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Abstract

Respiratory syncytial virus (RSV) is a leading cause of lower respiratory tract infection in both 

young children and in older adults. Despite the morbidity, mortality, and high economic burden 

caused by RSV worldwide, no licensed vaccine is currently available. We have developed a novel 

RSV vaccine composed of a prefusion-stabilized variant of the fusion (F) protein (DS-Cav1) and a 

CpG oligodeoxynucleotide adjuvant encapsulated within polyanhydride nanoparticles, termed 

RSVNanoVax. A prime-boost intranasal administration of RSVNanoVax in BALB/c mice 

significantly ameliorated weight loss and pulmonary dysfunction in response to an RSV challenge, 

with protection maintained up to at least six months post-vaccination. In addition, vaccinated mice 

exhibited rapid viral clearance in the lungs as early as two days after RSV infection in both inbred 

and outbred populations. Vaccination induced an increased number of tissue-resident memory 

CD4 and CD8 T cells in the lungs, as well as RSV F-directed neutralizing antibodies. Based on the 

robust immune response elicited and the high level of durable protection observed, our prefusion 

RSV F nanovaccine is a promising new RSV vaccine candidate.

Introduction

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infections 

(LRTI) in children, accounting for nearly 7% of deaths in infants less than one year of age 

(1, 2). Despite repeated RSV infection throughout an individual’s lifespan, natural exposure 

to the virus generates insufficient and incomplete immunity, particularly in individuals >65 

years old (3, 4). This leaves older and immune-suppressed individuals susceptible to severe 

outcomes including pneumonia and bronchiolitis upon reinfection that results in an 
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estimated 14,000 deaths annually in adults over the age of 65 (5, 6). RSV also causes a 

major economic burden, resulting in more than $300 million in annual medical costs due to 

hospitalizations in the United States alone (7). There is currently no licensed RSV vaccine. 

RSV vaccine development has been hampered by prolonged concerns about vaccine safety 

that arose following the failure of a formalin-inactivated RSV (FI-RSV) vaccine trial in the 

1960s (8–11). The inability of the FI-RSV vaccine to elicit a CD8 T cell response combined 

with the induction of non-neutralizing antibodies and a pathogenic memory CD4 T cell 

response led to vaccinated children developing enhanced respiratory disease following a 

natural RSV infection, resulting in the death of two children (12–14). Given the global 

health and economic burden caused by RSV, there is a critical need for a safe and efficacious 

vaccine.

The RSV virion consists of three surface proteins: the small hydrophobic (SH) protein, the 

attachment (G) protein, and the fusion (F) protein (15). Following attachment through the G 

protein, fusion between the viral envelope and the cell plasma membrane is facilitated by 

interactions between the F protein and one or more host cell proteins including IGF1R and 

nucleolin (16, 17). The RSV F protein exists in various configurations, residing in a 

metastable prefusion structure (preF) prior to fusion, and undergoing a conformation change 

to a postfusion state (postF) after fusion occurs (18). The preF conformation can be 

stabilized by the inclusion of two cavity filling mutations and a disulfide bond (DS-Cav1) 

that prevent structural rearrangements of the protein (19). The preF structure possesses 

unique antigenic sites, targeted by neutralizing antibodies, that are largely concealed on the 

postF conformation (20). Previous studies have also demonstrated that DS-Cav1 can elicit 

robust levels of RSV-neutralizing antibodies (19, 21). Importantly, the majority of 

neutralizing activity in human serum is attributed to antibodies that target epitopes only 

exposed on the preF conformation (22, 23). Under certain circumstances such as a soluble F 

platform or in combination with a Th2-skewing adjuvant, limiting doses of the F protein can 

elicit non-neutralizing antibodies that contribute to immunopathology (24–27). Importantly, 

delivery of the F protein in either a particle-based vehicle or inclusion of a TLR agonist can 

render F-based vaccines safe and effective (24, 28). These studies suggest that the use of a 

Th1-skewing adjuvant and the selection of vaccine dose are critical factors in designing a 

vaccine that incorporates the RSV F protein.

Polyanhydride nanoparticles composed of 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane 

(CPTEG) and 1,6-bis-(p-carboxyphenoxy)hexane (CPH) polymers have been demonstrated 

to be an effective vaccine platform when delivered either intranasally (i.n.) or 

subcutaneously (s.c.) (29–31). The hydrophobicity of the particles results in surface erosion, 

allowing for sustained release of the encapsulated payload and prolonged exposure of the 

antigen to immune cells (32, 33). The exclusion of water from the particles may also aid in 

antigen stabilization, by reducing aggregation to maintain native protein structure and 

function throughout formulation and delivery (34–39). Additionally, the nano-sized particles 

are an ideal method for inducing protective immunity within the respiratory tract, as 

nanoscale delivery enhances deposition in the lung and increases uptake into mucosal 

surfaces (40, 41). Polyanhydrides are also biocompatible and break down in vivo into 

naturally removed byproducts (42, 43). The particles themselves have been shown to exhibit 

immunomodulatory properties, such as increasing the activation of antigen presenting cells 

Stephens et al. Page 2

J Immunol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(APCs), leading to enhanced adaptive immune responses (44, 45). Finally, i.n. 

administration of polyanhydride nanoparticles encapsulating bovine RSV (BRSV) antigens 

to calves showed reduced viral load and pathology in the lungs post-BRSV challenge (46).

In this work, we tested the protective capacity of an i.n. administered CPTEG:CPH-based 

nanovaccine, termed RSVNanoVax, that encapsulates the RSV preF protein and a CpG 1668 

oligodeoxynucleotide adjuvant. Our results demonstrate that a prime-boost immunization 

with RSVNanoVax provided complete protection from RSV-induced disease and induced 

rapid clearance of virus from the lungs that was maintained for at least six months post-

vaccination. Importantly, viral clearance was also observed in an outbred population. 

Vaccination induced robust numbers of tissue resident memory (TRM) CD4 and CD8 T cells 

within the lungs, and high titers of F-directed antibodies and serum neutralizing antibodies 

that were stable out to six months post-vaccination. Altogether, our findings demonstrate 

that RSVNanoVax is a promising vaccine candidate that generates long-lasting and robust 

immunity against RSV.

Materials and Methods

Mice

Female BALB/c and Swiss Webster mice 6–8 weeks of age were either purchased from the 

National Cancer Institute/Charles River Laboratories, Inc (Fredrick, MD) or bred at the 

University of Iowa (Iowa City, IA). All experimental procedures utilizing mice were 

approved and carried out in accordance with the University of Iowa Animal Care and Use 

Committee under Animal Protocol #7041999. The experiments were performed under strict 

accordance to the Office of Laboratory Animal Welfare guidelines and the Public Health 

Service Policy on Humane Care and Use of Laboratory Animals.

