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Human respiratory syncytial virus (HRSV) is a leading cause of death in young children and there are no FDA approved vaccines. Bovine RSV (BRSV) is antigenically similar to HRSV, and the neonatal calf model is useful for evaluation of HRSV vaccines. Here, we determined the efficacy of a polyanhydride-based nanovaccine encapsulating the BRSV post-fusion F and G glycoproteins and CpG, delivered prime-boost via heterologous (intranasal/subcutaneous) or homologous (intranasal/intranasal) immunization in the calf model. We compared the performance of the nanovaccine regimens to a modified-live BRSV vaccine, and to non-vaccinated calves. Calves receiving nanovaccine via either prime-boost regimen exhibited clinical and virological protection compared to non-vaccinated calves. The heterologous nanovaccine regimen induced both virus-specific cellular immunity and mucosal IgA, and induced similar clinical, virological and pathological protection as the commercial modified-live vaccine. Principal component analysis identified BRSV-specific humoral and cellular responses as important correlates of protection. The BRSV-F/G CpG nanovaccine is a promising candidate vaccine to reduce RSV disease burden in humans and animals.
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Introduction

Human respiratory syncytial virus (HRSV) causes respiratory tract infection and is a constant threat in infants and young children, especially in low- and middle-income countries (LMIC) (1). Global RSV incidences among children 0-5 years cost approximately $33.1 million for new cases. An estimated 100,000 children die annually from RSV, and more than 90% of the infant and child are in LMIC (2, 3). Typical RSV infection causes mild cold-like symptoms but can result in acute lower respiratory tract disease characterized by bronchiolitis or pneumonia in severe cases. Reinfection with RSV is frequent throughout life as RSV-specific neutralizing antibodies induced during natural infection are short lived (4, 5) and infant RSV memory T cell responses fail to prevent reinfection (6). There are no approved RSV vaccines for infants to date and development of a safe efficacious HRSV vaccine is still in progress. Following the recent COVID-19 global pandemic and the relaxation of masking and mitigation strategies, there has been a resurgence of RSV cases globally, with many patients experiencing longer hospitalization periods compared to pre-pandemic standards (7, 8). Thus, the need for efficacious RSV vaccines and therapeutics is more pressing than ever.

To develop effective interventions against HRSV, assorted animal models have been used to evaluate various aspects of virus pathogenesis (9). For RSV research, rodent models have been widely used to provide insights into the basic biology of the infection. However, rodents are less permissive to RSV replication and display significant differences in pathogenesis between viral strains (10). Alternatively, the neonatal calf model presents an opportunity to study a naturally susceptible host-pathogen interaction that resembles RSV infection in humans (reviewed in (11)). Bovine RSV (BRSV) is a major cause of morbidity and mortality in young calves. However, it is also a pathogen associated with bovine respiratory disease (BRD) complex, a multifactorial syndrome in cattle caused by a combination of stress and coinfection with multiple viruses and bacteria (12). HRSV and BRSV are closely related members of the genus Orthopneumovirus, in the family Pneumoviridae. BRSV and HRSV infection share an age-dependent susceptibility, with disease occurring mostly during fall and winter seasons, and cause comparable pathology of exacerbated respiratory disease and immune responses (13, 14).

Host immune responses induced against RSV are targeted towards major viral transmembrane glycoproteins such as the fusion (F) and attachment (G) proteins located on the surface of the envelope. F protein is required for viral entry and exists in two forms; the post-fusion conformation (15) or the meta-stable pre-fusion conformation (16) with access to varying epitopes (17). F protein is a predominant target for neutralization and protective responses as shown in rodents (18–20), humans (21–23) and cattle (24–27). The highly glycosylated major attachment protein, G, plays a role in viral attachment to host cells but is not required for viral replication (28–31). It is also a target for neutralizing antibodies (32). Candidate vaccines incorporating the G protein have been effective in rodents (32–39), cattle (40–42), and preclinical trials in humans (21, 43). Given their importance in pathogenesis and viral replication, both RSV F and G proteins serve as attractive subunit vaccine candidates. In humans, most RSV subunit vaccine development efforts are focused on the use of a single protein (i.e., the F or G protein) but none have gone beyond clinical trials (44). A multivalent approach, targeting both F and G proteins, may increase the vaccine antigenicity and efficacy by blocking viral fusion and attachment.

Polyanhydrides are biocompatible, biodegradable polymers that have been studied widely for vaccine delivery applications (45, 46) including in cattle (47). Polyanhydride particles are advantageous for their ability to enhance antigen stability, provide sustained antigen release, and induce both antibody- and cell-mediated immunity (48–51). The monomer chemistries that have been commonly used in nanoparticle (NP) formulations are based on sebacic acid (SA), 1,6-bis(p-carboxyphenoxy)hexane (CPH), and 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG). CPH-rich chemistries are relatively more hydrophobic with controlled payload release kinetics occurring on the order of months to years (49, 52) while CPTEG-rich chemistries are relatively more hydrophilic with degradation profiles on the order of days to weeks (52). Manipulation of release rates and hydrophobicity has a direct effect on the elicited immune response with the most hydrophobic formulations eliciting robust humoral and cellular immunity and potentially obviating booster vaccinations (53, 54). Previously, we have reported on the efficacy of a mucosal polyanhydride nanovaccine comprised of 50:50 CPTEG : CPH NPs, encapsulating BRSV post-fusion F and G glycoproteins in the neonatal calf model (27, 55). A single intranasal immunization induced cellular and humoral immunity in the respiratory tract, reduced virus-associated pathology, and decreased the incidence of virus shedding. However, the immunity was partial and failed to induce systemic IgG responses in the face of maternally derived antibodies (MDA). Here, we build on previous work by further optimizing the post-fusion F/G nanovaccine by changing our formulation to 20:80 CPTEG : CPH NPs, encapsulating an adjuvant, CpG oligonucleotide (ODN), and adding a booster dose delivered either intranasally or subcutaneously. We demonstrate that vaccination with BRSV post-fusion F/G CPG nanovaccine is safe and can protect neonatal calves from BRSV infection and elicit cellular and mucosal responses. For the first time we also draw head-to-head comparisons between a subunit nanovaccine and a conventional licensed modified live virus (MLV) vaccine for use in cattle against BRSV. Our findings demonstrate that the protection mediated by the nanovaccine was comparable to the parenteral MLV vaccine.





Materials and methods




Polyanhydride monomer, polymer, and NP synthesis

The synthesis of CPTEG and CPH diacids was performed as previously described (56). Melt polycondensation was used to synthesize 20:80 CPTEG : CPH copolymer as described previously (56). Polymer purity, copolymer composition, and molecular weight were evaluated using 1H nuclear magnetic resonance spectroscopy (VXR 300 MHz, Varian, Palo Alto, CA).

Before NP synthesis, BRSV post-fusion F protein (GenScript, Piscataway, NJ) and BRSV G protein (KanPro, Lawrence, KS) were separately dialyzed with the use of 10k MWCO Spin-X UF Concentrators (Corning, Corning, NY) and lyophilized for 48 h. A double emulsion nanoprecipitation technique was used to synthesize polyanhydride particles as previously described (57). Briefly, 20:80 CPTEG : CPH copolymer, post-fusion F protein (1.5 wt.%), G protein (1.5 wt.%) and CpG ODN 2007 (1 wt.%) (InvivoGen, San Diego, CA) were dissolved in methylene chloride and sonicated at 30Hz for 30s using a probe sonicator. Following sonication, the solution was quickly poured into a bath of chilled pentane (-4°C) at a solvent to non-solvent ratio of 1:200 and particles were collected by vacuum filtration.





