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Abstract 

Structural and Immunogenic Studies on the Respiratory Syncytial Virus G 

Glycoprotein 

Maria Guadalupe Juarez 

 Respiratory syncytial virus (RSV) is a leading cause of bronchiolitis and 

pneumonia worldwide especially in infants, young children, immunocompromised 

individuals, and the elderly. In the United States alone, the economic burden to treat 

or prevent severe respiratory disease caused by RSV estimated 6.6 billion dollars in a 

study conducted with financial reports from 2021. Since its discovery in the late 

1950’s, the question of how to elicit a protective immunogenic response against RSV 

remained unclear, that is, until 2023 when the first FDA approved vaccines became 

commercially available. These vaccines serve to prevent severe RSV-associated 

respiratory disease with endpoints involving major economic and quality of life 

burdens like hospital visits. However, studies have shown that correlates of protection 

involve antibody responses against two major surface glycoproteins that are required 

for efficient viral entry: RSV F and RSV G. Currently, all commercially available 

vaccines and prophylactic monoclonal antibodies use RSV F as their antigenic target. 

To investigate RSV G as an antigenic target for protective immune responses, 

commercially unavailable correlates of protection, I develop structure guided RSV G 

based vaccine designs and determine novel RSV G conformational epitopes 

recognized by broadly reactive monoclonal antibodies. I begin by discussing our 

work to address the issue of RSV G’s poor immunogenicity and its association to the 



 xii 

apparent immune modulating activity seen in natural infection and vaccination using 

a nanoparticle vaccine platform where my role was the design, production, and 

characterization of the vaccine constructs. Following this, I describe a synthetically 

produced microparticle vaccine design based on layer-by-layer technology where my 

role was to determine its reactivity with an antibody that relies heavily on correct 

CX3C folding to recognize the CCD. Finally, I present our structural studies 

involving five broadly reactive antibodies in complex with the CCD where we 

characterize three novel conformational epitopes and reveal two non-competing 

antigenic sites. This work serves as a blueprint for the generation of structure guided 

mutagenesis, structure guided vaccine design, and antibody therapeutic or 

prophylactic strategies to protect from and prevent RSV-associated respiratory 

disease.   
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Significance 
 
 Since its discovery in the late 1950’s, RSV has become one the largest 

healthcare burdens in the world accounting for a 6.6 billion dollar economic burden in 

the United States alone. Vulnerable populations include infants, children under age 

five, the elderly, and immunocompromised individuals. Naïve or weakened immune 

systems of these populations has contributed towards RSV’s successful infectivity 

and transmission. The first prophylactic to become commercially available was a 

monoclonal antibody, Palivizumab (Synagis), that targets one of two major surface 

glycoproteins required for efficient viral entry, RSV F.  RSV F is a type I integral 

membrane protein that undergoes a series of conformational changes to mediate 

fusion to human airway epithelial cell membranes. After 60 years in the making, the 

first round of FDA approved vaccines became commercially available in 2023, all 

targeting the same antigen, RSV F. Discoveries paramount to the development of 

these highly effective vaccines were identifying correlates of protection, specifically, 

monoclonal antibodies (mAbs) targeting RSV F in its prefusion form and then using 

structure guided vaccine design to stabilize RSV F in this prefusion state. Vaccines 

using this design are up to 90% effective at reducing severe lower respiratory disease 

and are available to both elderly populations and pregnant mothers. However, studies 

have shown evidence for circulating escape mutants to monoclonal antibody therapies 

that target RSV F, highlighting the need to consider all correlates of protection in 

passive immunization and vaccination programs. Anti-G mAbs are associated to 

lower disease severity even while being present at 1/30th the abundance to those that 
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target RSV F in a natural infection. Additionally, at least five broadly protective 

antibodies have been structurally characterized in complex with a highly conserved 

region of RSV G known as the central conserved domain (CCD). However, it is well 

known that RSV G is associated to immune modulating activity characterized by a 

dampened Th1 and enhanced Th2 cytokine profile. The result is suppression of anti-

viral activity, lung inflammation, and mucus overproduction. Anti-RSV G antibodies 

have been shown to reduce these effects by blocking RSV G’s interaction with its 

receptor, CX3CR1, expressed on a variety of myeloid cells. The receptor binding 

domain has yet to be structurally characterized, making a clear pathway or 

mechanism difficult to define. In this thesis, I aimed to use what we know about the 

epitopes recognized by protective monoclonal antibodies to generate mutations in the 

CCD that might abrogate CX3CR1 binding but maintain antigenicity. Thus, creating a 

safe and immunogenic vaccine. Another question we addressed is that of improving 

RSV G’s poor immunogenicity using what we know about stimulating robust B-cell 

responses through multimerized antigenic designs.    

 In my first chapter, I describe the design, expression, and characterization a 

nanoparticle bearing 60 CCD antigens and results following mouse vaccination 

studies. Previous work for our lab included three structural studies revealing 

conformational epitopes on the CCD and served to establish new boundaries for its 

N- and C-terminal ends. Additionally, it served as a preliminary blueprint used in 

structure guided mutagenesis to produce a single amino acid substitution at position 

177 (serine to glutamine) that showed increased safety profiles in mice, presumably 
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by introducing a bulky amino acid in the CX3CR1 binding domain. This mutant was 

used in our nanoparticle design due to its ability to properly fold during expression 

and purification and maintain its flexibility and conformational epitopes. Thus, we 

combined these two important discoveries to not only generate a safe vaccine, but to 

use the newly established N- and C-terminal boundaries (a 157-197) in hopes of 

optimizing the immune response towards a region that encompasses all known 

epitopes recognized by broadly reactive antibodies. It is well known that nanoparticle 

vaccine designs can increase immunogenic responses as seen in Influenza, SARS-

CoV2, and RSV. To control the expression of the nanoparticle platform independently 

of the CCD and conjugate them thereafter, we used a SpyTag/SpyCatcher system 

where SpyTag and SpyCatcher are proteins that form a spontaneous isopeptide bond 

when mixed. We used molecular cloning to fuse a SpyTag protein to the N-terminus 

of the CCD and a SpyCatcher protein that we fused to the C-terminus of a self-

assembling 60-mer nanoparticle subunit, lumazine synthase. To confirm the formation 

of the isopeptide bond, we used a gel shift assay where we loaded either sample into 

different wells and the combined sample in a subsequent well. We also assessed self-

assembly using negative stain cryo-EM and reconstructed 2D classes showing 

roughly 10 nm wide circular particles. Additionally, representative micrographs 

showed little heterogeneity. Results from mouse vaccination studies showed increased 

antibody titers compared to vehicle control and WT-CCD bearing nanoparticles. Sera 

from mice vaccinated with S177Q-CCD nanoparticles was also found to be 
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neutralizing in the presence of complement, highlighting the efficacy of focusing 

immune responses towards the CCD alone without the mucin-like domains.  

A limitation from this study was that the nanoparticles had the tendency to 

aggregate, making it difficult to biochemically characterize its antigenicity. In chapter 

two, I describe a synthetically produced microparticle bearing CCD antigens fused to 

a poly-lysine tail. The positively charged tail is added as the last layer on the 

negatively charged microparticle surface. My role was to use an enzyme-linked 

immunosorbet assay (ELISA) to test its reactivity with a monoclonal antibody that 

recognizes a conformational epitope on the cysteine loop, mAb 2D10. In this assay, 

we saw reactivity across the same dilutions as WT RSV Gecto, our positive control. 

Results from mouse vaccination studies revealed a more balanced Th1/Th2 response, 

a feature of reduced RSV G-induced immune modulating activity, in the S177Q 

microparticle vaccine group. Collectively, these vaccine studies serve as a proof-of-

principle for multimerized vaccine designs and lay the foundation for future RSV-G 

based vaccines that elicit robust neutralizing antibody titers.  

In my final chapter, I discuss structural studies involving five monoclonal 

antibodies in complex with RSV G CCD where we define three novel conformational 

epitopes and two non-competing antigenic sites. In these studies, we pulled mAb 

sequences from a panel of broadly reactive anti-RSV G antibodies discovered by our 

collaborators at Trellis Biosciences. Previous work in our lab structurally defined the 

first three from this panel. As mentioned previously, this worked served as a blueprint 

for structure guided mutagenesis to produce the S177Q mutant. To expand this 



 xviii 

blueprint and generate newer generations of RSV G CCD mutants, we examined three 

additional antibodies from the panel and found that each antibody recognizes unique 

conformational epitopes. We described the unique molecular interactions that each 

antibody uses to elicit similar conformations. Interestingly, some antibodies have the 

tendency to from extensive hydrogen bond networks with the backbone of the CCD 

while other antibodies interact with the same amino acid position in a residue-residue 

fashion. This is important because it opens the possibility that the panel might 

collectively resist mutations in RSV G if subjected to selective pressure. Highlighting 

the importance of a large antibody panel that is diverse. We also used an epitope 

binning assay to test two hypothesized antigenic sites on the CCD in real time and 

found that mAb 2D10 binds non-competitively to all other mAbs. Using cryoEM, we 

structurally visualize two non-competing antibodies, mAb 2D10 and mAb 3D3, 

bound to RSV Gecto simultaneously for the first time. A feature we think might have 

an implication for synergistic neutralization. We wrapped up this work by assessing 

the genomic precursors for structurally characterized anti-G mAbs and found that 

they come from diverse lineages, explaining the nuances in their paratopes, and high 

sequence identities that might make natural stimulation of anti-G mAbs feasible. 

Ultimately, we think this work serves as a more cohesive blueprint for the 

development of RSV G based vaccines and strategies for prophylactic/therapeutic 

monoclonal antibody treatment.  
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Chapter 1 Immunogenicity and protective efficacy of an RSV G S177Q central 

conserved domain nanoparticle vaccine 

Harrison C. Bergeron1, Jackelyn Murray1, Maria G. Juarez2, Samuel J. Nangle2, 
Rebecca M.  DuBois2, and Ralph A. Tripp1* 
1Department of Infectious Diseases, College of Veterinary Medicine, University of 
Georgia, Athens, GA  

2 Department of Biomolecular Engineering, University of California Santa Cruz, 
Santa Cruz, CA 
* Correspondence: Ralph A Tripp, PhD; ratripp@uga.edu 
 
Preface 
This publication was accepted in June 2023, however, it was written and submitted 
before the first wave of RSV F vaccines were FDA approved (May-June 2023). 
Therefore, information in this chapter regarding RSV vaccines does not reflect 
current FDA approved prophylactics. 
 
1.1 Abstract 

Introduction: Respiratory syncytial virus (RSV) can cause lower respiratory tract 

disease in infants and elderly populations. Despite decades of research, there remains 

no safe and approved RSV vaccine. Previously, we showed that an RSV G 

glycoprotein subunit vaccine candidate with a single point mutation within the central 

conserved domain (CCD), i.e. S177Q, considerably improved immunogenicity. Here, 

we examine the development of nanoparticle (NP) vaccines having either an RSV G 

protein CCD with wild-type sequence (NPWT) or an S177Q mutation (NP-S177Q). 

The NP vaccine immunogens were adjuvanted with monophosphoryl lipid A 

(MPLA), a TLR4 agonist to improve Th1- type responses. BALB/c mice were primed 

with 10 μg of NP-WT vaccine, NPS177Q, or vehicle, rested, and then boosted with a 

high (25 μg) or low (10 μg) dose of the NP-WT or NP-S177Q homologous candidate 

and subsequently challenged with RSV A2, a well-characterized RSV laboratory 

mailto:ratripp@uga.edu
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strain. The results showed that mice boosted with NP-S177Q developed superior 

immunogenicity and neutralizing antibodies compared to NP-WT boosting. IgG from 

either NP-S177Q or NP-WT vaccinated mice did not interfere with fractalkine 

(CX3CL1) binding to CX3CR1 and effectively blocked G protein CX3C-CX3CR1 

binding. Both NP-WT and NP-S177Q vaccination induced similar neutralizing 

antibodies to RSV in challenged mice compared to vehicle control. NP-S177Q 

boosting improved correlates of protection including reduced BAL cell infiltration 

following RSV challenge. However, the NP vaccine platform will require 

improvement due to the poor solubility and the unexpectedly weaker Th1-type IgG2a 

response. The results from this study support further NP-S177Q vaccine candidate 

development. 

1.2 Introduction 

RSV is the leading cause of lower respiratory tract disease in infants and the elderly 

(1, 2). By age 2, nearly all infants have experienced RSV infection (3). RSV typically 

causes a mild upper respiratory tract infection, however severe respiratory disease 

presenting as bronchiolitis, pneumonia, and wheezing may require hospitalization (4). 

Infants <12 months of age are at the greatest risk for hospitalization (5). While 

preexisting conditions including preterm birth and cardiopulmonary abnormalities 

significantly increase susceptibility to RSV disease (6) previously healthy infants are 

also at risk for hospitalization (5, 7). Synagis® (palivizumab) is an antibody against 

the RSV F protein that helps decrease the risk of serious lung infections and is 

restricted for use in at-risk infants (8). Its use in healthy infants is excluded thus 
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countermeasures are currently unavailable in the United States (9–11). RSV infection 

may predispose infected infants to asthma and/or chronic wheezing later in life (12). 

Further, RSV infection does not induce robust antibody responses as reinfections are 

common (13). Maternal antibodies (Abs) provide protection against RSV, however, 

this protection wanes shortly after birth and the level of protection may vary (14, 15). 

Gaps remain in understanding the mechanisms of RSV disease, but it is understood 

that severe disease is linked to immunopathology (16). Thus, RSV vaccines that 

prevent immune-mediated pathology are needed to prevent severe RSV disease (17). 

RSV has two major surface proteins, i.e. the F and G proteins. The F protein is 

indispensable for virus infection and is the antigen targeted by palivizumab and 

nirsevimab therapeutic antibodies (18, 19). While therapeutic anti-F protein 

antibodies (Abs) and serum anti-F protein Abs induced by RSV vaccine candidates 

are neutralizing and may provide some protection from disease (20), these Abs are 

insufficient at blocking RSV disease linked to the RSV G protein (17, 21–23). The 

RSV G protein is a heavily glycosylated surface protein comprised of three domains, 

i.e. the cytoplasmic (CT), transmembrane (TM), and ectodomain (ecto) domains. 

Importantly, the G protein ectodomain contains a central conserved domain (CCD) 

and CX3C motif that are highly conserved among RSV subtypes and strains (24). 

CX3C is the attachment motif for CX3CR1, or fractalkine receptor, that is expressed 

on human airway epithelial cells (hAECs) and some immune cells (25–30). G protein 

CX3C binding to CX3CR1 has been shown to induce aberrant CX3CR1+ T cell 

trafficking, modify host miRNA profiles, dampen antibody maturation, reduce 
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antiviral cytokine and IFN responses, and potentiate Th2-type immune response 

during RSV infection (24, 31–37). Thus, the G protein affects RSV attachment and 

modifies host immune response to infection, and Abs that block the CX3C motif may 

prevent CX3C-mediated attachment and immune dysregulation (38, 39). 

 

Anti-G protein Abs targeting the CCD and/or CX3C are protective, reduce Th2-type 

immune responses, increase antiviral IFN and T cell responses, and prevent lung 

pathology but the G protein itself is poorly immunogenic (40–43). The G protein has 

been implicated in vaccine-enhanced respiratory disease as early RSV vaccine trials 

with formalin-inactivated RSV (FI-RSV) resulted in vaccine-enhanced disease and 

two infant deaths following natural infection of FI-RSV vaccinees (44–46). Several 

studies have shown that G protein may prime for enhanced RSV disease (23, 32, 47, 

48). Importantly, ablation of the CX3C motif to CX4C eliminates vaccine-enhanced 

disease showing that proper modifications to G protein can induce a protective 

response following vaccination while preventing disease (49, 50). Recently, we 

showed that the G protein with a single point mutation, i.e., S177Q, improved 

immunogenicity compared to wild-type G protein or CX4C G protein vaccination 

(51). A key finding was that the S177Q mutant, similar to CX4C, did not mediate 

CX3CR1+ immune cell trafficking illuminating how the S177Q mutant may resist the 

development of enhanced disease (52). Notably, unlike the CX4C mutant, the S177Q 

mutant was found to be structurally intact and display conformational epitopes for 

high-affinity anti-G Abs (52). 
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In this study, we made and evaluated nanoparticle (NP) immunogens displaying the 

CCD of the RSV G protein. We hypothesized that the self-assembling NPs would 

improve vaccine immunogenicity by presenting multiple copies of CCD antigens in a 

repetitive manner that is similar to natural infection. NPs displaying wild-type CCD 

(NP-WT), CCD containing the S177Q mutation (NP-S177Q), or no antigen (vehicle 

control) were used to immunize mice, followed by RSV challenge. NP-WT and NP-

S177Q vaccine candidates were adjuvanted with MPLA to induce a Th1-type 

response (53, 54). Mice were intramuscularly (i.m.) primed with 10 µg of vehicle, 

NP-WT, or NP-S177Q vaccines and subsequently boosted with either 10 µg (low 

dose) or 25 µg (high dose) of the homologous NP vaccine candidates. Subsequently, 

mice were intranasally (i.n.) challenged with 106 PFU RSV A2, and on day 5 post-

challenge, lung viral loads and immune correlates were determined. 

The results show the NP-S177Q vaccination induced greater immunogenicity 

compared to NP-WT or vehicle control. While both NP-WT and NP-S177Q 

vaccination reduced lung viral titers, NP-S177Q vaccination led to improved viral 

neutralization compared to NP-WT. IgG from NP-WT or NP-S177Q vaccinated mice 

did not interfere with FKN binding to CX3CR1, and the IgG blocked G protein 

binding to CX3CR1. Importantly, NP-S177Q vaccination was able to significantly 

reduce BAL cell infiltration following the RSV challenge compared to vehicle-

vaccinated mice. This study shows that RSV G protein CCD nanoparticle vaccines 

have promise in the development of precision RSV vaccines, however as expected 

with novel vaccine development, will require optimization such as improving vaccine 
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solubility. However, the findings of this study support improved NP platforms in 

developing the next generation of RSV G protein vaccines expressing the S177Q 

mutant. 

1.3 Methods 

1.3.1 Cells and virus 
 
Vero E6 (CRL-1586), A549 (CCL-185), HEp-2 (CCL-23), and HEK-293 (CRL-1573) 

(all from American Type Culture Collection (ATCC), Manassas, VA) were maintained 

in 10% fetal bovine serum (FBS)/DMEM (Hyclone, Logan, UT). CX3CR1.293 cells 

(>90% CX3CR1+) were maintained in selection media (10% FBS/DMEM + 1.0 

µg/mL puromycin) as previously described (51). RSV A2 and B1 were propagated in 

HEp-2 cells as described (55). RSV A2 expressing green fluorescent protein (GFP) 

was propagated in HEp-2 cells as described (56). 

1.3.2 Nanoparticle construction 
Nanoparticle (NP) vaccines were constructed using self-assembling Aquifex aeolicus 

lumazine synthase (57) fused to a next-generation SpyCatcher domain (54, 58, 59). 

To generate the NPs, a pET28a plasmid encoding an N-terminal 6-histidine tag, the 

Aquifex aeolicus lumazine synthase protein (UniProtKB entry O66529), and 

SpyCatcher003 (58) (Table 1) was transformed into T7 Express E. coli and 

recombinant LumazineSynthase-SpyCatcher003 was expressed overnight at 18C. 

Cells were lysed by ultrasonication in wash buffer (10 mM Tris-Cl pH 8.0, 10 mM 

imidazole, 150 mM NaCl) with 1 mM MgCl2, protease inhibitors, benzonase, and 

DTT. E. coli lysates were clarified by centrifugation and 0.22 um filtered. 

LumazineSynthase-SpyCatcher003 was purified from clarified lysates by affinity 
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chromatography using a HisPur Nickel-NTA Resin and eluted using wash buffer with 

250 mM imidazole. LumazineSynthase-SpyCatcher003 was dialyzed into PBS (pH 

7.4) overnight at 4°C, resulting in empty vehicle control NPs. For negative stain 

imaging, LumazineSynthase-SpyCatcher003 protein was deposited onto glow-

discharged, carbon-coated 400 mesh copper grids, stained with 2% (w/v) uranyl-

formate, and viewed on a 200 kV FEI Glacios transmission electron microscope. 

