in LEEI-RSV i.m. mice was 966-fold lower than in the unvaccinated group, and therefore, the i.m. vaccination led to a 5.7-fold better reduction in the viral load compared to the intranasally applied PC-LEEI-RSV (Figure 4).



In another animal trial, the vaccination of mice intranasally with LEEI-RSV, without adjuvantation, did not show the induction of a sufficient protective immune response (Figure S4). Low titers of RSV-binding IgG antibodies were induced (Figure S4a), and only a threefold reduction in viral load after RSV challenge was detectable (Figure S4b). This shows that the PC-formulation is critical for the immunogenicity.



Since we also could not detect any sign of enhanced disease severity shown by weight loss or disease development in mice, we can confirm that LEEI-RSV is a safe and highly efficacious vaccine. In addition, by formulation with PC, this vaccine candidate can be applied intranasally without any further adjuvants.






4. Discussion


Mucosal vaccines induce protection at the site of infection by activating local immune responses [29,30,71,72,73].



In this study, we showed, for the first time, protection with the intranasal application of a PC-formulated LEEI-RSV in mice against RSV. To exclude adverse effects on viability or immune activation in the lung tissue, we first showed in the PCLS model that no toxic effects were generated with our vaccines. In the analysis, neither the LEEI-RSV itself nor the formulated PC-LEEI-RSV induced adverse effects in the murine lung tissue. The viability staining showed good viability with the vaccine candidates, and the WST and LDH only showed adverse results at the highest concentration tested. Importantly, the PC-LEEI-RSV vaccine induced systemic RSV-binding antibodies and serum neutralizing antibodies after mucosal vaccination. The detected levels of neutralizing antibodies close to the baseline in the unvaccinated boost-sera and the PC-LEEI-RSV pre immune sera were more likely unspecific background. Upon RSV challenge, a statistically significant protection in viral load in the lungs of vaccinated animals compared to unvaccinated mice was observed. We could thus demonstrate that the intranasal vaccination provides a reduction in the viral load, which might be sufficient to protect against RSV infection if LRTIs are blocked [74].



These encouraging results demonstrate, to our knowledge, a proof-of-principle of a novel mucosal applied vaccine candidate that is inactivated by LEEI and formulated to improve immunogenicity and protective efficacy. It is worth mentioning that the liposome-based formulation and the mucosal application can be further improved. For intranasal application, sophisticated devices have been developed to produce size-specific droplets. However, the optimization of this mucosal vaccine candidate was beyond this proof-of-concept study. The application route of LEEI inactivated vaccines has so far been the intramuscular route, but in this proof-of-concept study, we observed that the intranasal route also induced protective efficacy based on the reduction in the viral load. Nevertheless, the mucosal route needs the liposomal based formulation for the efficient induction of a protective immune response. Liposomes, especially PC, are physiological substances that are known to be non-toxic and are already medically applied [59]. Liposomes are widely used for drug delivery across a variety of therapeutic areas [58,59,60]. Many studies have already proven the non-toxicity of liposomes [75,76]; especially PC, as a physiological substance should not interfere with the respiratory system as a high proportion of the pulmonary surfactant consists of lipids [61,77,78].



Mucosal vaccines are to date mostly based on live-attenuated viruses (LAAV) and viral vectors as these vaccine candidates can naturally infect mucosal cells and overcome the mucosal barriers. LAAVs activate multiple immune responses including the innate immune system, mimicking a normal virus infection [8,72]. However, an RSV-LAAV still induced unwanted disease symptoms after application because it was insufficiently attenuated [79]. In contrast, over-attenuated RSV-LAAV failed to induce sufficient protection [80].



Viral vectors present another promising approach for mucosal application as they infect mucosal cells and express an immune relevant transgene that induces an immune response. Adenoviral vectors have shown great potential as a mucosal immunization platform, as protection was induced compared to an intramuscular application after a vaccination with the same doses [31,34]. Furthermore, the adenoviral vector vaccine offers higher protection against RSV compared to natural infection in mice including better humoral and cellular immune response at the site of infection [30]. We have previously described that an intramuscular prime with a DNA-plasmid encoding RSV-F, followed by a mucosal adenoviral vector boost, induces high amounts of mucosal T-cells, systemic humoral responses, and protective efficacy upon RSV challenge [81]. With regard to intramuscular prime and mucosal boost, we have recently shown that an adenoviral vector against SARS-CoV-2 induces high protective efficacy and superior mucosal immune responses in comparison to a homologous vaccination using the formulated mRNA intramuscular vaccine [82]. Aside from adenoviral vectors, another vector platform based on the Modified Vaccinia Ankara virus (MVA) is currently in clinical trials against RSV using the intramuscular approach [8]. A similar MVA-based vaccine was recently tested using the intranasal route, showing good antibody induction and protection against RSV in mice [83]. One larger disadvantage of virus vector vaccines is the induced vector immunity [84,85]. In both live attenuated viruses and virus vectors, it is important that no immune response against the vaccines with IgA or cytotoxic T-cells is already established because it could block the vaccine [84,85,86,87]. In addition, new concerns against the adenoviral vector vaccines arose in the context of vaccines against SARS-CoV-2 due to vaccine-induced immune thrombotic thrombocytopenia [88,89].