Nanoparticle synthesis

1,8-bis(p-carboxyphenoxy)-3,6-dioxoctane (CPTEG) and 1,6-bis(p-carboxyphenoxy)hexane 

(CPH) monomers were synthesized as previously described (34, 47). 20:80 CPTEG:CPH 

copolymer was synthesized as previously described (47). 20:80 CPTEG:CPH nanoparticles 

containing 2% CpG (ODN 1668, Invivogen, San Diego, CA) and/or 1% RSV prefusion F 

(DS-Cav1, a gift from Dr. Jason McLellan, University of Texas at Austin, Austin, TX) were 

synthesized via solid-oil-oil double emulsion (43). Briefly, copolymers, RSV F, and CpG 

were dissolved at a polymer concentration of 20 mg/mL in methylene chloride. The solution 

was sonicated for 30 s and precipitated into chilled pentane. The resulting nanoparticles 

were collected via vacuum filtration and their morphology and size were characterized using 

scanning electron microscopy (FEI Quanta 250, FEI, Hillsboro, OR).

Prime-boost vaccination

Nanoparticles were suspended in PBS using an ultrasonic water bath (Branson 3510, 

Danbury, CT). Mice were anesthetized with isoflurane and administered i.n. a dose of 500 

μg of nanoparticles. RSVNanoVax contains 5μg preF and 10 μg CpG per dose. 

CpGNanoVax contains 10 μg CpG per dose. In prime-boost experiments all groups received 

an identical second dose of the vaccine i.n. on day 28. Control mice, referred to as the no 
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vaccine group, were administered an equivalent volume of sterile PBS. RSV immune mice 

received 4.8 × 106 plaque-forming units (PFU) RSV-A2 on day 0 and a second infection 

with 4.8 × 106 PFU RSV-A2 on the date of challenge. For prime only experiments, a single 

dose of 500 μg nanoparticles was administered, followed by an i.n. RSV challenge on day 

28.

Viruses and infection

The A2 strain of RSV was a gift from Dr. Barney Graham (National Institutes of Health, 

Bethesda, MD). The line 19 strain was a gift from Dr. Nicholas Lukacs (University of 

Michigan, Ann Arbor, MI). Both strains were propagated in HEp-2 cells (ATCC, Manassas, 

VA). Mice were infected i.n. with 1.1 – 4.8 × 106 PFU RSV while anesthetized with 

isoflurane.

Pulmonary function and weight loss

Mice were evaluated daily following RSV infection for weight loss and pulmonary function 

using a whole-body plethysmograph (Data Sciences International, New Brighton, MN) to 

measure changes in respiration from baseline measurements taken prior to infection. 

Enhanced pause (Penh) and mid-tidal expiratory flow (EF50) parameters were calculated 

based on pressure and volume changes in the chamber caused by respiration and averaged 

over a 5 min period.

Plaque assay for viral titers

Whole lungs were harvested, homogenized, and supernatant was flash frozen and stored at 

−80°C until further use. To measure RSV viral titers, 1:10 dilutions of lung supernatants 

were added on Vero cells (ATCC) in 6-well plates and mechanically rocked for 90 min at 

room temperature. Wells were overlaid with 1:1 mixture complete Eagle minimum essential 

medium (EMEM; Corning, Corning, NY) and 1% SeaKem ME agarose (Cambrex, North 

Brunswick, NJ). Plates were incubated for five days at 37°C with 5% CO2, then stained with 

a 1:1 mixture of complete EMEM and 1% agarose containing 0.015% neutral red (Sigma-

Aldrich, St. Louis, MO). Viral plaques were counted following an additional 24 h incubation 

at 37°C and 5% CO2.

Antibody ELISA

Serum was collected on specified days and RSV F-directed antibody measured by ELISA as 

previously described (14). For RSV F-directed IgA antibody titers, whole lungs were 

harvested, homogenized, and supernatant was flash frozen and stored at −80°C until further 

use. Nasal fluid was collected by cannulation of the trachea and 300 μL of RPMI 1640 

(Gibco, Grand Island, NY) was washed through the nasal passage, collected out the nose, 

and stored at −80°C. Briefly, Nunc MaxiSorp microtiter plates (Thermo Fisher, Rochester, 

NY) were coated with prefusion RSV F protein (1 μg/mL) or postfusion RSV F protein (1 

μg/mL) and incubated overnight at 4°C. Plates were blocked with 5% non-fat dry milk in 

PBS for one hour at 37°C. Samples were serially diluted 2-fold starting at 1:32 (serum) or 

1:1 (lungs and nasal wash) over eight total dilutions and plates were incubated overnight at 

4°C. Antibodies specific for RSV F were detected using biotinylated goat anti-mouse 
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antibody specific for IgG, IgG1, IgG2a, or IgA (Southern Biotech, Birmingham, AL) at a 

dilution of 1:500. Plates were incubated with a 1:400 dilution of streptavidin-horse radish 

peroxidase conjugate (Sigma-Aldrich), developed in 3,3’,5,5’-tetramethylbenzidine solution 

(Sigma-Aldrich), and the reaction was stopped with 2 M sulfuric acid. Absorbance values 

(450nm) were measured and assessed using Gen5 software (BioTek, Winooski, VT).

Neutralizing antibody titers

Serum was collected on specified days and stored at −80°C until further use. To measure 

neutralizing antibody titers, serum was first heated at 56°C for 30 min to inactivate 

complement. Serum samples were diluted 2-fold (1:16 to 1:32768) in a 96-well plate, mixed 

with 750 PFU RSV-A2, and incubated at 37°C for one hour. 100 μL of virus/serum mixture 

was added to Vero cells (ATCC) in 12-well plates and mechanically rocked for 90 min at 

room temperature. Plates were overlaid, incubated, and stained as described above for the 

viral titer plaque assay. A 4-parameter fit curve analysis was used to determine the serum 

dilution that resulted in 50% inhibition of RSV viral plaques.

Competition antibody ELISA

Serum was collected on specified days and stored at −80°C until further use. Motavizumab 

and D25 (kindly provided by Dr. Jason McLellan) were biotinylated using an EZ-Link 

Sulfo-NHS-LC-Biotinylation kit (Pierce, Rockford, IL) as per manufacturer’s instructions. 

Immulon 2 HB plates (Thermo Fisher, Rochester, NY) were coated with prefusion RSV F 

protein (0.5 μg/mL) or postfusion RSV F protein (0.75 μg/mL) and incubated overnight at 

4°C. Plates were washed with PBS containing 0.05% Tween-20 (Sigma-Aldrich) in between 

each step. Plates were blocked with 5% non-fat dry milk in PBS for one hour at 37°C. 

Samples were serially diluted 2-fold starting at 1:8 over eight total dilutions followed by the 

addition of 50 μL of biotinylated antibody and incubated together for one hour at 37°C. 