 

Table 1.1 Nanoparticles. 

1.3.3 Mice 
Female BALB/c mice (10-to-12-weeks old; Jackson Laboratories, Bar Harbor, ME) 

were housed in micro isolator cages with 12h light/dark cycle, and fed ad libitum. The 

mice received a priming dose of 10 µg NP-WT, NP-S177Q, or empty NPs. All 

vaccines were adjuvanted with 10 µg monophosphoryl Lipid A (MPLA; 

VacciGrade™ from S. Minnesota R595, InvivoGen, San Diego, CA), a TLR4 agonist, 

diluted in PBS. Similar to a related study that used using SpyCatcher multimerization 

of a SARS-CoV-2 spike vaccine candidate to induce a potent neutralizing antibody 

response at 21 days post-priming (62), vaccinated mice were boosted with either 10 

µg or 25 µg of homologous vaccine or empty NPs and 10 µg MPLA diluted in PBS. 

Mice were i.m. vaccinated in the left and right and left quadriceps with 0.05 
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mL/quadriceps. Sera were collected on days 0, 14, 28, and 35 post-boosts. On day 21 

post-boost, mice were i.n. anesthetized with Avertin (2, 2, 2-Tribromoethanol), and 

i.n. and challenged with 0.05 mL 106 PFU RSV A2 diluted in PBS. Mice were 

monitored daily and euthanized on day 5 pi. Sera, BAL, lungs, and spleen were 

collected and stored on ice during organ processing for assays described below. 

1.3.4 Serum ELISA 
Sera were evaluated for anti-RSV IgG levels as described (51). Briefly, high-binding 

ELISA plates (Corning, Corning, NY) were coated with 5 µg/mL RSV A2 or B1 

lysate overnight at 4°C. The next day, wells were washed 3x with KPL wash buffer 

(1x KPL in distilled water (diH2O) (SeraCare, Milford, MA) and blocked with Blotto 

(5% non-fat dry milk) overnight at 4°C. Blotto was removed and sera (in 3-fold 

dilutions starting at 1:50) was diluted in Blotto and added to wells overnight at 4°C. 

Wells were washed 3x with KPL wash buffer and 2° goat-anti-mouse IgG-HRP 

(ThermoFisher, Waltham, MA), or secondary subtype IgG1 or IgG2a antibodies 

(Southern Biotech, Birmingham, AL) were added. Plates were incubated overnight at 

4°C, washed 3x with KPL wash buffer, and developed with 1-Step™ Ultra 3,3’,5,5’-

tetramethylbenzidine (TMB; ThermoFisher) for 20 min, and stopped with Stop 

Solution (ThermoFisher), then read immediately using a BioTek plate reader (BioTek, 

Winooski, VT) at OD450. 

1.3.5 Microneutralization assay  
To determine the level of RSV antibody neutralization in the mouse sera, a 

microneutralization assay was used as described with minor modifications (63). 

Briefly, sera were pooled and heat-inactivated at 55°C for 30 min. Diluted sera in 2% 
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FBS/DMEM (1:40) were co-incubated with 200 FFU RSV A2-GFP +/- 10% guinea 

pig complement (C’) (Sigma-Aldrich, St. Louis, MO) for 1 h at 37°C. Following pre-

incubation, the virus/sera mixture was added to 95% confluent A549 cells for 48 h. 

Fluorescent focus units (FFUs) were visualized using Cellomics ArrayScan 

(ThermoFisher), enumerated with HTS software, and mean FFUs of replicate wells 

were determined. Neutralization was determined as the percent reduction in mean 

FFUs compared to empty NP antisera. 

1.3.6 CX3C-CX3CR1 blocking assay 
A CX3C-CX3CR1 blocking assay was performed as described (24). Briefly, 500 nM 

RSV G ectodomain (Gecto) was incubated +/- 5/mL heparin sulfate (HS) (Sigma) to 

prevent non-specific binding and +/- 20 µg/mL IgG (isolated from vaccinated mice by 

Protein G beads (Invitrogen) for 1 h on ice. CX3CR1.293 and HEK-293 cells were 

harvested, and 4 x 106 cells/mL were blocked with 1 µg/mL Fc block diluted in 

FACS buffer (0.8% FBS/PBS) for 15 min on ice followed by incubation with 500 nM 

RSV Gecto +/- 5 µg/mL HS +/- 10 µg/mL IgG for 1 h on ice. Cells were washed and 

resuspended in 20 µg/mL anti-G protein mAb (clone 130-5F) for 45 min on ice. Cells 

were washed and resuspended in goat-anti-mouse Alexa488 (1:200) (ThermoFisher) 

for 45 min on ice and protected from light. Cells were washed 3x with FACS buffer, 

resuspended in FACS buffer, and analyzed by flow cytometry. To determine FKN 

blocking, the assay was followed similarly except cells were incubated with 2 µg/mL 

biotinylated-FKN (Acro Biosystems, Newark, DE) +/- 5 µg/mL HS and +/- 10 µg/mL 

IgG. To detect CX3CR1-bound FKN, cells were incubated with Streptavidin-PE 

(1:200) (ThermoFisher). Identical times and temperatures were used for both ligands. 
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Percent inhibition was determined as the difference of CX3CR1+ binding (G or FKN 

+HS + vehicle IgG) – (G or FKN +HS +NP IgG or mAb control bound to) x 100 as 

previously described (51). At least 20,000 events were collected using BD LSR II 

(BD Bioscience, Franklin Lakes, NJ). 

1.3.7 Plaque assays 
Lungs were harvested at day 5 pi and homogenized in 1 mL DMEM using 

GentleMACS tissue homogenizer (Miltenyi Biotec, Gaithersburg, MD) as described 

(55). Homogenates were centrifuged at 500 xG at 4°C for 8 min, supernatant was 10-

fold diluted in DMEM (Hyclone) and overlaid onto 90% confluent Vero E6 cells in 

24-well plates. After 2h of absorption, cells were overlaid with 2% methylcellulose 

(Sigma Aldrich) and incubated at 37°C for 6 days. Following incubation, 

methylcellulose was aspirated, wells were washed with PBS, fixed with acetone: 

methanol (60:40, Sigma-Aldrich), and air-dried overnight. Wells were washed 3x 

with KPL wash buffer and blocked with Blotto overnight at 4°C. The next day, Blotto 

was removed and a mAb cocktail against RSV F and G proteins (clones 131-2A, 131-

2G) was diluted in blotto was added overnight at 4°C. Wells were washed 3x with 

KPL wash buffer and goat anti-mouse-AP (ThermoFisher) was added overnight at 

4°C. Wells were washed 3x with KPL wash buffer and virus plaques were developed 

with 1-Step™ NBT/BCIP substrate solution (ThermoFisher) for 5 min, rinsed with 

diH2O, and enumerated using a dissection microscope. 

1.3.8 BAL cell phenotyping 
Bronchioalveolar leucocytes (BAL) were collected by i.p. anesthetizing (Avertin) 

mice and terminally bleeding by severing the left axillary artery. The trachea was 
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exposed and a small incision was made. The lungs were flushed 3x with 1 mL PBS 

and collected in 1.5 mL snap-cap tubes and BAL was centrifuged for 10 min at 500 

xG at 4°C. The supernatant (BAL fluid) was separated and stored at -80°C until 

cytokine/chemokine analysis. BAL cells were resuspended in FACS buffer (0.8% 

FBS/PBS) and enumerated using a hemocytometer and Trypan blue. Cells were 

washed with FACS buffer and resuspended in Fc Block for 15 min on ice followed by 

the addition of anti-CD3, anti-CD8, and anti-CD11b, or isotype control Abs (all from 

BD Bioscience) for 1h on ice (Supplementary Figure 2). Cells were washed, fixed 

with 2% PFA (Ted Pella, Redding, CA) for 20 min at room temperature, washed, and 

resuspended with FACS buffer. At least 10,000 events were collected with BD LSR II 

(BD). 

1.3.9 Intracellular cytokine staining 
Spleens from mice were collected at day 5 pi. Single-cell suspensions of spleen cells 

were made by dissociation through a 100 uM cell strainer (Corning), washed with 

Hanks Balanced Salt Solution (HBSS) (HyClone), and red blood cells were lysed 

with Gey’s solution (Sigma-Aldrich) for 5 min. Splenocytes were washed 2x with 

HBSS, resuspended in media containing 10% FBS + RPMI-1640, and enumerated 

using a hemocytometer, and 2 x 107 cells/mL were plated in a round bottom 96-well 

plate (Corning). Splenocytes were stimulated with 10 µg/mL RSV G 

(183WAICKRIPNKKPGKK197) and M2 peptides (82SYIGSINNI90) (42) or control 

(GFP, aa 200-208), phorbol 12-myristate 13-acetate (PMA)/ionomycin (Sigma), or 

left unstimulated and were treated with GolgiPlug (Brefeldin A) (BD) to retain 

cytokines and incubated at 37°C for 6h. After 6 h, cells were washed 3x with FACS 
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buffer, blocked with 1 µg/mL Fc block (BD), and stained with anti-CD3 and anti-

CD4 or isotype controls (all from BD Bioscience) for 1 h on ice. Cells were fixed 

with 2% PFA for 20 min at room temperature, washed with permeabilization buffer 

(BD Bioscience), and incubated with anti-IFNγ and anti-IL-4 or isotype controls 

diluted in permeabilization buffer for 1 h at 4°C (Supplementary Figure 2). Cells were 

washed 3X with permeabilization buffer, resuspended in FACS buffer, and analyzed 

with BD LSR II (BD Bioscience) with at least 10,000 events collected. 

1.3.10 Statistics 
Data were analyzed by one-way ANOVA with Dunnett’s multiple comparison test. 

p<0.05 was considered significant. Data are represented as mean +/- SEM. A 

vaccination study was performed once. Experiments were performed at least in 

duplicate with representative data shown. 

1.4 Results 
 
1.4.1 Nanoparticle vaccine constructs 

NP immunogens were constructed using SpyTag/SpyCatcher technology (54, 

58) (Figure 1.1). Briefly, a construct of lumazine synthase, which self-assembles into 

60-mer spherical particles, was fused to a SpyCatcher domain. Recombinant lumazine 

synthase – SpyCatcher protein was purified and confirmed by negative stain electron 

microscopy to self-assemble into NPs (Figure 1.1D). To generate CCD-coated NPs, 

the lumazine synthase – SpyCatcher NPs were incubated with recombinant RSV G 

CCD protein fused to a SpyTag, allowing for the formation of the covalent isopeptide 

bond between the SpyCatcher and SpyTag and display of the CCD antigen on the 

surface of the NPs (Figure 1.1B). Covalent linking of the SpyTagged CCD to the 
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lumazine synthase – SpyCatcher was verified by SDS-PAGE and a change in 

molecular weight of the bands (Figure 1.1C). We previously identified that a point 

mutation at site 177 (serine to glutamine) improved immunogenicity in a G 

glycoprotein vaccine compared to wild-type G protein adjuvanted with MPLA (51). 

Thus, in addition to wild-type CCD antigen loaded onto NPs (NP-WT), the S177Q 

CCD antigen was also generated and loaded onto NPs (NP-S177Q). Notably, upon 

overnight incubation of CCD antigens with NPs, precipitation was observed. Pelleting 

of the precipitate by centrifugation and evaluation by SDS-PAGE revealed that the 

precipitate is the NP-WT and NP-S177Q nanoparticle samples (Figure 1.1C). No 

precipitation is observed by incubation of empty NPs or CCD alone, suggesting that 

the loading of the CCD, which contains many hydrophobic amino acids, promoted 

insolubility of the NPs. To generate samples for immunization, pellets were 

resuspended in PBS. 
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Figure 1.1 Production and Characterization of RSV G CCD coated nanoparticle 
immunogens 

Production and characterization of RSV G CCD coated nanoparticle immunogens. 
(A) Schematic of lumazine synthase (LuSyn) (gradient purple/pink) and RSV G CCD 
(green cyan) expression constructs. SpyCatcher (periwinkle) is C-terminally fused to 
lumazine synthase. SpyTag (teal) is N-terminally fused to RSV G CCD constructs 
(WT or S177Q mutant). LuSyn-SpyCatcher and SpyTag-RSV G CCD are incubated 
together and are covalently linked via a spontaneous isopeptide bond formed between 
SpyTag and SpyCatcher proteins. (B) Representation of expected nanoparticle 
structures (prepared with PyMol version 2.5): Lumazine Synthase – SpyCatcher 
(empty NP, vehicle control) and Lumazine Synthase – RSV G CCD (NP-WT or NP-
S177Q). 60 copies of lumazine synthase self-assemble to create 12 pentameric 
interfaces via their C-terminal ends thereby displaying 60 copies of spylinked RSV G 
CCD antigens. (C) SDS-PAGE of gel shift assay showing SpyTag - RSV G CCD (7.6 
kDa), Lumazine Synthase-SpyCatcher (31 kDa), and NP-CCD WT or NP-CCD 
S177Q (38.6 kDa as a monomer) constructs after pelleting and resuspending in 
1xPBS, pH 7.4. Multiple bands are likely due to contaminating proteins after Ni-NTA 
purification of bacterial lysates. (D) Negative stain electron microscopy micrographs 
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(upper panel) and 2D class averages (lower panel) of empty NP’s show expected self-
assembly and size. 
 
1.4.2 RSV NP vaccines induce Anti-RSV Abs 

Mice received a priming dose of 10 µg NP-WT, NP-S177Q, or empty NPs 

adjuvanted with 10 µg MPLA. On day 21 post-prime, mice were boosted with either 

10 µg or 25 µg of homologous vaccine or 10µg empty NP, all adjuvanted with 10 µg 

MPLA. At day 7 post-boost, the mice were bled, and anti-RSV Abs were detected by 

ELISA (Figure 1.2, Supplementary Figure 1). NP-WT and NP-S177Q vaccination 

induced anti-RSV Ab responses. Abs generated by NP-S177Q were significantly 

increased (p <0.05), and NP-WT 25µg and NP-WT 10µg Abs were increased (p = 

0.28, p = 0.06, respectively) compared to empty NP vaccination. NP-S177Q 

vaccination induced moderately higher serum IgG titers than NP-WT (Figure 1.2), 

although the IgG responses did not statistically differ between vaccine doses. At day 

21 post-boost, the NP-vaccinated mice were challenged with RSV A2, and on day 5 

the serum Ab responses were determined. Similar to pre-challenge IgG titers, all 

vaccinated mice had greater anti-RSV A2 IgG compared to vehicle control (Figure 

1.3A). Mice boosted with 25 µg of NP-S177Q vaccine had significantly (p<0.05) 

increased Ab titers compared to vehicle control, however, NP-S177Q vaccination was 

not statistically improved over NP-WT boosted mice. Contrary to our previous study 

demonstrating improved Ab recall responses (51), these data show a less robust recall 

response as sera Ab levels were roughly 1 log3 lower in each group on days 7 post 

boost and 5 post-challenge. Previous constructs utilized full-length G protein as 

opposed to restricting antibody responses to the CCD, which may partially explain 
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this phenomenon. It is also possible Abs were present in the lung during infection and 

would not be detected in sera. It is also notable that serum Ab titers against RSV B1 

were markedly lower than RSV A2 (Figure 1.3B). This finding was similar to a 

previous report suggesting anti-G Abs generated against A2 G protein bind with lower 

affinity to RSV B compared to RSV A2, likely due to variable residues encompassing 

the CCD between subtypes, despite conservation of the CX3C motif (40). NP-S177Q 

vaccination induced greater Abs compared to vehicle control. NP-WT also induced 

anti-B1 Abs although the titers were lower compared to NP-S177Q. 

 

Figure 1.2 RSV G protein NP Vaccine Immunogenicity. 

Mice received a priming dose of 10 µg NP-WT, NP-S177Q, or empty NPs, all 
adjuvanted with 10 µg MPLA. On day 21 post prime, mice were boosted with either 
10 µg or 25 µg of homologous vaccine or 10 µg empty NP, all adjuvanted with 10 µg 
MPLA. On day 7 post-boost, serum IgG responses were determined by ELISA. IgG 
titer determined as the highest dilution OD450 value above background plus two 
standard deviations. Bars represent mean IgG titer + SEM (n = 5 mice/group). 
*p<0.05 by one-way ANOVA with Dunnett’s multiple comparison test compared to 
empty NPs. 
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Figure 1.3 Serum Ab responses post-RSV challenge. 

Mice received a priming dose of 10 µg NP-WT, NP-S177Q, or empty NPs, all 
adjuvanted with 10 µg MPLA. On day 21 post prime, mice were boosted with either 
10 µg or 25 µg of homologous vaccine or 10 µg empty NP, all adjuvanted with 10 µg 
MPLA. On day 21 post boost, mice were challenged with 106 PFU RSV A2, and sera 
collected on day 5 pi. Ab responses were determined for (A) RSV A2 and (B) RSV 
B1. IgG titer determined as the highest dilution OD450 value above background plus 
two standard deviations. (C) OD450 values of IgG1 (gray) and IgG2A (black) 
responses against RSV A2. Bars represent mean IgG titer (A, B) or OD450 (C) +/- 
SEM (n=5 mice/group). *p<0.05 by one-way ANOVA with Dunnett’s multiple 
comparison test compared to empty NPs. 
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To determine if the serum Ab response were Th1- or Th2-like, ELISAs were 

performed to determine the specific IgG subclass (Figure 1.3C). It is established that 

IgG2a corresponds to a Th1-type response, while IgG1 corresponds to a Th2-type in 

response (64) and determines Fc effector function (e.g., complement-dependent 

cytotoxicity) (65, 66). There were no significant changes in Th2-type Ab responses 

between vehicle and NP-WT or NP-S177Q vaccinated mice. Further, Th1-type 

responses were only significantly (p<0.05) increased in the 25 µg NP-WT vaccinated 

mice, while there were no significant IgG2a responses in NP-S177Q vaccinated mice. 

These findings do not recapitulate the increased Th1-type responses which were 

previously observed with G protein immunogen (51). Conformationally designed 

epitopes such as those in the NP vaccines may require adjuvants that do not denature 

or emulsify the antigens, and or the insolubility of NP-WT and NP-S177Q vaccines 

may have contributed to these differences (67). 

1.3.3 CX3C-CX3CR1 blocking 
Blocking CX3C-CX3CR1 interaction or ablating the CX3C motif is correlated 

with protection against RSV disease in mice and cotton rats (43, 49, 50, 68). To 

evaluate the efficacy of G protein CX3C-CX3CR1 blocking Abs generated in 

response to NP-WT or NP-S177Q vaccination, serum IgG from NP-vaccinated mice 

was isolated and tested. Similar to the G protein vaccinated mice (51), vaccination 

with NP-WT or NP-S177Q candidates induced significant (p<0.05) CX3C-CX3CR1 

blocking Abs compared to vehicle IgG (Figure 1.4A), and Ab from NP-S177Q 

vaccination induced slightly higher blocking Abs (35%) than NP-WT vaccination 

(20%). As expected, mAb 131-2G which binds to a conserved epitope in the G 
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protein blocked up to 90% G protein binding to CX3CR1. Contrary to our previous 

report showing that G protein induced greater CX3C-CX3CR1 blocking Abs 

compared to vaccination with an S177Q G protein mutant, in this study, we observed 

a slight improvement in G protein CX3C-CX3CR1 blocking, and in agreement with 

previous reports, 131-2G blocked G protein binding more effectively than polyclonal 

IgG from vaccinated mice. These Abs did not cross-react and block FKN binding to 

CX3CR1 (data not shown). This is not unexpected as there are structural differences 

that may preclude anti-G protein binding (69). Thus, this NP-S177Q vaccine platform 

induces G protein CX3C-CX3CR1 blocking Abs which have been shown to protect 

against RSV disease and are not implicated in modifying endogenous FKN signaling. 
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Figure 1.4 Ab Responses. 