The issues of vector immunity and safety concerns with LAAV or vector vaccines can be circumvented by using inactivated vaccines [90]. Inactivated vaccines are not able to replicate and are mostly applied intramuscularly with different adjuvants to enhance and prolong the immune response [91,92]. For respiratory viruses such as RSV, the site of infection is the respiratory tract, and a mucosal vaccination would induce higher mucosal immunity [28,30,34,57,93]. Furthermore, it has already been observed that the induction of immune responses via a mucosal application include broad mucosal immune response and systemic immunity [30,31,93]. The intranasal application of an adenoviral vector vaccine against RSV led to the induction of RSV-F specific CD8+ T cells, central memory CD8+ T cells, and most importantly, to tissue-resident memory CD8+ T cells in the lungs of vaccinated mice [30]. Similar observations were seen with an intranasal RSV-F Nanovaccine inducing tissue-resident memory CD4+ and CD8+ T cells besides neutralizing antibodies [93]. These cellular immune response mechanisms are important and necessary in a balanced and protective immunity against RSV [94]. However, the analysis of cellular immune responses was beyond the scope of this proof-of-principle study. Besides the beneficial immunological aspects, a needle-free application of a vaccine might also reduce vaccine hesitancy, as it is a non-traumatic application method [28]. Additionally, the application is more feasible than an injection and the immunization can likely be performed without medical assistance, enhancing the performance of global immunization [28].



For the effective induction of an immune response after mucosal application, the vaccine has to overcome the physical and biological barriers of the mucosa, namely the cell layer with tight junctions and the mucus with proteoglycans, lipids, or DNA [71]. To overcome elimination by the mucosal defense mechanism, resorption, and immune stimulatory reasons, adjuvanting or packaging of the vaccine is necessary, whereby the choice of substance can be essential. For example, in an intranasal influenza vaccine, the use of the mLT LTK3 adjuvant led to transient peripheral facial nerve palsy in some vaccines [71,95]. In contrast, PC is a lipid that is also present in the surfactant of the airways, and due to its physiological properties, no adverse effects are expected [60,96]. We showed that the formulation of the inactivated vaccine with PC is necessary, as shown in Figure S4 compared to Figure 4 [71]. It is worth mentioning that the vaccination of LEEI-RSV intramuscularly needed adjuvanting with Alhydrogel whereas the mucosal application only needed the formulation with PC.



In conclusion, this proof-of-principle study shows a novel potent method for the production of a mucosal inactivated whole virus vaccine formulated with PC. PC-LEEI-RSV protects against RSV by significantly reducing the viral load in vaccinated animals and presents a promising vaccine candidate. Further preclinical optimization and the clinical development of this vaccine candidate are still warranted.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15091846/s1, Figure S1: Inactivation of RSV by LEEI; Figure S2: Standard curve for RSV amount; Figure S3: Metabolic activity in PCLS incubation with inactivated material; Figure S4: Systemic humoral immune response after intranasal LEEI-RSV without formulation immunized animals and viral load after RSV infection.





Author Contributions


Conceptualization, T.G. and S.U.; Methodology, V.E., L.B., J.F., M.A., M.T., B.S., Y.M., T.G. and S.U.; Validation, V.E., J.F., M.A., J.K.B., B.S., M.T. and Y.M.; Formal analysis, V.E:, J.F., M.A. and J.K.B.; Investigation, V.E., L.B., J.F., M.A., J.K.B., B.S. and Y.M.; Resources, T.G., S.U., M.T., C.H., F.L., S.S. and J.D.; Data curation, V.E., J.F., L.B., J.K.B. and M.A.; Writing—original draft preparation, V.E. and T.G.; Writing—review and editing, V.E., T.G., S.U., L.B., J.F., C.H., J.K.B., S.S., M.T., Y.M. and J.D.; Visualization, V.E.; Supervision, T.G., S.U., M.T., C.H., F.L., S.S. and J.D.; Project administration, T.G., S.U., M.T., C.H., F.L., S.S. and J.D.; Funding acquisition, T.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Cluster of Excellence of the Fraunhofer Gesellschaft, grant number 840277; MucoRSV.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Landesdirektion Sachsen.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data can be provided after request to the corresponding authors.




Acknowledgments


We would like to thank Fabian Pappe and André Poremba for their excellent technical assistance. We thank Jasmin Fertey for her scientific input and Jana Beckmann for her support in the development of the dosimetry.




Conflicts of Interest


S.U. and M.T. are authors of patents and patent applications covering LEEI to inactivate liquids: WO2018041953, DE102015224206B3, US10080795, DE 102017002645.9. All authors have no further conflict of interest.




References


	



Simoes, E.A. Respiratory syncytial virus infection. Lancet 1999, 354, 847–852. [Google Scholar] [CrossRef] [PubMed]

	



Rima, B.; Collins, P.; Easton, A.; Fouchier, R.; Kurath, G.; Lamb, R.A.; Lee, B.; Maisner, A.; Rota, P.; Wang, L.; et al. ICTV Virus Taxonomy Profile: Pneumoviridae. J. Gen. Virol. 2017, 98, 2912–2913. [Google Scholar] [CrossRef] [PubMed]

	



Bohmwald, K.; Espinoza, J.A.; Rey-Jurado, E.; Gómez, R.S.; González, P.A.; Bueno, S.M.; Riedel, C.A.; Kalergis, A.M. Human Respiratory Syncytial Virus: Infection and Pathology. Semin. Respir. Crit. Care Med. 2016, 37, 522–537. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wang, X.; Blau, D.M.; Caballero, M.T.; Feikin, D.R.; Gill, C.J.; Madhi, S.A.; Omer, S.B.; Simões, E.A.F.; Campbell, H.; et al. Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial virus in children younger than 5 years in 2019: A systematic analysis. Lancet 2022, 399, 2047–2064. [Google Scholar] [CrossRef]