NP characterization, antigen loading, and release kinetics

Particle size and morphology were determined by scanning electron microscopy (FEI Quanta, FEI, Hillboro, OR). Particle samples were prepared for scanning electron microscopy by dusting tape covered aluminum stubs with dried particles. Samples were then coated with 5nm of iridium using a Cressington 208HR sputter coater (Watford, England, UK). Following coating, samples were analyzed with the use of a FEI Quanta 250 (FEI, Hillsboro, OR). Zeta potential was evaluated by suspending particles in nanopure water and analyzing with a Zeta Sizer Nano-ZS90 (Malvern Panalytical Ltd, Malvern, United Kingdom).

Antigen encapsulation efficiency and protein loading were determined by suspending ~7 mg of particles in 300 µL of 40 mM sodium hydroxide for seven days to accelerate polymer degradation and payload release as described previously (27, 58). Total protein released was quantified using a microBCA protein assay kit (Pierce, Rockford, IL). Release kinetics were performed by suspending ~3 mg of particles in phosphate buffered saline (PBS) and incubated in a 37°C plate shaker for 30 days. Periodically particles were centrifuged and 250 µL of PBS buffer containing released protein was extracted and fresh PBS was added to the incubated particles. A microBCA protein assay kit (Pierce, Rockford, IL) was used to quantify protein in each collected sample. All experiments were performed in triplicate.

Protein stability and antigenicity were evaluated using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE) and indirect enzyme-linked immunoassay (ELISA).





Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Post-fusion F protein and G protein encapsulated particles were left to release overnight (18 h) in 300 µL of PBS. Protein structure and stability was analyzed by SDS-PAGE. Each well of a Mini-Protean TGX gel was loaded with 1.5 µg of released proteins. The gel was electrophoresed at 100V for 10 min and then at 140V for 1 h. The gel was incubated in fixative (10% acetic acid and 40% ethanol) for two hours at 4°C then stained overnight with Flamingo fluorescent gel stain (BioRad). The gel was imaged with the use of an iBright™ CL1500 System Imager (ThermoFisher, Waltham, MA).





Indirect ELISA

Protein stability and antigenicity following release was evaluated by indirect ELISA. High binding 96-well Costar microtiter plates (Corning Life Sciences, Lowell, MA) were coated with 1 µg/mL of released protein and 100 µL of PBS and chilled overnight (4°C). Plates then underwent blocking for two hours at room temperature with 300 µL of 1% bovine serum albumin in PBS with 0.05% Tween 20 (PBS-T). Plates were washed three times with PBS-T and treated with serum from a BRSV infected cow (27) containing post-fusion F protein specific antibody and G protein specific antibody. Plates were incubated overnight at 4°C then washed three times with PBS-T before treatment with an alkaline phosphatase tagged anti-bovine mouse IgG. Following a two-hour incubation at room temperature, plates were washed three times with PBS-T and 100 µL of 1mg/mL phosphate substrate was added to begin the colorimetric reaction. Following 30 min of incubation at room temperature, the optical density of each plate well was read at 405 nm using a Varian Cary 50 Microplate Reader (Varian, Inc., Sunnyvale, CA).





Calves and vaccination protocol

The experimental procedures were approved by the Iowa State University Institutional Animal Care and Use Committee (protocol 19-202) and the Institutional Biosafety Committee (protocol 19-119).

The study was conducted in two independent replicates with a total of 66, colostrum-replete neonatal, mixed-sex, Holstein calves. All animals used were obtained from the same commercial dairy site located in Eastern Iowa and transported to the Livestock Infectious Disease Isolation Facility at Iowa State University. Enrollment criteria were based upon a satisfactory health assessment upon arrival by a certified veterinarian and colostrum management was confirmed prior to the purchase of the calves. The experiments were conducted indoors in a controlled BSL-2Ag facility consisting of six housing units for the duration of the study. The calves were housed in groups of 4 per pen and each pen was bedded with pine chips and cleaned daily. Each unit was provided with separate equipment for care and sampling. Calves were given starter grain each morning and offered milk replacer twice per day. All calves in the study were provided ad libitum access to water. The animals were blocked by age (7-16 days old). In study one, animals were randomly assigned to three groups (n = 6 animals/group): group 1 received a mucosal prime/systemic boost of saline (control), group 2 received a mucosal prime/mucosal boost of the nanovaccine (In + In BRSV-F/G CpG), and group 3 received a mucosal prime/subcutaneous boost of the nanovaccine (In + Sc BRSV-F/G CpG). In study two, animals were randomly assigned to 4 groups (n = 12 animals/group). Groups 1-3 received the same vaccination regimen as study one. Group 4 received a subcutaneous prime/subcutaneous boost of a commercial vaccine (Elanco Animal Health). The commercial vaccine was a combination modified live virus vaccine (MLV) containing Bovine Viral Diarrhea Virus (BVDV) Type 1and 2, Infectious Bovine Rhinotracheitis (IBR), Parainfluenza Virus 3(PI3) and BRSV. Each calf in the nanovaccine group received ~0.5 mg total of recombinant BRSV-F/G proteins and ~290 μg of CpG. Intranasal vaccines were administered in a volume of 5 mL sterile saline, with 2.5 mL injected into each nostril. Subcutaneous vaccines were suspended in 5mL of sterile saline and administered in the right side of the neck. Throughout the studies calves were monitored by a veterinarian for signs of distress or sickness. Two animals were humanely euthanized in study 2 (prior to infection) due to gastrointestinal illness, unrelated to the vaccine protocol or respiratory infection, one from the commercial vaccine (n =11) group and another from the In + Sc BRSV-F/G CpG group (n = 11). The calves exhibited loss of appetite, lethargy, dehydration and fever.

The overall experimental design is presented in Figure 1. Briefly, pre-immunization (Baseline) blood samples and nasal swabs were collected prior to vaccination. Animals received their first intranasal vaccination at 2-3 weeks of age as in our previous study (27). At four weeks post vaccination, calves received either a mucosal or systemic boost depending on the treatment group. Nasal fluids, serum, and blood were collected every 2 weeks to monitor vaccine-induced immune responses. Three weeks post-boost, all calves were challenged with approximately 104 TCID50 of BRSV strain 375 via nebulizer on zero days post infection (0 d.p.i.). Calves were monitored daily by a single observer blinded to the treatment groups. The scoring criteria were modified from the University of Wisconsin Calf Health Respiratory Scoring Chart (https://www.vetmed.wisc.edu/fapm/svm-dairy-apps/calf-health-scorer-chs/) and included fever, respiratory rate, and nasal discharge, scored on a scale of 1-3 as described previously (27, 55). The scoring chart also included additional categories for respiratory effort (0 = no effort to 3 = significant effort) and lung auscultation (0 = clear lungs; 1 = wheezing or other harsh lung sounds). Nasal swabs were collected every other day post infection (0, 3, 5, and 7 d.p.i.) to monitor viral shedding by real-time quantitative RT-PCR (RT-qPCR) while blood and serum were collected to monitor BRSV-specific responses. Calves were humanely euthanized on day 7 post-viral infection. In study 1, (n = 6/group) were euthanized by an overdose of pentobarbital (Dolethal, Vétoquinol, France). In study 2, (n =12/group) calves were euthanized via intravenous potassium chloride overdose following heavy xylazine/ketamine sedation. A saturated potassium chloride solution was prepared as published by Washington State Animal Care Committee (https://iacuc.wsu.edu/documents/2019/11/sop-6.pdf/) with additional potassium chloride added. At necropsy, whole lungs were removed for physical observations and palpation, quantification of the macroscopic lesions, and bronchoalveolar lavage (BAL) and lung tissue sample collection. Tracheobronchial lymph nodes (TBLN) were collected and analyzed for BRSV specific cellular and humoral immune responses.