Plates were then incubated with a 1:500 dilution of streptavidin-horse radish peroxidase 

conjugate (Sigma-Aldrich), developed in 3,3’,5,5’-tetramethylbenzidine solution (Sigma-

Aldrich), and the reaction was stopped with 2 M sulfuric acid. Absorbance values (450nm) 

were measured and assessed using Gen5 software (BioTek, Winooski, VT). Wells containing 

biotinylated antibody in buffer represent the un-competed positive control. Percent inhibition 

titers were calculated for each serum dilution using the following formula: ((ODD25 – 

ODsample) / ODD25) * 100. A 4-parameter fit curve analysis was used to determine the serum 

dilution that resulted in 50% inhibition of monoclonal antibody binding.

Antibody staining and flow cytometry

Single-cell suspensions from lungs were prepared as previously described (48, 49). Briefly, 

lobes were minced and digested in 4 mL of HBSS supplemented with 60 U/mL DNase I 

(Sigma-Aldrich) and 125 U/mL collagenase (Invitrogen, Carlsbad, CA) for 30 min at 37°C. 

Digested lungs were pressed through a wire mesh screen (Cellector; Bellco Glass, Inc., 

Vineland, NJ) to generate a single-cell suspension. Cells were isolated from spleens by 

gentle dissociation of the organ between frosted microscope slides. For intravascular 

staining, 1 μg of CD45-APC (30-F11; BioLegend, San Diego, CA) antibody was injected i.v. 

3 min prior to euthanasia. Lung cells and splenocytes were stained for extracellular 

molecules using antibodies for CD90.2 (53–2.1; Thermo Fisher, Waltham, MA), CD4 
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(RM4–5; BioLegend), CD8 (53–6.7; Thermo Fisher), CD69 (H1.2F3; BioLegend), CD103 

(M290; BD Biosciences), CD11a (M17/4; Thermo Fisher), and CD49d (R1–2; BioLegend) 

for 30 min at 4°C. All cells were fixed with fix/lyse solution (eBioscience) for 10 min at 

room temperature. For intracellular cytokine staining, cells were stimulated with 50 μg/mL 

Phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) and 500 μg/mL ionomycin (Sigma-

Aldrich) for five hours in the presence of 10 μg/mL Brefeldin A (BFA; Sigma-Aldrich). 

Control wells were stimulated with 10 μg/mL BFA only. Cells were first stained for 

extracellular molecules, followed by staining with antibodies for IFN-γ (XMG1.2; Thermo 

Fisher) in 0.5% saponin (Sigma-Aldrich) containing FACS buffer for 30 min at 4°C. For 

tetramer staining, cells were stained with an optimized concentration of RSV-specific F85–92 

allophycocyanin-conjugated tetramer for 30 min at 4°C, followed by staining for surface 

markers as indicated above. Cells were run on an LSRFortessa (BD Biosciences, San Jose, 

CA) and analyzed using FlowJo software (BD Biosciences). Populations were gated as 

follows: antigen-experienced CD4 T cells (CD90.2+CD4+CD11ahiCD49d+), antigen-

experienced CD8 T cells (CD90.2+CD8+CD11ahiCD8lo), CD4 TRM cells 

(CD45−CD90.2+CD4+CD11ahiCD49d+CD103−CD69+), CD8 TRM cells 

(CD45−CD90.2+CD8+CD11ahiCD8loCD103+CD69+).

Serum transfer

Serum was collected from the specified group 56 days post-prime vaccination. Prior to 

euthanasia, blood was collected in heparinized capillary tubes (Fisher Scientific, Pittsburgh, 

PA) centrifuged at 3000 RPM for 30 min, and serum was collected and frozen at −80°C until 

further use. Samples were thawed and pooled together per group immediately prior to 

administration. Recipient mice were administered 200 μL serum/mouse intraperitoneally 

(i.p.) one day prior to infection.

RSV fusion protein sequencing

Viral RNA from RSV A2 and line 19 was isolated via standard TRIzol phenol/chloroform 

extraction (Invitrogen Life Technologies). cDNA was generated using the SuperScript First-

Strand Synthesis kit following manufacturer’s instructions (Applied Biosystems). 

Polymerase chain reaction of the RSV fusion protein was performed with 100 ng of template 

cDNA using the CloneAmp HiFi PCR Premix (Takara Bio USA, Inc., Mountain View, CA) 

per the manufacturer’s instructions with F gene primers 5’Forward-

caaacatcataactacactactcac and 5’Reverse-tgaaattcgaggtcattgctt. 0.5 μg of the PCR product 

and primer 5’Forward-caaaataaactctggggcaaa was subjected to Sanger sequencing by the 

Genomics Division of the Iowa Institute of Human Genetics.

Protein modeling

The A2 and line 19 RSV fusion protein amino acid sequences were submitted to the SWISS-

model server for 3D structure homology modeling of the RSV fusion protein using known 

RSV fusion protein structures available on the Research Collaboratory for Structural 

Bioinformatics Protein Data Bank (RCSB PDB) depository (50–52). The resulting models 

were visualized and manipulated with ChimeraX version 1.1.1 (53).
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Statistical analysis

All statistical analyses were performed using Prism software (GraphPad Software, Inc., San 

Diego, CA). Data were evaluated using either one-way ANOVA with Tukey’s post hoc test 

or 2-way ANOVA with Dunnett’s post hoc test for comparison between more than two 

groups. A value of p<0.05 was considered significant. Asterisks or pound signs are used to 

indicate statistical significance between groups as described in each figure legend.

Results

Prime-boost vaccination with RSVNanoVax protects against RSV-induced weight loss and 
pulmonary dysfunction

Efforts to develop a nanoparticle-based RSV vaccine that is administered intramuscularly 

(i.m.) have recently failed in multiple clinical trials (54). Therefore, we developed an i.n.-

delivered vaccine composed of 20:80 CPTEG:CPH nanoparticles encapsulating a stabilized 

preF construct of the RSV F protein (DS-Cav1) (19). The nanoparticles also contain a B-

class CpG 1668 oligodeoxynucleotide adjuvant that functions as a TLR9 agonist to promote 

cross-presentation by dendritic cells and induce dendritic cell maturation in mice (55, 56). 

We first asked whether a single i.n. dose of RSVNanoVax would protect against RSV-

induced disease. Weight loss and pulmonary function were measured daily as they represent 

key clinical signatures of disease that are observed following RSV infection in mice (14, 

57). Following an RSV challenge at day 28, wild-type (WT) BALB/c mice that received one 

dose of RSVNanoVax were significantly protected from weight loss compared to mice that 

received only PBS (No vaccine) (Supplemental Fig. 1A). As an additional control, we 

vaccinated mice with the same dose of nanoparticles containing only the CpG adjuvant 

(CpGNanoVax). Mice that received a single dose of CpGNanoVax exhibited weight loss 

similar to the no vaccine group when challenged with RSV. Next, we used whole-body 

plethysmography to measure lung function, by tracking the parameters enhanced pause 

(Penh), an indicator of airway obstruction, and mid-tidal expiratory flow (EF50), a measure 

of bronchoconstriction (58, 59). Unvaccinated controls or mice that received CpGNanoVax 

exhibited pulmonary dysfunction, as indicated by an elevation in baseline Penh and EF50, 

after an acute RSV challenge (Supplemental Fig. 1B, 1C). In contrast, one dose of 

RSVNanoVax was enough to significantly reduce pulmonary dysfunction compared to 

controls.