	



Ackerson, B.; Tseng, H.F.; Sy, L.S.; Solano, Z.; Slezak, J.; Luo, Y.; Fischetti, C.A.; Shinde, V. Severe Morbidity and Mortality Associated With Respiratory Syncytial Virus Versus Influenza Infection in Hospitalized Older Adults. Clin. Infect. Dis. 2019, 69, 197–203. [Google Scholar] [CrossRef] [PubMed]

	



Savic, M.; Penders, Y.; Shi, T.; Branche, A.; Pirçon, J.-Y. Respiratory syncytial virus disease burden in adults aged 60 years and older in high-income countries: A systematic literature review and meta-analysis. Influenza Other Respir. Viruses 2023, 17, e13031. [Google Scholar] [CrossRef]

	



Falsey, A.R.; Hennessey, P.A.; Formica, M.A.; Cox, C.; Walsh, E.E. Respiratory syncytial virus infection in elderly and high-risk adults. N. Engl. J. Med. 2005, 352, 1749–1759. [Google Scholar] [CrossRef]

	



Mazur, N.I.; Terstappen, J.; Baral, R.; Bardají, A.; Beutels, P.; Buchholz, U.J.; Cohen, C.; Crowe, J.E.; Cutland, C.L.; Eckert, L.; et al. Respiratory syncytial virus prevention within reach: The vaccine and monoclonal antibody landscape. Lancet Infect. Dis. 2023, 23, e2–e21. [Google Scholar] [CrossRef]

	



Kim, H.W.; Canchola, J.G.; Brandt, C.D.; Pyles, G.; Chanock, R.M.; Jensen, K.; Parrott, R.H. Respiratory syncytial virus disease in infants despite prior administration of antigenic inactivated vaccine. Am. J. Epidemiol. 1969, 89, 422–434. [Google Scholar] [CrossRef]

	



Castilow, E.M.; Olson, M.R.; Varga, S.M. Understanding respiratory syncytial virus (RSV) vaccine-enhanced disease. Immunol. Res. 2007, 39, 225–239. [Google Scholar] [CrossRef]

	



BLOUNT, R.E.; MORRIS, J.A.; SAVAGE, R.E. Recovery of cytopathogenic agent from chimpanzees with coryza. Proc. Soc. Exp. Biol. Med. 1956, 92, 544–549. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, E.J.; Carosone-Link, P.; Yogev, R.; Yi, J.; Simões, E.A.F. Effectiveness of Palivizumab in High-risk Infants and Children: A Propensity Score Weighted Regression Analysis. Pediatr. Infect. Dis. J. 2017, 36, 699–704. [Google Scholar] [CrossRef] [PubMed]

	



CHANOCK, R.; ROIZMAN, B.; MYERS, R. Recovery from infants with respiratory illness of a virus related to chimpanzee coryza agent (CCA). I. Isolation, properties and characterization. Am. J. Hyg. 1957, 66, 281–290. [Google Scholar] [CrossRef]

	



Hammitt, L.L.; Dagan, R.; Yuan, Y.; Baca Cots, M.; Bosheva, M.; Madhi, S.A.; Muller, W.J.; Zar, H.J.; Brooks, D.; Grenham, A.; et al. Nirsevimab for Prevention of RSV in Healthy Late-Preterm and Term Infants. N. Engl. J. Med. 2022, 386, 837–846. [Google Scholar] [CrossRef]

	



Guendoul, S.; Bain, S.; Berland, E.; Conway, K. Press Release: FDA Accepts Nirsevimab Application as First Protective Option against RSV Disease for All Infants—Sanofi. Available online: https://www.sanofi.com/en/media-room/press-releases/2023/2023-01-05-07-00-00-2583365 (accessed on 9 May 2023).

	



Vidal Valero, M. ‘A good day’: FDA approves world’s first RSV vaccine. Nature 2023. [CrossRef] [PubMed]

	



GSK. US FDA Approves GSK’s Arexvy, the World’s First Respiratory Syncytial Virus (RSV) Vaccine for Older Adults|GSK. Available online: https://www.gsk.com/en-gb/media/press-releases/us-fda-approves-gsk-s-arexvy-the-world-s-first-respiratory-syncytial-virus-rsv-vaccine-for-older-adults/ (accessed on 9 May 2023).

	



Papi, A.; Ison, M.G.; Langley, J.M.; Lee, D.-G.; Leroux-Roels, I.; Martinon-Torres, F.; Schwarz, T.F.; van Zyl-Smit, R.N.; Campora, L.; Dezutter, N.; et al. Respiratory Syncytial Virus Prefusion F Protein Vaccine in Older Adults. N. Engl. J. Med. 2023, 388, 595–608. [Google Scholar] [CrossRef]

	



GSK. GSK’s Respiratory Syncytial Virus Older Adult Vaccine Candidate Gains Positive European Medicines Agency CHMP Opinion|GSK. Available online: https://www.gsk.com/en-gb/media/press-releases/gsk-s-respiratory-syncytial-virus-older-adult-vaccine-candidate-gains-positive-european-medicines-agency-chmp-opinion/ (accessed on 9 May 2023).