Figure 1 | In Vitro Characterization of NPs. (A) NP size and morphology were determined by scanning electron microscopy. SEM image of 3% F/G CpG 20:80 CPTEG : CPH. NPs showed appropriate morphology and size (188.5 ± 55.8nm). (B) Antigen release kinetics were evaluated by suspending ~3 mg of particles in PBS and showed sustained release of protein for 30 days. (C) SDS-PAGE analysis was performed on the released proteins to confirm appropriate molecular weight for BRSV antigen released from the particles. (D) ELISA plates were coated with 1 µg/mL of released protein. Sera from BRSV-immune cows were diluted 1:1000 and added to the plates. The binding of bovine IgG to the virus or recombinant proteins was measured by absorbance.







Virus inoculum

BRSV strain 375 was re-isolated from the lung of an infected animal and passaged twice on bovine turbinate cells (BTs), processed through two freeze-thaw cycles, clarified by centrifugation, and stored at −80°C until infection. All calves were challenged with ~104 Tissue Culture Infectious Dose (TCID)50 BRSV via aerosol delivered by forced-air nebulizer to a mask covering the nose and mouth of the calf. The viral infections were staggered by room and groups of calves were infected every 24 h, with six to twelve calves infected/day. Following infection, room order was followed to eliminate potential cross-contamination between infected and uninfected rooms. The TCID50 of the stock virus was determined by titration and confirmed to be free of BVDV and other contaminating viruses (27, 55, 59).





Pathology evaluation

The extent of gross pneumonic lung consolidation lesions evaluation was performed using a previously described scoring system: 0 = free of lesions; 1 = 1% to 5% affected; 2 = 6% to 15% affected; 3 = 16% to 30% affected; 4 = 31% to 50% affected; and 5 = >50% affected (27, 55, 59). The dorsal and ventral sides of lungs were also photo documented. BAL and lung tissues from affected and unaffected lung tissue were collected for further analysis.





Sample collection

Blood, nasal swabs, nasal sponges, and BAL were collected as shown in Figure 2. Serum was obtained from blood throughout the experiment. For peripheral blood mononuclear cells (PBMCs) isolation, whole blood was collected via the jugular vein with a 60 mL syringe containing 2 × acid-citrate-dextrose solution. Cells were isolated from the buffy coat by density centrifugation of blood diluted 1:1 in PBS over Ficoll-Paque (Sigma-Aldrich, USA) and contaminating erythrocytes (RBC) were removed with hypotonic lysis buffer (155 mM NH4Cl, 10 mM KHCO3) by incubating the cells for 5 minutes. Finally, PBMCs were washed twice in PBS and resuspended in cRPMI culture medium composed of RPMI-1640 (Gibco, Carlsbad, CA) supplemented with 1% antibiotic-antimycotic solution, 1% nonessential amino acids, 2% essential amino acids, 1% sodium pyruvate, 50 μM 2-mercaptoethanol (all from Sigma, St. Louis, MO), and 10% (v/v) fetal bovine sera (FBS) (Sigma-Aldrich, USA).




Figure 2 | Reduced gross and microscopic pathology in lungs of BRSV-F/G CpG nanovaccine-administered calves. (A) Schematic diagram of in vivo experiments. (B) Calves in all four groups from both studies were monitored daily post infection for fever, respiratory rate, appetite, and nasal discharge and assigned a clinical score. Data represents means ± SEM. Statistical significance determined by 2-way ANOVA with repeated measures, followed by Tukey’s multiple comparisons test(C) Representative images from an unvaccinated, control calf and a calf which received an In + Sc BRSV-F/G CpG nanovaccine (D) Cumulative gross pathology results from all groups in both studies. Results represent controls (n = 18), In + In BRSV-F/G CpG (n = 18), In + Sc BRSV-F/G CpG (n = 17), and commercial vaccine (n = 11). The graph depicts means ± SEM of each group. *p <0.05, **p<0.01 and ***p<0.001 compared to unvaccinated, control calves as determined by one-way ANOVA with repeated measures, followed by Sidak’s multiple comparisons test.



Nasal swabs were collected for virus quantification from each calf on arrival (Baseline) and 0, 3, 5, and 7 d.p.i. Swabs were stored in serum free minimum essential medium (MEM) and immediately frozen at −80°C until analysis. Nasal fluid samples were collected on arrival, 10 days-post vaccination, pre boost, pre infection (0 d.p.i.) and necropsy (7 d.p.i.) as shown in Figure 2A. 1-2-inches of sterile damp sponge was inserted into one nostril of each calf for 5-10 min and placed in a sterile conical tube. The nasal fluids recovered by straining the sponges in a 5mL syringe were then aliquoted and frozen at −80°C until analyzed by ELISA for antibody responses.

BAL was collected at pre infection and necropsy. Pre-infection BAL was collected antemortem as previously described (59). Briefly, calves were lightly sedated using xylazine then intubated using a modified sterile stallion catheter. The collection catheter was inserted in one nostril and passed down to the bronchus and 120 mL of sterile saline was introduced to the lower respiratory tract (LRT) with a catheter-tip syringe, followed by immediate suction to obtain BAL. At postmortem, 500 mL of sterile ice-cold saline was introduced into the lungs through the trachea. After massaging the lungs, the lavage fluid was poured back into sterile collection bottles and placed on ice. Cells from BAL were filtered, and any contaminating RBC were lysed with hypotonic lysis buffer. Fresh BAL samples were submitted to the Iowa State University Veterinary Diagnostic Laboratory (VDL) for cytospins smear slide preparation and differential staining (Modified Wrights Stain). For BRSV specific responses, only postmortem BAL samples from study 1 were used due to technical challenges encountered while acquiring BAL from calves euthanized with an overdose of potassium chloride in study 2. TBLN were also collected postmortem, and the cells obtained by mechanical dissociation of the tissue were suspended in cRPMI. Cell suspensions were then filtered through 40 μm cell strainer, washed, counted, and resuspended in cRPMI.





Lung tissue histological scores

Microscopic analysis was performed on formalin-fixed lung, trachea and TBLN tissue samples by a blinded, veterinary pathologist at the ISU Veterinary Diagnostic Lab, Ames, IA. Cell infiltration and the extent of the lung section affected were graded based on the degree and type (lymphocytic, neutrophilic, macrophage) of cellular infiltrate: – (absent) no infiltrating cells detected; (+) (insignificant) few scattered solitary cells detected; + (mild) small areas with infiltration of few cells; ++ (moderate) multifocal areas with evident infiltration; or +++ (severe) widespread areas with prominent infiltration.





BAL cytology

Differential cell counts were performed by a blinded pathologist on BAL samples and a minimum of 500 cells were counted per sample, excluding epithelial cells. The results of the differential cell counts were expressed as a percentage composition.





Serology and cytokine measurements or ELISA

Cytokine secretion was determined in the stored supernatants from PBMCs and TBLNs using commercial enzyme-linked immunosorbent assay (ELISA) kits for bovine interleukin 17A (IL-17) and interferon gamma (IFNγ) (Kingfisher Biotech, Inc, USA) in accordance with the manufacturer’s instructions.