Mice received a priming dose of 10 µg NP-WT, NP-S177Q, or empty NPs, all 
adjuvanted with 10 µg MPLA. On day 21 post prime, mice were boosted with either 
10 µg or 25 µg of homologous vaccine or 10 µg empty NP, all adjuvanted with 10 µg 
MPLA. On day 21 post boost, mice were challenged with 106 PFU RSV A2, and sera 
were collected on day 5 pi. (A) G protein CX3C-CX3CR1 blocking by IgG from 
challenged mice was determined by flow cytometry. (B) Pooled antisera were heat 
inactivated and diluted (1:40) for microneutralization assay in A549 cells with 0% 
(black) or 10% (grey) Guinea pig complement (C’). FFUs were collected on 
Cellomics ArrayScan and enumerated automatically with HTS Software 
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(ThermoFisher). Bars represent mean + SEM (n=5 mice/group). (A) *p<0.05 by one-
way ANOVA with Dunnett’s multiple comparison test compared to empty NP. For 
panel B, p <0.05 by one-way ANOVA with Tukey’s multiple comparison test to 
compare equally dosed NPs (^) and empty NPs (*). 
 
1.3.4 RSV neutralization 

Anti-G protein Abs are neutralizing in human airway epithelial cells infected 

with RSV and in vivo (27). The addition of complement aids the neutralization of 

some anti-G protein Abs including the highly potent 3D3 and 3G12 anti-G protein 

mAbs that can be detected in immortalized cell lines (69, 70). To determine if serum 

from NP-WT or NP-S177Q vaccinated mice was neutralizing, heat-inactivated sera 

+/- 10% guinea pig complement (C’) were co-incubated with RSV-GFP (56) and 

added to RSV-infected human A549 cells for 48 h (Figure 1.4B). In the absence of 

complement, there was no significant (p>0.05) neutralization for any vaccine groups, 

however, serum plus complement from NP-WT and NP-S177Q vaccinated mice 

significantly (p<0.05) neutralized infected A549 cells compared to empty NP 

vaccination. Moreover, serum from 25 µg S177Q induced significantly (p<0.05) 

greater neutralization compared to NP-WT at the same dose. These data suggest 

neutralization is complement-dependent and not CX3C:CX3CR1-mediated 

neutralization. 

Lung viral titers showed that NP-WT and NP-S177Q vaccination reduces lung 

titers in vivo (Figure 1.5). On day 5 pi, corresponding to peak lung viral titers (71), 10 

µg NP-WT or 25 µg NP-S177Q vaccination resulted in significantly (p<0.05) reduced 

viral titers in the lungs of RSV A2 challenged mice. 25 µg NP-WT vaccinated mice 

and 10 µg NP-S177Q vaccinated mice also reduced lung titers compared to empty NP 
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vaccination (p=0.16, p=0.15, respectively). These findings are consistent with other G 

protein vaccines that reduce lung titers and induce anti-G protein neutralizing Abs 

(nAbs), however, others have reported that Abs to G protein are non-neutralizing but 

this was determined in the absence of complement, an effect which has caused 

misunderstanding (40, 41, 72, 73). There may be mechanisms aside from nAbs that 

result in reduced viral titers after NP vaccination including a cytotoxic T lymphocyte 

(CTL) response or improved macrophage activity, however these were not examined 

here. Moreover, while in vivo and in vitro neutralization data suggest 25 µg NP-

S177Q vaccination resulted in the greatest levels of nAbs and reduced lung titers, the 

lack of significant in vivo reduction for 25 µg NP-WT and 10 µg NP-S177Q does not 

correlate with our findings in vitro. The findings from this study show that G protein 

immunogens are capable of inducing nAbs that are detectable in vitro with additional 

complement and vaccination may reduce lung viral titers in mice. 
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Figure 1.5 Lung Viral Titers. 

Mice received a priming dose of 10 µg NP-WT, NP-S177Q, or empty NPs, all 
adjuvanted with 10 µg MPLA. On day 21 post prime, mice were boosted with either 
10 µg or 25 µg of homologous vaccine or 10 µg empty NP, all adjuvanted with 10 µg 
MPLA. On day 21 post boost, mice were challenged with 106 PFU RSV A2, and at 
day 5 pi, lungs were harvested to determine virus loads. The bars represent the mean 
+/- SEM of plaque forming units (PFU)/mL of lung homogenate. *p<0.05 by one-
way ANOVA with Dunnett’s multiple comparison test compared to empty NPs. 
 
1.3.5 Immune response to RSV challenge 

Aspects of RSV disease are connected with the expression of the G protein 

CX3C motif (50). Blocking G protein CX3C-CX3CR1 interaction with mAbs 

specific to this motif or the CCD domain is correlated with reduced RSV disease in 

vivo (40, 41, 73). To determine if NP-WT or NP-S177Q vaccination is protective 

against G protein-mediated disease, vaccinated mice were challenged with RSV A2 

and BAL leukocytes were evaluated (Table 1.2). A significant (p<0.05) reduction in 
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BAL cell numbers (3.9 x 104 cells) in RSV-challenged mice that were vaccinated with 

10 µg of NP-S177Q vaccine was evident compared to the empty NP control 

vaccinated mice (7.5 x 104 cells). Interestingly, no other vaccination group including 

mice vaccinated with 25 µg of NP-S177Q vaccine had substantially reduced BAL 

cells following RSV challenge. Consistent with an overall reduction in BAL cell 

infiltration, RSV-challenged 10 µg NP-S177Q mice vaccinated had reduced CD11b+ 

cell numbers (2.3 x 103) and a trend toward lower in CD8+ T cell numbers (2.0 x 103) 

compared to RSV-challenged empty NP vaccinated mice (5.4 x 103 and 3.3 x 103 

cells, respectively). Taken together, these support lung disease protection in mice 

vaccinated with NP-S177Q vaccine compared to vehicle control vaccinated mice. We 

also examined intracellular cytokine production by splenocytes stimulated with RSV 

G peptide encompassing the CCD and M2 as previously described (42, 68), however, 

there were no statistical differences detected in the production of IFNγ+ or IL-4+ by 

CD3+/CD4+ T cells between groups (data not shown). 

 

Table 1.2 BAL Leukocytes. 

1.5 Discussion 
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RSV is a major cause of respiratory disease in the very young and old with no 

safe and approved vaccine available despite decades of research. The landscape of 

RSV vaccine research started with a failed formalin-inactivated RSV (FI-RSV) 

vaccine tested in the early 1960s (74). In those studies, FI-RSV vaccinated infants 

naturally infected with RSV infection resulted in a majority of infants requiring 

hospitalization where two infants died (44). Further investigation revealed that the FI-

RSV vaccine caused enhanced disease (75). Moreover, it was later shown that Abs 

generated against RSV correlate with some but incomplete protection from disease, 

and that reinfection with identical RSV strains could occur, and that viral loads did 

not consistently correlate with disease severity in hospitalized infants (76–78). Thus, 

a safe and effective RSV vaccine has been elusive (20). 

The RSV F protein has historically been the focus for RSV vaccine 

development as it is more conserved than G protein, and F protein is indispensable for 

in vitro infection (79). However, the G protein has a highly conserved CX3C 

chemokine mimic motif within its central conserved domain (CCD) (24, 60). Abs 

which bind the CCD and/or CX3C motif may be protective by preventing viral 

attachment to host cells as well as blocking G protein CX3C-CX3CR1 responses and 

G protein chemokine mimicry. Importantly, Abs induced by RSV G protein, including 

anti-G protein mAbs, that target the CCD and/or CX3C motif will neutralize RSV A 

and B strains, prevent Th2-type immune biasing due to G protein, reduce many of the 

immune correlates of severe RSV disease (e.g., eosinophilia), improve respiratory 

efforts, rescue protective IFN responses, and reduce lung pathology (17, 37, 80–85). 
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At least two findings have stalled RSV G protein-based vaccine development, one 

being that the CCD region is poorly immunogenic compared to epitopes on F protein 

(86–88), and the G protein has been linked to the development of enhanced RSV 

disease (17, 22, 39). 

To address these impediments, we have investigated the function and 

immunogenicity of various G protein mutants (49, 51, 68). Specifically, we examined 

the G protein S177Q mutant as a vaccine candidate because our studies showed that 

the mutation S177Q increased immunogenicity and improved Th1-type responses 

compared to G protein (51). The findings were predicted as immunogen was derived 

by structurally-guided vaccine development and knowing that a single point mutation 

in the CCD would alter the conformation of the G protein likely affecting its 

immunogenicity and safety profile. Structural and conformational validation showed 

that the CCD S177Q mutant retains high affinity when binding to mAbs and human 

anti-RSV reference sera and was substantially improved compared to the CX4C G 

protein mutant (52). In this study, mice were vaccinated with NP-WT or NP-S177Q 

generated with SpyTag/SpyCatcher technology (54, 58). Recently, a pre-F ferritin NP 

(pre-F-NP) with modified glycans was evaluated in mice and nonhuman primates 

(NHPs) (89). It was shown that pre-F-NP vaccination induced greater neutralizing 

antibody responses compared to DS-Cav1 trimer, suggesting the NP vaccine platform 

may offer superior characteristics compared to protein or subunit vaccination. 

In this study, the NP-WT or NP-S177Q vaccine candidates were immunogenic in a 

prime/boost scheme, and consistent with our previous work, the NP-S117Q candidate 
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showed improved immunogenicity. We sought to determine if these vaccines were 

protective, and to this end, the NP-vaccinated mice were i.n. challenged with RSV A2 

and the serum antibody and BAL cell responses were determined. The sera responses 

after the RSV challenge were similar to the 25 µg NP-S177Q vaccinated mice, being 

significantly (p<0.05) more immunogenic than vehicle control, and NP-S177Q 

vaccinated mice also trended towards increased IgG titers compared to NP-WT for 

binding to RSV A2 and B1. As the CX3C motif is conserved between RSV subtypes 

and strains, these data suggest that Abs induced by NP-WT or NP-S177Q vaccination 

may be cross-reactive (40). The serum Ab isotypes were evaluated to determine if NP 

vaccination induced a Th1-dependent IgG2 response, or a Th2-dependent IgG1 

response (64). Serum from NP-WT vaccinated mice indicated a predominantly Th1-

type response, however, mice vaccinated with NP-S177Q predominantly had a Th2-

type response (Figure 3C), which was inconsistent with our previous results. 

However, sera from both NP-WT and NP-S177Q vaccinated mice blocked G protein 

CX3C-CX3CR1 and did not interfere with FKN binding to CX3CR1 (Figure 4). Sera 

from 25 µg NP-S177Q vaccinated mice had significantly greater (p<0.05) 

complement-dependent neutralization activity in A549 cells compared to empty NP 

and 25 µg NP-WT. Thus, the Ab response to NP vaccination suggests NP-S177Q 

improves immunogenicity and induces greater nAbs, and that Abs that block G 

protein binding to CX3CR1. 

Neutralizing the virus can contribute to reducing virus-mediated disease, 

however disease severity does not faithfully correlate with viral load or neutralizing 
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Ab responses (77, 78, 80, 90–92). RSV disease is understood to be affected by both 

virus and host factors, and interventions that do not address G protein-mediated 

immune dysregulation may provide incomplete protection (22). While we noted 

significant reductions in lung viral loads in vaccinated mice, modalities that neutralize 

viruses and block G protein mediated disease are of great interest. 

BAL cell influx during RSV infection is a correlate of immune-mediated 

disease (93). Initial vaccination with NP-WT did not prime for enhanced respiratory 

disease when the mice were boosted with NP-WT or NP-S117Q vaccines likely 

because of the MPLA adjuvant precluding non-neutralizing Th2-type responses 

and/or restriction of responses to the CCD. Mice receiving the 10 µg NP-S177Q 

vaccination resulted in significantly (p<0.05) fewer total BAL cells where CD11b+ 

and CD8+ BAL cells were substantially reduced while 25 µg vaccination did not have 

this result. It is possible that the 10 µg vaccine dose was suboptimal in terms of the 

robustness of BAL cell recruitment when the vaccinated mice were challenged. 

However, these findings show the NP-S177Q boosting effectively induces CX3C-

CX3CR1 blocking and neutralizing Abs which can provide protection against RSV 

challenge and disease. Our previous study (51) evaluated various full-length mutant G 

proteins in a prime/boost/boost scheme, and we discovered significant Ab responses 

in mice vaccinated with S177Q mutations. Here, we describe the next iteration of this 

platform, an NP containing CCD with or without the S177Q mutation in a 

prime/boost scheme. Consistent with our previous studies, the NP-S177Q vaccine 

improves immunogenicity, however these studies do not demonstrate superiority to 
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our previous full-length constructs. This may be due to the vaccination scheme (i.e., 

one versus two boosts), antigen delivery quality and/or presentation (e.g. poor 

solubility of NP constructs), or other differences. It will be important in future studies 

to compare various NP and microparticle (MP) vaccine platforms that improve 

solubility and immunogenicity and protect from disease. Our ongoing studies using 

these improved candidates will fully elucidate immune responses to this vaccine and 

show robust protection from disease. 
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2.1 Abstract  
We previously showed that an RSV G protein central conserved domain (CCD) 

nanoparticle vaccine containing an S177Q mutation (NP-S177Q) induced superior 

immunogenicity and RSV-neutralizing antibodies compared to RSV G protein 

vaccination alone in mice. Boosting BALB/c mice with NP-S177Q vaccines 

improved correlates of protection and reduced markers of immunopathology 

following RSV challenge. This study examined microparticle vaccines displaying the 

CCD with an RSV G S177Q mutation (MP-S177Q) adjuvanted with monophosphoryl 

lipid A (MPLA) in BALB/c mice. Our findings show that adjuvanted MP-S177Q 

vaccination has preclinical promise toward developing an effective and safe precision 

RSV vaccine. 

2.2 Introduction 
 Vaccination can reduce diseases associated with viral infection. However, 

effective vaccination can be difficult as not all vaccine platforms are suitable for all 

vaccinees, and there are issues with temperature stability and other factors required 

mailto:ratripp@uga.edu
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by the vaccine, as well as costs or access to vaccines in lower-income countries. 

These concerns have driven the development of new vaccine strategies and novel 

vaccine platforms such as mRNA. Precision vaccination, or the ability to optimize 

vaccines specific to vulnerable populations, particularly those at greatest risk of 

infection (e.g., young, elderly, and the immunocompromised), has become reachable 

based on customized platforms that provide new vaccines and immunization 

strategies for different populations. For example, the recent approval of RSV vaccines 

is based on vaccination recommendations for specific risk groups to provide the safest 

and most effective use of vaccines (1). The FDA approval of Abrysvo™ was the first 

RSV vaccine approved for use in pregnant individuals to prevent lower respiratory 

tract disease (LRTD) caused by RSV in infants from birth through 6 months of age, 

and Abrysvo™ was approved for use at 32 through 36 weeks gestational age of 

pregnancy. Later, the FDA approved Abrysvo™ for preventing LRTD caused by RSV 

in individuals 60 years of age and older (2). Another advancement in RSV vaccine 

development has been the layer-by-layer (LbL) method of vaccine fabrication, which 

offers simplicity in the assembly of vaccine platforms and allows for the rapid 

development of synthetic vaccine components, providing the foundation for 

optimizing vaccine antigens needed for precision vaccine development. Additionally, 

LbL vaccines offer versatility and modularity, opening new paths for designing 

vaccination platforms with high efficiency and specific targeting and minimizing the 

economic impact associated with their fabrication. MP vaccines utilizing LbL 

constructs can be used to develop the RSV vaccine (3). Importantly, LbL particles 
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facilitate how the antigen payloads are presented to the immune system by antigen-

presenting cells (APCs), enhance antigen uptake by APCs, act as an antigen depot, 

and modulate the Th1/Th2 immune response when engineered to include an innate 

immune agonist (4, 5). Importantly, LbL-MP carrying the RSV G protein CX3C motif 

and an RSV M2 CD8+ epitope promoted both humoral and cellular immune 

responses and protected the mice from RSV challenge (6).    

 It is necessary to develop safe and effective RSV vaccines because RSV is a 

leading cause of respiratory disease in infants, young children, the elderly, and the 

immunocompromised (7-9). Childhood RSV disease has a substantial global health 

and economic burden (8), and RSV is the primary cause of hospitalization due to 

lower respiratory tract disease among infants worldwide (10). Recently, new RSV 

countermeasures have been approved by the FDA. Specifically, Beyfortus™ 

(nirsevimab) was approved for the prevention of RSV in neonates and infants born 

during or entering their first RSV season and in children up to 24 months of age (11). 

Nirsevimab is a human monoclonal antibody administered as a 1-dose intramuscular 

injection shortly before or during the RSV season, typically during spring in the US. 

It is an extended half-life prophylactic monoclonal antibody targeting the pre-fusion 

RSV F protein (12). Presently, the development of RSV vaccines and monoclonal 

antibody therapy appears to have addressed the significant need to control and 

prevent RSV disease, the consequences of potential antibodies against the F protein 

and viral escape remain unknown. Complex issues related to global distribution, 

manufacturing, and potential off-target effects of monoclonal antibodies (mAbs) with 
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an extended half-life emphasize the need to consider new vaccine platforms for RSV, 

as high therapeutic dosing can affect efficacy, clearance, tissue bioavailability, or 

toxicity.  

 The RSV G protein is a 298 aa viral surface protein that contains cytosolic, 

transmembrane, and ectodomain regions (13). The intact G protein is heavily 

glycosylated and diverse. However, the central conserved domain (CCD; aa 157-198) 

is highly conserved between RSV A and B types, lacks glycosylation, and contains a 

CX3C chemokine mimic motif (aa 182–186) that binds to the fractalkine receptor, 

CX3CR1, and can trigger fractalkine-like host cell responses that contribute to 

inflammatory mechanisms (14-16). The G protein CX3C motif interacts with 

CX3CR1 on ciliated respiratory epithelia and some immune cells (17-20). 

Interestingly, the RSV G protein has an alternative translation site (Met 48), which 

results in an unstable transmembrane domain and the release of a soluble form of G 

protein (sG) protein (21, 22). sG contains the CX3C motif and, like membrane-bound 

G (mG), functions to interfere with host immunity (23). Previous work by our group 

and others has shown the CX3C motif of RSV G protein impacts immunity by biasing 

the pathogenic Th2-type cytokine response, reducing IFNγ and IL-6, altering 

trafficking of CX3CR1+ CTL and NK cells and pulmonary eosinophils to the virus-

infected lung, modifying host miRNAs, dampening type I IFN responses, impacting 

TLR4 signaling, and reducing antibody production (24-26). Importantly, several 

studies have shown antibodies against RSV G protein to be protective by interfering 
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with RSV-mediated immune antagonism, improving the protective Th1-type 

immunity, and blocking CX3C-CX3CR1 mediation (27-34).  