	



Walsh, E.E.; Pérez Marc, G.; Zareba, A.M.; Falsey, A.R.; Jiang, Q.; Patton, M.; Polack, F.P.; Llapur, C.; Doreski, P.A.; Ilangovan, K.; et al. Efficacy and Safety of a Bivalent RSV Prefusion F Vaccine in Older Adults. N. Engl. J. Med. 2023, 388, 1465–1477. [Google Scholar] [CrossRef]

	



Pfizer Announces Positive Top-Line Data from Phase 3 Trial of Older Adults for its Bivalent Respiratory Syncytial Virus (RSV) Vaccine Candidate|Pfizer. Available online: https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-positive-top-line-data-phase-3-trial-older (accessed on 9 May 2023).

	



Pfizer Receives Positive FDA Advisory Committee Votes Supporting Potential Approval for Vaccine Candidate to Help Combat RSV in Older Adults|Pfizer. Available online: https://www.pfizer.com/news/press-release/press-release-detail/pfizer-receives-positive-fda-advisory-committee-votes (accessed on 9 May 2023).

	



Pfizer Announces Positive Top-Line Data of Phase 3 Global Maternal Immunization Trial for its Bivalent Respiratory Syncytial Virus (RSV) Vaccine Candidate|Pfizer. Available online: https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-positive-top-line-data-phase-3-global (accessed on 9 May 2023).

	



U.S. FDA Accepts Biologics License Application for Pfizer’s Respiratory Syncytial Virus Maternal Vaccine Candidate for Priority Review|Pfizer. Available online: https://www.pfizer.com/news/press-release/press-release-detail/us-fda-accepts-biologics-license-application-pfizers (accessed on 9 May 2023).

	



White, K. FDA approved Pfizer’s RSV vaccine for older adults. Morning Brew [Online]. 6 May 2023. Available online: https://www.healthcare-brew.com/stories/2023/06/05/fda-approved-pfizer-s-rsv-vaccine-for-older-adults (accessed on 28 June 2023).

	



Inc, M. Moderna Announces mRNA-1345, an Investigational Respiratory Syncytial Virus (RSV) Vaccine, Has Met Primary. ACCESSWIRE.com [Online]. 17 January 2023. Available online: https://www.accesswire.com/735567/Moderna-Announces-mRNA-1345-an-Investigational-Respiratory-Syncytial-Virus-RSV-Vaccine-Has-Met-Primary-Efficacy-Endpoints-in-Phase-3-Trial-in-Older-Adults (accessed on 9 May 2023).

	



Carvalho, T. mRNA vaccine effective against RSV respiratory disease. Nat. Med. 2023, 29, 755–756. [Google Scholar] [CrossRef]

	



Skwarczynski, M.; Toth, I. Non-invasive mucosal vaccine delivery: Advantages, challenges and the future. Expert. Opin. Drug Deliv. 2020, 17, 435–437. [Google Scholar] [CrossRef]

	



Lycke, N. Recent progress in mucosal vaccine development: Potential and limitations. Nat. Rev. Immunol. 2012, 12, 592–605. [Google Scholar] [CrossRef]

	



Maier, C.; Fuchs, J.; Irrgang, P.; Wißing, M.H.; Beyerlein, J.; Tenbusch, M.; Lapuente, D. Mucosal immunization with an adenoviral vector vaccine confers superior protection against RSV compared to natural immunity. Front. Immunol. 2022, 13, 920256. [Google Scholar] [CrossRef]

	



Pierantoni, A.; Esposito, M.L.; Ammendola, V.; Napolitano, F.; Grazioli, F.; Abbate, A.; Del Sorbo, M.; Siani, L.; D’Alise, A.M.; Taglioni, A.; et al. Mucosal delivery of a vectored RSV vaccine is safe and elicits protective immunity in rodents and nonhuman primates. Mol. Ther. Methods Clin. Dev. 2015, 2, 15018. [Google Scholar] [CrossRef] [PubMed]

	



Lavelle, E.C.; Ward, R.W. Mucosal vaccines—Fortifying the frontiers. Nat. Rev. Immunol. 2022, 22, 236–250. [Google Scholar] [CrossRef]

	



Mueller, S.; Le Nouen, C.; Buchholz, U.J.; Kalkeri, R.; Koide, F.; Collins, P.; Coleman, J.R. 2777. Live-Attenuated Vaccine Against RSV Generates Robust Cellular and Humoral Immune Responses. Open Forum Infect. Dis. 2019, 6, S980. [Google Scholar] [CrossRef]

	



Kohlmann, R.; Schwannecke, S.; Tippler, B.; Ternette, N.; Temchura, V.V.; Tenbusch, M.; Uberla, K.; Grunwald, T. Protective efficacy and immunogenicity of an adenoviral vector vaccine encoding the codon-optimized F protein of respiratory syncytial virus. J. Virol. 2009, 83, 12601–12610. [Google Scholar] [CrossRef]

	



World Health Organization. Polio vaccines: WHO position paper, January 2014. Wkly. Epidemiol. Rec. 2014, 89, 73–92. [Google Scholar]

	



Jorba, J.; Diop, O.M.; Iber, J.; Henderson, E.; Zhao, K.; Sutter, R.W.; Wassilak, S.G.F.; Burns, C.C. Update on Vaccine-Derived Polioviruses—Worldwide, January 2017-June 2018. MMWR Morb. Mortal. Wkly. Rep. 2018, 67, 1189–1194. [Google Scholar] [CrossRef] [PubMed]

	



Lemiale, F.; Kong, W.; Akyürek, L.M.; Ling, X.; Huang, Y.; Chakrabarti, B.K.; Eckhaus, M.; Nabel, G.J. Enhanced mucosal immunoglobulin A response of intranasal adenoviral vector human immunodeficiency virus vaccine and localization in the central nervous system. J. Virol. 2003, 77, 10078–10087. [Google Scholar] [CrossRef]

