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Abstract: Respiratory syncytial virus (RSV) infection can cause bronchiolitis, pneumonia, morbidity,
and some mortality, primarily in infants and the elderly, for which no vaccine is available. The RSV
attachment (G) protein contains a central conserved domain (CCD) with a CX3C motif implicated
in the induction of protective antibodies, thus vaccine candidates containing the G protein are of
interest. This study determined if mutations in the G protein CCD would mediate immunogenicity
while inducing G protein CX3C-CX3CR1 blocking antibodies. BALB/c mice were vaccinated with
structurally-guided, rationally designed G proteins with CCD mutations. The results show that these
G protein immunogens induce a substantial anti-G protein antibody response, and using serum IgG
from the vaccinated mice, these antibodies are capable of blocking the RSV G protein CX3C-CX3CR1
binding while not interfering with CX3CL1, fractalkine.
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1. Introduction

Respiratory syncytial virus (RSV) is an important human respiratory tract pathogen
of infants and the elderly causing pneumonia and bronchitis [1–3]. RSV is a primary cause
of hospitalization for respiratory tract illness in young children, and may cause serious
lower respiratory tract disease in 20–30% of children, requiring hospitalization [4]. RSV is
a non-segmented negative-sense RNA virus containing two nonstructural (NS1 and NS2)
genes followed by nucleocapsid (N), phosphoprotein (P), matrix, small hydrophobic (SH),
surface attachment glycoprotein (G), surface fusion glycoprotein (F), an M2 gene which
encodes two proteins from M2-1/M2-2 open reading frames, and an RNA-dependent
RNA polymerase (L) [5,6]. RSV is surrounded by a lipid envelope derived from the host
plasma membrane during viral budding [7]. The viral surface proteins, i.e., G, F, and SH,
have been associated with modifying the host response to infection [8]. The G protein is a
glycosylated membrane protein that has an extracellular ectodomain, containing a central
conserved domain (CCD) with four cysteine residues that are highly conserved in all
RSV isolates [9]. This central conserved domain (CCD) contains a CX3C chemokine motif
(amino acids 182–186) that facilitates RSV attachment to susceptible cells bearing a CX3C
chemokine receptor, CX3CR1 [10–13]. This domain is flanked by two hypervariable mucin-
like domains [8]. The G protein is both membrane-bound (Gm) and soluble (Gs) [14].
An excess of the G protein is expressed as Gs which functions as an antigenic decoy,
and this molecule retains the same characteristics as Gm based on glycosylation and
antibody reactivity [15,16]. RSV attachment to cells in cell culture occurs via heparin-
binding domains on the G protein with cell surface glycosaminoglycans, GAGs [17],
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although the G protein is not required for RSV attachment to cultured cells as shown by
RSV mutant viruses lacking the G gene [18]. However, RSV attachment to airway epithelial
cells in vivo occurs via G protein binding to CX3CR1, and RSV mutant viruses lacking G are
highly attenduated in vivo [18,19]. The F protein is necessary for infection and replication,
as RSV mutants lacking the F gene do not replicate [20]. RSV may infect a variety of cell
types but primarily infects epithelial cells in the respiratory tract where infection results
in cytokine and chemokine gene expression, pulmonary inflammation, and innate and
adaptive immune defenses that regulate virus infection and replication [10,21–25].

Unfortunately, there is no licensed RSV vaccine, and the only FDA-approved treatment
is prophylaxis using palivizumab—a monoclonal antibody (mAb) specific to the RSV F
protein that may reduce disease severity and hospitalization [26,27]. However, there are
several small and large molecules at late stage under investigation [28]. Studies suggest that
large molecule therapy using anti-RSV G and F protein mAbs are desirable to ameliorate
RSV disease [29–31]. Importantly, some mAbs that target RSV G protein neutralize RSV
infection of human airway epithelial (HAE) cells and reduce RSV viral loads and disease in
animal models [30,32–35]. In addition, anti-G protein mAbs reduce pulmonary inflamma-
tion, proinflammatory cytokines, and mucus production, and restore Th1/Th2 cytokine
balance [25,36–39]. The anti-G protein mAbs have been shown to react to linear epitopes
in the G protein CCD as determined by epitope mapping [40,41], and mAbs targeting the
G protein CCD are protective in prophylactic and post-infection animal models [35,36,42].
Thus, RSV G protein vaccines are under investigation in preclinical studies.