 When considering RSV vaccine platforms, vaccine safety is important as it 

has been shown that some viral vaccines may induce vaccine-enhanced respiratory 

disease (VERD), which is atypical but can occur when vaccination promotes aberrant 

immune responses that exacerbate the disease caused by subsequent infection with 

the associated pathogen. VERD has been observed in humans in three vaccine trials 

against RSV, dengue, and measles (35-37). In 1966, RSV vaccine studies in infants 

and young children using a formalin-inactivated vaccine against RSV (FI-RSV) found 

that immunized children who were subsequently exposed to environmental RSV 

experienced an enhanced disease, and two immunized infants died (35). It was 

subsequently shown that the FI-RSV vaccine stimulated an unbalanced immune 

response in which the induced antibodies were directed against nonprotective 

epitopes concomitant with substantial Th2-type immune responses (38-41). The RSV 

G protein is attractive for vaccine development because the G protein CCD is 

essential for infectivity in vivo, it mediates attachment to airway epithelial cells, and 

the CCD has a conserved CX3C chemokine motif implicated in the alteration of the 

host immune response (33). It has been shown that mAb TRL3D3, which binds with 

low picomolar affinity to an epitope within the CCD, can neutralize sG and has 

antiviral activity (29, 33, 42-44). Thus, safety and the ability to induce a balanced 

Th1/Th2 cytokine response and reduce G protein reactogenicity are important 

considerations in RSV vaccine development.  
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 We showed that immunizing mice with LbL-NP vaccines containing a G 

peptide having a  CX3C chemokine motif (aa 169-198) and a CD8+ epitope from the 

RSV M2 protein induced antibodies that block CX3CL1 (fractalkine) chemotactic 

activity of RSV G protein and protected from infection replication post-RSV 

challenge (4, 5). Importantly, structural studies revealed conformational epitopes in a 

larger region of RSV G, i.e. between aa 157-198 (43-45). This study investigated the 

next iteration of RSV G protein MP vaccines using a larger RSV G peptide with a G 

protein S177Q mutation and a Th1-biasing adjuvant, i.e., monophosphoryl lipid A 

(MPLA) (46). Previously, we showed that RSV G with an S177Q mutation does not 

alter conformational epitopes but increases anti-G protein antibody responses and 

Th1-type cytokine responses, improves RSV neutralization, and does not mediate 

enhanced disease compared to wild-type G (47-49). This study compared rationally 

designed G protein mutants to wild-type G protein immune responses in both male 

and female BALB/c mice as it is known there are sex-dependent immune responses to 

vaccinations and infections (47), and elucidating these similarities and differences 

improves preclinical modeling. The results showed that mice boosted with MP-

S177Q developed superior immunogenicity and neutralizing antibodies compared to 

MP-WT boosting. Importantly, MP-S177Q vaccination led to strong viral 

neutralization compared to MP-WT, and MP-S177Q vaccination improved 

bronchoalveolar lavage fluid (BALF) Th1-type cytokine concentrations following the 

RSV challenge compared to MP-WT and vehicle-vaccinated mice. This study shows 
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that a rationally mutated RSV G protein microparticle vaccine is safe, effective, and 

can advance precision RSV vaccines. 

2.3 Materials and Methods  
2.3.1 Cells and viruses  
Vero E6 cells (CRL-1586), A549 cells (CCL-185), and HEp-2 cells (CCL-23), all 

from American Type Culture Collection (ATCC, Manassas, VA), were maintained in 

10% fetal bovine serum (FBS) in DMEM (Hyclone, Logan, UT). RSV A2 (ATCC 

VR-1540) and RSV A2 expressing GFP (a kind gift from Dr. Marty Moore, Meissa 

Vaccines) were propagated in HEp-2 cells (ATCC CCL-23) as described (48).  

2.3.2 Microparticle (MP) construction  
 LbL-MP were fabricated as previously described (6). Poly-L-glutamic acid 

(PGA) and poly-L-lysine (PLL) were alternately layered on 3 µm diameter CaCO3 

cores to build up a non-crosslinked, seven-layer base film and capped with designed 

peptide (DP) containing RSV G CCD epitopes.  MPs were evaluated by amino acid 

analysis (DP content), Limulus amebocyte assay (endotoxin levels), and dynamic 

light scattering (particle size dispersity). Peptide sequences are clarified in Table 1.  

Construct Peptide sequence 

WT SKPNNDFHFEVFNFVPCSICSNNPTCWAICKRIPNKKPGKKK20 

S177Q SKPNNDFHFEVFNFVPCSICQNNPTCWAICKRIPNKKPGKKK20 

Table 2.1 Microparticle vaccine peptides 

2.3.3 ELISA analysis of MPs with mAb 2D10  
All antigens (MP-WT, MP-S177Q, MP-Empty, and recombinant RSV G ectodomain) 

were examined using high-binding ELISA plates (Costar 3590, Corning, NY) at 10 
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µg/ml in PBS.  Recombinant RSV G ectodomain was generated as described 

previously (49). PBS was plated for negative control wells. Plates were left at 4°C 

overnight. Plates were washed four times with PBS-T (PBS+0.1% Tween). Blocking 

buffer (PBS-T+5% milk) was added to all wells and incubated for 2 h at room 

temperature. mAb 2D10 was diluted to 5 µg/ml in blocking buffer and serially diluted 

1:3 with blocking buffer. The blocking solution was decanted, and 150 µl of serially 

diluted mAb 2D10 was added to wells. Plates were incubated for 1 h at room 

temperature and then washed four times with PBS-T. 50 µl of goat anti-human IgG Fc 

secondary antibody conjugated to horseradish peroxidase (HRP) (Invitrogen A18817, 

Carlsbad, CA) diluted 1:3,000 in PBS-T+1% milk was added to all wells. Plates were 

incubated for 1 h at room temperature and then washed four times with PBS-T. Each 

well was added 100 µl of TMB substrate (Sigma T0440, Burlington, MA). Plates 

were developed for 10 min, at which point the reaction was quenched by adding 100 

µl 1N sulfuric acid. Absorbance at 450 nm was quantified using a plate reader. 

Plotting with SEM values was carried out using Excel.  

2.3.4 Mice  
Male and female BALB/c mice (10 - 12 weeks old; Jackson Laboratories, Bar Harbor, 

ME) were housed in microisolator cages with 12 h light/dark cycle and fed ad 

libitum. The mice received a priming dose of 10 µg MP-WT, MP-S177Q, or empty 

MPs. All vaccines were adjuvanted with 10 µg MPLA (VacciGrade™ from S. 

Minnesota R595, InvivoGen, San Diego, CA, (a TLR4 agonist) diluted in PBS. Mice 

were i.m. vaccinated in the left and right rear quadriceps with 0.05 mL/quadriceps. 

On day 21 post-prime, mice were boosted with the same dose of the homologous 
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vaccine. Mice were bled on day 28 post-prime (day 7 post-boost). On day 14 post-

boost (or day 35 post-prime), mice were i.p. anesthetized with 2, 2, 2-tribromoethanol 

(T48402; Sigma-Aldrich St. Louis, MO), and i.n. challenged with 106 PFU RSV A2 

diluted in PBS. Mice were monitored daily and euthanized on day five pi. Sera, 

BALF, and lungs were collected and stored in serum-free-DMEM on ice during organ 

processing. 

2.3.5 ELISA  
Sera were evaluated for anti-RSV IgG levels. Briefly, high-binding ELISA plates 

(Corning, Corning, NY) were coated with RSV A2 or B1 (5 µg/mL) overnight at 4°C. 

The next day, the wells were washed three times with 1x KPL wash buffer in distilled 

water (SeraCare, Milford, MA) and blocked with Blotto (5% non-fat dry milk) for 1 h 

at 37°C. Blotto was removed, and the sera were 1:3 diluted (starting at 1:50) in Blotto 

and added to wells for 1 h at 37°C. The wells were washed 3x with KPL wash buffer, 

and secondary goat-anti-mouse IgG-AP (ThermoFisher, Waltham, MA) or secondary 

subtype IgG1 or IgG2a antibodies (Southern Biotech, Birmingham, AL) were added. 

Plates were incubated for 1 h at 37°C, washed 3x with KPL wash buffer, and 

developed with p-Nitrophenyl Phosphate (pNPP; ThermoFisher) for 45 min, and read 

using a BioTek plate reader (BioTek, Winooski, VT) at OD405. The area under the 

curve (AUC) was calculated using Prism 10 (GraphPad, La Jolla, CA). 

2.3.6 Virus neutralization  
To determine the level of antisera neutralization, a reporter-based microneutralization 

protocol was performed as previously described (50). Briefly, sera were pooled and 

heat-inactivated at 56°C for 30 min. Sera were two-fold diluted (starting at 1:40) and 
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pre-incubated with RSV A2/GFP (MOI = 0.1) for 1 h at 37°C +/- 10% guinea pig 

complement (C’) (NovusBio, Centennial, CO). After pre-incubation, the mixture was 

added to confluent A549 cells in a 96-well plate for 24 h. At 24 hpi, cells were gently 

washed, fixed with 4% PFA (Ted Pella, Redding, CA) for 20 min at room 

temperature, and counterstained with 1 ug/mL 4',6-diamidino-2-phenylindole (DAPI) 

(ThermoFisher, Waltham, MA). Plates were read using Cellomics ArrayScan 

(ThermoFisher), and fluorescent focus units (FFUs) were automatically enumerated. 

The area under the curve (AUC) was calculated using Prism 10 (GraphPad, La Jolla, 

CA). 

2.3.7 RSV plaque assays  
Lungs were harvested on day 5 pi and homogenized in 1 mL DMEM using a 

GentleMACS tissue homogenizer (Miltenyi Biotec, Gaithersburg, MD). 

Homogenates were centrifuged at 500 xG at 4°C for 8 min, the supernatant diluted 

10-fold in DMEM (Hyclone), and overlaid onto 90% confluent Vero E6 cells in 24 

well plates. After 2 h of absorption, cells were overlaid with 2% methylcellulose 

(Sigma Aldrich, St. Louis, MO) and incubated at 37°C for 7 days. Following 

incubation, methylcellulose was aspirated, the cells washed with PBS, fixed with 

acetone:methanol (60:40, Sigma-Aldrich), and air-dried overnight. Wells were 

washed 3x with KPL wash buffer (VWR, Radnor, PA) and blocked with Blotto 

(ThermoFisher) overnight at 4°C. The next day, Blotto was removed, and a mAb 

cocktail against RSV F and G proteins (clones 131-2A, 131-2G) was diluted in Blotto 

(ThermoFisher) and added overnight at 4°C. Wells were washed 3x with KPL wash 

buffer (VWR), and goat anti-mouse-AP (ThermoFisher) was added overnight at 4°C. 
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Wells were washed 3x with KPL wash buffer (VWR), and RSV plaques were 

developed with KPL TrueBlue substrate solution (VWR) for 5 min, rinsed with 

distilled H2O, and enumerated using a dissection microscope (VWR).  

Bronchoalveolar lavage fluid (BALF) cytokine/chemokine analysis  

BALF was collected from terminally bled mice. The trachea was exposed, and the 

lungs were flushed 3x with 1 mL 0.5% BSA/PBS collected and centrifuged for 10 

min at 500 xG at 4°C to isolate cell-free fluid. The BALF was stored at -80°C until 

analysis. BALF was analyzed in the Milliplex MAP Mouse Cytokine/Chemokine 

Immunology Multiplex Assay as described by the manufacturer (Millipore Sigma, 

Rockville, MD) using standards and quality controls included in the kit. Individual 

BALF samples were run in duplicate from n = 4-5 mice/group/sex in one experiment. 

Samples were analyzed on a Luminex 200 instrument (Luminex Corporation, Austin, 

TX) using Luminex xPONENT 3.1 software.  

2.3.8 Statistics  
Data were analyzed by one-way ANOVA with Dunnett’s multiple comparison test, or 

Kruskal-Wallis was performed for non-parametric tests. p<0.05 was considered 

significant. Data are presented as mean +/- SEM. The vaccination study was 

performed once for male and female mice, while experiments were performed at least 

in duplicate with representative data shown. 

2.4 Results  
 
2.4.1 S177Q vaccination improves immunogenicity and neutralization  

Previous results from our lab and others have shown that while the antibody 

response to RSV G protein is protective, vaccination with G protein containing an 
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unmodified CX3C motif and central conserved domain (CCD), may not be optimal 

for inducing peak immunogenicity, a feature linked to the CX3C motif (15, 51). We 

previously identified the serine-to-glutamine point mutation at aa177 (i.e., S177Q), 

which improves humoral responses to vaccination in intact G protein and G 

nanoparticle formulations (50, 52). We first evaluated MPs for proper folding and 

display of CCDs using an ELISA with mAb 2D10, which recognizes a 

conformational epitope that requires native disulfide linkages in the CCD (Figure 

2.1A) (44). We found that mAb 2D10 bound to MP + wildtype G CCD (WT) and MP 

+ G CCD S177Q (S177Q) but not empty MP (Figure 1B). These data support that 

MPs display correctly folded and disulfide-bonded CCDs and that the S177Q 

mutation does not disrupt this folding. 

 

Figure 2.1 mAb 2D10 binds its conformational epitope on WT, and S177Q MP 
constructs. 

(A) The crystal structure of antibody 2D10 (heavy chain in dark gray and light chain 
in light gray) is bound to the CCD (magenta) (PDB entry: 5wn9)(44). Disulfide bonds 
are colored in yellow. Serine 177 (cyan colored spheres) is outside the binding 
epitope and was used in structure-guided mutagenesis to produce the S177Q mutant 
rationally. The image was generated using PyMol. (B) ELISA showing MP construct 
reactivity to serial dilutions of mAb 2D10 (starting at a concentration of 5 µg/ml). 
mAb 2D10 binds to MP constructs displaying WT and S177Q CCDs but not empty 
MP. Recombinant RSV G ectodomain (GectoWT) was used as a positive control. 
ELISA was performed as technical triplicates, with shapes indicating mean +/- SEM. 
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To determine if this mutation improves immunogenicity in a LbL-MP platform (MP), 

male and female BALB/c mice were immunized on days 0 and 21 with 10 ug of 

either empty MP, MP + wildtype G CCD (WT) or MP + G CCD S177Q (S177Q), all 

adjuvanted with 10 ug MPLA. Sera from vaccines were examined for antibody 

responses on day 28 post-prime (day 7 post-boost). WT and S177Q vaccination 

induce robust antibody responses to RSV compared to empty MP or naïve controls 

(Figure 2.2). Importantly, S177Q vaccination resulted in increased antibody responses 

compared to WT in female (p=0.12) (Figure 2.2A and 2.2B) and male (p = 0.074) 

mice (Figure 2.2C and 2.2D) to near statistical (p<0.05) significance. These findings 

are consistent with our previous study (50). Although the magnitude of the serum 

antibody response was lower compared to responses to RSV A2 vaccination, S177Q 

antisera also reacted to RSV B1 by ELISA (Supplementary Figure 1) from male 

(p=0.0574) and female (p=0.1954) vaccinees, while WT sera did not (p=0.42 for 

males and p=0.99 for females) compared to naïve control sera.  
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Figure 2.2 MP constructs are immunogenic, and S177Q improves immunogenicity. 

Female (A, B) and male (C, D) BALB/c mice were immunized with 10 µg empty MP, 
WT, or S177Q, all adjuvanted with 10 µg MPLA on days 0 and 21. On day 28 (day 7 
post-boost), sera were collected and analyzed for antibody responses against RSV A2 
by ELISA. A and C show ½ log dilution of sera (starting at 1:50) with shapes 
indicating mean +/- SEM. B and D show the area under curve (AUC) +/- SEM. Data 
were analyzed by one-way ANOVA with Dunnett’s multiple comparison test where * 
p < 0.05, ** p <0.01, *** p < 0.001, and **** p < 0.0001. 
 

We next determined the neutralizing capacity of antisera generated by MP vaccination 

(Figure 2.3). Sera from each group were heat-inactivated, pooled, and pre-incubated 
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with RSV A2-GFP (MOI 0.1) for 1h in the presence or absence of 10% guinea pig C’. 

Sera/virus mixture was then added to A549 cells for 24 h to determine neutralization. 

Remarkably, S177Q vaccination induced neutralizing antibodies regardless of C’ 

addition in both female (Figure 2.3A, 2.3C) and male (Figure 2.3B, 2.3D) mice. WT 

G induced neutralizing antibodies in female mice in the absence or presence of C’ 

(p=0.054, p=0.062, respectively), although to a lower extent than S177Q. While 

empty MP vaccination did not induce significant neutralizing antibody responses, it 

did elicit low levels of virus neutralization compared to naïve sera in the presence of 

complement. This result may be due to the induction of non-specific antibody 

responses that functioned with C’ or other effector mechanisms, resulting in low 

levels of a non-specific neutralization activity. These data suggest the S177Q is more 

immunogenic and induces a greater neutralizing response than WT.  
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Figure 2.3 S177Q induces neutralizing antibodies. 

Female (A, C) and male (B, D) BALB/c mice were immunized with 10 ug empty MP, 
WT, or S177Q, all adjuvanted with 10 µg MPLA on days 0 and 21. On day 28 (day 7 
post-boost), sera were pooled (n = 5 mice/group/sex), 2-fold diluted (1:40 – 1:640), 
and analyzed for neutralization in the presence (A, C) or absence (B, D) of 10% 
guinea pig complement (C’). The area under the curve (AUC) was calculated, and the 
bars represent AUC's mean +/- SEM. Data were analyzed by one-way ANOVA with 
Dunnett’s multiple comparison test where * p < 0.05, ** p <0.01, *** p < 0.001, and 
**** p < 0.0001 compared to naïve. 
 
2.4.2 Recall of anti-RSV antibody responses after RSV challenge  
 As expected, the WT and S177Q vaccines were immunogenic after prime and 

boost (Figure 2.2). We sought to evaluate the antibody response after RSV infection. 

WT and S177Q vaccinated mice were i.n. challenged with 106 PFU RSV A2, and on 

day 5 pi sera were collected and analyzed (Figure 2.4). Male and female mice 
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vaccinated with WT or S177Q vaccines had noteworthy and robust increases in serum 

IgG compared to empty MP vehicle control or WT vaccines (Figure 2.4 A – D), with 

no significant (p<0.5) differences between WT and S177Q vaccination. One metric 

for a safe RSV G vaccine is avoiding a Th2-type biased immune response following 

RSV infection, which has been correlated with enhanced pulmonary RSV disease 

(24). Antisera were analyzed for IgG subtypes to determine the Th1-type (IgG1) and 

Th2-type (IgG2a) antibody responses in vaccinated and challenged mice. IgG1 levels 

were significantly increased in both WT and S177Q vaccinations, with no significant 

(p<0.05) differences between WT and S177Q (Figure 2.4E and 2.4G). Interestingly, 

IgG2a levels were significantly (p<0.05) increased in S177Q compared to all other 

groups of vaccinated male mice (Figure 2.4H). While there were significant (p<0.05) 

but modest increases in female IgG2a responses in S177Q responses compared to 

controls, there were no significant (p<0.05) antibody increases compared to WT 

vaccinated mice (Figure 2.4F). These data suggest that S177Q vaccination drives a 

substantial recall and balanced Th1/2-type antibody response.  
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Figure 2.4 MP induces significant antibody recall responses during the RSV 
challenge. 
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Female (A, C, E, F) and male (B, D, G, H) BALB/c mice were immunized with 10 µg 
empty MP, WT, or S177Q all adjuvanted with 10 µg MPLA on days 0 and 21. 14 days 
post boost mice were i.n. challenged with 106 PFU RSV A2 or unchallenged as naïve 
control, and on day 5 pi, sera were collected and analyzed for total IgG, IgG1, and 
IgG2a. A and B show ½ log dilution of sera (starting at 1:50) with shapes indicating 
mean +/- SEM. C - H shows the area under the curve (AUC) +/- SEM. A - D show 
total IgG, E and G show IgG1, and F and H show IgG2a. Data were analyzed by one-
way ANOVA with Dunnett’s multiple comparison test where * p<0.05, ** p<0.01, 
*** p<0.001, and **** p<0.0001. 
 
2.4.3 Vaccination reduces the lung viral load.   
 To determine the capacity of vaccination to protect against RSV challenge, 

immunized mice were challenged with 106 PFU RSV A2 on day 5 pi, the lungs were 

collected, and viral titers were determined by plaque assay. Significant (p<0.05) 

reductions in lung viral titers were observed in female (Figure 2.5A) and male (Figure 

2.5B) mice vaccinated with WT or S177Q. Interestingly, vaccinated male mice 

demonstrated lower lung virus titer than female mice. At the same time, WT and 

S177Q vaccination was associated with reduced lung viral titers in both sexes. WT 

and S177Q vaccination in female mice reduced viral titers >2 logs compared to 

controls. Male mice vaccinated with WT had ~ 2 log reduction of lung titers 

compared to controls. However, S117Q vaccinated mice had >4 log reduction, and no 

detectable infectious virus was recovered.  
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Figure 2.5 MP vaccination reduces lung RSV titers. 