	



Furuya, Y. Return of inactivated whole-virus vaccine for superior efficacy. Immunol. Cell Biol. 2012, 90, 571–578. [Google Scholar] [CrossRef]

	



Nichol, K.L. The efficacy, effectiveness and cost-effectiveness of inactivated influenza virus vaccines. Vaccine 2003, 21, 1769–1775. [Google Scholar] [CrossRef]

	



Sanders, B.; Koldijk, M.; Schuitemaker, H. Inactivated Viral Vaccines. In Vaccine Analysis: Strategies, Principles, and Control; Nunnally, B.K., Turula, V.E., Sitrin, R.D., Eds.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 45–80. ISBN 978-3-662-45023-9. [Google Scholar]

	



Fertey, J.; Thoma, M.; Beckmann, J.; Bayer, L.; Finkensieper, J.; Reißhauer, S.; Berneck, B.S.; Issmail, L.; Schönfelder, J.; Casado, J.P.; et al. Automated application of low energy electron irradiation enables inactivation of pathogen- and cell-containing liquids in biomedical research and production facilities. Sci. Rep. 2020, 10, 12786. [Google Scholar] [CrossRef] [PubMed]

	



Fertey, J.; Standfest, B.; Beckmann, J.; Thoma, M.; Grunwald, T.; Ulbert, S. Low-Energy Electron Irradiation (LEEI) for the Generation of Inactivated Bacterial Vaccines. Methods Mol. Biol. 2022, 2414, 97–113. [Google Scholar] [CrossRef] [PubMed]

	



Fertey, J.; Bayer, L.; Grunwald, T.; Pohl, A.; Beckmann, J.; Gotzmann, G.; Casado, J.P.; Schönfelder, J.; Rögner, F.-H.; Wetzel, C.; et al. Pathogens Inactivated by Low-Energy-Electron Irradiation Maintain Antigenic Properties and Induce Protective Immune Responses. Viruses 2016, 8, 319. [Google Scholar] [CrossRef] [PubMed]

	



Bayer, L.; Fertey, J.; Ulbert, S.; Grunwald, T. Immunization with an adjuvanted low-energy electron irradiation inactivated respiratory syncytial virus vaccine shows immunoprotective activity in mice. Vaccine 2018, 36, 1561–1569. [Google Scholar] [CrossRef]

	



Finkensieper, J.; Issmail, L.; Fertey, J.; Rockstroh, A.; Schopf, S.; Standfest, B.; Thoma, M.; Grunwald, T.; Ulbert, S. Low-Energy Electron Irradiation of Tick-Borne Encephalitis Virus Provides a Protective Inactivated Vaccine. Front. Immunol. 2022, 13, 825702. [Google Scholar] [CrossRef]

	



Finkensieper, J.; Mayerle, F.; Rentería-Solís, Z.; Fertey, J.; Makert, G.R.; Lange, F.; Besecke, J.; Schopf, S.; Poremba, A.; König, U.; et al. Apicomplexan parasites are attenuated by low-energy electron irradiation in an automated microfluidic system and protect against infection with Toxoplasma gondii. Parasitol. Res. 2023, 122, 1819–1832. [Google Scholar] [CrossRef]

	



Seo, H.S. Application of radiation technology in vaccines development. Clin. Exp. Vaccine Res. 2015, 4, 145–158. [Google Scholar] [CrossRef]

	



Gotzmann, G.; Portillo, J.; Wronski, S.; Kohl, Y.; Gorjup, E.; Schuck, H.; Rögner, F.H.; Müller, M.; Chaberny, I.F.; Schönfelder, J.; et al. Low-energy electron-beam treatment as alternative for on-site sterilization of highly functionalized medical products—A feasibility study. Radiat. Phys. Chem. 2018, 150, 9–19. [Google Scholar] [CrossRef]

	



Wetzel, C.; Schönfelder, J.; Schwarz, W.; Funk, R. Surface modification of polyurethane and silicone for therapeutic medical technics by means of electron beam. Surf. Coat. Technol. 2010, 205, 1618–1623. [Google Scholar] [CrossRef]

	



Delrue, I.; Delputte, P.L.; Nauwynck, H.J. Assessing the functionality of viral entry-associated domains of porcine reproductive and respiratory syndrome virus during inactivation procedures, a potential tool to optimize inactivated vaccines. Vet. Res. 2009, 40, 62. [Google Scholar] [CrossRef]

	



Zhao, Y.; Ma, C.; Yang, J.; Zou, X.; Pan, Z. Dynamic Host Immune and Transcriptomic Responses to Respiratory Syncytial Virus Infection in a Vaccination-Challenge Mouse Model. Virol. Sin. 2021, 36, 1327–1340. [Google Scholar] [CrossRef]

	



Killikelly, A.M.; Kanekiyo, M.; Graham, B.S. Pre-fusion F is absent on the surface of formalin-inactivated respiratory syncytial virus. Sci. Rep. 2016, 6, 34108. [Google Scholar] [CrossRef]

	



Murphy, B.R.; Walsh, E.E. Formalin-inactivated respiratory syncytial virus vaccine induces antibodies to the fusion glycoprotein that are deficient in fusion-inhibiting activity. J. Clin. Microbiol. 1988, 26, 1595–1597. [Google Scholar] [CrossRef]

	