The crystal structures of the broadly neutralizing human mAbs, 3G12 and 3D3, bound
to RSV G protein CCD, have permitted the determination of interactions outside the linear
epitope, revealing a role for a G protein cysteines in stabilizing conformational epitopes
and contributing to high-affinity antibody binding [43,44]. The RSV G protein is important
in RSV infection, as the G protein CCD contains a CX3C chemokine motif which facilitates
binding to CX3CR1 [13,45], and CX3CL1 mimicry has been shown to facilitate RSV infec-
tion and alter CX3CL1-mediated chemotaxis of human and mouse leukocytes [10,13,19].
Accumulating studies such as these show that the G protein CCD and CX3C motif are
important when designing an RSV vaccine. For example, immunization of mice with RSV
G protein or G protein polypeptides incorporating the CCD induces a protective antibody
response [46–48], and the CX3C motif is important for inducing protective immune re-
sponses [49,50]. However, one worry when developing RSV G protein vaccines is the
general poor immunogenicity of the glycoprotein. The heavily glycosylated mucin-like
domains flanking the CCD are poor inducers of protective antibodies, as improved im-
munogenicity occurs in non-glycosylated G protein vaccinated mice [51]. Thus, rationally
designed mutations using a reverse vaccinology approach to enhance immunogenicity
have been proposed.

It has been shown that an insertion in the G protein CX3C motif (CX4C) reduces
CX3CR1 binding and has a markedly reduced disease severity in vivo [46]. In this study,
we investigated if RSV G protein immunogens designed to enhance immunogenicity and
avoid vaccine-induced enhanced disease would mediate blocking Abs, preventing RSV
G protein CX3C-CX3CR1 interaction in a mouse model. Of the panel of immunogens
tested, two CCD mutants (177Q and 177R) were compared to RSV G protein or a CX4C
mutant immunogen and mutant 177Q generated a robust serum antibody response that
inhibited CX3C-CX3CR1 binding and generated strong anti-RSV IgG responses. The data
also shows that RSV G protein immunogens with intact CX3C motifs, despite mutations
proximal to this motif, induce an immunogenic and CX3C-CX3CR1 blocking antibody
response and do not interfere with endogenous fractalkine CX3C binding. These findings
show that structurally guided RSV vaccine candidates with mutations within the CCD
are immunogenic.
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2. Materials and Methods
2.1. Mice

Specific-pathogen-free, 6–8-week-old female BALB/c mice (Jackson Labs, Bay Harbor,
ME, USA) were used in all studies. Mice were housed in microisolator cages and were fed
food and water ad libitum. Mice were weighed daily. All experiments were performed in
accordance with the guidelines of the University of Georgia Institutional Animal Care and
Use Committee (IACUC), with protocols approved by the University of Georgia IACUC
(Approved: 5 May 2018; Approval code: A2018 04-018-A2).

2.2. Immunogens

A synthetic gene encoding RSV strain A2 (RSV/A2) G protein amino acids 64 to 298
(UnitProtKB entry P03423) was cloned into pCF in-frame with an N-terminal TPA signal
sequence and C-terminal tandem 6-histidine and Twin-Strep purification tags. Recombinant
RSV G protein was produced by transient-transfection in CHO-S cells (Thermo Fisher
Scientific, Waltham, MA, USA #R800-07) and secreted RSV G protein was affinity purified
on a StrepTrap column (GE Healthcare Bio-Sciences, Uppsala, Sweden). Mutants were
produced by Phusion site-directed mutagenesis and verified by Sanger sequencing. The
CX4C mutant contained an insertion of an alanine within the CX3C motif, making it to
182CWAIAC187. Mutants S177Q and S177R contained serine177 substitution with glutamine
or arginine, respectively. All proteins were concentrated and dialyzed into PBS. Proteins
were flash-frozen in liquid nitrogen and stored at −80 ◦C until use. SDS-polyacrylamide
gel electrophoresis was used to evaluate protein purity.

2.3. Virus

RSV strain A2 (RSV/A2) was propagated in Vero E6 cells (ATCC CRL-1586) as previ-
ously described [52]. Mice were anesthetized by intraperitoneal administration of Avertin
(200 mg/kg) and intranasally challenged with 106 PFU of RSV/A2 in 30 µL PBS (Hyclone,
South Logan, UT, USA).

2.4. Vaccination

6–8-week-old female BALB/c mice (Jackson Labs, Bar Harbor, ME, USA) were intra-
muscularly vaccinated with 10 µg of immunogen or PBS + 10 µg synthetic monophosphoryl
lipid A (MPLA, Invivogen, San Diego, CA, USA) diluted in PBS. Mice (n = 10 per group)
were primed on day 0 and boosted on days 21 and 60 with homogenous vaccination. A
subset (n = 4–5) of mice from each group were euthanized prior to the challenge. On day
72 (12 days post-boost), mice were i.n. challenged with 106 PFU RSV/A2 and subsequently
euthanized at 7 days post-challenge.