In serum, total BRSV-specific bovine IgG1 was quantified using the commercial Svanovir BRSV Ab kit (Svanova, Boehringer Ingelheim), according to the instructions provided by the manufacturer.

Nasal fluid IgA and serum total IgG specific to post-fusion F or G were quantified with indirect ELISAs. Total BRSV-specific bovine IgA was quantified by coating 96-well ELISA plates overnight at 4°C with 100 µl/well of BRSV stock (~104 TCID50). Negative control wells were coated with 100 µl/well cell culture media prepared from uninfected BT cells. Post-fusion F or G-specific antibodies were quantified by coating 96-well ELISA plates overnight at 4°C with 3 μg/mL of either post-fusion F protein or G recombinant protein. Plates were blocked with 4% BSA in PBS. Nasal fluid samples diluted 1:4 and plated in duplicates. Serum samples were diluted 1:100 and plated in duplicates. Sheep anti-bovine IgA-HRP (Bethyl Laboratories) was used at 0.5 µg/mL for detection. Rabbit anti-bovine total IgG-HRP (Bethyl Laboratories) was used a 0.5 µg/mL for detection. Pierce 1-Step Ultra TMB Substrate (ThermoScientific Pierce) was used to develop the plates. Data values were calculated by subtracting absorbance values at 450 nm of wells containing control uninfected BT supernatant from wells containing BRSV antigen. Data was expressed as relative ELISA values by dividing with pooled baseline samples.





Serum virus neutralization assays

Serum samples collected at baseline, pre infection (0 d.p.i.) and necropsy (7 d.p.i.) were submitted to the Iowa State University Veterinary Diagnostic Laboratory (Ames, Iowa) for evaluation of BRSV-specific neutralization titers. The cut-off for the assay is 1:4.





Antigen recall assays

PBMCs and TBLN cells were resuspended in 1 ml of PBS containing 10 μM of the Cell Trace Violet (CTV) stain and incubated for 20 min at 37 °C. CTV labeling was quenched by adding four volumes of RPMI, and washed twice with RPMI (Invitrogen, Life Technologies) before stimulating the cells for antigen recall assay. 5x106cells/mL PBMCs and TBLN cells were added to U-bottom 96-well plates (Corning, NY, USA) in duplicates. Cells were stimulated with culture medium as a negative control, 5 μg/mL Concanavalin A (ConA) as a positive control, 5 μg/mL post-fusion F protein, 5 μg/mL G protein or BRSV for 5 days (PBMCs and TBLN cells) at 37°C and 5% CO2. After incubation, supernatants were collected and stored for cytokine ELISA at −80°C. Simultaneously, PBMCs and TBLN cells were immediately surface stained for T cell markers. Briefly, cells were suspended in flow cytometry staining (FACS) buffer (10% FBS and 0.02% NA-azide in PBS) and stained for 30 min in the dark at 4°C with 10 μg/mL of mouse anti-bovine CD4-FITC (clone CC8) and CD8α-Alexa647 fluorochrome-conjugated monoclonal antibodies (Bio-Rad Laboratories, USA). Viability of the cells after the 5-day incubation was also measured using the LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (ThermoFisher Scientific, USA) according to manufactures instructions. After washing, cells were fixed with BD FACS lysis buffer (BD Biosciences, USA) for 10 min at room temperature (RT), washed, and resuspended in FACS buffer. Cells were acquired using a BD FACS Canto II (BD Biosciences, USA) and analyzed with FlowJo Software (Tree Star Inc., San Carlos, CA, USA). Percentages of cell proliferation were expressed over mock treated cells.





Quantification of virus replication/viral burden

BRSV non-structural 2 (NS2) gene was used to quantify viral shedding in nasal swabs and viral burden of snap frozen lung tissues by q-PCR as previously described (27, 55, 59). Trizol Reagent (Invitrogen, Life Technologies) was used to isolate total RNA from two representative lung tissue samples, gross-lesioned and non-lesioned stored in RNAlater (Invitrogen, Life Technologies) and frozen nasal swabs stored in media. Thawed swabs were vigorously vortexed, and the supernatant was used for qPCR. For the reaction, Taqman RNA-to-CT 1-step kit (Applied Biosystems) was used and DNA sequences coding for bovine RPS9, and BRSV NS2, both cloned separately into PCR2.1-TOPO vectors were used as templates for the standard curve construction. Each reaction was run in triplicate and standard curves for both genes were run in parallel with test samples. Viral NS2 copy numbers were calculated using the standard curves and normalized to RPS9 to correct for differences in sample input. qPCR was run on a ThermoFisher Scientific QuantStudio 3 Real-Time PCR machine. Primer and probe sequences have been previously published (27, 55, 59).





Statistical analyses

All statistical analyses were performed in GraphPad Prism 9.4.1 (GraphPad Software, Inc, San Diego, CA, USA). Results were tested for normal distribution prior to data analysis. Data were graphed and expressed as arithmetic mean ± standard error of the mean (SEM). Statistical significance was determined by one-way Analysis of Variance (ANOVA) or two-way ANOVA with repeated measures followed by Sidak’s, Tukey’s or Dunnett’s multiple comparisons test where appropriate. While single measurement data were analyzed by unpaired t-test or Mann-Whitney test, as appropriate. For relative gene expression analyses, ΔΔCt values were used to calculate 2-ΔΔCt. Differences with p ≤ 0.05 were considered significant and 0.05<p ≤ 0.1 were considered a trend.





Principal component analysis

PCA was used for two different purposes: the parameterization of data and then correlative analysis. The data contain fifteen different measurement categories, with the data spanning total clinical score, gross lung pathology, lung histopathology score, BAL cytology, nasal virus shedding and lung viral burden. Across all of these categories, the complete available data was analyzed. The ability to simultaneously analyze all of the data to capture all correlations is a primary benefit of using PCA. That is, relationships in the data are hard to visualize and PCA is a method to compress the data. The challenge is that each of the categories had different numbers of measures and therefore integrating into a single analysis is challenging.

At the onset, the data categories had different dimensionalities and different scales, levels of uncertainty, and standard deviations. That is, some of the categories contain multiple variables while others contain a single variable. Therefore, the data cannot be combined in one matrix as is because those categories with more variables are prone to have a larger impact on the model. Additionally, within categories, it is likely that some of the variables are correlated with each other, while the analysis should have the different variables as uncorrelated as possible. To address these challenges, PCA was used in a unique manner whereby PCA was first applied to each of the data categories individually to convert the data to one dimension with a common format, while maintaining the majority of information in the original data. This maintained the measures of the same dimensionality and potential statistical relevance, while also minimizing our bias. Three of the categories were one dimensional and were kept the same. PCA was applied to the other 12 categories. The component for each of these 12 categories is a linear combination of all of the input measurements, with the linear combination accounting for the inter-correlations in the data so that all of the information is maintained but provided in a unified manner. In this way, each component can be considered as an equation which captures the relationships in the data in a low dimensional manner. Therefore, this first stage consisted of 12 analyses, resulting in a suitable input for the larger analytical component. To ensure that the results were not overly skewed by limiting each measure to one dimension, the analysis was repeated using a different number of dimensions and ensuring that the results were consistent. This extra testing found consistent results and therefore the analysis is sufficiently robust.