Moghaddam, A.; Olszewska, W.; Wang, B.; Tregoning, J.S.; Helson, R.; Sattentau, Q.J.; Openshaw, P.J.M. A potential molecular mechanism for hypersensitivity caused by formalin-inactivated vaccines. Nat. Med. 2006, 12, 905–907. [Google Scholar] [CrossRef]

	



Openshaw, P.J.; Culley, F.J.; Olszewska, W. Immunopathogenesis of vaccine-enhanced RSV disease. Vaccine 2001, 20 (Suppl. 1), S27–S31. [Google Scholar] [CrossRef]

	



Polack, F.P.; Teng, M.N.; Collins, P.L.; Prince, G.A.; Exner, M.; Regele, H.; Lirman, D.D.; Rabold, R.; Hoffman, S.J.; Karp, C.L.; et al. A role for immune complexes in enhanced respiratory syncytial virus disease. J. Exp. Med. 2002, 196, 859–865. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.-H.; Jang, Y.-S. The development of mucosal vaccines for both mucosal and systemic immune induction and the roles played by adjuvants. Clin. Exp. Vaccine Res. 2017, 6, 15–21. [Google Scholar] [CrossRef]

	



Watson, D.S.; Endsley, A.N.; Huang, L. Design considerations for liposomal vaccines: Influence of formulation parameters on antibody and cell-mediated immune responses to liposome associated antigens. Vaccine 2012, 30, 2256–2272. [Google Scholar] [CrossRef] [PubMed]

	



Torchilin, V.P. Recent advances with liposomes as pharmaceutical carriers. Nat. Rev. Drug Discov. 2005, 4, 145–160. [Google Scholar] [CrossRef] [PubMed]

	



Schwendener, R.A. Liposomes as vaccine delivery systems: A review of the recent advances. Ther. Adv. Vaccines 2014, 2, 159–182. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, S.; Bawage, S.; Tiwari, P.; Kirby, D.; Perrie, Y.; Dennis, V.; Singh, S.R. Liposomes: A promising carrier for respiratory syncytial virus therapeutics. Expert Opin. Drug Deliv. 2019, 16, 969–980. [Google Scholar] [CrossRef]

	



Ternette, N.; Tippler, B.; Uberla, K.; Grunwald, T. Immunogenicity and efficacy of codon optimized DNA vaccines encoding the F-protein of respiratory syncytial virus. Vaccine 2007, 25, 7271–7279. [Google Scholar] [CrossRef] [PubMed]

	



Issmail, L.; Ramsbeck, D.; Jäger, C.; Henning, T.; Kleinschmidt, M.; Buchholz, M.; Grunwald, T. Identification and evaluation of a novel tribenzamide derivative as an inhibitor targeting the entry of the respiratory syncytial virus. Antiviral Res. 2023, 211, 105547. [Google Scholar] [CrossRef]

	



Reed, L.J.; Muench, H. A simple method of estimating fifty per cent endpoints. Am. J. Epidemiol. 1938, 27, 493–497. [Google Scholar] [CrossRef]

	



Schopf, S.; Gotzmann, G.; Dietze, M.; Gerschke, S.; Kenner, L.; König, U. Investigations Into the Suitability of Bacterial Suspensions as Biological Indicators for Low-Energy Electron Irradiation. Front. Immunol. 2022, 13, 814767. [Google Scholar] [CrossRef]

	



Virology Culture Guide. Available online: https://www.atcc.org/resources/culture-guides/virology-culture-guide (accessed on 2 August 2023).

	



Utley, T.J.; Ducharme, N.A.; Varthakavi, V.; Shepherd, B.E.; Santangelo, P.J.; Lindquist, M.E.; Goldenring, J.R.; Crowe, J.E. Respiratory syncytial virus uses a Vps4-independent budding mechanism controlled by Rab11-FIP2. Proc. Natl. Acad. Sci. USA 2008, 105, 10209–10214. [Google Scholar] [CrossRef] [PubMed]

	



Pearson, H.; Todd, E.J.A.A.; Ahrends, M.; Hover, S.E.; Whitehouse, A.; Stacey, M.; Lippiat, J.D.; Wilkens, L.; Fieguth, H.-G.; Danov, O.; et al. TMEM16A/ANO1 calcium-activated chloride channel as a novel target for the treatment of human respiratory syncytial virus infection. Thorax 2021, 76, 64–72. [Google Scholar] [CrossRef]

	



Hess, A.; Wang-Lauenstein, L.; Braun, A.; Kolle, S.N.; Landsiedel, R.; Liebsch, M.; Ma-Hock, L.; Pirow, R.; Schneider, X.; Steinfath, M.; et al. Prevalidation of the ex-vivo model PCLS for prediction of respiratory toxicity. Toxicol. Vit. 2016, 32, 347–361. [Google Scholar] [CrossRef]

	



Lauenstein, L.; Switalla, S.; Prenzler, F.; Seehase, S.; Pfennig, O.; Förster, C.; Fieguth, H.; Braun, A.; Sewald, K. Assessment of immunotoxicity induced by chemicals in human precision-cut lung slices (PCLS). Toxicol. Vit. 2014, 28, 588–599. [Google Scholar] [CrossRef]

	



Baker, J.R.; Farazuddin, M.; Wong, P.T.; O’Konek, J.J. The unfulfilled potential of mucosal immunization. J. Allergy Clin. Immunol. 2022, 150, 1–11. [Google Scholar] [CrossRef]

	



Neutra, M.R.; Kozlowski, P.A. Mucosal vaccines: The promise and the challenge. Nat. Rev. Immunol. 2006, 6, 148–158. [Google Scholar] [CrossRef] [PubMed]