2.5. RSV ELISA

For indirect ELISAs, flat-bottom high-binding ELISA plates (Costar, Corning, NY,
USA) were incubated with 106 PFU/mL RSV/A2 diluted in PBS overnight at 4 ◦C. The
plates were washed three times with 1x KPL Wash Buffer (SeraCare, Gaithersburg, MD,
USA) and blocked overnight at 4 ◦C with Blotto (5% non-fat dry milk + 1% bovine serum
albumin) (BSA, Sigma Aldrich, St. Louis, MO, USA) in PBS. The blocking solution was
decanted, and sera diluted 1:40 in Blotto was incubated in triplicate for 1 h at 37 ◦C. The
solution was decanted and the wells were washed three times and incubated with goat
anti-mouse HRP conjugated secondary (ThermoFisher, Waltham, MA, USA), IgG1 or IgG2a
(SouthernBiotech, Birmingham, AL, USA) for 1 h at 37 ◦C. Plates were washed in PBS,
developed with 1-Step Ultra TMB Substrate (ThermoFisher, Waltham, MA, USA), and
the reaction was stopped with Stop Solution (Invitrogen, Carlsbad, CA, USA). The plates
were read at OD450 using an ELISA plate reader (BioTek, Winooski, VT, USA). Graphs
are representative of three independent experiments. Bars represent the mean + SEM.
Background was subtracted and compared to the adjuvant-only group.
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2.6. Anti-G Protein Antibody ELISA

To deplete anti-RSV F protein Abs, the pooled sera were subjected to an AminoLink
Plus Resin RSV F protein column (ThermoFisher, Waltham, MA, USA) as described by the
manufacturer. Briefly, RSV F protein was coupled to an AminoLink Plus Resin column and
the column was washed. The F protein coupling efficiency was > 76% and within range of
the manufacturer’s expected yield. To enrich the anti-G protein Abs, the serum was added
to the F protein-conjugated column, and the antibody flow-through (i.e., anti-G protein
Abs) was collected and quantified by ELISA using secondary goat anti-mouse IgG-HRP
(ThermoFisher, Waltham, MA, USA). Graphs are representative of three independent ex-
periments. Each bar represents the mean + SEM of technical triplicates from representative
experiment. Background was subtracted and compared to adjuvant only group and tested
by one-way ANOVA.

2.7. Fractalkine (FKN) and G Protein CX3C-CX3CR1 Binding Assay

Human 293 cells (CRL-1573; ATCC) were maintained in 10% FBS + DMEM and
CX3CR1.293 cells (Genscript, Piscataway, NJ, USA) were maintained in 10% FBS +1 µg/mL
puromycin in DMEM at 37 ◦C/5% CO2. To determine CX3CR1 expression, 2× 105 HEK293
(293) or CX3CR1.293 cells were washed in FACS Buffer (1% BSA in PBS). Cells were blocked
for 20 min with 1 µg/mL Fc Block (BD Biosciences, Franklin Lakes, NJ, USA) and stained
with anti-human CX3CR1-Alexa647 (BioLegend, San Diego, CA, USA) on ice. The cells
were washed with FACS buffer and analyzed on LSR-II (BD Biosciences, San Jose, CA,
USA). A minimum of 20,000 events were collected per experiment.

To determine binding to CX3CR1, 20 nM FKN-biotin (AcroBiosystems, Newark, DE,
USA) or 500 nM RSV G protein purified as previously described were tested [13]. Briefly,
RSV G protein was purified from RSV/A2 infected Vero E6 cell lysate as described [49].
Supernatant containing RSV G protein was filtered through Hi-Trap N-hydroxysuccinimide
(NHS)-activated column (GE Healthcare, Chicago, IL, USA) coupled to anti-RSV G protein
monoclonal antibody (131-2G). The column was equilibrated with PBS plus 0.2% N-octyl-β-
glycoside by fast-performance liquid chromatography (FPLC) (GE Healthcare, Chicago, IL,
USA). Fractions were collected and pooled, neutralized with 2 M Tris, pH 8.0, and dialyzed
overnight at 4 ◦C against PBS, pH 7.4. No F protein was detectable by Western blot, and
no detergent after dialysis. FKN-biotin or RSV G protein were pre-incubated ±5 µg/mL
heparin (Sigma-Aldrich, St. Louis, MO, USA) for 1 h on ice. 2 × 105 293 or CX3CR1.293
were blocked for 20 min with 1 µg/mL Fc block on ice. Cells were resuspended in FKN-
biotin or G protein ± heparin on ice. FKN was detected using Streptavidin-PE (BioLegend,
San Diego, CA, USA). To detect RSV G protein, cells were incubated with 10 µg/mL
of anti-RSV G protein mAb (clone 130-5F) on ice, the cells washed in FACS buffer, and
resuspended in goat anti-mouse Alexa488 (ThermoFisher, Waltham, MA, USA). Following
30 min incubation, the cells were washed and resuspended in FACS buffer and analyzed
on LSR-II. 20,000 events were collected and gated for singlets.