Female (A) and male (B) BALB/c mice were immunized with 10 �g empty MP, WT, 
or S177Q, all adjuvanted with 10 �g MPLA on days 0 and 21. 14 days post boost 
mice were i.n. challenged with 106 PFU RSV A2 or unchallenged as naïve control, 
and on day 5 pi, lungs were removed, and viral titers were determined by plaque 
assay. Bars represent mean PFU/mL +/- SEM. Data were analyzed by Kruskal-Wallis 
and compared to infection-only control where * p<0.05, ** p<0.01, *** p< 0.001, and 
**** p<0.0001. 
 
2.5.6 Vaccination modifies the cytokine and chemokine responses to RSV challenge  
 A potential indicator of RSV disease is distorted cytokine or chemokine 

responses. To determine this possibility, on day 5 pi, the BALF was collected from 

vaccinated and challenged mice. The concentrations of cytokines and chemokines 

were measured by bead-based multiplex cytokine assay. Simultaneously, multiple 

cytokines and chemokines were evaluated in BALF from vaccinated groups using 

bead-based multiplex assays (Supplementary Figure 2). The results showed variation 

between sexes and some vaccination groups. However, for two cytokines, IFNγ and 

IP-10, there were significant increases in the BALF from female and male mice 

vaccinated with S177Q (Figure 2.6). IFNγ is a canonical Th1-type cytokine, and IP-

10 is a chemokine affected downstream of IFNγ. Both are biomarkers for a Th1-type 

immune response. While the magnitude differed somewhat, female mice had 

significant (p<0.05) increased IFNγ compared to control groups and a near-significant 

increase compared to WT BALF (p = 0.056) (Figure 2.6A). Male mice had significant 

(p<0.05) increases in BALF IFNγ levels compared to all other groups (Figure 2.6B). 

IP-10 concentrations in BALF of female mice were significantly increased in S177Q 

compared to empty MP and infection-only controls (Figure 2.6C). In contrast, male 

BALF IP-10 was significantly (p<0.05) increased compared to WT and the infection-
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only control (Figure 2.6D). These data support improved protective Th1-type 

responses in S177Q vaccinated mice following infection. IgG subtype data (Figure 

2.4) suggest these vaccines induce a Th1/2 balanced response that may subtly vary 

between males and females.  

 

Figure 2.6 Cytokine responses following RSV infection. 
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Female (A and C) and male (B and D) BALB/c mice were immunized with 10 �g 
empty MP, WT, or S177Q, all adjuvanted with 10 �g MPLA on days 0 and 21. 14 
days post boost mice were i.n. challenged with 106 PFU RSV A2 or unchallenged as 
naïve control, and on day 5 pi, BALF was collected and analyzed by bead-based 
cytokine assay. Concentrations of IFNγ (A and C) and IP-10 (B and D) are shown 
with bars representing mean pg/mL + SEM. Data were analyzed by one-way ANOVA 
with Dunnett’s multiple comparison test where * p<0.05, ** p<0.01, *** p<0.001, 
and **** p<0.0001. 
 
2.5 Discussion 
 Major advancements in RSV countermeasures have been recently achieved. 

Two vaccines are available, one for the elderly and one for pregnant women, and a 

new immune prophylactic is available for all infants (2, 53, 54). Despite these 

successes, there remains a need for safe and effective RSV vaccines for infants, 

especially those 2-5 years of age, for whom none of the new countermeasures are 

approved. We have designed modalities targeting the RSV G protein to address these 

gaps. During infection, the G protein is responsible for initial virion attachment to 

host cells via CX3CR1 expressed on airway epithelial cells and interfering with host 

immunity to infection (24, 26). Therefore, targeting the CX3C motif within the RSV 

G protein provides two biological mechanisms of protection – reducing initial virion 

attachment to host cells and preventing immune modulations mediated by G protein. 

Given the role of the G protein in disease and the history of VERD, there is a major 

focus on safe countermeasures with low potential reactogenicity, justifying the bias in 

the field toward developing anti-F protein countermeasures.  

We and others have previously described RSV G protein countermeasures that 

are safe and effective. Specifically, a recent report described a G protein CCD NP 

vaccine that induced substantial RSV neutralization capability in primary human 
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airway epithelial cell (hAEC) cultures (55). Similarly, our previous RSV G NP 

vaccines elicited antibody responses that were neutralizing in vitro with the addition 

of complement (50). Surprisingly, RSV G MP vaccines noted here neutralize 

regardless of C’, and the S177Q mutation induces improved immunogenicity and 

neutralization. Another hurdle in developing RSV G protein vaccines is relatively 

poor immunogenicity. The G protein may prevent sufficient antibody responses, 

potentially due to infection and re-regulation of neonatal regulatory B cells (nBreg) 

(56), soluble G protein antigenic decoy (21), or modification of T cell trafficking (57). 

Given that RSV G appears to leverage its CX3C motif to interact with CX3CR1 and 

elicit these immune modulating effects, we hypothesized that we could mitigate this 

issue by mutating residues in the CCD(15, 18). However, to consider the 

consequences of mutating residues in the CCD that might be important for 

recognition of neutralizing antibodies, a panel of CCD mutant vaccine candidates 

were generated by structure guided mutagenesis using high-resolution crystal 

structures of mAb’s 3D3, 2D10, and 3G12(49). Importantly, their epitopes revealed 

that mAb’s 3D3 and 3G12 all use amino acids located on the N-terminal region of the 

CCD that were not included in our previous CCD-MP vaccine designs(43, 44). 

Therefore, the new panel of CCD mutant vaccine candidates included a longer range 

of amino acids in the CCD to fully encompass epitopes recognized by neutralizing 

antibodies(49). Our investigation into mutated CCDs identified the S177Q mutant, 

which prevented CX3CR1-mediated chemotaxis similar to the CX4C mutation. 

However, mice vaccinated with the S177Q mutant had superior antibody responses 
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with improved Th1-type responses (52). Moreover, despite the mutation, S177Q 

vaccination still mediated CX3C-blocking antibody responses. Further, human anti-

RSV reference sera bind the S177Q mutant with high affinity, similar to binding to 

WT, and S177Q retains high affinity binding to human and mouse mAbs (49). These 

previous studies demonstrated the translatable feasibility of the S177Q mutation as an 

immunogenic and safe antigen, which was recapitulated in the MP platform. Here, 

S177Q vaccination induced greater IgG responses, including IgG2a, and there were 

increased concentrations of Th1-type analytes in the BALF on day 5 pi (i.e., IFNγ and 

IP-10) compared to WT. Finally, this study was performed in male and female 

BALB/c mice, highlighting subtle inter-sex responses, but broadly, S177Q 

vaccination was superior in both sexes.  

 While these studies are promising, we are interested in precision medicine to 

design the most appropriate vaccine candidate for RSV in infants and young children. 

We intend to build on the studies shown here to develop LbL-MP RSV G vaccines, as 

the benefits of this vaccine platform include improved uptake by APCs, resulting in 

greater immunogenicity.  
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Figure 2.7 Antisera binding to RSV B. 

Antisera from (A) female and (B) male mice on day 28 (day 7 post boost) binding to 
RSV B1. Only antisera generated from S177Q vaccination induced notable binding to 
RSV B1 compared to naive sera, while empty MP and WT did not. Data were 
analyzed by one-way ANOVA with Dunnett’s multiple comparison test. Compared to 
naïve sera, empty MP p > 0.99 (female) and p = 0.58 (male), WT p>0.99 (female) and 
p=0.42 (male), and S177Q p = 0.057 (male) and S177Q  =0.20 (female). 
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Figure 2.8 25-plex cytokine/chemokine concentrations in the BALF of challenged 
animals. 

BALF was collected on day 5 pi from (A) female and (B) male vaccinated mice and 
analyzed by 25-plex Luminex (Millipore). Bars represent analytes' mean 
concentration (pg/mL) +/- SEM. 
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3.1 Abstract 
 
Respiratory syncytial virus (RSV) is a leading cause of severe lower respiratory tract 

disease in children, immunocompromised populations, and the elderly. Newly 

available prophylactics involving the fusion glycoprotein (RSV F) demonstrate 

efficacy in preventing severe lower respiratory tract disease, however new 

formulations may be required to prevent upper-respiratory infections and reduce 

transmission. Thus, it is important to exploit other sites of vulnerability on the RSV 

virion. The RSV attachment glycoprotein G binds to the CX3CR1 chemokine 

receptor to promote viral entry into human airway epithelial cells and to modulate 

host immunity characterized by a dampened Th1/favored Th2 cytokine profile. 

Antibodies against RSV G are a known correlate of protection, however, RSV G itself 

has been overlooked as a vaccine immunogen due to its highly O-glycosylated and 

variable regions and low immunogenicity. Previously, several broadly-reactive, high-

affinity anti-RSV G human monoclonal antibodies were isolated from RSV-

experienced individuals and were shown to be broadly protective in vitro and in vivo. 
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In this study, we investigated three high-affinity antibodies from this panel. Using X-

ray crystallography, we solved the structures of these antibodies in complex with an 

RSV G antigen and defined three novel conformational epitopes comprised of highly 

conserved RSV G residues on its central conserved domain (CCD). Binding 

competition studies and cryoelectron microscopic structural studies demonstrated that 

the CCD, while only 40 amino acids in length, can display two antigenic sites 

simultaneously. Analyses of anti-RSV G antibody germ line lineages in the context of 

antibody-CCD complex structures reveal strategies for the elicitation of lineage-

diverse, broadly-reactive, high-affinity antibodies targeting RSV G. Specifically, we 

think developing vaccine designs that maintain RSV G CCD flexibility is key towards 

stimulating high-affinity antibodies with high sequence identity to their genomic 

precursors. Antigen flexibility might circumvent the need for antibodies to undergo 

prolonged affinity maturation that might be necessary to gain high affinity for more 

rigid antigens. Together, these findings support the synergistic potential of targeting 

the RSV G CCD in next-generation prophylactics. 

3.2 Author Summary 
 
Respiratory syncytial virus (RSV) utilizes two glycoproteins for efficient viral entry 

into airway epithelial cells: G and F. Virus attachment is mediated by the G 

glycoprotein and membrane-fusion is mediated by the F glycoprotein. Approved 

intervention strategies target RSV F alone. However, antibodies that target RSV G are 

also correlated to protection against severe RSV disease, and the development of 

strategies that target RSV G may synergize with current RSV F-targeted strategies to 
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provide more robust protection. Here, we investigated how antibodies target RSV G. 

We used biophysical methods to map the three-dimensional structures of tightly 

binding antibodies bound to RSV G to identify amino acids in the G protein that are 

important for vaccine design. We found that all antibodies bind a small region of RSV 

G that is highly conserved across RSV strains, termed the central conserved domain 

(CCD), and that this small region can bind up to two antibodies simultaneously. 

Additionally, the antibodies bind unique conformations, potentially resulting in 

resistance to virus mutations. Together, our findings serve as a blueprint for how we 

can use RSV G as an immunogen target. 

3.3 Introduction 
Lower respiratory infections are the leading cause of infant mortality 

worldwide with Respiratory Syncytial Virus (RSV) as the primary causative agent (1, 

2). RSV induced lower respiratory disease also significantly impacts children under 5, 

immunocompromised individuals, and the elderly (3-7). Current FDA approved 

prophylactic strategies include two monoclonal antibodies, palivizumab (Synagis) 

and nirsevimab (Beyfortus), and three vaccines, Abrysvo (Pfizer), Arexvy (GSK), and 

mRESVIA (Moderna), all of which target only one of two major surface 

glycoproteins required by RSV for efficient infectivity (8-11). While these 

prophylactics are effective at reducing severe lower respiratory symptoms, upper 

respiratory infections are still prevalent and may contribute to RSV shedding and 

transmission in the community (12-16).  

RSV is a filamentous, enveloped, negative sense, single stranded RNA virus 

with a 15 kilobase genome coding for 11 proteins (17). RSV belongs to the 
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pneumoviridae family of viruses which rely on their G and F glycoproteins to mediate 

attachment and membrane-fusion, respectively, to airway epithelial cells (17, 18). 

RSV F is a type I integral membrane protein and it facilitates fusion between the viral 

envelope and the host cell plasma membrane by undergoing a series of 

conformational changes taking it from a pre-fusion to a post-fusion state (18-20). 

Antibodies that target the pre-fusion state of RSV F are highly correlated to lower 

disease severity. In fact, Nirsevimab, Abryso, Arexvy and mRESVIA were all 

designed to target antigenic sites Ø and V which are only accessible in this 

conformation (21-23). However, known variability localized in these sites highlight 

the potential for the generation of escape against current prophylactics (20, 24, 25). 

This limitation materialized during a phase 3 clinical trial for Suptavumab, an anti-

preF neutralizing antibody that failed to meet its efficacy endpoint due to the 

emergence of an RSV B strain yielding two key mutations in its binding epitope (26, 

27). Escape mutations to Nirsevimab have already been identified in circulation, 

albeit in low abundance (28). Nevertheless, these escape mutants do not restrict viral 

fitness in vitro, making it possible for one to emerge as the dominant strain in the 

future (29).  

To improve the protective breadth of RSV prophylactics, it is important to 

consider all correlates of protection which not only includes antibodies targeting pre-

fusion RSV F, but also those targeting RSV G (23, 30). Antibodies that target RSV G 

are correlated with lower disease severity even while being present at 1/30th the 

abundance of those that target the pre-fusion RSV F (23). Mechanistically, anti-RSV 
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G antibodies impede RSV G interaction with the human CX3CR1 receptor and are 

shown to directly neutralize virus infection in vitro using primary human airway 

(HAE) and bronchial epithelial cells (31-33). In one study using primary HAE’s, anti-

RSV G antibodies targeting the CCD reach up to 92% RSV neutralization where mAb 

131-2G, a well-studied protective antibody in vivo, reaches complete neutralization 

(33-35). These antibodies also mediate opsonization, antibody dependent cellular 

cytotoxicity (ADCC), and antibody dependent cellular phagocytosis (ADCP) to 

promote viral clearance (31-33, 36). Moreover, anti-RSV G antibodies mitigate the 

immune modulating activities of RSV G, and using PBMC’s, A549 cells, and a two-

chamber transwell in-vitro system, anti-RSV G antibodies were found to restore type 

I and III interferon levels that are normally suppressed by RSV G-CX3CR1 

interactions (37). In vivo, anti-RSV G antibodies work prophylactically and 

therapeutically to restore the Th1/Th2 cytokine profile, decrease mucus production, 

and relieve pulmonary inflammation using both mouse and cotton rat models (31, 34, 

35, 38, 39). Notably, the broadly-reactive human monoclonal antibody 3D3 was 

superior to palivizumab (Synagis), a commercially available anti-RSV F monoclonal 

antibody, in reducing viral load in mice in both prophylactic and post-infection 

treatment models (39). Considering the crucial role of RSV G in viral entry and 

disease, it is a promising target for the development of improved prophylactic 

strategies that could be used alone and/or in combination with those that target RSV 

F. 
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RSV G is a ~300 amino acid type II membrane protein. Its extracellular region 

is composed of two highly-O-glycosylated mucin-like domains flanking a ~40 amino 

acid region known as the central conserved domain (CCD) (Fig1a). The CCD 

contains four cysteines that form two disulfide bonds with 1-4 and 2-3 connectivity. 

The CCD interacts with CX3CR1 to promote virus attachment and modulate immune 

responses (32, 36, 40). In previous studies, five high-resolution crystal structures of 

human monoclonal antibodies (mAbs) in complex with the RSV G CCD were 

elucidated (31, 41, 42). Unexpectedly, these structures revealed that these mAbs bind 

to conformational epitopes on the CCD, with additional interactions in the CCD 

beyond their linear epitopes. However, it is unclear how many conformational 

epitopes on the CCD exist, if multiple mAbs can bind to the CCD simultaneously, or 

how anti-RSV G human mAb sequences compare to their germlines and to each 

other.   

 To broaden our understanding of RSV G’s epitope landscape and to 

understand the basis for elicitation of broadly-reactive high-affinity anti-RSV G 

antibodies from germline lineages, we investigated three broadly-reactive high-

affinity anti-RSV G human mAbs 1G1, 2B11, and 1G8, which were previously 

isolated from RSV-experienced individuals (39). We solved the crystal structures of 

these antibodies in complex with the CCD and found that each mAb recognizes a 

unique conformational epitope, distinct from those characterized previously. 

Moreover, we found that while some mAbs bind to nearly identical CCD amino acids, 

each antibody makes unique combinations of hydrophobic, electrostatic, and 
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hydrogen bond interactions with either the backbone or sidechain to stabilize contact 

with the CCD(Fig1C). Epitope binning assays and cryoelectron microscopic studies 

reveal that the CCD can accommodate binding of two broadly-reactive monoclonal 

antibodies simultaneously, supporting the potential for combination anti-RSV G 

monoclonal antibody therapeutics. Finally, mAb sequence analyses of known 

broadly-reactive anti-RSV G human antibodies reveal that they are derived from 

several different germline lineages, and that they are of modest divergence from their 

germline genes. Altogether, these studies reveal the potential for the RSV G CCD to 

elicit diverse polyclonal antibody responses that resist virus mutational escape. This 

work serves to inform the development of next-generation RSV vaccines and 

antibody therapeutics. 

3.4 Results 
 
3.4.1 mAb 1G1, 2B11, and 1G8 bind RSV G with high affinity 
 
Previously, a panel of broadly-reactive high-affinity human monoclonal antibodies 

(mAbs) was isolated from RSV-experienced individuals, and several mAbs were 

shown to be protective in prophylactic and post-infection mouse models (31, 35, 38, 

39, 43-45). Here, we investigated mAbs 1G1, 1G8, and 2B11 from this panel. We 

selected mAb 1G1 because linear epitope mapping studies had shown no binding to 

any RSV G linear peptide, suggesting it has a conformational epitope. Additionally, 

we selected mAbs 1G8 and 2B11 due to their high affinity binding for RSV. All three 

mAbs are broadly-reactive and bind RSV G from both A and B subtypes (39).We first 

generated the recombinant mAbs 1G1, 1G8, and 2B11 and subjected them to kinetics 
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binding experiments with recombinant RSV G ectodomain (RSV Gecto) using biolayer 

interferometry (Figure 3.1). We found that mAb 1G1 binds RSV Gecto with nanomolar 

affinity (4.54 nM) while mAb 1G8 and mAb 2B11 bind RSV Gecto with picomolar 

affinity (52.6 pM and 31.9 pM, respectively), consistent with published results 

(39)(Figure 3.1).

 

Figure 3.1 Biolayer interferometry binding studies show that mAbs 1G1, 1G8, and 
2B11 bind to RSV Gecto with high affinity. 

Biolayer interferometry traces for (A) mAb 1G1 (pink traces), (B) mAb 1G8 (purple 
traces), and (C) mAb 2B11 (slate gray traces) binding to RSV Gecto. Concentrations of 
RSV Gecto used for each trace are shown. The vertical red line indicates the transition 
of the biosensors from the association step to the dissociation step. Curve fits using a 
1:1 global binding model are colored red. KD values were determined using the 
average of two technical replicates. 
 
3.4.2 High-resolution structures of Fabs 1G1, 1G8, and 2B11 bound to RSV G CCD 
 
To understand the molecular basis for the high-affinity and broad-reactivity of these 

mAbs, we used X-ray crystallography to determine the high-resolution structures of 

the 1G1, 1G8, and 2B11 antigen binding fragments (Fabs) in complex with the RSV 

G CCD (Figure 3.2, Table 1). All three mAbs recognize novel conformational 

epitopes on the CCD formed by varying conformations of the CCD’s N-terminal 

region (CCD amino acids 161-171) along with one face of the cysteine loop (CCD 

amino acids 172-187). These conformational epitopes explain the lack of linear 
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epitope binding for mAb 1G1 and unveil additional epitope amino acids beyond the 

linear epitopes for mAbs 1G8 and 2B11.       