The informatics developed data was then analyzed in a standard PCA approach. The data was converted into two matrices: the scores matrix which described the relationship between the different cattle, while the loadings matrix defined the correlations between the different descriptors and responses. In this way, the loadings mathematically defines the new axis space, while the scores is then the plotting of the original data in the new axis system. The relationship between the different treatment groups, as well as which aspects of the responses caused the differences, were captured in the analysis. In this way, the unique integration of 13 different PC analyses on the data of various dimensionalities and time scales resulted in an interpretable visualization of the data and a single correlative value.






Results




NP characterization and in vitro antigenicity

Polymer purity and molecular weight were evaluated with (1)H nuclear magnetic resonance (NMR) spectroscopy (VXR 300 MHz, Varian, Palo Alto, CA). The copolymer composition was 15% CPTEG and 85% CPH. The polymer had an average molecular weight of 9,063 g/mol with a polydispersity index (PDI) of 2.94. Particle morphology and size was analyzed using scanning electron microscopy (SEM, Figure 1A). NP morphology was appropriate and consistent with previous work (60) and the particles were 189 ± 56 nm in size. The zeta potential of the particles was 6.18 ± 0.28 mV.

Through base extraction and utilization of a microBCA protein assay kit, the antigen encapsulation efficiency was determined to be 72.5%, leading to a total protein loading of 2.1 wt.%. Antigen release kinetics were measured for one month. The NPs exhibited an initial burst release of protein within the first week, followed by a sustained release of protein for three weeks (Figure 1B). Overall, the NPs released 88.8% of the total protein payload in 30 days (Figure 1B).

Structure stability and appropriate folding of post-fusion F and G following particle release were analyzed by SDS-PAGE. Based on protein standards, stable, intact BRSV antigen (characterized by bands at ~40 kDa and ~17 kDa) was released from the NPs with minimal degradation (Figure 1C). Antigenicity of released protein was analyzed by ELISA (Figure 1D). Wells coated with protein release samples had an optical density (OD) similar to wells coated with protein alone, indicating successful antibody binding to released protein and preservation of antigenicity, as reported previously (27).





Prime-boost immunization with BRSV-F/G CpG nanovaccine induced protection from clinical disease and lung pathology following BRSV challenge in neonatal calves

Following challenge, calves were monitored daily for clinical signs including rectal temperature, nasal discharge, cough, and respiratory effort from experimental day 0 (0 days post infection (d.p.i.)) to 7 d.p.i. No calves had elevated clinical signs on 0 d.p.i. All control calves developed clinical signs, varying from mild to severe starting from 3 d.p.i. and peaking at 5-7 d.p.i. In contrast, clinical signs exhibited by nanovaccine immunized calves were absent to mild throughout the study. Calves receiving the In + In BRSV-F/G CpG nanovaccine and calves receiving the In + Sc BRSV-F/G CpG nanovaccine had lower total clinical scores on 6 d.p.i. (*p<0.05 and **p<0.01 respectively) and 7 d.p.i. (***p< 0.001 and *p<0.05 respectively) compared to the non-vaccinated control group (Figure 2B). In contrast, no differences were observed in clinical disease scores between MLV immunized calves and those receiving the nanovaccines (Figure 2B). Overall, the calves that received the BRSV-F/G CpG nanovaccine were clinically protected and we observed no signs of vaccine enhanced disease (VED).

Necropsy was performed on 7 d.p.i. and the lungs were evaluated macroscopically for gross pathology as previously described (27, 55, 59). Representative gross lung images are depicted in Figure 2C, and the percentages of grossly affected pneumonic lung are shown in Figure 2D. Following viral challenge, the non-vaccinated calves (i.e., controls) had more severe lung lesions typical of bronchointerstitial pneumonia. The In + In BRSV-F/G CpG, In + Sc BRSV-F/G CpG, and MLV vaccinated calves exhibited significantly less lung pathology (***p< 0.001, **p<0.01, *p<0.05 respectively) compared to the non-vaccinated group (Figure 2D). No differences in lung pathology were observed between calves receiving the MLV or nanovaccine regimens.

Cytology was performed on fresh BAL obtained at necropsy and differentially stained to evaluate relative frequency of different immune cells. Severe cases of BRSV in neonatal calves are characterized by significant airway neutrophil infiltration at the site of infection (9, 61). Alveolar macrophages were the predominant cell type identified in the BAL samples with approximately 60% frequency, followed by neutrophils between 26-36%, lymphocytes between 7-10%, eosinophils between 0.4-1% and other cells between 1-8% (Figure 3A). We observed higher proportions of neutrophils in the BAL of non-vaccinated control animals compared to calves that received the nanovaccine formulations by either homologous or heterologous route of administration (****p<0.0001) or the MLV (****p<0.0001) (Figure 3B). We also observed relatively lower frequency of macrophages in our non-vaccinated controls compared to the calves that received the In + In BRSV-F/G CpG and In + Sc BRSV-F/G CpG nanovaccine (**p<0.01, ***p<0.001 respectively) and MLV (*p<0.05) (Figure 3C). No differences were observed in the proportions of BAL lymphocytes, eosinophils, or other cells between groups.




Figure 3 | Reduced neutrophil infiltration in BAL of BRSV-F/G CpG nanovaccine-administered calves following BRSV challenge. Differential cell counts in BAL fluid of neonatal calves challenged with BRSV was performed by a blinded clinical pathologist on 7 d.p.i. (A) Proportion of granulocytes in BAL evaluated by cytology. Differences in the relative proportions of neutrophil (B) and macrophages (C). The results are expressed as a percentage composition. The graphs represent controls (n = 18), In + in BRSV-F/G CpG (n = 18), In + Sc BRSV-F/G CpG (n = 17), MLV (n = 11) treatment groups. The graph depicts means ± SEM of each group. Statistical significance was determined by two-way ANOVA with Tukey’s post test. *p<0.05, **p<0.01, ***p<0.001, ***p<0.001 compared to unvaccinated control calves.







Immunization with the BRSV-F/G CpG nanovaccine induced viral protection in the lungs of neonatal calves following BRSV challenge

Next, we assessed the effect of prime-boost vaccination with the BRSV-F/G CpG nanovaccine on viral clearance. Following BRSV challenge, all calves were sampled for nasal swabs at days 0, 3, 5, and 7 post infection to track viral shedding by RT-PCR. Viral RNA was not detected in any groups on 0 d.p.i. Viral RNA was detectable by 3 d.p.i. but decreased in the BRSV-F/G CpG nanovaccine- immunized and MLV immunized calves compared to the nonvaccinated controls. By 7 d.p.i., less viral RNA was detected in the upper respiratory tract (URT) of calves that received the BRSV-F/G CpG nanovaccines (both *p<0.05) and MLV (p=0.080) compared to non-vaccinated calves (Figure 4A). Quantitative differences in viral shedding between groups were estimated by calculating the area under curve (AUC). Within the 7 days following challenge, the non-vaccinated control calves shed the most virus (4,457,830 AUC), In + Sc BRSV-F/G CpG and MLV shed comparable amounts of virus (26,114 and 23,201 AUC respectively), and the In + In BRSV-F/G CpG shed the least amount of virus (11,242 AUC) (Figure 4A). Consistent with the nasal virus shedding data, qPCR analyses of lung tissue on 7 d.p.i. revealed significantly less viral RNA in the In + Sc BRSV-F/G CpG vaccinated calves (*p<0.05) and a marked (and trending) decrease in the In + In BRSV-F/G CpG (p=0.050) and MLV (p=0.054) calves compared to non-vaccinated controls (Figure 4B). Viral shedding and viral burden results indicate that immunization with the BRSV-F/G CpG nanovaccines reduced the viral load in both the LRT and URT of neonatal calves with BRSV infection (Figures 4A, B).