2.8. Inhibition of FKN and G Protein CX3C-CX3CR1 Binding

IgG was purified from the pooled sera of pre-challenge vaccinated mice (n = 5) using
Protein G DynaBeads (ThermoFisher, Waltham, MA, USA) as described [53] to normalize
for the same concentrations of IgG, and to remove endogenous CX3CL1 and other serum
factors which might affect RSV G protein binding to CX3CR1. IgG was quantified by Take3
Cassette (BioTek, Winooski, VT, USA). Briefly, 20 nM of biotinylated-FKN or 500 nM RSV
G protein was co-incubated for 1 h at 4 ◦C with 500 ng of IgG from the pooled sera of
vaccinated mice and ±5 µg/mL heparin (Sigma-Aldrich, St. Louis, MO, USA) was used
to block non-specific binding. IgG from normal unvaccinated mouse sera and IgG mAb
from clone 131-2G reactive to RSV G protein was used as negative or positive controls,
respectively. 2 × 105 293 or CX3CR1.293 cells were washed in FACS buffer and blocked
with 1 µg/mL Fc Block (BD Biosciences, San Jose, CA, USA) for 20 min at 4 ◦C. Cells were
resuspended in purified IgG and RSV G protein or FKN ± heparin for 45 min at 4 ◦C. Cells
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were washed and resuspended in PE-Streptavidin (BioLegend, San Diego, CA, USA) to
detect FKN. 10 µg/mL of mAb from clone 130-5F was used to bind RSV G protein for
45 min at 4 ◦C. Cells were washed in FACS buffer and goat anti-mouse Alexa Fluor-488
(ThermoFisher, Waltham, MA, USA) added to detect bound 130-5F mAb for 45 min at
4 ◦C. Cells were washed and resuspended in FACS buffer and 20,000 events were acquired
on the LSR-II (BD Biosciences, San Jose, CA, USA) flow cytometer. The percent specific
inhibition of binding to CX3CR1 was calculated by the formula:

[1 − (% Alexa Fluor-488+ CX3CR1.293 cells treated with FKN or G protein + antibody
mixture)/(% Alexa Fluor-488+ CX3CR1.293 cells treated with FKN or G protein + normal
mouse IgG)] × 100, as previously described [47].

2.9. Bronchoalveloar Lavage (BAL) and Flow Cytometry

To determine the bronchoalveolar cell infiltrates in vaccinated mice at 7 days post-
challenge, the lungs were washed three times with 1mL ice cold PBS. BAL was centrifuged
at 500× g for 5 min at 4 ◦C. Supernatants were transferred to tubes and stored at −80 ◦C.
BAL cells were washed and resuspended in FACS buffer and counted using hemocytometer
(ThermoFisher, Waltham, MA, USA) and vialbility determed by trypan blue exclusion. BAL
cells were analyzed for cell size and granularity using FSC/SSC as previously described [54].
20,000 events were collected on LSR-II (BD Biosciences, San Jose, CA, USA) and data were
analyzed using FlowJo 10.6 (Becton, Dickinson and Company, Ashland, OR, USA).

2.10. Quantitiatve Real-Time Polymerase Chain Reaction (qRT-PCR)

Lung homogenates from vaccinated and challenged mice were prepared from lungs
collected in ice-cold HBSS, and dissociated with gentleMACS C Tubes (Miltenyi Biotec,
Bergisch Gladbach, Germany) to obtain single-cell suspension and stored at −80 ◦C until
assayed. RNA was extracted from lung homogenates by RNAzol RT (Sigma Aldrich,
Darmstadt, Germany) as described by manufacturer. RNA was quantified by Qubit RNA
Broad-Range Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), and cDNA was
synthesized by LunaScript RT SuperMix Kit (New England Biolabs, Ipswich, MA, USA).
Expression of RSV matrix (M) gene was determined using primers and probes for the
M gene were as follows: forward primer, 5′-GGC AAA TAT GGA AAC ATA GCT GAA-
3′; reverse primer, 5′-TCT TTT TCT AGG ACA TTG TAY TGA ACA G-3′; probe, 5′-6-
carboxyfluorescein (FAM)-TGT CCG TCT TCT ACG CCC TCG TC-black hole quencher 1
(BHQ-1)-3′, and GoTaq qPCR Master Mix (Promega, Madison, WI, USA) with the following
cycling conditions: 120 s× 95 ◦C, 15 s× 95 ◦C and 60 s× 60 ◦C for 40 cycles. Standard curve
was obtained using serial dilutins of known plaque-forming units (PFU) of RSVA/2 RNA.
Threshold cycles (Ct) values for each sample were converted to genome equivalents using
the standard curve. Each PCR was run three independent times with technical duplicates.