We next asked if greater protection would be afforded by the administration of two doses of 

RSVNanoVax. All groups received a prime vaccination at day 0 followed by a boost with the 

same dose on day 28. To match the timeline of the single dose, all groups were challenged 

28 days after the last vaccine administration. Mice that received two doses of RSVNanoVax 

exhibited minimal weight loss (~5%) compared to unvaccinated controls (~25%) following 

an RSV challenge on day 56 (Fig. 1A). A prime-boost of RSVNanoVax also protected the 

lungs of vaccinated mice from RSV-induced pulmonary dysfunction (Fig. 1A). To determine 

the duration of protection afforded by the vaccine, mice were administered a prime-boost 

vaccination and were challenged with RSV at extended time points. At 100 days post-

vaccination, we observed no decrease in the level of protection provided by RSVNanoVax 

(Fig. 1B). Importantly, mice vaccinated with RSVNanoVax remained protected out to at 
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least six months post-vaccination (Fig. 1C). Overall, these data demonstrate that a prime-

boost vaccination with RSVNanoVax provides long-lasting protection from RSV-induced 

disease.

RSVNanoVax vaccinated mice exhibit rapid viral clearance in the lung following RSV 
challenge

Next, we assessed the ability of a single vaccine dose to promote viral clearance. 

Unvaccinated controls or WT mice that received CpGNanoVax exhibited high virus titers in 

their lungs at the peak of RSV replication (on day 4) as determined by plaque assay 

(Supplemental Fig. 1D) (60). As expected, RSV immune mice exhibited complete protection 

on day 4 from RSV replication in the lungs upon rechallenge. However, while one dose of 

RSVNanoVax significantly reduced the amount of virus in the lungs, it failed to induce 

complete viral clearance. To assess the efficacy of two vaccine doses, prime-boost 

immunized mice were challenged with RSV on day 56. Similar to the single dose, two doses 

of CpGNanoVax provided no protection compared to the unvaccinated controls (Fig. 2A). In 

contrast, prime-boost RSVNanoVax immunization resulted in nearly complete viral 

clearance in the lungs as early as day 2 (Supplemental Fig. 2), and complete clearance in all 

mice by day 4 (Fig. 2A). Thus, a prime-boost administration of RSVNanoVax was found to 

be the most efficacious strategy for inducing complete protection, and was utilized for the 

remainder of the experiments.

To examine the capacity of RSVNanoVax to promote viral clearance long-term, viral titers 

were measured in the lungs at multiple time points after vaccination. 100 days post-

vaccination, no virus was detectable in 6/9 mice that were immunized with RSVNanoVax 

(Fig. 2B). A similar level of protection extended out to at least six months post-vaccination 

(Fig. 2C). Finally, we assessed the capacity of RSVNanoVax to protect against a 

heterologous strain of RSV. Line 19 is a laboratory RSV strain that induces more severe 

disease characterized by high levels of IL-13, pulmonary dysfunction, and mucus 

accumulation in the lungs of mice (61). Prime-boost immunization with RSVNanoVax 

elicited complete clearance of RSV line 19 compared to unvaccinated controls or 

CpGNanoVax (Fig. 2D). The RSV F proteins differ by 18 amino acid substitutions between 

the two virus strains (Supplemental Fig. 3). Overall, vaccination with RSVNanoVax 

promotes long-lasting protection from viral replication in the lung against both homologous 

and heterologous RSV strains.

Prime-boost vaccination with RSVNanoVax elicits high titers of RSV F-directed antibodies

The induction of RSV-specific serum antibodies correlates with reduced disease severity, as 

infants with mild disease exhibit increased antibody titers compared to those with severe 

disease (62, 63). Additionally, high serum antibody titers correlate with a reduced risk of 

secondary exposure (64–67). To investigate the generation of RSV F-directed antibodies, 

serum was collected from vaccinated WT mice on day 56 or six months post-vaccination. 

RSVNanoVax generated robust titers of preF-directed IgG and IgG1 in the serum, at levels 

greater than a single RSV infection (Fig. 3A). Additionally, mice vaccinated with 

RSVNanoVax displayed higher titers of preF-directed IgG2a compared to RSV immune 

animals, suggesting the induction of a Th1-like response (68). Serum antibodies directed to 

Stephens et al. Page 8

J Immunol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the postF conformation were also assessed and found to be elevated in previously RSV 

infected animals (Fig. 3B). Similarly, RSVNanoVax induced robust postF-directed IgG, 

IgG1, and IgG2a titers. Both preF and postF-reactive serum antibody titers were maintained 

at six months post-RSVNanoVax vaccination (Fig. 3A, 3B). Unsurprisingly, as they contain 

no RSV antigens, the CpGNanoVax failed to induce either preF- or postF-directed 

antibodies. Thus, RSVNanoVax induces long-lasting systemic antibodies that are specific for 

RSV F.

To assess the induction of mucosal antibodies, IgA antibody titers were measured in both the 

whole lung tissue and in fluid collected via nasal wash. Following a prime-boost 

RSVNanoVax immunization, preF and postF-directed IgA were detected at high titers in the 

lung tissue (Fig 3C). The preF-directed IgA titers were greater in vaccinated mice compared 

to RSV immune animals. In addition, RSVNanoVax induced robust IgA specific for the 

prefusion conformation in the nasal passages. This suggests that the RSVNanoVax can 

induce local mucosal antibody responses in both the upper and lower airways.

The RSV F protein contains four major antigenic sites that serve as targets for neutralizing 

antibody responses. Site Ø is restricted to the preF protein conformation, site I is located 

only on the postF conformation, and sites II and IV are present on both conformations (69, 

70). To determine the site specificity of the serum antibodies generated by RSVNanoVax, 

competition ELISAs were performed using either D25 or motavizumab to measure binding 

to either site Ø or site II on the RSV F protein, respectively (18, 71). RSVNanoVax 

antibodies significantly outcompeted D25 for binding to site Ø on the preF conformation of 

the F protein (Fig. 4A). The antibodies generated by RSVNanoVax also outcompeted 

motavizumab for binding to site II on both the preF and postF conformations of the F protein 

(Fig. 4B, 4C). Serum antibodies from RSV immune animals were unable to outcompete 

either D25 or motavizumab for binding to the F protein. Naïve mice and CpGNanoVax 

vaccinated mice exhibited no RSV-specific antibodies to compete with either monoclonal 

antibody. These data suggest that RSVNanoVax induces antibodies that bind mainly at site 

Ø on the preF structure, with additional antibodies that bind at site II that is present on both 

protein conformations.