Figure 4 | Nanovaccine induced viral protection in the lower and upper respiratory tract of neonatal calves. (A) Nasal swabs were collected on 0, 3, 5, and 7 d.p.i. to evaluate virus shedding. BRSV RNA was detected by RT-qPCR, and viral NS2 copy numbers were calculated using standard curves. The graphs include Controls (n = 18), In + In BRSV-F/G CpG (n = 18), In + Sc BRSV-F/G CpG (n = 17), MLV (n =11) and depict means ± SEM of each group. Statistical significance was determined by two-way ANOVA with a Tukey post hoc test (B) After euthanasia on 7 d.p.i. lung tissue samples were collected from 2-3 representative lesion and non-lesion sites of the lungs. Lung tissues were normalized to the housekeeping gene, RPS9, to correct for differences in input material. Statistical significance was determined by one-way ANOVA with a Holm-Šídák post hoc test. AUC, Area under curve.







Effects of the BRSV Post-F/G CpG nanovaccine on humoral immune responses

We next evaluated serum F, G and BRSV-specific IgG responses and virus neutralizing antibody titers. All calves were colostrum replete and had BRSV-specific MDA at the time of enrollment. BRSV-specific antibody titers continued to decline throughout the experiment. We observed no differences in whole virus IgG1 responses (Table 1), in the post-F- or G- specific total IgG serum responses (Table 1), or neutralizing antibody titers (Table 2) between groups, regardless of the vaccination regimen.


Table 1 | BRSV-specific IgG responses.




Table 2 | BRSV neutralizing antibodies.



We next examined BRSV-, post-F-, and G-specific IgA production in the respiratory tract. We observed no differences in IgA responses in the nasal fluid between control and vaccinated groups on either day 0 (pre-infection) or day 7 post-challenge (Table 3). Similarly, we observed no differences between the control group and vaccinated groups in virus-specific IgA concentrations in BAL fluid collected prior to infection. However, in study 1, we observed greater BRSV-specific IgA responses in the LRT from BAL collected from the In + Sc BRSV-F/G CpG vaccinated group (p=0.053) compared to the unvaccinated controls on 7 d.p.i. (Table 3). 7 d.p.i BAL samples from study 2 calves were excluded from analysis due to technical challenges.


Table 3 | Prime-boost administration of BRSV-F/G CpG nanovaccine enhanced BRSV specific mucosal IgA responses in neonatal calves following BRSV challenge.







BRSV-F/G CpG nanovaccine induced greater BRSV specific cellular immune responses following BRSV challenge in neonatal calves

To assess the BRSV-F/G CpG nanovaccine effect on cellular immunity, we analyzed antigen-specific CD4+ and CD8+ T cell responses in peripheral blood and TBLN using ex vivo antigen recall assays. Cells were stimulated for five days with whole BRSV, post-F antigen, or G antigens to measure T cell proliferation by dilution of CTV by flow cytometry. Cell culture supernatants were analyzed for secretion of IFNγ and IL-17 cytokines by ELISA. We observed no antigen specific CD4+ or CD8+ T cell proliferative responses by PBMCs prior to challenge, regardless of treatment group (Data not shown).

In TBLN we observed an increased frequency of BRSV-specific CD4+ T cell responses in calves that received the subcutaneous nanovaccine boost compared to non-vaccinated control calves (p=0.080) and compared to calves receiving the homologous intranasal nanovaccine (p = 0.054); however, we observed no differences between control and In In BRSV-F/G CpG calves in the TBLN responses (Figure 5A). Calves that received the MLV vaccine had a tendency for increased CD4+ T cell proliferative responses compared to both the control (p=0.085) and In + In BRSV-F/G CpG (p=0.061) calves, but there were no differences between the In + Sc BRSV-F/G CpG and the MLV calves. We observed no differences in antigen specific CD8+ T cell proliferation in TBLN samples following BRSV challenge (Figure 5B). Following challenge, we noted greater virus-specific CD4+ T cell proliferative responses in PBMCs of calves that received the In + Sc BRSV-F/G CpG nanovaccine in response to BRSV restimulation (p=0.065) compared to the unvaccinated controls (Figure 5C). No differences in antigen specific CD8+ T cell proliferative responses were noted after infection (Figure 5D).




Figure 5 | BRSV-specific T cell responses in peripheral blood and TBLN of BRSV-F/G nanovaccine-administered calves. Calves were experimentally infected as described in Figure 2A. TBLN and PBMCs was collected at 7 d.p.i. and stimulated either with culture medium, 5 μg/mL ConA, 5 μg/mL post-F protein, 5 μg/mL G protein or BRSV for 5 days. After incubation, PBMCs and TBLN were surface stained for T cells markers and proliferation of T cells detected by flow cytometry. (A, B) Frequency of CD4 and CD8 dividing cells specific to BRSV, post-F protein, or G protein in TBLN collected on 7 d.p.i. (C, D) Frequency of CD4 and CD8 dividing cells specific to BRSV, post-F protein, or G protein in PBMCs collected on 7 d.p.i. Data is presented as percentages of cell proliferation expressed over mock treated cells. Data represent means ± SEM. Statistical significance was determined by two-way ANOVA with Tukey’s post test. Controls (n = 18), In + in BRSV-F/G CpG (n = 18), In + Sc BRSV-F/G CpG (n = 17), commercial vaccine (n = 11).



Virus-specific IFNγ and IL-17 secretion was measured in cell culture supernatants of stimulated TBLN cells (Figures 6A, B) and PBMCs (Figures 6C, D) collected on 7 d.p.i. TBLN from calves that received In + Sc BRSV-F/G CpG produced more G-specific IFNγ (p ***<0.001) and IL-17 (p=0.054) secretion compared to their matched mock (Figure 6A). Also, TBLN cells from In + Sc BRSV-F/G CPG vaccinated animals tended to produce more G-specific IFNγ (p=0.098, Figure 6A) compared to unvaccinated control calves and more IL-17 (p=0.081, Figure 6B) compared to In + In BRSV-F/G CpG calves. TBLN cells from calves that received the MLV vaccine produced more IFNγ following restimulation with BRSV (p=0.054) and G protein (**p < 0.01) (Figure 6A) and more IL-17 in response to F protein (**p<0.01, Figure 6B) compared to the respective matched mock. TBLN cells from MLV immunized calves had higher BRSV-specific IFNγ responses compared to the calves that received the In + In BRSV-F/G CpG nanovaccine (p=0.082) (Figure 6A). The MLV vaccine also induced greater F-specific IL-17 responses in TBLN compared to the unvaccinated and In + In BRSV-F/G CpG calves (p=0.005 and p=0.0146 respectively, Figure 6B). No antigen-specific cytokine secretion was observed in TBLN cells from the unvaccinated control group or the In + In BRSV-F/G CpG in comparison to their matched mock (Figures 6A, B). TBLN cells from unvaccinated calves produced more G-specific IFNγ (Figure 6A) and IL-17A (Figure 6B) compared to the matched mocks, although this increase was numerical only and did not reach statistical significance (p=0.163 and p=0.141, respectively).