2.11. Statistics

All statistical analyses were performed using GraphPad software (San Diego, CA,
USA). The data is presented as the mean± standard error of the mean (SEM). p-values < 0.05
were considered statistically significant. Statistical tests are indicated in the figure legends.

3. Results
3.1. Rationally Designed RSV G Protein Immunogens

RSV G protein contains glycosylated mucin-like regions which flank an unglycoslyated
CCD (aa 157–198), and this domain has been shown to have low immunogenicity [55] which
presents some difficulty when designing vaccine immunogens. Our previous structural
analysis of the G protein when bound to neutralizing mAbs, 3D3 and 2D10 allowed us
to map the antigenic regions (gamma 1 and gamma 2) to conformational epitopes [43,44].
Further, we showed that treatment with 3D3 and 2D10 mAbs could reduce RSV G protein
CX3C-CX3CR1 chemotaxis by THP-1 monocytic cells after pre-treating with anti-G protein
mAbs (3D3 and 2D10) [44]. In this study, a structure-guided immunogen approach was
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used to design RSV G protein mutants that are predicted to reduce CX3C interaction with
CX3CR1 while increasing immunogenicity, and induce RSV G-CX3CR1 blocking antibodies.
We selected serine 177 for mutagenesis, as this residue lies within the CCD but does not
contribute to known conformational epitopes [43,45,56] (Figure 1A–C). We also generated
the mutant CX4C, which had previously been shown to improve immunogenicity in the
context of infection by RSV containing the CX4C mutation [46].
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Recombinant RSV G protein immunogens were expressed in CHO-S cells and secreted
G proteins were affinity purified from the media. This production method yielded G
proteins of expected size (considering its heavy N- and O-glycosylation modifications) as
determined by SDS-PAGE (Figure 1D). Immunogens were dialyzed into PBS and stored at
−80 ◦C until vaccination.

3.2. Immunogencity of Immunogens

To assess immunogenicity, mice were vaccinated using a prime-boost-boost scheme as
outlined in Figure 2. Briefly, naïve BALB/c mice were intraperitoneally (i.p.) vaccinated
with 10 µg MPLA (InvivoGen, San Diego, CA, USA) mixed with 10 µg of the individual
immunogen (i.e., G protein, CX4C, 177Q, or 177R) or sham-treated (adjuvant only). MPLA
is a TLR4-specific agonist which has shown to be promising in other RSV vaccine studies
inducing a Th1-biased response [56]. Sera were collected 12 days after the second boost
and assayed for anti-RSV and anti-RSV G protein Abs. Figure 3A shows the total IgG
detected against RSV in the vaccinated sera. Interestingly, only 177Q or 177R immunogens
induced a significant (177Q; p = 0.004; 177R p = 0.001) anti-RSV response. Figure 3B,C show
IgG1 and IgG2a anti-RSV levels, respectively, and the robustness of antibody response. The
G protein mutant candidates induced a significant IgG1 response (177Q, 177R p < 0.001),
and 177Q had significantly (p = 0.008) higher IgG2a levels that correlated with a Th1-type
response [57].

The IgG serum antibody response recalled after vaccination was evaluated seven days
post-challenge (Figure 3D,F). G protein, CX4C, 177Q, and 177R immunogens significantly
(G protein, p = 0.008; CX4C, p = 0.036; 177Q, p = 0.004; 177R: p = 0.003) induced higher
antibody responses compared to adjuvant-only (Figure 3). It has been previously shown
that the CX4C immunogen is immunogenic inducing a effective anti-RSV serum antibody
response [47]. Interestingly, the IgG1 serum antibody responses were significantly increased
by G protein (p = 0.006), 177Q (p = 0.0004) or 177R (p = 0.002) immmunogens, and the
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IgG2a antibody levels were significantly increased for the 177Q (p = 0.002) and 177R
(p = 0.048) immunogens compared to adjuvant. These data show that despite mutations
in the G protein, the immunogens were immunogenic and able to induce a clear humoral
anti-RSV response.
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To evaluate anti-G protein IgG responses in vaccinated mice, sera from the individual
immunogen vaccinated mice was depleted of anti-F protein Abs. Figure 4 shows the
total IgG detected by ELISA in the anti-F protein panned sera prior to and at seven days
post-challenge. Consistent with the results in Figure 3A, the sera from 177Q and 177R
vaccinated mice prior to the RSV challenge had significantly (p < 0.0001) higher anti-RSV
Ab titers compared to sera from adjuvant-only immunized mice, and G protein reached
significance (p = 0.0189). At 7 days post-challenge, all sera from immunogen vaccine groups
was substantially higher than the adjuvant-only group which was consistent with the total
IgG as shown in Figure 3D. These data show that the anti-RSV Ab response is increased in
all immunogen groups that embody anti-G protein Ab responses.
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by indirect ELISA. Bars represent the mean + SEM. Data were analyzed by one-way ANOVA tests
where * p < 0.05, **** p < 0.0001 compared to adjuvant only group in three independent experiments.