	



Miquel-Clopés, A.; Bentley, E.G.; Stewart, J.P.; Carding, S.R. Mucosal vaccines and technology. Clin. Exp. Immunol. 2019, 196, 205–214. [Google Scholar] [CrossRef]

	



Modjarrad, K.; Giersing, B.; Kaslow, D.C.; Smith, P.G.; Moorthy, V.S. WHO consultation on Respiratory Syncytial Virus Vaccine Development Report from a World Health Organization Meeting held on 23–24 March 2015. Vaccine 2016, 34, 190–197. [Google Scholar] [CrossRef] [PubMed]

	



Perrie, Y.; Mohammed, A.R.; Kirby, D.J.; McNeil, S.E.; Bramwell, V.W. Vaccine adjuvant systems: Enhancing the efficacy of sub-unit protein antigens. Int. J. Pharm. 2008, 364, 272–280. [Google Scholar] [CrossRef]

	



Joshi, S.; Chaudhari, A.A.; Dennis, V.; Kirby, D.J.; Perrie, Y.; Singh, S.R. Anti-RSV Peptide-Loaded Liposomes for the Inhibition of Respiratory Syncytial Virus. Bioengineering 2018, 5, 37. [Google Scholar] [CrossRef] [PubMed]

	



Numata, M.; Chu, H.W.; Dakhama, A.; Voelker, D.R. Pulmonary surfactant phosphatidylglycerol inhibits respiratory syncytial virus-induced inflammation and infection. Proc. Natl. Acad. Sci. USA 2010, 107, 320–325. [Google Scholar] [CrossRef] [PubMed]

	



Numata, M.; Nagashima, Y.; Moore, M.L.; Berry, K.Z.; Chan, M.; Kandasamy, P.; Peebles, R.S.; Murphy, R.C.; Voelker, D.R. Phosphatidylglycerol provides short-term prophylaxis against respiratory syncytial virus infection. J. Lipid Res. 2013, 54, 2133–2143. [Google Scholar] [CrossRef]

	



Rostad, C.A.; Stobart, C.C.; Todd, S.O.; Molina, S.A.; Lee, S.; Blanco, J.C.G.; Moore, M.L. Enhancing the Thermostability and Immunogenicity of a Respiratory Syncytial Virus (RSV) Live-Attenuated Vaccine by Incorporating Unique RSV Line19F Protein Residues. J. Virol. 2018, 92. [Google Scholar] [CrossRef]

	



Karron, R.A.; Wright, P.F.; Belshe, R.B.; Thumar, B.; Casey, R.; Newman, F.; Polack, F.P.; Randolph, V.B.; Deatly, A.; Hackell, J.; et al. Identification of a recombinant live attenuated respiratory syncytial virus vaccine candidate that is highly attenuated in infants. J. Infect. Dis. 2005, 191, 1093–1104. [Google Scholar] [CrossRef]

	



Grunwald, T.; Tenbusch, M.; Schulte, R.; Raue, K.; Wolf, H.; Hannaman, D.; de Swart, R.L.; Uberla, K.; Stahl-Hennig, C. Novel vaccine regimen elicits strong airway immune responses and control of respiratory syncytial virus in nonhuman primates. J. Virol. 2014, 88, 3997–4007. [Google Scholar] [CrossRef]

	



Lapuente, D.; Fuchs, J.; Willar, J.; Vieira Antão, A.; Eberlein, V.; Uhlig, N.; Issmail, L.; Schmidt, A.; Oltmanns, F.; Peter, A.S.; et al. Protective mucosal immunity against SARS-CoV-2 after heterologous systemic prime-mucosal boost immunization. Nat. Commun. 2021, 12, 6871. [Google Scholar] [CrossRef] [PubMed]

	



Endt, K.; Wollmann, Y.; Haug, J.; Bernig, C.; Feigl, M.; Heiseke, A.; Kalla, M.; Hochrein, H.; Suter, M.; Chaplin, P.; et al. A Recombinant MVA-Based RSV Vaccine Induces T-Cell and Antibody Responses That Cooperate in the Protection Against RSV Infection. Front. Immunol. 2022, 13, 841471. [Google Scholar] [CrossRef] [PubMed]

	



Shirley, J.L.; de Jong, Y.P.; Terhorst, C.; Herzog, R.W. Immune Responses to Viral Gene Therapy Vectors. Mol. Ther. 2020, 28, 709–722. [Google Scholar] [CrossRef] [PubMed]

	



Ahi, Y.S.; Bangari, D.S.; Mittal, S.K. Adenoviral vector immunity: Its implications and circumvention strategies. Curr. Gene Ther. 2011, 11, 307–320. [Google Scholar] [CrossRef]

	



Monto, A.S.; Ohmit, S.E.; Petrie, J.G.; Johnson, E.; Truscon, R.; Teich, E.; Rotthoff, J.; Boulton, M.; Victor, J.C. Comparative efficacy of inactivated and live attenuated influenza vaccines. N. Engl. J. Med. 2009, 361, 1260–1267. [Google Scholar] [CrossRef]

	



Chang, J. Adenovirus Vectors: Excellent Tools for Vaccine Development. Immune Netw. 2021, 21, e6. [Google Scholar] [CrossRef]

	



Klok, F.A.; Pai, M.; Huisman, M.V.; Makris, M. Vaccine-induced immune thrombotic thrombocytopenia. Lancet Haematol. 2022, 9, e73–e80. [Google Scholar] [CrossRef]

	