Figure 6 | Cytokine responses in the peripheral blood and tracheobronchial lymph node (TBLN) of BRSV-F/G nanovaccine-administered calves. TBLN cells (A, B) and PBMCs (C, D) were collected at necropsy and stimulated for 5 days either with culture medium as a negative control, 5 μg/mL Concanavalin A (ConA) as a positive control, 5 μg/mL post-F protein, 5 μg/mL G protein or BRSV. Supernatants from stimulated PBMCs and TBLN cells were collected and analyzed by ELISA for IFNγ (A, C) and IL-17 (B, D) secretion. Controls (n = 18), In + in BRSV-F/G CpG (n = 18), In + Sc BRSV-F/G CpG (n = 17), commercial vaccine (n = 11). Data represent means ± SEM. Statistical significance was determined by two-way ANOVA with Tukey’s post hoc test. *p<0.10 compared to matched mock controls.



PBMCs from In + Sc nanovaccine calves produced more IFNγ in response to whole virus stimulation compared to their matched unstimulated mock cells (**p<0.01). We also observed greater BRSV-specific IFNγ responses in calves that received the In + Sc BRSV-F/G CpG nanovaccine and MLV vaccine compared to non-vaccinated control calves (p=0.020 and p=0.053 respectively) and compared to In + In BRSV-F/G CpG calves (p=0.017 and p=0.045 respectively) (Figure 6C). We observed no differences in PBMC antigen-specific IL-17 secretion amongst treatment groups. However, we noted G-specific IL-17 responses by PBMCs from both groups of BRSV-F/G CpG nanovaccine immunized groups compared to their matched mock (*p<0.05 for both) and in the unvaccinated group compared to its matched mock (p= 0.008) (Figure 6D).





Principal component analysis for correlates of protection

To investigate the underlying correlations of protection linked to the observed disease and viral protection of the vaccinated calves, PCA (62–65) was performed in a blinded manner on the immune parameters associated with both humoral and cellular responses, compared to the clinical and virological data of the vaccinated calves. Comparison of these immune responses between vaccinated calves and control calves by PCA was able to discriminate animals by vaccine groups (Figure 7). In order to perform this analysis, a new approach which first parameterizes the data and then performs a correlative analysis was developed (described in the methods section) (62–65). From the analysis, we were able to assess the differences in the treatments as compared to the control (Figure 7A). As the values decrease in principal component (PC) 1 and increase in PC2 (i.e., move to upper left in the PC1-PC2 plot), the treatment is more different than the control. From this analysis, we identified that animals receiving the In + Sc BRSV-F/G were the most different from the control group, followed by MLV, and finally In + In BRSV-F/G, indicating differential vaccine-elicited immune responses between vaccinated groups (Figure 7B). Additionally, the contributors to the differences between the treatments and the controls were identified through the analysis (Figures 7C–E). A larger bar indicates that the impact of the protection and immune responses are more different from the control unvaccinated calves. The sign of the bar (+ or -) is a comparative value, with the different signs indicating opposite effects. Increasing the values of features corresponding with large values positively differentiates from the control, while increasing features with negative values makes the treatment more like the control. Bars with little or no value are not impacted by the vaccine. For the most different vaccine group from control, the In + Sc BRSV-F/G (Figure 7D), we noted that serum neutralizing titers, nasal fluid IgA responses, and virus-specific PBMC proliferative responses have the largest effect from treatment, with the gross pathology lung score, nasal virus shedding and lung viral burden being the protection descriptions which are most changed. The largest difference with the other treatments is that In + In BRSV – F/G CpG shows larger impact on serum BRSV specific IgG ELISA and PMBC cytokines, as compared with In + Sc BRSV – F/G CpG, while MLV shows larger impact on lymph nodes cell and PBMC proliferation.




Figure 7 | The results from the blinded PC analysis. (A) and (B) Scores plot from the analysis, with (B) showing the average treatment values. (C–E) show the impact of the treatment relative to control. The bars represent the disease protection descriptions and viral protection: total clinical score (dark blue), gross lung pathology (orange), lung histopathology score (gray), BAL cytology (yellow), nasal virus shedding (light blue) and lung viral burden (green). The numbered regions are the immune responses: (1) Serum neutralizing Ab titers, (2) nasal fluid IgA responses, (3) F specific IgG ELISA, (4) G specific IgG ELISA, (5) BRSV specific IgG ELISA, (6) cytokine responses by TBLN, (7) cytokine responses by PBMC, (8) TBLN proliferative responses, and (9) proliferative PBMC responses.



The analysis considers the relationships across all of the groups simultaneously while also providing a completely unbiased result. Some trends may not agree exactly with the observed results as PCA is identifying the main factor determining the trends and therefore focused on causality over correlation. The conclusion from PCA is that the main factors contributing to separation of the vaccinates from the controls are the: lung viral burden, which is impacted by nasal fluid IgA responses; lung histopathology score, which is most impacted by serum neutralizing antibody titers and nasal fluid IgA responses; and lung gross pathology score which is influenced by PBMC proliferative and cytokine responses. The factor that most differentiates the In + In BRSV – F/G CpG treatment from the other vaccinated groups is that the lung viral burden and lymph node proliferative responses are not negatively correlated with the control, as compared with the other treatments.






Discussion

Previously, we developed a single dose, intranasal 50:50 CPTEG : CPH BRSV-Post-F/G nanovaccine that was successful in inducing a virus-specific IgA response and partial protection against BRSV challenge, but failed to induce significant circulating IgG responses in the face of high maternal antibody titers (27). Building on this work (27), the current study aimed to further optimize the BRSV-Post-F/G formulation by incorporating CpG ODN 2007 as an additional adjuvant, adding a prime/boost immunization regimen, and changing the polyanhydride NP chemistry from 50:50 CPTEG : CPH to 20:80 CPTEG : CPH. The magnitude and character of the immune response induced by the NPs can be influenced by changing the copolymer composition of the polyanhydride NPs. The change in ratio from 50:50 to the 20:80 CPTEG : CPH formulation was chosen to result in a more hydrophobic NP, with slower degradation and more sustained release kinetics of payloads (as observed in Figure 1B), an improved capacity to stabilize subunit proteins (as observed in Figures 1C, D), and an ability to induce long-lived immune responses (51, 54, 56, 66–71). Thus, we postulated that this change would induce more robust and sustained humoral and cell-mediated immune responses in our neonatal calf model. Indeed, in one study comparing the effect of polymer chemistries on the response to a model antigen, ovalbumin (OVA), the 20:80 CPTEG : CPH formulation was superior to the 50:50 CPTEG : CPH formulation, inducing a greater CD8+ T cell and serum antibody responses, and resulting in longer protection against an OVA-expressing tumor cell line (53). More recent studies by our group have shown similarly promising results with the 20:80 CPTEG : CPH-based nanovaccine formulation for inducing protective immunity against influenza (71, 72) and HRSV (73). To enhance the intrinsic immunostimulant properties of polyanhydride NPs, additional payloads such as TLR agonists can be incorporated as co-adjuvants. Incorporation of CpG, a potent TLR9 agonist, as an adjuvant has been used to improve the efficacy of other viral vaccines against influenza virus (71, 72) and HRSV (74, 75) by shaping the type of immune response to the pathogen. In work from our own group, CpG has also proven efficacious as a co-adjuvant in influenza (71, 72) and RSV (73). Therefore, we predicted that use of CpG would increase the vaccine’s immunogenicity and further improve the efficacy of the nanovaccine in neonates with MDA antibody.