The preF and postF conformations both possess epitopes commonly targeted by neutralizing 

antibodies, however, there is evidence that the majority of the neutralizing activity found in 

human serum comes from antibodies specific to epitopes accessible only on the preF 

conformation (22, 23). Thus, a vaccine that utilizes the preF protein should induce 

antibodies with high neutralizing activity. Naïve mice and CpGNanoVax vaccinated mice 

exhibit no neutralizing antibodies in their serum (Fig. 4D). The preF-specific antibody D25 

exhibited high neutralizing activity as expected. Serum antibodies from RSVNanoVax 

vaccinated mice demonstrated potent neutralizing activity at day 56, with only a small non-

significant decline at six months. In comparison, RSV immune serum displayed high titers 

of RSV neutralizing antibodies at day 56, but exhibited a significant drop in neutralizing 

titers by six months. Our results indicate that neutralizing RSV-specific antibodies induced 

by RSVNanoVax are longer lasting compared to antibodies produced by a natural RSV 

infection.
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RSVNanoVax elicits antigen-experienced tissue-resident memory CD4 and CD8 T cells in 
the lung

RSV-specific memory T cells play a critical role in limiting disease severity, reducing viral 

replication, and providing protection against reinfection. In mice, the adoptive transfer of 

RSV-specific airway CD4 or CD8 T cells that are composed primarily of TRM cells, protects 

naïve recipients from RSV-induced weight loss (72). Additionally, in humans, airway-

localized RSV-specific memory CD8 T cells correlate with reduced symptoms following 

experimental challenge (73). To examine the capacity of RSVNanoVax to generate RSV-

specific memory T cells, lungs were harvested on day 42 from prime-boost vaccinated mice 

prior to RSV challenge. Surface expression of CD11a and CD49d were utilized as surrogate 

markers of activation to distinguish antigen-experienced CD4 T cells, along with CD11a and 

downregulation of CD8α to analyze antigen-experienced CD8 T cells (74, 75). 

RSVNanoVax elicited a high frequency of antigen-experienced (CD11ahiCD49d+) CD4 T 

cells in the lungs compared to animals that received either PBS or CpGNanoVax (Fig. 5A). 

The frequency of antigen-experienced (CD11ahiCD8lo) CD8 T cells was also increased in 

the lungs of RSVNanoVax vaccinated mice compared to the controls (Fig. 5B). A similar 

pattern was observed in the total number of antigen-experienced CD4 and CD8 T cells in the 

lungs of vaccinated mice (Fig. 5C, 5D). The propensity of RSVNanoVax to elicit antigen-

experienced T cells was specific to the lungs, as no increase in the total frequency of 

antigen-experienced T cells was observed in the spleen of any group (Fig. 5A, 5B). 

Interestingly, RSVNanoVax generated a higher total number of antigen-experienced CD4 

and CD8 T cells compared to an acute RSV infection. Thus, vaccination with RSVNanoVax 

induced virus-specific memory CD4 and CD8 T cells in the lungs.

Next, we evaluated the capacity of RSVNanoVax to elicit virus-specific TRM T cells, which 

are key mediators of site-specific protection against respiratory virus reinfections (76, 77). 

Intravascular staining was utilized to distinguish between cells in the lung tissue from cells 

transiting within the pulmonary vasculature (78). RSVNanoVax induced a large number of 

virus-specific memory CD4 and CD8 T cells within the lung tissue expressing CD69 and/or 

CD103, canonical markers of TRM cells (Fig. 5E, 5F) (79). Of particular note, vaccinated 

mice had a higher number of TRM CD4 and CD8 T cells compared to both CpGNanoVax 

and the RSV immune groups, indicating that the vaccine may generate longer-lived memory 

T cell responses.

We also assessed the specificity and functional capacity of the T cells generated in the lungs 

by the vaccine. RSVNanoVax induced robust numbers of CD8 T cells specific for the F85–93 

RSV epitope as measured by tetramer staining (Fig. 6A). Additionally, the majority of these 

F85–93-specific CD8 T cells were localized within the lung tissue as determined by 

intravascular staining (Fig. 6B). The number of F85–93-specific cells was similar between the 

preF vaccinated mice and those previously exposed to RSV, while CpGNanoVax induced 

very few RSV F-specific T cells, as would be expected. Using intracellular cytokine 

staining, CD4 and CD8 T cells in the lungs of RSVNanoVax vaccinated mice also 

demonstrated a higher capacity to produce IFN-γ compared to controls (Fig. 6C, 6D). 

Overall, RSVNanoVax induces antigen-experienced memory T cells that are localized 
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within the lung tissue, specific for the F85–93 RSV epitope, and exhibit the capacity to 

produce IFN-γ upon stimulation.

Antibodies generated by prime-boost vaccination with RSVNanoVax significantly 
contribute to protection

To determine the relevant immune cell populations that contribute to protection, serum 

antibodies from vaccinated mice were transferred one day prior to RSV challenge. 

Antibodies from previously infected animals provided significant protection from weight 

loss and pulmonary dysfunction (Fig. 7A–7C). Similarly, the transfer of serum from 

RSVNanoVax vaccinated mice was sufficient to protect recipients from weight loss and lung 

dysfunction compared to either naïve or CpGNanoVax serum. A small, but reproducible 

increase in both Penh and EF50 was detectable around five days post-challenge in groups 

that received RSVNanoVax serum (Fig. 7B, 7C). Lungs from recipients were also harvested 

on day 4 post-infection for quantification of viral titers by plaque assay. Groups that received 

either naïve or CpGNanoVax serum exhibited high viral titers of nearly 106 PFU/g tissue at 

the peak of viral replication (Fig. 7D). In contrast, serum from animals that previously 

received either RSVNanoVax or RSV reduced viral replication by approximately 2 logs. 

However, there remained a detectable level of virus, suggesting that the antibodies generated 

by RSVNanoVax may not be the only immune component contributing to protection from 

RSV.

Prime-boost vaccination with RSVNanoVax provides protection from RSV replication in an 
outbred population

BALB/c mice are an isogenic model system that allows for highly reproducible studies; 

however, human populations are genetically diverse. Therefore, it is important to consider 

the effectiveness of any vaccine candidate in a model with increased genetic variability. We 

utilized Swiss Webster outbred mice to determine the efficacy of RSVNanoVax in a 

genetically diverse population (80). Following a prime-boost vaccination, Swiss Webster 

mice exhibited complete clearance in all mice as early as two days post-RSV infection (Fig. 