3.3. Ab Blocking of FKN-CX3CR1 and G Protein CX3C-CX3CR1 Interaction

As the G protein immunogens induced robust anti-RSV and anti-RSV G protein Ab
responses, we determined whether the Abs could inhibit RSV G protein CX3C-CX3CR1
binding and/or FKN (CX3CL1)-CX3CR1 binding. This is relevant because the G protein
CX3C motif competes with FKN for binding to CX3CR1 [13] and affects antiviral CX3CR1+

cells trafficking to the site of infection [24]. Due to the lower CX3CR1 levels expressed
by immortalized cells including 293 cells [11,13], 293 cells were stably transfected with
CX3CR1 (CX3CR1.293) and were evaluated for their ability to bind G protein CX3C and
FKN CX3C. Figure 5 shows that CX3CR1.293 cells express high levels of CX3CR1 (92%)
compared to parent 293 cells (3%), thus we evaluated CX3C-CX3CR1 binding by RSV G
protein and FKN and determined the binding inhibition mediated by IgG Abs induced by
RSV G immunogens.

RSV G protein is glycosylated and contains heparin binding domains (HBD) which
binds to cell cell surface gylcoaminoglycans (GAGs) [58]. Thus, blocking of non-specific
G protein binding to the cells was done using 5 µg/mL heparin, which has been shown
to aid the specific determination of RSV or G protein CX3C-CX3CR1 binding [11,13]. As
expected, RSV G protein CX3C-CX3CR1 binding in the absence of heparin was affected
by GAG interaction as binding was reduced in the presence of heparin (21%) yet was
significantly (p = 0.0018) higher compared to 293 cell binding (6%) (Figure 6B). Importantly,
FKN binding was dependent on CX3CR1 expression [59], and in the absence of heparin,
FKN binding to CX3CR1.293 cells was 93% while 30% was bound non-specifically to
293 cells. In contrast, in the presence of heparin, FKN binding to CX3CR1 was reduced to
73% while binding to 293 cells was 8% (Figure 6A). These data show that FKN and RSV G
protein bind to CX3CR1.293 cells with specificity.
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Figure 6. FKN and G protein CX3C binding to CX3CR1 in the presence or absence of heparin. 20 nM FKN (CX3CL1) (A) or
500 nM G protein (B) was pre-incubated with or without 5 µg/mL heparin to block non-specific binding. FKN binding
was observed using Streptavidin-PE. RSV G protein was observed using anti-G protein mAb (clone 130-5F) followed
by secondary anti-mouse conjugated to AlexaFluor-488. 20,000 events were collected. Bars represent the mean of three
independent experiments + SEM analyzed by one-way ANOVA where ** p < 0.01, **** p < 0.0001, ns (no significance).

To determine if anti-RSV Abs could block CX3C-CX3CR1 interaction, IgG was purified
from pooled immunogen vaccinated sera, quantified, and equal concentrations of IgG
were used throughout the study. Then, 500 ng of purified IgG was incubated with either
20 nM FKN or 500 nM RSV G protein in the presence of 5 µg/mL heparin. The concen-
tration chosen was determined from a gradient of FKN or G protein concentrations that
were evaluated for CX3CR1.293 cell binding, which was consistent with related binding
studies [49]. Binding of FKN or RSV G protein CX3C binding to CX3CR1 was determined
by flow cytometery [47]. No measureable IgG tested inhibited FKN binding to CX3CR1



Viruses 2021, 13, 352 10 of 17

(Figure 7A). Importantly, IgG purified from G protein, 177Q, and 177R vaccinated mice sig-
nificantly (G protein, p < 0.0001; 177Q, p = 0.0003; 177R, p = 0.0013) inhibited RSV G protein
CX3C-CX3CR1 interaction compared to adjuvant-only (Figure 7B). Further, IgG from CX4C
vaccinated sera was unable to substantially inhibit RSV G protein CX3C-CX3CR1 binding
(p = 0.88) suggesting the need to retain the CX3C motif to induce blocking Abs as shown by
the findings from G proten mutants, 177Q and 177R, which were able to induce blocking
Abs. 131-2G is mAb known to bind to RSV G protein [60], and block RSV G protein
CX3C-CX3CR1 interaction [13,61], and as expected did not interfere with FKN binding to
CX3CR1 while significantly (p < 0.0001) inhibiting G protein CX3C binding to CX3CR1.
These data show that the IgG from the sera of mice vaccinated with an intact CX3C motif
induces blocking Abs that inhibit RSV G protein CX3C motif binding to CX3CR1.
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Figure 7. RSV G protein CX3C-CX3CR1 binding is inhibited by serum IgG from G protein immunogen
vaccinated mice. Purified serum IgG from G protein immunogen or adjuvant vaccinated mice was
examined for the ability to inhibit (A) FKN or (B) G protein CX3C binding to CX3CR1. IgG was
co-incubated with FKN or G protein and 5 µg/mL heparin to block non-specific binding. Ligand-
specific binding and percent inhibition was determined by: [1 − (% Alexa Fluor-488+ CX3CR1.293+