Gordon, S.F.; Clothier, H.J.; Morgan, H.; Buttery, J.P.; Phuong, L.K.; Monagle, P.; Chunilal, S.; Wood, E.M.; Tran, H.; Szer, J.; et al. Immune thrombocytopenia following immunisation with Vaxzevria ChadOx1-S (AstraZeneca) vaccine, Victoria, Australia. Vaccine 2021, 39, 7052–7057. [Google Scholar] [CrossRef]

	



Zhang, M.-X.; Zhang, T.-T.; Shi, G.-F.; Cheng, F.-M.; Zheng, Y.-M.; Tung, T.-H.; Chen, H.-X. Safety of an inactivated SARS-CoV-2 vaccine among healthcare workers in China. Expert Rev. Vaccines 2021, 20, 891–898. [Google Scholar] [CrossRef]

	



Lee, S.; Nguyen, M.T. Recent advances of vaccine adjuvants for infectious diseases. Immune Netw. 2015, 15, 51–57. [Google Scholar] [CrossRef]

	



Facciolà, A.; Visalli, G.; Laganà, A.; Di Pietro, A. An Overview of Vaccine Adjuvants: Current Evidence and Future Perspectives. Vaccines 2022, 10. [Google Scholar] [CrossRef] [PubMed]

	



Stephens, L.M.; Ross, K.A.; Waldstein, K.A.; Legge, K.L.; McLellan, J.S.; Narasimhan, B.; Varga, S.M. Prefusion F-Based Polyanhydride Nanovaccine Induces Both Humoral and Cell-Mediated Immunity Resulting in Long-Lasting Protection against Respiratory Syncytial Virus. J. Immunol. 2021, 206, 2122–2134. [Google Scholar] [CrossRef] [PubMed]

	



Openshaw, P.J.; Chiu, C. Protective and dysregulated T cell immunity in RSV infection. Curr. Opin. Virol. 2013, 3, 468–474. [Google Scholar] [CrossRef] [PubMed]

	



Mutsch, M.; Zhou, W.; Rhodes, P.; Bopp, M.; Chen, R.T.; Linder, T.; Spyr, C.; Steffen, R. Use of the inactivated intranasal influenza vaccine and the risk of Bell’s palsy in Switzerland. N. Engl. J. Med. 2004, 350, 896–903. [Google Scholar] [CrossRef] [PubMed]

	



Huhn, C. Die inhalative Substitution von Phosphatidylcholin. Neue Wege bei Surfactantstörungen des respiratorischen Systems. Atemwegs Lungenkrankh 2012, 38, 1–9. [Google Scholar] [CrossRef]








[image: Viruses 15 01846 g001] 





Figure 1. Dose finding and conservation of the RSV-F surface protein after irradiation. To determine the dose distribution, dosimetry of the low-energy electron irradiation (LEEI) was performed in the bag module with TTC. Two to three independent runs with different amperage at 300 kV are shown. The linear regression was calculated based on measured dosimetry (a). The conservation of RSV-F after LEEI was measured by an ELISA with the 18F12-antibody in the process control (0 kGy) and after inactivation with 25 kGy LEEI. Shown are the mean of each group and the fold reduction compared to 0 kGy (n = 4) (b). 
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Figure 2. Evaluation of the adverse effects and toxicity of LEEI-RSV and PC-LEEI-RSV using precision cut lung slices (PCLSs). Murine PCLS were incubated for 24 h with different concentrations of LEEI-RSV or PC-LEEI-RSV medium (0 TCID50/mL or mock) or Triton (1% Triton X-100). LDH release after 24 h was measured and is shown as the percentage relative to Triton control (a). PCLSs were analyzed after 24 h incubation and stained with the fluorescence markers for living cells with calcein-AM (green) and for dead cells with Ethidium-homodimer (red) (b). Microscopic pictures of representative areas are shown (scale bar = 50 µm). After 24 h, the indicated cytokines were measured in culture supernatants at the concentration of 104 TCID50 per reaction (MSD U-Plex assay) (c). Single dots indicate an independent experiment and bars the mean of all experiments (n = 3) with (c) or without (a) standard deviations; dotted line indicates the limit of detection. 
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Figure 3. Systemic humoral immune response of the immunized animals. Mice were vaccinated in a homologous prime-boost regimen either with Alhydrogel adjuvanted LEEI-RSV intramuscularly (LEEI-RSV i.m.) or intranasally with PC-LEEI-RSV. Control animals were left unvaccinated. Before (pre-immune) and three weeks after the prime and boost vaccination, blood samples were collected to monitor the systemic humoral immune responses. The 50% plaque neutralization titers (PRNT50) in sera were tested in a microneutralization assay (a) and RSV-binding serum IgG antibodies (b) by ELISA. Every dot represents the mean of two separate measurements in duplicates of one animal (a). In (b), every dot is the mean of the duplicate of one animal and shown is a representative experiment out of two. Statistical evaluation performed by the Mann–Whitney test, either in comparison to the respective unvaccinated animal (indicated above each group) or in comparison to the group against the different timepoints (line) (**: p ≤ 0.01). (LOD = limit of detection for the virus neutralization titer at 1:6; n = 5). (relative light units per second = RLU/s). 
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Figure 4. Viral load in the lungs after RSV challenge. BALB/c mice were vaccinated as described above. Four weeks after the boost immunization, animals were challenged with 106 FFU RSV per mouse. RSV-load was measured five days after challenge in the lung via qRT-PCR. Shown is the viral copy number of RSV of each animal measured in du