8). Similarly, animals previously infected with RSV were protected from viral replication on 

day 2 post-infection. As expected, there was no difference in viral titers between naïve mice 

and those that received a prime-boost of CpGNanoVax. To assess the generation of RSV F-

specific antibodies in an outbred population, serum was collected from vaccinated Swiss 

Webster mice. RSVNanoVax induced high titers of serum preF-directed total IgG, as well as 

IgG1 and IgG2a in outbred mice (Fig. 9A). Importantly, the vaccine generated a higher titer 

of antibodies compared to a single RSV infection. Furthermore, vaccinated mice exhibited 

high titers of postF-directed IgG and IgG2a (Fig. 9B). Similar to the WT mice, 

CpGNanoVax failed to induce any RSV F-directed antibodies in outbred animals. Overall, 

RSVNanoVax mediated rapid viral clearance of an acute RSV infection, and generated 

robust titers of RSV-specific serum antibodies in an outbred mouse model.

Discussion

In the present study, we have demonstrated the efficacy of an intranasally delivered 

polyanhydride nanovaccine for RSV. Because a single dose of RSVNanoVax was unable to 
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completely eliminate viral infection and replication within the lungs, a prime-boost approach 

was utilized. Two doses of RSVNanoVax provided complete protection from both RSV-

induced weight loss and pulmonary dysfunction, and mediated rapid viral clearance in the 

lungs as early as day 2 post-RSV infection. In addition, complete protection was observed 

following a challenge with a heterologous pathogenic RSV strain. Because of the wide 

genetic diversity present in the human population, it was also important to assess the efficacy 

of RSVNanoVax in a more diverse outbred population. Swiss Webster mice administered 

two doses of RSVNanoVax exhibited rapid RSV viral clearance in the lungs as early as day 

two post-infection. Thus, RSVNanoVax can mediate protection in both WT inbred mice and 

in more genetically diverse outbred mice. While there are limitations to utilizing mice 

because they are only semi-permissive to RSV infection, they can still serve as an 

informative model for translational research. This is supported by the discovery of 

Palivizumab, which was developed based on findings first demonstrated in the mouse model 

(81). Thus, while it is important not to over-interpret data from animal models, the 

manipulability of mice and the wide array of immunological reagents available allows for 

informative and intricate testing of new vaccine candidates.

RSV infections exhibit seasonality in most geographic locations (82). Thus, an efficacious 

RSV vaccine should provide protection for at least 4–6 months in order to last through a 

typical RSV season. Importantly, mice vaccinated with RSVNanoVax remained protected 

from RSV-induced disease and exhibited nearly complete protection from infectious viral 

replication in the lungs out to at least six months post-vaccination. Small, but detectable 

levels of viral replication, were observed in 4/10 mice on day 4 post-infection. Of note, the 

low levels of virus replication observed in RSVNanoVax vaccinated mice challenged with 

RSV at day 100 were similar to mice challenged at six months. Thus, the high efficacy of the 

nanovaccine at day 100 is maintained out to at least six months without a significant decline. 

To our knowledge, there are very few other RSV nanoparticle-based vaccine candidates that 

have demonstrated high efficacy at such late time points post-vaccination. In the context of 

other pathogens including Influenza A virus and Yersinia pestis, polyanhydride 

nanovaccines have induced long-lasting protection 100–280 days post-challenge (29, 83, 

84). This demonstrates the potential of this vaccine platform for inducing long term 

protection.

The majority of current RSV vaccine strategies are focused on inducing neutralizing serum 

antibodies and/or high titers of mucosal IgA, as they are strong correlates of protection in 

both infants and adults (62, 63, 67, 85, 86). RSVNanoVax induced high titers of serum 

antibodies specific for both the preF and postF conformations of the RSV F protein. The 

antibodies bound strongly to site Ø on the preF structure, as well as site II on both the preF 

and postF conformations. Antibodies present in the serum of RSVNanoVax vaccinated 

animals also had a high neutralizing capacity. F-directed antibodies can bind to the F protein 

prior to infection, interrupting the cell-to-cell fusion process and preventing subsequent viral 

entry and transcription (87, 88). Additionally, as the infectious RSV virion expresses a 

combination of preF and postF protein structures on its surface, virus neutralization may be 

enhanced when antibodies specific for both conformations are present (89). RSVNanoVax 

also induced high titers of RSV F-directed IgA in both the lung tissue and in the nasal 

passages. In an adult human experimental RSV challenge model, the ability to successfully 
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establish an RSV infection inversely correlated with pre-existing virus-specific nasal IgA 

(85, 90). Of note, the titers of preF-directed serum IgG and lung IgA generated by 

RSVNanoVax were elevated compared to an acute RSV infection. Thus, RSVNanoVax 

induced both systemic and local RSV-specific antibody responses.

RSV-specific antibodies have been reported to wane over time, leaving an individual 

potentially susceptible to re-infection (64, 65, 91, 92). Importantly, we observed no decline 

in either the preF or postF-directed total IgG or IgG2a antibody titers generated by 

RSVNanoVax six months post-vaccination. Similarly, no significant decline was observed in 

the neutralizing capacity of the serum antibodies generated by the nanovaccine out to six 

months post-vaccination. In contrast, the neutralizing capacity of serum from RSV immune 

mice significantly declined by six months-post vaccination. This suggests that RSVNanoVax 

stimulates a longer-lasting humoral immune response compared to a single RSV infection.

Through the adoptive transfer of serum, we demonstrate that serum antibodies generated by 

RSVNanoVax can provide partial protection from RSV-induced disease. Additionally, the 

transfer of serum antibodies was able to significantly reduce peak viral titers in the lungs of 

naïve recipient mice challenged with RSV. However, detectable levels of viral replication 

were still observed with antibodies alone, suggesting that additional factors may contribute 

to protection. Thus, RSVNanoVax induced RSV F-directed serum antibodies that maintain 

long-term neutralizing capacity and contribute to protection from RSV.

While we observed no decline in vaccine-induced serum neutralizing antibody titers, long-

term protection from RSV infection would likely be augmented further by the induction of 

RSV-specific T cells. Neutralizing antibodies predominantly function by reducing the 

infectivity of virions prior to infection of a host cell, thus virus-specific T cells are required 

to recognize and eliminate virus-infected cells (93). Virus-specific airway-localized T cells 

have been shown to play a protective role in reducing the severity of RSV-induced disease 

and preventing reinfection in animal models (72, 73). In particular, TRM cells serve as the 

first line of defense from reinfecting respiratory pathogens, making this population an 

appealing vaccine target (76, 94–96). Only a small number of nanoparticle-based RSV 

vaccine candidates have assessed the induction of virus-specific T cells, and even fewer have 

evaluated the TRM phenotype of the cells (97–99). One study demonstrated that i.n. 

administration of a virus-like particle (VLP) expressing the M and matrix 2 (M2) RSV 

proteins induced CD69+CD103+ CD8 TRM cells in the lungs (100). However, this study was 

limited in that it failed to assess both the generation of CD4 TRM cells, as well as the 

induction of antibodies. This may present concerns about safety, as a high number of 

memory RSV-specific CD8 T cells in the absence of a humoral immune response can lead to 

immunopathology (101). RSVNanoVax induced robust numbers of RSV-specific memory 

CD4 and CD8 T cells that expressed canonical markers of TRM cells and were protected 

from intravascular antibody staining, suggesting that they reside in the lung tissue. 