cells treated with ligand + antibody mixture)/(% Alexa Fluor-488+ CX3CR1.293 cells treated with
ligand + normal mouse IgG)] × 100, as previously described. Bars represent mean of at least three
independent experiments + SEM. Analysis by one-way ANOVA compared to adjuvant-only control
where, ** p < 0.01, *** p < 0.001 **** p < 0.00001.

3.4. G Protein Immunogen Safety and Enhanced RSV Disease

RSV G protein is known to modulate host immunity and cause pathogensis [12,24,25,62].
To determine if immunization with G protein immunogens enhanced RSV disease in mice,
the weight, BAL cell infiltration, and pulmonary viral load were measured following
RSV/A2 challenge. It is known that FI-RSV vaccine or Gs protein priming followed by
RSV challege in mice leads to enhanced disease and weight loss [33,51,63–65], and a recent
report suggests that the G protein CX3C motif enhances disease similar to that of of FI-RSV
priming [66,67]. Thus, to address G protein vaccine safety, G protein immunogen vaccinated
mice were weighed daily following RSV infection. None of the G protein immunogen or
sham vaccinated mice showed substantial weight loss following RSV challenge, and all
groups returned to near 100% weight by day 12 post infection (Figure 8A).
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Figure 8. Disease markers in challenged mice. Mice were vaccinated with G protein immunogens and
challenged with 106 PFU RSV/A2. (A) Mice were weighed daily from days 0–12 post-challenge. Each
shape represents the mean weight change from starting weight in each group each day. (B) Pulmonary
leuokcyte infiltrates were collected seven days post-challenge. Graph indicates the mean BAL
cells/mL + SEM. * p < 0.05 by one-way ANOVA compared to adjuvant-only group. (C) BAL cells
were pooled and analyzed by flow cytometry. Percent granulocytes were determined using SSChi

singlets. Twenty-thousand events were collected on LSR-II. (D) Lungs of challenged mice were
collected on days 3 and 7 post-challenge and evaluated for RSV M protein transcripts by qRT-PCR.
Data represent the mean of triplicate experiments. Standard curve was generated with a known
concentration of RSV/A2 and two-way ANOVA was performed.

RSV lung pathology in mice is accompanied by a granulcytic BAL cell infiltrate e.g.,
eosinophils [68–70]. To evaluate the pulmonary cellular influx, BAL was collected from
G protein immunogen vaccinated mice at seven days post-challenge (Figure 8B). Notably,
BAL cells from 177Q vaccinated mice had significantly (p = 0.019) lower BAL leukocytes
compared to adjuvant-only vaccinated mice, suggesting this vaccine does not prime for
extensive pulmonary cellular responses when RSV-challenged. No other immunogen group
had significantly (p > 0.05) reduced BAL cell influx when RSV-challenged. The BAL cells
were collected andd pooled and analyzed by flow cytometry for cell size and granularity
(forward vs side scatter) as described [54], and the number of granulocytes was determined
by SSChi singlets (Figure 8C). The percentage of BAL granulocytes were highest in adjuvant
only vaccinated mice (7.3%), followed by G protein (5.7%), CX4C (4.6%), 177Q (4.2%), and
177R (2.1%). These data suggest that the G protein immunogens induce a temperate
response with minimal pulmonary leukocyte influx—a feature that may be linked to the
antibody response (Figures 3 and 4) with the ability to block CX3C-CX3CR1 interaction
(Figure 7). To determine if vaccination reduces viral load, the lungs of infected mice were
analyzed at three and seven days post-challenge and evaluated for RSV matrix (M) gene
transcripts by real-time quantitative reverse transcription-PCR (qRT-PCR) as previously
described [23,33,46]. Figure 8D shows no substantial differences in the pulmonary viral
load in vaccinated groups on either days three or seven days post-challenge.
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4. Discussion