The 1G1-CCD complex structure reveals a 1,083-Å2 interface of which 849-

Å2 is contributed by the heavy chain and 235-Å2 is contributed by the light chain 

(Figure 3.2A). Major hydrophobic contacts are mediated by F103, Y54, P53, A30, 

T31, and T28 in the heavy chain complementarity-determining region (HCDR) loops 

HCDR2 and HCDR3 (Figure 3.2D). The N-terminal tail of the CCD is comprised of 

both polar and non-polar residues that are tucked into a pocket created by the 1G1 

heavy and light chain. F170 and F163 in the CCD form pi-pi stacking interactions 

with Y104 in HCDR3 while F164 and H165 in the CCD rest inside a hydrophobic 

pocket formed by Y113 in HCDR3 and Y43, Y48, P54, and L55 in the light chain 

CDR (LCDR) loop LCDR2. A salt bridge is mediated by K49 in LCDR2 interacting 

with D162 in the CCD. Eleven hydrogen bond interactions, the most seen among the 

three crystal structures in this study, are predominantly mediated by HCDR2 and 

HCDR3 with the CCD backbone, a pattern observed previously in the antibody 

3G12-CCD interface (42).  

The 1G8-CCD complex structure reveals a 1040-Å2 interface of which 845-Å2 

is contributed by the heavy chain and 196-Å2 is contributed by the light chain (Figure 

3.2B). The N-terminal tail of the CCD, which includes the linear epitope amino acids 

164-172, wraps around the heavy and light chain, predominantly interacting with 

HCDR3, HCDR2, and LCDR3. Heavy chain residues V107, L104, L102, Y60, T59, 

and Y35 and light chain residue W94 form major and minor hydrophobic pockets 
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wherein lie the CCD amino acids F163, F165, V167, F168, and I175 (Figure 3.2E). 

Five out of six hydrogen bond interactions are found between antibody 1G8 and the 

CCD backbone.  

The 2B11-CCD complex structure reveals a 1130-Å2 interface of which 820-

Å2 is contributed by the heavy chain and 310-Å2 is contributed by the light chain 

(Figure 3.2C). This interface is the largest out of the three in this study. Similar to 

what was observed in the structures with antibodies 1G1 and 1G8, the N-terminal tail 

of the CCD, which includes the linear epitope amino acids 162-172, forms intimate 

interactions with antibody 2B11 using both hydrogen bond and hydrophobic 

interactions (Figure 3.2F). In particular, HCDR2 amino acids I51, I52, P55, P56, A58, 

I60, and A72 form a hydrophobic interface to interact with the CCD. Interestingly, 

K74 in the 2B11 heavy chain forms a tunnel with P56 from HCDR2 where the CCD 

amino acid F165 neatly tucks into. Beyond the linear epitope amino acids, one face of 

the CCD's cysteine loop lays flat over 2B11, making prominent interactions with 

HCDR3, LCDR1, and LCDR3. Specifically, amino acids K23 and L101 in HCDR3 

and H34, L99, I98, and T96 in LCDR1 and LCDR3 create a hydrophobic 

environment that interacts with CCD amino acids P180, T181, and I185 located at the 

apex of the cysteine loop. In addition, N179 in the CCD forms a hydrogen bond with 

H34 in LCDR2.  
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Figure 3.2 Crystal structures of antibody - RSV G CCD complexes reveal novel 
conformational epitopes. 

A-C) Overall surface views of Fab 1G1 (pink), Fab 1G8 (purple), and Fab 2B11 (slate 
gray) bound to RSV G CCD (cyan). The CCD is shown as stick-and-ribbon view with 
disulfide bonds colored yellow. (D-F) Detailed stick-and-ribbon models depicting the 
molecular interactions between Fab 1G1, Fab 1G8, and Fab 2B11 and the CCD. Blue 
dotted lines indicate hydrogen bonds. 
 

 Fab1G1-RSV G 
CCD 

Fab 1G8-RSV G 
CCD 

Fab 2B11-RSV G 
CCD 

PDB Code 
 
Data 
collection 

9CQA 9CQB 9CQD 

Space group P 21 21 21 P 31 2 1 P 1 21 1 
Cell 
dimensions   

   

    a, b, c (Å) 76.2,80.75, 
175.18 

67.39, 67.39, 286.34 74.65, 184.33, 161.23 

    a, b, ã  (°)  90, 90, 90 90, 90, 120 90, 96.87, 90 
Resolution (Å) 47.32-1.74 

(1.80-1.74)* 
286.35-2.50 (2.54-
2.50) 

92.17-3.10 (3.15-3.10) 

Rmerge 0.100 (2.346) 0.171 (1.385) 0.412 (1.884) 
Rpim 
I / sI 

 
14.6 (1.0) 

 
12.7 (1.0) 

 
3.3 (0.4) 

CC(1/2) 0.999 (0.457) 0.997 (0.553) 0.984 (0.348) 
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Completeness 
(%) 

99.2 (92.0) 100.0 (100.0) 100.0 (99.1) 

Redundancy 13.2 (9.6) 18.9 (19.6) 13.2 (10.3) 
Refinement    
Resolution (Å) 47.32-1.74 

(1.80-1.74) 
58.36-2.5 (2.59-
2.50) 

79.88-3.1 (3.21-3.10) 

No. reflections 110821 (10422) 27222 (2663) 78360 (7747) 
Rwork / Rfree 0.211/0.226 0.226/0.263 0.293/0.292 
No. atoms    
    Protein 7451 3578 25773 
    Ligand/ion 20 0 0 
    Water 393 16 0 
B-factors    
    Protein 34.79 54.45 74.50 
    Ligand/ion 30.0   
    Water 39.08 44.81  
R.m.s. 
deviations 

   

    Bond 
lengths (Å) 

0.008 0.009 0.006 

    Bond angles 
(°) 

0.97 1.09 0.88 

Ramachandran 
statistics 
    Favored (%) 
    Allowed (%) 
    Outliers (%)                         

 
98.56 
1.44 
0.00 

 
93.07 
6.93 
0.00 

 
93.55 
6.45 
0.00 

Table 3.1 Data Collection and Refinement Statistics 

*Values in parentheses are for highest-resolution shell. 
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Figure 3.3 Comparative structural analyses of mAbs bound to similar RSV G CCD 
conformations reveal distinct interactions. 

A) Overlay of RSV G CCD structures when bound to antibodies 1G1 (pink, PDB 
code 9CQA), 3D3 (pale green, PDB code 5WNA), 1G8 (periwinkle, PDB code 
9CQB), 3G12 (yellow, PDB code 6UVO), 2B11 (blue, PDB code 9CQD), 2D10 
(orange, PDB code 5WN9), CB002.5 (salmon pink, PDB code 6BLI), and CB017.5 
(turquoise PDB code 6BLH). (B) Overlay of the structures Fab 1G1 (pink surface and 
ribbon model) and Fab 3D3 (green surface and ribbon model) bound to RSV G CCD 
(ribbon model in magenta when bound to Fab 1G1 and forest green when bound to 
Fab 3D3) (C,D) Overview and zoom-in of the overlay of the structures of Fab 1G8 
(purple) and Fab 3G12 (goldenrod) bound to RSV G CCD (ribbon model in sea green 
when bound to Fab 1G8 and gold when bound to Fab 3G12). In panel C, sea green 
dotted lines represent hydrogen bonds between Fab 1G8 and RSV G CCD and gold 
dotted lines represent hydrogen bonds between Fab 3G12 and RSV G CCD. 
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3.4.3 Antibodies bound to similar RSV G CCD conformations and epitope amino 
acids utilize distinct molecular interactions 
 

Alignment of the CCDs from the three antibody-CCD structures reported here 

and the five antibody-CCD structures determined previously reveal that the CCD can 

adopt several different conformations (Figure 3.3A)(32, 42, 43). However, two of the 

structures reported here appear to bind a conformation of CCD that is similar to that 

in another structure. For example, the RSV G CCD conformation and the epitope 

amino acids of Fab 1G1 resemble those of Fab 3D3 (42)(Figure 3.3B, 3.4C). 

However, a closer inspection reveals distinct angles of approach and distinct 

molecular interactions. Specifically, overlayed Fab 1G1-RSV G CCD and Fab 3D3-

RSV G CCD structures reveal a 23.9° angle difference in approach by these 

antibodies for binding to the CCD (Figure 3.3B). At the molecular level, Fab 1G1 

relies on an extensive hydrogen bond network with the CCD backbone whereas Fab 

3D3 relies on sidechain-sidechain interactions (Figure 3.4C). Overall, while 

antibodies 1G1 and 3D3 bind to nearly identical amino acids on the CCD, their 

different angles of binding result in different contributions by each CCD amino acid 

to the epitope (Figure 3.4C).  

In contrast, Fab 1G8 and Fab 3G12, which are from the same antibody 

germline (described further below), have similar angles of approach, capture RSV G 

CCD in a nearly identical conformation, and bind to nearly identical amino acids on 

the CCD (Figure 3.3C, 3.4C). Despite this, molecular nuances exist in their mode of 

binding to the CCD. Most notably, W94 from the Fab 1G8 LCDR2 is flipped over 

and positioned on the opposite side of the RSV G CCD N-terminal tail compared to 
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W94 from the Fab 3G12 LCDR2 (Figure 3.3D). This difference allows W94 to create 

a hydrogen bond with RSV G CCD amino acid H164, an interaction not seen in the 

Fab 3G12-RSV G CCD interface (Figure 3.3D, 3.4C). Also, N93 from the Fab 3G12 

LCDR2 acts as a hydrogen bond donor to the carboxy group of RSV G CCD amino 

acid N160. At this same position, Fab 1G8 LCDR2 bares E93 which is negatively 

charged and is unable to act as a hydrogen bond donor.  

Overall, comparative analyses of the epitopes for all six human mAbs from 

our panel for which we have high-resolution structures is shown in Figure 3.4. 

Although several of these mAbs bind to the same RSV G amino acids, each mAb 

displays a unique pattern and type of interaction, resulting in a unique epitope. 

Notably, analysis of approximately 6000 publicly available RSV G sequences reveals 

that the CCD is extraordinarily conserved (Figure 3.4A,B). This conservation 

explains the broad reactivity of these mAbs to both RSV A and B subtypes and 

further validates the RSV G CCD as a target for vaccines and therapeutics.  
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Figure 3.4 Broadly-reactive human mAbs use distinct interactions to bind to RSV G 
amino acids that are conserved across thousands of RSV genotypes 

(A) Schematic of the RSV G gene. (B) RSV G CCD sequence conservation analysis 
using the National Center for Biotechnology Information (NCBI) database. (C) 
Buried surface area (BSA) quantitation for each antibody-CCD interface across each 
CCD amino acid using PDBePISA. Light blue bars indicate antibodies making a 
hydrogen bond with the CCD peptide backbone. Dark blue bars indicate other 
hydrophilic or hydrophobic interactions. 
 
3.4.4 RSV G CCD has to two non-overlapping antigenic sites 
 

To determine if the RSV G CCD, which is only ~40 amino acids, has more 

than one antigenic site, we conducted an epitope binning assay with the six human 

mAbs from our panel for which we have structural information. Biolayer 

interferometry biosensors coated with recombinant RSV G glycoprotein were used to 
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evaluate competitive binding by each mAb against the other, allowing the generation 

of a competitive binding matrix (Figure 3.5A,B). Antibodies 1G1, 3D3, 1G8, 3G12, 

and 2B11 all competed against each other for binding to RSV G, confirming that they 

share the same antigenic site, termed γ1, consistent with their structures and 

overlapping epitopes (Figure 3.5B). In contrast, antibody 2D10 was the only antibody 

in our panel that did not compete for binding to RSV G, supporting that it binds to a 

distinct antigenic site, termed γ2. Interestingly, antibody 2B11 appears to compete 

intermediately with antibody 2D10 for binding to RSV G when it is introduced in the 

second association step. This can be explained through its slight overlap with 

antibody 2D10 when viewing the overlaid structures (Figure 3.5C). No competition 

was observed when antibody 2B11 was introduced in the first association step, likely 

due to the higher affinity of antibody 2D10 (KD < 1pM) compared to antibody 2B11 

(KD = 4.5 nM) (42).  

Taking structural data and epitope binning data together, we propose antigenic 

site γ1 at residues N160-P172 and antigenic site γ2 at residues C173-R188. To further 

support this antigenic model, we incubated non-competing Fabs 2D10 and 3D3 with 

recombinant RSV G glycoprotein and used this sample to collect cryoelectron 

microscopy (cryo-EM) data (Figure 3.5E). A ~6.9 Å-resolution 3D volume shows the 

relative shape of two Fabs bound at one focal point (RSV G CCD)(Figure 3.5E). 

Unfortunately, the RSV G mucin-like domains are highly flexible and were not seen 

in both our raw and processed data and might also explain the low resolution. 

Nevertheless, we created an overlay of the crystal structures of Fabs 2B11 and 3D3 
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bound to RSV G CCD and modeled this into our 3D volume (Figure 3.5E). This data 

serves to corroborate the existence of two antigenic sites and is the first time that 

RSV G bound to two antibodies simultaneously has been visualized. 

 

Figure 3.5 Biolayer interferometry epitope binning and cryo-EM reveal two non-
overlapping antigenic sites on the RSV G CCD. 

(A) Graphical description of the epitope binning experimental design using biolayer 
interferometry. RSV Gecto coated on biosensors (Baseline) is incubated with one mAb 
to saturation (Association 1) and then incubated with a second mAb to evaluate 
binding (Association 2). (B) Epitope binning data showing the extent of competition 
between the mAbs in the Association 1 and 2 steps. Higher numbers indicate strong 
reactivity of the mAb in Association 2 in the presence of the mAb in Association 1 
(no competition) and lower numbers indicate complete competition. Data represent 
the average of two technical replicates. (C) Overlay of the crystal structures Fab 2B11 
(slate gray) and antibody scFv 2D10 (orange) bound to RSV G CCD (cyan). (D) 
Approximately 6.9 Å-resolution cryo-EM map and model of Fab 2D10 and Fab 3D3 
bound to RSV Gecto. The model was generated using the overlaid crystal structures of 
the scFv 2D10 - RSV G CCD and Fab 3D3 - RSV G CCD complexes, which and the 
model was then fit into the map using ChimeraX Isolde. (E) Representative 2D 
classes and gold standard Fourier shell correlation (GSFSC) graph.  
 
3.4.5 Anti-RSV G antibodies have modest divergence from genomic precursors 
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B-cell precursors undergo a process called VDJ recombination where selected 

variable (V), diversity (D), and joining (J) genes are rearranged as the B-cell matures 

and migrates to secondary lymph nodes. These naïve B-cells reside in the secondary 

lymph organs until they are activated, at which point, they are instructed to enter the 

light zone of the germinal center and undergo affinity maturation, the process of 

purposely creating nucleotide substitutions or insertions in CDR1 and CDR2 (coded 

by the V gene) and CDR3 (coded by the D and J gene in the heavy chain and the V 

and J genes in the light chain). To understand the genetic basis for the elicitation of 

broadly-reactive high-affinity anti-RSV G antibodies, we analyzed variable heavy 

chain (VH) and variable light chain (VL) germline gene usage for each antibody from 

our panel of 13 mAbs and nine other anti-RSV G human mAbs with publicly 

available sequences(32, 40, 47). We found 10 distinct VH gene precursors and 12 

distinct VL gene precursors across these twenty-two anti-RSV G mAbs. Surprisingly, 

these mAbs show relatively high sequence identity to their germline genes (77.6%-

95.9% in VH and 81.1%-97.9% in VL) indicating moderate levels of somatic 

hypermutation (Table 2). Additionally, we find HCDR3 lengths to be 8-18 amino 

acids long. Each antibody uses a unique set of heavy and light chains except for 

antibodies 1G8, 3G12, and 1A5.  

mAb VH 
Gene 

VH% 
Identity 

CDRH3 
Length 

CDRH3 Sequence VL 
Gene 

VL% 
Identity 

1G1 IGHV1-
18*01 

81.6 9 CARNHCNFYHDFW IGLV3-
25*02 

91.7 

3D3 IGHV3-
9*01 

80.4 15 CAIMVATTKNDFHYYKDVW IGKV3-
11*01 

90.5 

1G8 IGHV4-
39*01 

82.8 10 CAKQQLSLSPVENW IGKV3-
15*01 

81.1 



 90 

3G12 IGHV4-
39*01 

93.9 11 CARHLVWFGELRNNW IGKV3-
15*01 

96.8 

2B11 IGHV1-
69*02 

84.7 12 CAREILQSPPFAVDVW IGLV2-
14*01 

83.8 

2D10 IGHV1-
18*01 

86.7 15 CGRDMLGVVQAVAGPFDSW IGKV1-
12*01 

90.5 

6A12 IGVH3-
74*03 

95.9 9 CVRVLGAAMFDIW IGKV3-
11*01 

97.9 

10C6 IGHV3-
30*03 

90.8 17 CVRPDVIAVAGTALSNPFDLW IGKV3-
15*01 

91.6 

5D8 IGHV3-
30-3*02 

87.8 16 CAKDGLDYGGDLVYYGMDVW IGVL3-
25*02 

77 

3F9 IGHV1-
18*01 

84.7 15 CARLPLLGYSSGWYAFDMW IGVL2-
8*01 

96 

1A5 IGHV4-
39*01 

83.8 10 CARQQLSLSPVENW IGKV3-
15*01 

81.1 

1D4 IGHV1-
46*01 

81.6 8 CARVHKGRAEQW IGKV4-
1*01 

95 

1F12 IGHV1-
46*02 

79.6 8 CVRGSNLLPHLW IGKV3-
20*01 

86.5 

CB01
7.5 

IGHV3-
33*01 

92.8 13 CARDPIVGHTRDGLDVW IGLV3-
25*02 

89.5 

CB00
2.5 

IGHV4-
4*08 

89.6 14 CARSGFCSDDACYRRGSW IGKV1-
39*01 

93.6 

AT34 IGHV3-
30*03 

90.7 17 CASQGAKGGHELSFYCALDVW IGKV1-
5*01 

90.5 

AT50 IGHV1-
18*01 

88.7 17 CARGGAQEMVRIHYYYYGMDW IGKV1-
9*01 

87.4 

AT42 IGHV4-
38-2*02 

85.6 9 CARHWAGLYFDSW 
 

IGKV3-
20*01 

88.5 

AT51 IGHV1-
18*01 

84.7 18 CARPATSYDDLRSGYLNYCDYW IGKV1-
9*01 

90.5 

AT32 IGHV1-
24*01 

83.7 16 CAAEARYCDNSRCSPNFDHW IGKV4-
1*01 

93.9 

AT33 IGHV1-
69*01 

81.6 14 CARDAEWAAGSDYFFDYW IGLV3-
25*02 

87.2 

       
AT40 IGHV3-

30*01 
77.6 17 CARGRALDDFADYGGYYFDYW IGKV1-

12*01 
87.4 

Table 3.2 Germline Gene Sequence Identity 

3.5 Discussion 
 

Here, we defined three novel highly conserved conformational epitopes on the 

RSV G CCD using X-ray crystallography, and we visualized two non-competing 

antigenic sites (γ1 and γ2) using cryo-EM. We find that the CCD, while only 40 

amino acids in length, can adopt multiple conformations that are recognized by 
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diverse antibody paratopes. For mAb 1G1, a linear epitope could not be mapped(40), 

and now we understand that its reactivity with RSV G can be explained via a unique 

conformational epitope. Of note, antibody 1G1’s extensive hydrogen bond network 

with the RSV G CCD N-terminal tail is largely composed of peptide backbone amino 

and carbonyl groups, leaving open the possibility that it may be more resistant to 

mutations in the CCD compared to other antibodies, although its affinity is not as 

strong as other mAbs in the panel. For antibodies 1G8 and 2B11, we find that these 

antibodies also recognize conformational epitopes, which include amino acids beyond 

their linear epitopes(40). Epitope binning studies reveal that five out of the six mAbs 

investigated are able to compete with each other for binding, termed antigenic site γ1, 

whereas mAb 2D10 binds to a distinct epitope, termed antigenic site γ2. Interestingly, 

mAb 2B11 showed partial competition with mAb 2D10, which can be explained by a 

partial overlap of their epitopes on opposite faces of the CCD’s cysteine loop. 