Importantly, RSVNanoVax induced an increased number of CD8 TRM cells compared to an 

acute RSV infection. While the difference was not statistically significant, it supports data 

from our laboratory showing that RSV-specific resident memory CD8 T cells wane faster 

than memory CD4 T cells in the lungs (102).
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An important distinguishing feature of our nanovaccine is the route of administration. 

Intranasal vaccination is an attractive delivery method for combating respiratory pathogens, 

as it allows for the generation of robust mucosal immunity. Lung-localized immunity, 

characterized by IgA antibody responses and RSV-specific TRM T cell populations, is 

unlikely to be induced by systemically administered vaccines (72, 103). Thus, i.n. 

vaccination against respiratory viruses has been shown to be more efficacious than systemic 

delivery of the same vaccine (103, 104). To date, most RSV nanoparticle-based vaccines 

have been administered i.m. due to the ease of delivery and lower regulatory hurdles 

involved in approval (24, 98, 105, 106). ResVax, a polymer nanoparticle core expressing 

RSV F trimers developed by Novavax has recently been tested in clinical trials as an i.m. 

vaccine in both older adults and in pregnant females as a maternal immunization (54, 107). 

Despite demonstrating safety and efficacy in both preclinical and early Phase 1 and 2 

clinical trials, the vaccine failed to meet its primary endpoint to reduce the incidence of 

medically significant RSV-related LRTIs in Phase 3 clinical trials (54, 107, 108). The 

protection afforded by the vaccine was also short-lived, as demonstrated by a nearly ~50% 

reduction in the efficacy of ResVax to reduce medically significant RSV-related LRTIs by 

180 days post-vaccination. In comparison, RSVNanoVax maintained high neutralizing 

antibody titers and exhibited minimal reduction in efficacy out to at least 180 days post-

vaccination. While airway localized T cell populations were not assessed, systemic 

administration would likely induce far fewer mucosal TRM T cells compared to our i.n.-

delivered RSVNanoVax.

There are a small number of other i.n. RSV nanoparticle vaccines that have been tested in 

animal models. However, while all of the vaccine modalities induced RSV-specific serum 

antibodies, several of the candidates failed to mediate complete viral clearance in the lungs 

(99, 109, 110). Additionally, the duration of protection at late time points post-vaccination 

was not assessed. The differences in the efficacy between these candidates and 

RSVNanoVax may be due to either the adjuvant selection or the nanoparticle vehicle itself. 

The adjuvant can influence the predominant CD4 T cell subset induced during the response. 

The CpG motifs utilized in our preF nanoparticle vaccine enhance the production of IFN-γ 
and IL-12, promoting a sustained Th1 response that is critical for clearance of RSV (111, 

112). This is supported by our findings that RSVNanoVax induced robust numbers of RSV-

specific memory T cells in the lung that are capable of producing IFN-γ. In contrast, 

aluminum salts such as the aluminum phosphate adjuvant utilized in ResVax can 

preferentially induce a Th2 response, characterized by production of IL-4 and IgG1 

antibodies (113, 114). Our nanovaccine formulation also offers the benefit of co-delivering 

the antigen and the adjuvant to the same cell, allowing the vaccine to facilitate the induction 

of a Th1 T cell response in the lungs. Finally, the polyanhydride nanoparticles themselves 

can function as an adjuvant (83, 115). Dendritic cells cultured with CPTEG:CPH 

nanoparticles exhibited enhanced expression of MHC II and CD86 compared to untreated 

cells, resulting in increased antigen-specific CD8 T cell proliferation (44). Thus, our 

polyanhydride-based formulation containing a CpG adjuvant is formulated to induce a Th1-

driven immune response that can provide optimal long-term protection against RSV.

Overall, our data demonstrate that prime-boost immunization with RSVNanoVax induces 

robust local and systemic RSV-specific antibody responses with high neutralizing capability. 
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Additionally, RSVNanoVax generates lung tissue-resident memory CD4 and CD8 T cells. 

Vaccination provides long-lasting protection from RSV-induced disease, and enhances viral 

clearance in the lungs of both inbred and outbred populations. Altogether, these findings 

highlight the utility of our unique nanovaccine formulation to induce immunity within the 

respiratory tract, and provide protection against RSV.
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Key points

• RSVNanoVax enhances viral clearance in both inbred and outbred mice.

• RSVNanoVax induces systemic and local F-directed antibody responses.

• Vaccination with RSVNanoVax induces tissue-resident memory CD4 and 

CD8 T cells.
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Figure 1. Prime-boost vaccination with RSVNanoVax protects against RSV-induced weight loss 
and pulmonary dysfunction.
BALB/c mice were primed i.n. on day 0 and boosted with 500 μg on day 28. All mice were 

challenged with 4.8 × 106 PFU RSV-A2 on day 56 (A), day 100 (B), or 6 months (C) post-

prime and assessed for weight loss and pulmonary dysfunction as measured by baseline 

changes in Penh and EF50. Asterisks represent significance between no vaccine and 

RSVNanoVax and pound symbols represent significance between CpGNanoVax and 

RSVNanoVax as determined by 2-way ANOVA with a Dunnett’s post hoc test. */# p<0.05, 

**/## p<0.01, ***/### p<0.001. No vaccine mice were administered PBS i.n. at both the 

prime and boost. Data represent mean ± SEM of 2–3 independent experiments (n=8–12).
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Figure 2. Prime-boost RSVNanoVax immunization reduces infectious RSV particles in the lungs.
BALB/c mice were primed i.n. on day 0 and boosted with 500μg on day 28. On day 56 (A), 
day 100 (B), or 6 months (C) post-prime mice were challenged with 4.8 × 106 PFU RSV-A2 

and infectious viral pfu were quantified in the lung on day 4 post-infection. (D) Vaccinated 

mice were challenged with 1.1 × 106 PFU RSV line 19 on day 56 and infectious viral pfu 

were quantified in the lung on day 4 post-infection. Statistical significance was determined 

by one-way ANOVA with a Tukey’s post hoc test. *p<0.05, **p<0.01, ***p<0.001. No 

vaccine mice were administered PBS i.n. at both the prime and boost. RSV immune mice 

received 4.8 × 106 PFU RSV-A2 at the prime and PBS i.n. at the boost. Data represent mean 

± SEM of 2 independent experiments (n=7–10). The horizontal dashed line represents the 

limit of detection.
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Figure 3. Prime-boost RSVNanoVax vaccination induces RSV-specific systemic and local 
antibody responses.
Serum was collected from WT mice that received a prime and boost of the indicated 

nanoparticle formulation, naïve mice, or RSV immune mice that received 4.8 × 106 PFU 

RSV-A2 56 days or 6 months prior. (A) PreF or (B) postF-directed total IgG, IgG1, or IgG2a 

was measured by antibody ELISA. (C) F-specific IgA was measured in either whole lung 

homogenates (preF and postF) or nasal wash fluid (preF only) on day 56 by antibody 