In the present study, regardless of the prime-boost dosing regimen used, the BRSV-F/G CpG nanovaccine induced strong clinical, pathological, and virological protection in both the URT and LRT against BRSV infection and caused no vaccine enhanced disease in young calves. In comparison to our prior formulation (27, 55), we observed greater protection in calves receiving the optimized vaccine, including reduced viral burden in the LRT and less gross lung pathology (Figures 2, 4). While the intranasal/intranasal nanovaccine regimen induced some protection, the heterologous prime/boost approach performed better in nearly all parameters of disease, including viral load in the LRT and induction of cellular immune responses (Figures 4, 6, 7). However, despite improving the immunogenicity and efficacy of the BRSV-F/G nanovaccine, we still failed to induce systemic humoral immune responses in calves with MDA, because we observed no significant differences between treatment groups in serum F-, G- or BRSV-specific IgG, or in serum neutralizing titers related to the vaccination or BRSV challenge (Tables 1, 2). MDA are important during the first months of life in neonatal calves (76) and infants (77) to provide protection while the immune system fully matures. However, there are also numerous reports demonstrating that MDA can interfere with vaccine-induced responses in both calves (78) and infants (79), resulting in reduced or inadequate protection despite vaccination. Interestingly, there is growing evidence that antigen selection may be the most important factor for overcoming MDA. The pre-fusion F (preF) protein has been shown to be a critical target for neutralizing antibodies directed against both BRSV (24, 25, 80) and HRSV (21, 81). In a study by Riffault et al., immunization of 3–7 weeks of age calves with MDA with a single intramuscular injection of preF with Montanide™ ISA61VG as an adjuvant conferred clinical and virological protection against BRSV infection (25). The vaccine elicited high virus neutralizing antibody titers following vaccination and infection and higher BRSV-specific circulating IgG and IgA antibodies titers compared to control calves (25). Interestingly, in humans, recent clinical trials have shown that vaccines based on the preF protein are highly efficacious in healthy adults (https://clinicaltrials.gov/ct2/show/NCT05035212, Pfizer), but studies with the preF in maternal vaccination studies have been less promising (https://clinicaltrials.gov/ct2/show/NCT02624947, Novavax). In recent work from our collaborative group, encapsulation of the HRSV preF antigen with CpG in a 20:80 CPTEG : CPH-based nanovaccine was highly efficacious in rodents (73, 82). Thus, future studies utilizing the nanovaccine platform combined with the preF alone or in combination with other RSV antigens such as the G protein may be the key to providing protection against BRSV infection in neonates with MDA.

There is paucity of clear correlates of protection for RSV in humans. It is unclear whether systemic or local IgG, local mucosal IgA, cellular immunity, or a combination of these responses are required for an efficacious RSV vaccine (83, 84). There are, however, multiple reports indicating that IgA plays a critical role in protection from RSV infection (85–88), while both systemic and mucosal IgG may have a more important role in long-term resistance and reinfection (89). The success of prophylactic use of neutralizing mAb therapeutics in humans (23, 90) and additional results from a recent meta-analyses study integrating humoral and cellular immune responses data suggest that serum neutralizing antibodies are most important in reducing disease (91). Although, this is somewhat belied by the evidence that infants and young calves with high MDA are still susceptible to severe RSV disease (25). In the report by Riffault et al., a PCA analysis revealed that neither total BRSV-specific, preF-specific IgA, nor IFNγ-producing T cell responses correlated with virological protection in calves with MDA, but that serum preF titers were the most important factor associated with protection (25). Recent evidence in non-human primates suggests that correlates of protection against RSV differ by compartment (92). Following an experimental RSV challenge, virus-specific IgA titers, neutralization antibodies, and complement activity were corelated to URT protection while LRT protection was associated with Fc-mediated antibody effector activity, supporting the importance of non-neutralizing-antibody functions in RSV protection (92). It has been demonstrated that the use of simultaneous and/or sequential mucosal and parenteral vaccination induces both local mucosal IgA and systemic IgG and cell mediated responses in other disease models (73, 93, 94). In the present study, the magnitude of mucosal and cellular responses differed between subcutaneous and intranasal boost immunization strategies. Intranasal priming followed by subcutaneous boosting induced mucosal IgA in the BAL samples from Study #1 (n=6) while homologous intranasal prime/boost dosing did not (Table 3). In our previous work, we observed robust virus-specific IgA responses after a single intranasal immunization with the 50:50 CPTEG : CPH nanovaccine formulation (27, 55). Due to technical difficulties in obtaining BAL samples from Study #2, it was not possible to evaluate BAL IgA in all calves. In our trial, subcutaneous boosting but not intranasal boosting with the BRSV-Post-F/G nanovaccine induced cellular responses characterized by secretion of virus-specific IL-17 and IFNγ (Figure 6).

PCA analysis of the immune, virological, and clinical data of the vaccinated calves identified that no single parameter directly correlated with protection, but a combination of circulating and mucosal humoral and cellular responses were important common correlates of immunity in the pathological and clinical protection induced by the vaccination. In calves receiving a single shot of preF vaccine, PCA analysis revealed that neutralizing antibodies, BRSV specific serum IgG antibody responses, and antibodies to preF were significant correlates of protection (25, 95). In the present study, even though our current formulations did not induce significantly strong BRSV serum neutralization titers or mucosal IgA responses, PCA analysis shows that they corresponded to viral control in the LRT, while the most important parameters associated with less severe pathology were nasal fluid IgA and cellular responses (Figure 7). Together, our results suggest that the use of the heterologous prime/boost immunization regimen may be the ideal approach to induce an appropriate combination of cellular and humoral immune responses.

To the best of our knowledge, this is the first study to compare the response to a subunit-based nanovaccine and a licensed MLV vaccine against any animal disease, including BRSV (96). Although our study design was not powered adequately to differentiate between the efficacy of the two vaccine approaches, our results suggest that the intranasal/subcutaneous BRSV-F/G CpG vaccine performed at least as well as the MLV in terms of disease and virological protection against BRSV challenge. MLV vaccines are cheap to develop but often require multiple booster immunizations (97–99) and pose safety concerns due to shedding of the vaccine virus by vaccinated calves and potentially spreading them to naïve animals (100). Moreover, immunization with an MLV during an active course of natural BRSV infection in a herd can result in vaccine enhanced disease, which has been previously reported (101). In humans, CDC recommends against administering live attenuated virus vaccines to infants and people who are severely immunocompromised or pregnant, the latter due to the theoretical risk to the fetus (https://www.cdc.gov/vaccines/hcp/acip-recs/general-recs/contraindications.html). Thus, a subunit vaccine is safer for high-risk populations. The depot effect offered by NPs is appealing, because the long-term release of antigen by the surface eroding NPs has the capacity to induce more sustained immune responses without the need for a booster vaccine. Polyanhydride nanovaccines have been shown to enhance germinal center B cell formation (48) and are known to elicit sustained high avidity serum antibody responses to a broad range of pathogens (51, 54, 63, 66, 67, 69–71, 102). While in the current study, we opted for a two-dose approach due to challenges associated with the neonatal immune system and competing MDAs, results from other nanovaccine studies suggest that with the optimal formulation and antigen combination(s), a single dose may be sufficient to induce long-term protection from infection (25, 54, 95). Thus, our flexible and plug-n-play NP-based design is safer and allows for tunable antigen release kinetics and diverse antigen loading strategies. Altogether, these attributes make polyanhydride-based NP platforms a strong prospect for next-generation vaccine development against both human and animal disease (47, 103).
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