It is well known that extensive genomic divergence via somatic hypermutation 

(SHM) is a common feature of broadly-neutralizing high-affinity antibodies, such as 

those targeting HIV and influenza virus(46-48). The broadly neutralizing anti-HIV-1 

antibody VRC01 variable heavy chain has a sequence identity of 58.2% to its 

germline gene IGVH1-2*02. In a similar vein, broadly-neutralizing anti-influenza 

antibody C05 possesses a 24 amino acid long HCDR3 which it utilizes to insert into 

the HA receptor binding site. In contrast, broadly-neutralizing high-affinity antibodies 

targeting RSV G diverge modestly from their germline sequences, with the lowest 

sequence identity being 77.6% and with the longest HCDR3 at 18 amino acids in 
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length across 22 monoclonal antibodies. While the VRC01 antibody has an HCDR3 

length of only 12 amino acids, it relies more heavily on its HCDR2 to form the 

highest surface area interface with the HIV gp120 protein and takes advantage of its 

LCDR1 to make important contacts with an HIV gp120 N-linked glycan(48). 

Similarly, Fab 2B11 and Fab 1G8 appear to rely more heavily on their HCDR2 and 

light chain residues, and possess only 12 and 10 amino acid long HCDR3s, 

respectively. However, antibody 1G1 uses its CDRH3 to a higher degree, making its 

length an important factor when we consider how divergent it might be from its 

germline gene. It is important to consider the role that RSV G’s flexibility has in the 

generation of the high affinities (KDs from nM to pM) observed in these antibodies. 

It is possible that the CCD’s flexibility allows it to conform to bind to germline-like 

antibodies, circumventing their need to undergo high SHM to achieve high affinity, 

something that could make the CCD an optimal target for vaccines. 

Another feature of some broadly-neutralizing antibodies is that they can be 

restricted in their antibody germline usage. For example, the highly potent anti-

influenza HA mAb CR6261 belongs to a panel of thirteen antibodies, all of which use 

the same VH gene (IGHV1-69), making it evident that mAb diversity is severely 

restricted for this antigenic site. In stark contrast, our analysis of 22 anti-RSV G 

antibodies use 10 unique VH genes in combination with 12 unique VL genes. 

Elicitation of diverse anti-RSV G antibodies might be the result of the CCD’s ability 

to display a wide range of conformational epitopes via highly flexible N- and C-
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termini. The ability to elicit diverse antibodies with different modes of binding would 

make it difficult for virus escape, further supporting the CCD as a target for vaccines.  

Altogether, our studies reveal the RSV G CCD as an ideal vaccine target due 

to its high sequence conservation and its high flexibility that promotes the elicitation 

of diverse, high-affinity, and broadly-neutralizing antibodies. These features are 

especially notable for such a small antigenic target of ~40 amino acids. Moreover, the 

existence of two non-competing antigenic sites, γ1 and γ2, on the CCD further 

supports its potential to elicit antibody responses that resist virus escape. However, 

we acknowledge that there has been little selective pressure for the RSV G CCD to 

mutate due to its naturally low immunogenicity. Thus, it is unclear if selective 

pressure from a CCD-focused vaccine would result in RSV mutational escape, and 

future studies focused on this area would be informative. A limitation to performing 

escape studies in vitro is that anti-G antibodies are directly RSV-neutralizing only in 

primary airway epithelial cells, making such studies technically challenging(32-34, 

40). 

Overall, this study broadens our understanding of the RSV G epitope 

landscape and serves as a blueprint for structure-guided vaccine design and 

therapeutic antibody strategies. 

 
3.6 Materials and Methods 
3.6.1 Production of bnmAbs 1G1, 3D3, 1G8, 2B11, 2D10, and 3G12 
Genes encoding bnmAbs 1G1, 3D3, 1G8, 2B11, 2D10, and 3G12 were identified 

using CellSpot single cell phenotyping from clonal populations of B-cells derived 

from PBMC’s of RSV experienced individuals and sequenced using RT-PCR as 
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previously described by (Collarini et al. 2009 Trellis Bioscience). For this study, 

recombinant bnmAbs were expressed by transient transfection of suspension adapted 

Chinese Hamster Ovary Cells (CHO-S), (Thermo Fisher, Life Technologies, 

Carlsbad, CA) with plasmids expressing full length human light and IgG1 heavy 

chains. Expression cassettes comprising a CMV promotor, a secretory peptide, 

variable domain sequences from the RSV antibody panel, human constant domains 

and poly A tail were assembled by Gibson cloning into the appropriate VRCO1 

backbone sequences in pCMVR  (Xu et al.,  PMD 2061),  previously obtained from 

the NIH AIDS Reagent program. Sanger sequencing was used to verify seamless re-

construction of all plasmids. Prior to transfection, CHO-S cells were maintained at a 

density of 0.3-2.0e6/mL in CD-CHO medium supplemented with 8 mM GlutaMax, 

100 μM hypoxanthine and 16 μM thymidine in shake flask cultures at 37 °C, 8% 

CO2, 85% humidity, rotating at 135 rpm in an ISF1-X shaker incubator (Kuhner, 

Birsfelden, Switzerland).  For protein production, cells were transfected using an STX 

electroporation system (MaxCyte Inc., Gaithersburg, MD) according to the 

manufacturer’s protocol using endotoxin free DNA.  Following transfection, cells 

were maintained at a density of 1.0 e7/mL  in CD OptiCHO supplemented with 0.1% 

pluronic acid, 2 mM GlutaMax, 100 μM hypoxanthine and 16 μM thymidine. At 24 

hours post electroporation, protein expression was enhanced by adding sodium 

butyrate (1mM final concentration) and lowering the temperature to 32°C.  Cultures 

were fed daily with CHO Growth A, 0.5% Yeastolate (BD, Franklin Lakes, NJ, US), 

2.5% CHO-CD Efficient Feed A, and 0.25 mM GlutaMax, 2 g/L Glucose (Sigma-
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Aldrich St. Louis, MO, US) and harvested when cell viability dropped to below 50% 

(usually following 8-14 days in culture). All media and supplements were purchased 

from Thermo Fisher, Life Technologies, Carlsbad, CA unless stated otherwise. 

Secreted mAbs were purified  from conditioned media by affinity chromatography 

using a HiTrap Protein G column (Cytiva) in PBS buffer [pH7.4]. Bound antibody 

was eluted with 0.1 M glycine•HCl [pH2.8] and  immediately neutralized with 1M 

tris pH 9 100ul/ mL eluted.  Purified mAbs were verified by Coomassie stained SDS-

PAGE with both reducing and non-reducing (no DTT) loading buffer, dialyzed into 

PBS [pH7.4] and flash frozen for long term storage.  

3.6.2 Antibody Germline Gene Sequence Identity Analysis 
We began with protein sequences for the variable region of each heavy and light 

chain. Using the IgBlast tool on the National Center for Biotechnology Information 

(NCBI) website, we input each sequence, selecting the top hit for each variable (V) 

gene and allele to include in our table. Additionally, we included the CDRH3 

sequences using the Martin (Enhanced Chothia) numbering scheme as a guide to 

set consistent boundaries around each CDRH3. 

3.6.3 Expression and Purification of Fabs 3D3, 2D10, 1G1, 1G8, and 2B11 
Fabs 3D3 and 2D10 were generated by incubation of full length mAb with 

immobilized papain, followed by removal of the Fc fragment with protein A using a 

Pierce™ Fab Preparation Kit (Thermo Fisher, Life Technologies, Carlsbad, CA). Fabs 

were further purified by Superdex 200 size-exclusion chromatography in 10 mM Tris-

HCl pH 8.0 and 150 mM NaCl. Purified Fabs were dialyzed into PBS, pH [7.4], and 

flash frozen for long term storage. Full length mAb 1G1, 2B11, and 1G8 plasmids 

were linearized using primers flanking the CH2 and CH3 domains so as to exclude 
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them during PCR to generate the Fab fragment sequence. A synthetic geneblock  

encoding a 2xStreptactin-Tag (for heavy chain only) was then cloned C-terminal to 

the Fab sequence using Gibson assembly. Sanger sequencing was used to verify these 

plasmids. Fabs were expressed in an identical manner to mAbs, in CHO-S culture. 

Secreted Fabs were affinity purified from media adjusted to 50mM Tris [pH8], 1mM 

EDTA, supplemented with 27 mg/ L Biolock (IBA life sciences), using a StrepTrap 

HP column (Cytiva)  in 50mM Tris [pH8], 150mM NaCl  and 1mM EDTA wash 

buffer,  eluting with wash buffer containing 2.5 mM d-Desthiobiotin. Purified Fabs 

were verified by Coomassie stained SDS-PAGE with both reducing and non-reducing 

(no DTT) loading buffer and dialyzed into 1xPBS, pH7.4 and flash frozen for long 

term storage.  

3.6.4 Expression and Purification of RSV Gecto  
A synthetic gene encoding RSV strain A2 (RSV/A2) G protein ( RSV Gecto )  

spanning amino acids 64-298 (UniProtKB entry P03423) was codon optimized for 

human codon usage and cloned into a CMV driven expression derived from 

pcDNA3.1 (https://doi.org/10.1371/journal.pone.0197656)  C-terminal to a CCR5 

secretion signal sequence and N-Terminal to a 6xHistidine-Tag followed by a 

2xStreptactin-Tag. Sanger sequencing was used to verify this plasmid. Recombinant 

RSV Gecto was produced  by transient transfection of CHO-S cells and secreted RSV 

Gecto was purified from CHO media adjusted to pH[8] by the addition of Tris buffer 

to a final concentration of 50mM, supplemented with  1mM EDTA and Biolock (IBA 

life sciences) at 27mg/L . Protein was recovered by affinity purification using a 

StrepTrap HP column (Cytiva).  Wash  buffer comprising 50mM Tris [pH8], 150 mM 
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NaCl, 1mM EDTA, and elution buffer 2.5 mM d-Desthiobiotin). Purified RSV Gecto 

was verified by SDS-PAGE in both reducing and non-reducing (no DTT) loading 

buffer and dialyzed into 1xPBS, pH7.4 and flash frozen for long term storage.  A 

biotinylated version of RSV Gecto was produced in an identical manner to RSV 

Gecto with the exception of the addition of carboxy terminal AviTag  recognition 

sequence, and replacement of the 2xStreptactin-Tag with a 10XHis tag in the 

expression cassette. Purification was accomplished on a Ni Sepharose Hi Trap excel 

column (Cytiva) equilibrated with  20mM sodium phosphate pH7.4, 0.5M NaCl,  

pH7.4.  Conditioned CHO media was adjusted to pH7.4, 0.5M NaCl  prior to column 

loading. Wash  buffer included 20mM imidazole, and an imidazole gradient from 

20mM to 500mM was applied using an ACTA Pure protein purification system 

(Cytiva), to elute bound protein. Eluted fractions were analyzed by SDS-PAGE prior 

to pooling. RSV Gecto  AviTag  was then dialyzed into PBS pH[7.4], and  

biotinylated using  GST-BirA ligase as described by Fairhaed and Howath (2015). 

Briefly,100uM of  RSV Gecto  AviTag  was incubated with 1uM GST-BirA in the 

presence of 20mM MgCl2, 2mM ATP, 0.15mM D-Biotin for 1 hour at room 

temperature with rocking. The same amount of fresh biotin and GST-BirA were added 

again prior to incubating overnight. GST-BirA was removed by incubation of the 

sample with a 50% (V/V) slurry of glutathione-HiCap resin in PBS for 30 minutes at 

room temperature, followed by centrifugation and collection of the supernatant which 

was extensively dialyzed  against PBS pH 7.4 prior to flash freezing. RSV Gecto  

with a GALNT3 restricted o-linked glycosylation pattern was generated specifically 
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for structural studies by expression of RSV Gecto  in Simple Cell (SC) ZFN192 

GALNT3  suspension adapted CHOK1, a gift from H Clausen (Yang et al 2014). 

Stable pools RSV Gecto SC ZFN192 GALNT3_ were generated by transfection 

followed by selection in 0.8mg/mL G418.  For protein expression, a pool of  G418 

resistant  RSV Gecto   _SC ZFN192 GALNT3 cells  was grown to a density of  

5e6/mL in BalanCD CHO Growth A - Irvine Scientific (FujiFilm) supplemented with 

2mM GlutaMax, 100 μM hypoxanthine and 16 μM thymidine and 0.1 % pluronic  in 

standard shake flask culture. The temperature was then dropped to 32°C, and sodium 

butyrate added to a final concentration of 1mM. The cultures supplemented as 

described for transient CHO-S expression, excepting on a 3 day schedule.  Cultures 

were harvested when cell viability dropped <50% by trypan blue exclusion, and 

protein purified on a StrepTactin Sepharose HP column (as previously described for 

CHO-S produced RSV Gecto) followed by size exclusion chromatography on a 

Superose 6 increase 10/300 column (Cytiva) in 50mM Tris [pH8], 300 mM NaCl, 

1mM EDTA and verified by Coomassie stained SDS-PAGE. The protein was then 

dialyzed into TBS (50 mM Tris-Cl, pH 7.5 150 mM NaCl) before flash freezing. 

3.6.5 Binding Kinetics 
Binding kinetics were assessed using biolayer interferometry on an Octet Red384 

instrument. Anti-Human Fc-Capture AHC biosensors (Sartorius, REF 18-0015) were 

equilibrated in kinetics buffer (.1% BSA, .02% Tween20, 1xPBS [pH7.4]). 

Biosensors were then dipped into wells containing kinetics buffer for 60 seconds to 

record a baseline measurement. Next, biosensors were loaded with either mAb 1G1, 

mAb 1G8, or mAb 2B11 at a concentration of 2 ug/ml for 60 seconds followed by 
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another baseline step for 60 seconds. Loaded biosensors were then dipped into wells 

containing two-fold serial dilutions of purified RSV Gecto for 300 seconds with the 

highest concentration being 40 nM and the lowest being .625 nM. The last biosensor 

was dipped into kinetics buffer which served as a control and to subtract non-specific 

upward or downward drift from our measurements. A dissociation step was measured 

for 600 seconds after moving biosensors into wells containing kinetics buffer. All 

steps were done with a shakespeed of 1000 rpm and at room temperature. Two 

technical replicates were done per antibody. KD’s were calculated using the Data 

Analysis HT software version 11.1 with a 1:1 binding model and dilutions fitted 

globally per assay.  

3.6.6 Epitope Binning  
Epitope binning was done using biolayer interferometry on an Octet Red384 instrument 

and following suggestions from “Epitope binning of monoclonal and polyclonal 

antibodies by biolayer interferometry”  by Kaito Nagashima and Jarrod J. Mousa. Anti-

penta histidine HIS1K biosensors (Sartorius, REF 18-0038) were equilibrated in 

kinetics buffer (.1% BSA, .02% Tween20, 1xPBS [pH7.4]). Biosensors were then 

dipped into wells containing kinetics buffer for 60 seconds to record a baseline 

measurement. Next, biosensors were loaded with RSV Gecto at a concentration of 4 

ug/ml for 150 seconds followed by another baseline step for 60 seconds. Loaded 

biosensors were then dipped into wells containing either mAb 1G1, mAb 2D10, mAb 

3G12, mAb 3D3, mAb 2B11, or mAb 1G8 at concentration of 100 ug/ml for 300 

seconds in the first association step. The second association step was done by dipping 

into either mAb 1G1, mAb 2D10, mAb 3G12, mAb 3D3, mAb 2B11, or mAb 1G8 at 
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a concentration of 100 ug/ml for 300 seconds so that every antibody got a chance to 

compete with all other antibodies in addition to itself. Antibodies in the first association 

step were also tested in the second association step to test antibodies in both directions 

and observe the effect of steric hindrance which might occur after the first association 

step. A dissociation step was measured for 600 seconds after moving biosensors into 

wells containing kinetics buffer. A no load control (kinetics buffer) was used to assess 

antibody binding to the biosensor itself and a 0 ug/ml concentration of antibody 

(kinetics buffer) was used in another control to verify complete saturation of the first 

antibody to its corresponding RSV G epitope. A dissociation step was measured for 600 

seconds after moving biosensors into wells containing kinetics buffer. Two technical 

replicates were done per antibody and order of association. mAb 2B11 was assessed 

using anti-streptavidin SA biosensors (Sartorius, REF 18-0009) and biotinylated RSV 

Gecto due to its apparent affinity for anti-penta histidine HIS1K biosensors in the no 

load control assay despite the absence of a his- or strep-tag. All assays were done with 

a shakespeed of 400 rpm. To generate a value for competition between two mAbs, the 

signal of mAb B (second association step) in the presence of mAb A (first association 

step) was divided by the saturated signal of mAb A and then multiplied by 100 for a 

percentage value per this formula: 

% Competition=
Signal mAb A with mAb B

Signal mAb A ×100% 

3.6.7 Expression and Purification of RSV G157-197  
A synthetic gene encoding RSV strain A2 (RSV/A2) G protein amino acids 157 to 

197 (UniProtKB entry P03423) was codon optimized for E. coli and cloned into 
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pRSFDuet-1 in frame with an N-terminal methionine and a C-terminal 6xHistidine-

Tag. Sanger sequencing was used to verify this plasmid. Two methods were used to 

express and purify recombinant RSV G157-197 as a result of optimization. (1) 

Recombinant RSV G157-197 was expressed in T7Express Escherichia coli cells 

overnight at 18°C. Cells were lysed by ultrasonication in wash buffer (20 mM Tris-

HCl [pH 8], 25 mM imidazole, 150 mM NaCl) containing 1 mM MgCl2, protease 

inhibitors, and benzonase. E. coli lysates were clarified by centrifugation and 

filtration using a .22 um vacuum filter. RSV G157-197 was purified from clarified 

lysates by affinity chromatography using a HiTrap TALON Crude column (GE 

Healthcare, REF 28-9537-66) and washed with wash buffer containing 6M urea. 

Protein was eluted in wash buffer containing 500 mM imidazole. (2) Recombinant 

RSV G157-197 was expressed in SHuffle T7 Competent E. coli cells (New England 

Bioslabs, REF C3026J) overnight at 18°C. Cells were lysed by ultrasonication in 

wash buffer (20 mM Tris-HCl [pH 8], 25 mM imidazole, 300 mM NaCl) containing 

1mM MgCl2, protease inhibitors, and benzonase. E. coli lysates were clarified by 

centrifugation and filtration using a .22 um vacuum filter. Clarified lysates were 

mixed with 1 ml of packed HisPur Cobalt Resin (Thermo Scientific, REF 89965) and 

rotated for 1 hour at 4C. Recombinant RSV G157-197 was eluted on a centrifuge 

column (Pierce, REF 89898) using wash buffer containing 500 mM imidazole and 

verified on Coomassie stained SDS-PAGE with both reducing and non-reducing (no 

DTT) loading buffer.  
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3.6.8 Production and Structure Determination of Fab 1G1-RSV G157-197 Complex  
A 5 molar excess of recombinant RSV G157-197  at .1 mg/ml was mixed with Fab 

1G1 at 1.5 mg/ml and concentrated to 2.8 mg/ml. This sample was size exclusion 

purified using an S75 10/300 size exclusion chromatography (SEC) column with 50 

mM Tris-HCl (pH 8) and 150 mM NaCl. Size exclusion purified material was verified 

by Coomassie stained SDS-PAGE and was concentrated to 5 mg/ml. Crystals were 

grown by hanging drop vapor diffusion at 22°C with well solution containing .1M 

BIS-TRIS (pH 6.5), 0.2M Ammonium Sulfate, and 24.5% PEG 3350. Crystals were 

dipped into a cryoprotectant (well solution containing 25% PEG400) and flash frozen 

in liquid nitrogen. Frozen crystals were shipped to the Advanced Photon Source 

(APS) and diffraction data was collected at beamline 23-ID-B using an x-ray 

wavelength of 1.033167 Å (12 keV). Diffraction data from one crystal were 

integrated and scaled using XDS where cc1/2 was used to determine the cutoff 

resolution(50). Phases were solved using molecular replacement on PHENIX.phaser. 