ELISA. Statistical significance was determined by a 2-way ANOVA with a Dunnett’s post 

hoc test. Asterisks represent significance between RSVNanoVax d56 and RSV immune d56 

and pound symbols represent significance between RSVNanoVax 6 month and RSV 

immune 6 month. */# p<0.05, **/## p<0.01, ***/### p<0.001. Data represent mean ± SEM of 

2 independent experiments (n=8–10).
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Figure 4. Prime-boost RSVNanoVax vaccination induces RSV-specific serum antibodies with 
neutralizing capability.
Serum was collected from WT mice that received a prime and boost of the indicated 

nanoparticle formulation, naïve mice, or RSV immune mice that received 4.8 × 106 PFU 

RSV-A2 56 days or 6 months prior. (A-C) RSVNanoVax RSV F site-specific competitive 

binding was determined by competition antibody ELISA. Competition with (A) D25 or (B) 
motavizumab for binding to preF or competition with (C) motavizumab for binding to postF. 

Competitive titers are expressed as log2 of the serum dilution that resulted in 50% inhibition 

of D25 or motavizumab monoclonal antibody binding to the RSV F protein. (D) 
Neutralizing capacity of serum antibodies was determined by RSV-A2 plaque reduction on 

Vero cells. Neutralizing titers are expressed as log2 of the serum dilution that resulted in 

50% inhibition of viral plaques. Statistical significance was determined by a one-way 
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ANOVA with a Tukey’s post hoc test. *p<0.05, **p<0.01, ***p<0.001. Data represent mean 

± SEM of 2 independent experiments (n=8–11). The horizontal dashed line represents the 

limit of detection.
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Figure 5. Antigen-experienced tissue-resident memory CD4 and CD8 T cells are induced by 
prime-boost RSVNanoVax immunization.
BALB/c mice were primed with 500 μg of the indicated nanoparticle formulation i.n. on day 

0, and boosted with 500 μg i.n. on day 28. No vaccine mice were administered PBS i.n. on 

both prime and boost days. RSV immune mice received 4.8 × 106 PFU RSV-A2 i.n. at the 

prime and PBS i.n. at the boost. Lungs and spleens were harvested on day 42 and analyzed 

by flow cytometry. Frequency of (A) antigen-experienced (CD11ahiCD49d+) CD4 T cells 

and (B) antigen-experienced (CD11ahiCD8lo) CD8 T cells. Total number of antigen-

experienced (C) CD4 T cells and (D) CD8 T cells in the lung. Number of antigen-

experienced CD45 intravascular antibody negative (i.v.−) (E) CD103−CD69+ CD4 T cells 

and (F) CD103+CD69+ CD8 T cells. Statistical significance was determined by (A and B) 2-

way ANOVA with a Tukey’s post hoc test or (C-F) one-way ANOVA with a Tukey’s post 
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hoc test. *p<0.05, **p<0.01, ***p<0.001. Data represent mean ± SEM of 2 independent 

experiments (n=8).
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Figure 6. Prime-boost RSVNanoVax immunization induces RSV-specific functional CD4 and 
CD8 T cells in the lungs.
BALB/c mice were primed with 500 μg of the indicated nanoparticle formulation i.n. on day 

0, and boosted with 500 μg i.n. on day 28. No vaccine mice were administered PBS i.n. on 

both prime and boost days. RSV immune mice received 4.8 × 106 PFU RSV-A2 i.n. at the 

prime and PBS i.n. at the boost. Lungs were harvested on day 42 and analyzed by flow 

cytometry. Number of (A) antigen-experienced F85–93 tetramer+ CD8 T cells and (B) i.v.− 

antigen-experienced F85–93 tetramer+ CD8 T cells. Number of antigen-experienced IFN-γ+ 

(C) CD4 and (D) CD8 T cells following stimulation with PMA and ionomycin. Statistical 

significance was determined by one-way ANOVA (A-D) with a Tukey’s post hoc test. 

*p<0.05, **p<0.01, ***p<0.001. Data represent mean ± SEM of 2 independent experiments 

(n=8).
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Figure 7. Protection afforded by RSVNanoVax is partially mediated by systemic antibodies.
Serum was collected on day 56 from WT donor mice that received a prime and boost of the 

indicated nanoparticle formulation, naïve mice, or RSV immune mice that received 4.8 × 

106 PFU RSV-A2 56 days prior. Recipient BALB/c mice were administered 200 μL serum 

i.p.. At 24 hours all mice were challenged with 4.8 × 106 PFU RSV-A2 i.n. (A-C) Groups 

were monitored daily for (A) weight loss, (B) Penh, and (C) EF50. Asterisks represent 

significance between no vaccine and RSVNanoVax and pound symbols represent 

significance between CpGNanoVax and RSVNanoVax as determined by 2-way ANOVA 

with a Dunnett’s post hoc test. (D) Infectious viral PFU were quantified in the lung on day 4 

post-infection by plaque assay. Statistical significance was determined by one-way ANOVA 

with a Tukey’s post hoc test. */# p<0.05, **/## p<0.01, ***/### p<0.001. Data represent mean 

± SEM of 2 independent experiments (n=9). The horizontal dashed line represents the limit 

of detection.
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Figure 8. Prime-boost RSVNanoVax vaccination mediates viral clearance in an outbred 
population.
Swiss Webster mice were primed with 500 μg of the indicated nanoparticle formulation i.n. 

on day 0, and boosted with 500 μg i.n. on day 28. No vaccine mice were administered PBS 

i.n. at both the prime and boost. RSV immune mice received 4.8 × 106 PFU RSV-A2 i.n. at 

the prime and PBS i.n. at the boost. All mice were challenged with 4.8 × 106 PFU RSV-A2 

on day 56. Infectious viral PFU were quantified in the lung on day 2 or 4 post-infection by 

plaque assay. Statistical significance was determined by 2-way ANOVA with a Tukey’s post 

hoc test. ***p<0.001. Data represent mean ± SEM of 2 independent experiments (n=8–10). 

The horizontal dashed line represents the limit of detection.
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Figure 9. Prime-boost RSVNanoVax vaccination induces systemic RSV-specific antibodies in an 
outbred population.
Serum was collected from Swiss Webster mice that received a prime and boost of the 

indicated nanoparticle formulation, naïve mice, or RSV immune mice that received 4.8 × 

106 PFU RSV-A2 56 days or 6 months prior. (A) PreF or (B) postF-directed total IgG, IgG1, 

or IgG2a antibodies were measured by antibody ELISA. Statistical significance was 

determined by 2-way ANOVA with a Tukey’s post hoc test. Asterisks represent significance 

between RSVNanoVax and RSV immune. *p<0.05, **p<0.01, ***p<0.001. Data represent 

mean ± SEM of 2 independent experiments (n=8–10).
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