The molecular replacement model for the variable domain of Fab 1G1 was generated 

using SWISS model while the constant domain model came from the crystal structure 

of VRC01 (PDB code: 3NGB). The molecular replacement model for RSV G157-197 

came from the crystal structure of RSV G bound to Fab 3D3 (PDB code: 5WNA) 

using residues 171-186. The electron density map and model were refined using 

PHENIX.refine while manual assignment and fitting of amino acid side chains into 

electron density were done using COOT. Visualization of final structural features 

were done in Pymol. 
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3.6.9 Production and Structure Determination of Fab 1G8-RSV G157-197 Complex  
A 4 molar excess of recombinant RSV G157-197  at .3 mg/ml was mixed with Fab 

1G8 at .5 mg/ml, concentrated to .6 mg/ml, dialyzed into 10mM Tris-HCl (pH 8) and 

150 mM NaCl. This sample was size exclusion purified using an S75 10/300 size 

exclusion chromatography (SEC) column with 50 mM Tris-HCl (pH 8) and 150 mM 

NaCl. Size exclusion purified material was verified by Coomassie stained SDS-PAGE 

and was concentrated to 5 mg/ml. Crystals were grown by hanging drop vapor 

diffusion at 22°C with well solution containing .15M Sodium Thiocyanate and 16% 

PEG 3350. Crystals were dipped into a cryoprotectant (well solution containing 25% 

glycerol) and flash frozen in liquid nitrogen. Frozen crystals were shipped to the 

Advanced Light Source (ALS) and diffraction data was collected at beamline 5.0.1 

using an x-ray wavelength of .97Å (12.4 keV). Diffraction data from one crystal were 

integrated and scaled using DIALS where cc1/2 was used to determine the cutoff 

resolution. Phases were solved using molecular replacement on PHENIX.phaser. The 

molecular replacement model for the variable domain of Fab 1G8 was generated 

using SWISS model while the constant domain model came from the crystal structure 

of VRC01 (PDB code: 3NGB). The molecular replacement model for RSV G157-197 

came from the crystal structure of RSV G bound to Fab 3D3 (PDB code: 5WNA) 

using residues 171-186. The electron density map and model were refined using 

PHENIX.refine while manual assignment and fitting of amino acid side chains into 

electron density were done using COOT. Visualization of final structural features 

were done in Pymol. 
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3.6.10 Production and Structure Determination of Fab 2B11-RSV G157-197 Complex  
A 4 molar excess of recombinant RSV G157-197  at .3 mg/ml was mixed with Fab 

2B11 at .6 mg/ml, concentrated to 1 mg/ml, dialyzed into 10mM Tris-HCl (pH 8) and 

150 mM NaCl. This sample was size exclusion purified using an S75 10/300 size 

exclusion chromatography (SEC) column with 50 mM Tris-HCl (pH 8) and 150 mM 

NaCl. Size exclusion purified material was verified by Coomassie stained SDS-PAGE 

and was concentrated to 3.1 mg/ml. Crystals were grown by hanging drop vapor 

diffusion at 22°C with well solution containing .22M Ammonium Citrate Dibasic and 

15% PEG 3350. Crystals were dipped into a cryoprotectant (well solution containing 

25% PEG400) and flash frozen in liquid nitrogen. Frozen crystals were shipped to the 

Advanced Light Source (ALS) and diffraction data was collected at beamline 5.0.1 

using an x-ray wavelength of .97Å (12.4 keV). Two diffraction datasets from one 

crystal were integrated and scaled using DIALS where cc1/2 was used to determine 

the cutoff resolution. Phases were solved using molecular replacement on 

PHENIX.phaser. The molecular replacement model for the variable domain of Fab 

2B11 was generated using SWISS model while the constant domain model came 

from the crystal structure of VRC01 (PDB code: 3NGB). The molecular replacement 

model for RSV G157-197 came from the crystal structure of RSV G bound to Fab 

3D3 (PDB code: 5WNA) using residues 171-186. The electron density map and 

model were refined using PHENIX.refine while manual assignment and fitting of 

amino acid side chains into electron density were done using COOT. Visualization of 

final structural features were done in Pymol. 
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3.6.11 Production and CryoEM Grid preparation of Fab 3D3-RSV Gecto-Fab 2D10 
Complex 
Equimolar ratios of size exclusion purified GALNT3 restricted  RSV Gecto  and 

2D10  Fab were incubated with gentle mixing at 4°C for one hour before adding a 

second molar equivalent of 3D3 Fab and a further one hour incubation. The complex 

was then purified away from free Fab using a Superose 6 increase 10/300 column 

(Cytiva) in 50mM Tris [pH7.5], 150 mM NaCl and verified on Coomassie stained 

SDS-PAGE. Purified Fab 3D3-RSV Gecto-Fab 2D10 complex was used at 1.4 mg/ml 

(approximately 10.5 uM). 3 µl of sample were fast incubated with 0.5 µL of octyl-D-

glucoside and deposited onto a glow-discharged UltrAuFoil R 2/2 200 gold mesh grid 

using a ThermoFisher Scientific Vitrobot Mark VI and blotted at 4 °C, 100% 

humidity for 1.5 seconds before plunge-frozen in liquid ethane. CryoEM Data 

Collection of Fab 3D3-RSVGecto-Fab 2D10 Complex Images were collected using a 

ThermoFisher Scientific Glacios-cryoTwin transmission electron microscope 

operating at 200 kV using a Gatan K2 Summit direct electron detection and pixel size 

of 0.69 Å (57,000x) and total dose of 38 e-/Å2 with defocus range between -0.8 and 

3.0 µm. A total of 6,605 movies were collected across all grids and processing using 

cryoSPARC v4.1. Stage drift and beam-induced anisotropic motion during data 

collection were corrected using patch-based motion correction. Defocus variation was 

determined using patch-based CTF estimation. Exposures were manually inspected 

and curated to remove poor-quality micrographs by setting thresholds for CTF fit 

resolution (< 10 Å), motion distance, and astigmatism.  
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3.6.12 CryoEM Data Processing  
Curated exposures were subjected to automated blob picking using a box size of 40-

80 Å resulting in a total of 9,716,771 particles. Picked particles were manually 

inspected and pruned using a low pass filter, normalized cross-correlation (NCC), and 

power thresholds to select the highest quality particles. Particles were extracted using 

a box size of 320 pixels, resulting in a total of 3,159,582 particles and 3,152 movies. 

Subsequent rounds of 2D classification were performed in order to obtain a suitable 

set of references for the template picking using a particle diameter of 320 Å, followed 

by manual inspection of picked particles, particle extraction using a box size of 320 

pixels, and 2D classification. Selected 2D classes underwent Ab Initio (67 classes 

were picked), followed by 3D-classification and the selected set of particles and 

volume underwent to cycles of non-uniform refinement. The final polishment was 

performed using local CTF refinement using 50,831 particles. The best 3D 

reconstructed map was visualized on UCSF-ChimeraX and overlayed crystal 

structures of Fab 3D3-RSV G157-197 (PDB code: 5WNB) and ScFv 2D10-RSV 

G157-197(PDB Code: 5WN9). 
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Chapter 4 Implications for Respiratory Syncytial Virus G glycoprotein-based 

vaccines and monoclonal antibody prophylaxis: A Brief Review. 

4.1 Review 
Lower respiratory infections are the leading cause of infant mortality 

worldwide with Respiratory Syncytial Virus (RSV) as the primary causative agent(1, 

2). By age 2 nearly all children have had an RSV infection with the most severe cases 

in those who have a related pre-existing condition such as pulmonary complications, 

immunodeficiency, and exposure to nicotine or maternal inflammation(3-5). RSV 

induced lower respiratory disease also significantly impacts children under 5, 

immunocompromised individuals, and the elderly(6-10). It causes 33.1 million cases 

of lower respiratory tract infection worldwide and in the US alone, it causes 6,000-

10,000 deaths among adults above age 65 and 100-300 deaths in children under 5(2, 

11). Current FDA approved prophylactic strategies include two monoclonal 

antibodies, palivizumab (Synagis) and nirsevimab (Beyfortus), and three vaccines, 

Abrysvo (Pfizer), Arexvy (GSK), and mRESVIA (Moderna); all of which target only 

one of two major surface glycoproteins required by RSV for efficient infectivity(12-

15). While these prophylactics are effective at reducing severe lower respiratory 

symptoms, upper respiratory infection is still prevalent and compounded by co-

infection with other respiratory disease such as SARS-CoV2(16-19). Additionally, 

even mild upper respiratory symptoms contribute towards RSV shedding and 

transmission especially when considering the general proximity of vulnerable 

populations localized in hospital settings(20).  



 112 

RSV is a filamentous, enveloped, negative sense, single stranded RNA virus 

with a 15 kilobase genome coding for 11 proteins(21). It belongs to the 

pneumoviridae family of viruses which rely on their G and F glycoproteins to mediate 

attachment and fusion, respectively, to airway epithelial cells(21, 22). RSV F is a type 

I integral membrane protein and it facilitates fusion between the viral envelope and 

the host cell plasma membrane by undergoing a series of conformational changes 

taking it from a pre-fusion to a post-fusion state(22-24). Antibodies that target the 

pre-fusion state of RSV F are highly correlated to lower disease severity, in fact, 

Nirsevimab, Abryso, Arexvy and mRESVIA were all designed to target antigenic 

sites Ø and V which are only accessible in this conformation(25-27). These 

prophylactics, which debuted after over 60 years since RSV was first isolated, have 

overcome challenges that dozens of other candidates have failed to achieve in clinical 

trials: eliciting robust correlates of protection against RSV, lengthening the window of 

protection, and maintaining protection across RSV A and RSV B strains(14, 28-31). 

These elements confer significant reduction of at least two or three symptoms of 

severe lower respiratory symptoms and are available for the elderly (Arexvy, 

Abrysvo, mRESVIA), pregnant mothers (Abrysvo), and infants (Nirsevimab)(13, 32, 

33). These efficacy endpoints were met in 50.3-75.7% of infants (Abrysvo and 

Nirsevimab), leaving behind an unmet need for one-half to one-fourth of remaining 

infants experiencing severe lower respiratory symptoms(34, 35). Additionally, upper 

respiratory infection and acute RSV disease (defined as onset of at least 10 days, 

decreased appetite, wheezing, shortness of breath, and sporadic cessation of breathing 
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for more than 10 seconds) were not included as efficacy endpoints in Nirsevimab and 

Abrysvo clinical trials(34-36). These symptoms are problematic because they serve as 

avenues for transmission, disrupt infant health and childcare(37-40). Additionally, the 

correlation between early childhood RSV infection to developing asthma later in life 

implies that reducing symptoms of RSV alone is only the first step towards 

addressing the apparent two-part pathogenic process: short-term infection and long-

term destabilization of host immunity(39, 40). 

The RSV F glycoprotein has historically been the focal point for RSV 

prophylactic and therapeutic studies in part due to its high sequence conservation 

between RSV A and RSV B subtypes, however, known variability localized in sites V 

and O serve as a platform for the generation of escape mutants(24, 41, 42). This 

limitation materialized during a phase 3 clinical trial for Suptavumab, an anti-preF 

neutralizing antibody that failed to meet its efficacy endpoint due to the emergence of 

an RSV B strain yielding two key mutations in its binding epitope(30, 43). 

Nirsevimab, Arexvy, and Abrysvo were all designed to target sites Ø or V and, unlike 

palivizumab, are intended for broad use among the patient population, escalating 

selective pressure against RSV F for the first time(14, 44). Escape mutations to 

Nirsevimab have already been identified in circulation, albeit in low abundance(45). 

Nevertheless, these escape mutants do not restrict viral fitness in vitro, making it 

possible for one to emerge as the dominant strain in the future(46).  

To achieve sterilizing immunity or improve the protective breadth of 

prophylactics that are currently available, it is important to consider all correlates of 
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protection which not only target RSV F, but RSV G as well(27, 47). Antibodies that 

target RSV G are correlated to lower disease severity even while being present at 

1/30th the abundance of those that target the pre-fusion conformation of RSV F(27). 

This observation aligns well with RSV G’s significant role during infection: using 

recombinant RSV VLP’s expressing a C-terminally truncated G glycoprotein or 

removing it altogether severely decreases viral entry in primary human airway 

epithelial cells(48-50). Additionally, it is well understood that apart from RSV G’s 

role in attachment, it can also modulate host immunity characterized by a dampened 

Th1/favored Th2 cytokine profile. Considering RSV G’s role in viral entry and 

modulation of host immunity, it is a lucrative target for the development of improved, 

well-rounded prophylactic strategies that could be used alone and/or in combination 

with those that target RSV F. 

RSV G has historically been held back as a vaccine immunogen compared to 

RSV F. This is largely due to its connection to the first attempt to develop an RSV 

vaccine in the 1960’s. Patients who received a formalin inactivated whole RSV 

vaccine and subsequently acquired natural RSV infections experienced unusually 

severe respiratory symptoms as opposed to protection and was fatal in two cases(51). 

Similar vaccine enhanced respiratory symptoms were reproduced in mice vaccinated 

with RSV G purified from cell lysates, resulting in a paucity of studies involving G as 

a target for prophylaxis(52). However, investigation into the pathogenesis 

concomitant to vaccine-enhanced disease, specifically type 2 cytokines and 

pulmonary eosinophilia, between FI-RSV and recombinant RSV with G gene 
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deletions showed similar infection profiles and served to uncouple RSV G from 

vaccine enhanced respiratory disease observed in the 1960’s(53, 54). Since then, 

research groups have focused on understanding RSV G’s precise role during infection 

to inform safe vaccine strategies.  

Studies have suggested a role for RSV G in the dampened Th1/favored Th2 

cytokine profile during RSV infection. The presence of a methionine at position 48 

functions as a secondary translation initiation site producing a truncated version of 

RSV G that lacks the signal peptide for membrane trafficking, resulting in its 

secretion into the extracellular matrix(22). It has been proposed that the membrane 

bound version of RSV G (Gm) carries out attachment while the soluble version (Gs) 

is what predominantly mediates the apparent deleterious immune response(55). RSV 

G is composed of ~300 amino acids, most of which are highly glycosylated and 

highly variable across RSV strains. These regions can be divided into two mucin-like 

domains flanking a 40 amino acid region known as the central conserved domain 

(CCD) (Fig1a). The central conserved domain contains four cysteines in a CX3C 

configuration which all together form two disulfide bonds. It is thought that this 

structural motif competes with CX3CL1 (the endogenous ligand, fractalkine) for 

binding to CX3CR1 to potentiate disease. CX3CR1 is expressed on a myriad of 

innate and adaptive immune cells including neonatal B-cells, pDCs, CD8+ T-cells, 

eosinophils, neutrophils, and CD4+ memory T-cells. RSV G operates antagonistically 

to Fractalkine, diminishing host antiviral immune responses by impeding activation 

of cytotoxic T-cells, reducing IFN levels, trafficking eosinophils and neutrophils into 



 116 

the lung, and stimulating the production of type P cytokines(56-61). RSV G might 

also have an aberrant downstream effect with its interaction with TLR-4 which results 

in lower levels of type I interferons thereby suppressing the antiviral activity of 

ISG15, a clinical marker for increased disease severity in infants(62-65). 

Additionally, the CCD is recognized by a special subset of T-cells bearing use of the 

Vβ14+ gene resulting in type P cytokine release that mediates migration of 

eosinophils into the lung(66). These properties of RSV G allow RSV to evade the 

antiviral immune response altogether while potentiating disease characterized by an 

unbalanced Th1/Th2 cytokine profile and substantial pulmonary inflammation. 

Together, these studies suggest that RSV G plays a unique and complex role in 

pathogenesis involving both attachment and modulation of host immunity which 

might explain why antibodies targeting this protein are a strong correlate for lower 

disease severity(27, 47). Anti-RSV G antibodies impede viral replication through 

direct neutralization in vitro using primary human airway and bronchial epithelial 

cells. They also mediate opsonization, antibody dependent cellular cytotoxicity 

(ADCC), and antibody dependent cellular phagocytosis (ADCP) to promote viral 

clearance and mitigate RSV G’s deleterious immune response(49, 50, 67, 68). Using 

PBMC’s, A549 cells, and a two-chamber transwell in-vitro system, anti-G antibodies 

were found to restore type I and 3 IFN levels that are normally suppressed by RSV G-

CX3CR1 interactions(61). Moreover, they work prophylactically and therapeutically 

to restore the Th1/Th2 cytokine profile, decrease mucus production blocking the 

airways, and relieve pulmonary inflammation in vivo using mouse and cotton rat 
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models(67, 69-72). Finally, among a panel of twelve protective and broadly reactive 

antibodies isolated from RSV experienced individuals is mAb 3D3. It has 

demonstrated 100-fold higher efficiency than palivizumab (Synagis), a commercially 

available anti-F monoclonal antibody, in clearing RSV infection in mice and is 

currently undergoing pre-clinical trial evaluation(72). Despite the potential and logic 

behind targeting RSV G with prophylactic and therapeutic strategies, there are no 

FDA approved RSV G-based vaccines or anti-G monoclonal antibodies commercially 

available at this time.  

A clear obstacle towards an RSV G-based vaccine is strategically removing its 

aberrant interaction with CX3CR1 while maintaining its immunogenicity. Using 

protein x-ray crystallography and linear epitope mapping, work from multiple groups 

found that broadly-reactive and protective mAbs bind distinct conformational 

epitopes on the CCD(67, 68, 73, 74). One group used three of these structures to 

generate a blueprint for teasing apart amino acids that make up important epitopes 

and amino acids that can be modified to abrogate CX3CR1 binding and were used in 

structure guided mutagenesis to rationally produce an S177Q mutant in the RSV G 

CCD(75). Importantly, a recombinant RSV G construct bearing the proposed S177Q 

mutant was used to vaccinate mice and results from this study revealed higher IgG2a 

titers, a well characterized marker for a Th1 type response(76). This study was 

important because it showed for the first time that a vaccine using RSV G could be 

modified to mitigate the effects is has upon binding to CX3CR1 in vivo. This mutant 

was subsequently included in multimerized vaccine designs to improve the apparent 
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low immunogenicity observed in vaccine studies using monomeric RSV G(77). While 

results from this study showed increased anti-RSV G IgG titers, the Th1/Th2 cytokine 

profile resembled that of a natural infection despite the presence of the S177Q 

mutant(77). Additionally, IgG titers between the S177Q CCD bearing nanoparticles 

and previously obtained data vaccinating with monomeric RSV G were not markedly 

different(76, 77). Of note, these nanoparticles were insoluble, likely due to the 

inherent hydrophobicity of the CCD itself with nearly half of its amino acids being 

non-polar(77). Whether this construct is incompatible with the nanoparticle platform 

to elicit a more balanced Th1/Th2 response or if the S177Q mutant needs further 

investigation is unclear. In a newer study, the nanoparticle platform was altered to 

include glycosylation sites between each CCD at the protomer interface to prevent 

aggregation(78). Another strategy used in this paper was to include a negatively 

charged linker (made from fusing negatively charged amino acids to the N- or C- 

terminus of the CCD) to add a repulsive charge between neighboring CCD’s(78). 

Results from this study showed greatly improved solubility and induction of IgG 

titers. A limitation from this study is that markers of immune modulation (cytokine 

and IgG subclass profiling) were not assessed and mutants designed to abrogate 

CX3CR1 binding were not investigated. Additionally, characterization of mAb 

binding to RSV G CCD bearing nanoparticles were not included, an experiment that 

might help assess disulfide bridge dependent conformational epitopes. However, 

these preliminary studies serve as a proof-of-principle to address long-standing issues 

preventing RSV G based vaccines from entering human clinical trials. Until all safety, 
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immunogenicity, and solubility issues are met in one cohesive solution for RSV G 

based vaccines, they might require further optimization and innovative design. 
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Appendix 1 Crystal hits that yielded datasets for deposited structures 

 
Figure 5.1 Pictures of Crystal Hits 

(A) Fab 1G1-RSV G CCD (B) Fab 1G8-RSV G CCD (C) Fab 2B11-RSV G CCD. 
 