Given the need for a safe and efficacious RSV vaccine, several studies are currently
evaluating various vaccine candidates using different platforms, i.e., codon deoptimized
live attenuated, subunit, particle, and vector-based, using different RSV antigens includ-
ing F protein, G protein, and/or M protein [28,71–73]. While the F protein is the RSV
vaccine antigen often evaluated, the G protein should also be considered as it can induce
neutralizing activities and block CX3C-CX3CR1 interaction [42,47,48,74,75]. RSV vaccine
development has been hampered by the difficulty in balancing vaccine immunogenicity
and safety, primarily because of the early results in developing an FI-RSV vaccine that led to
enhanced disease and some infant mortality [66,76,77]. Preclinical studies have shown RSV
G protein can induce Abs that reduce the enhanced disease noted in FI-RSV vaccination,
highlighting the potential of G protein as a vaccine candidate [78]. Another important factor
in inducing anti-G protein antibodies in a vaccine is the potential to combat the solube G
protein function as an immune modulator. An alternative translation site (Met48) results
in secreted G protein, which is conserved between subtypes of the virus [8]. This early
expressed soluble protein functions as an antigenic decoy, and reduces a protective host
immune response by trafficking CX3CR1+ leukocytes [24,41]. There have also been failures
in RSV vaccine development linked to poor immunogenicity and/or safety concerns [79].
Further complicating RSV vaccine development are the distinct vaccine target populations,
i.e., infants, young children, elderly, and pregnant women, which may require different
vaccines and/or approaches [80]. Thus, the path towards developing a safe and effective
RSV vaccine is challenging.

In the present study, RSV G protein immunogens were used in a prime/boost/boost
scheme to vaccinate mice and determine their potential as a vaccine. Immunogens were
designed using a structure-guided, reverse-vaccinology method using an in silico de-
sign [81–83]. The design was based on enhancing immunogenicity, inducing anti-G protein
CX3C-CX3CR1 blocking Abs, and reducing the potential for FKN CX3C-CX3CR1 hindrance.
Previous studies from our lab have suggested a reverse-vaccinology approach may be
beneficial for vaccine development where previous technologies have failed [84]. Two
structure-guided G protein mutants (177Q, 177R) having CX3C motifs but substitutions
at 177aa (proximal to the CX3C motif) were tested to determine if anti-RSV G protein Ab
responses induced by vaccination could block CX3C-CX3CR1. As a control, a CX4C mutant
that ablated CX3C motif, but was otherwise identical to G protein CCD, was evaluated. Ab
responses to 177Q and 177R showed retention of immunogenicity while having the ability
to reduce CX3C-CX3CR1 interaction while G protein vaccination had lower responses.
These results suggest that the mutations enhanced the immunogenicity of the region, and
are consistent with the findings that G protein CCD is poorly immunogenic [41]. Further,
177Q had significantly increased IgG1 and respectable IgG2a responses compared to the
adjuvant only group prior to challenge.

As a means to evaluate the potential to block G protein CX3C-CX3CR1 interaction
while not interfering with endogenous chemokine induced binding, a CX3CR1.293 cell line
which expresses substantial CX3CR1 was developed. None of the IgG from the vaccinated
mice were able to block FKN binding to CX3CR1 suggesting these antibodies will not
interfere with FKN signaling in vivo. Importantly, all immunogens with intact CX3C
motifs, despite the proximal mutations in mutants 177Q and 177R, induced an antibody
response which significantly blocks G protein CX3C binding the CX3CR1. The blocking of
this motif through both prophylactic/therapeutic mAbs and vaccines has shown promise
by reducing CX3C-mediated disease in mice and preclinical trials [47,48,71,74,85]. To
evaluate protection from enhanced disease, mice were challenged with RSV/A2 and
disease parameters including weight loss, BAL cell inflitrate, and lung viral load were
assessed. No significant weight loss post-challenge was observed in any vaccinated group,
and all mice returned to baseline weight by 12 days post infection. Contrary to other
studies noting enhanced weight loss with G protein priming followed by RSV challenge,
we did not note any substantial weight loss perhaps mediated by the adjuvant or dosing of
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our immunogens. Also, there were no substantial differences in lung virus load isolated at
three or seven days post-challenge. Importantly, 177Q vaccination resulted in reduced BAL
cell infiltrates suggesting this vaccine, likely mediated by the substantial Ab response, may
be able to reduce RSV disease.

This study shows that using a structure-guided reverse vaccinology approach to gen-
erate mutations within the G protein may aid the development of RSV G protein vaccines
with improved immunogenicity and safety. Despite demonstrating enhanced immuno-
genicity and CX3C-CX3CR1 blocking, there are limitations in this study which should
be addressed. The female BALB/c mouse model is commonly used for immunogenicity
studies, however this work cannot comment on any differences which may have been
evident in male mice. There are also some limitations to inferring protection from disease
using our present model. The BALB/c mouse is a semi-permissive model which at moder-
ate inoculum does not present with robust disease [86]. A more investigative study into
protection is warranted. Future studies should evaluate the in vivo reduction of disease by
measuring cytokine and T-cell responses, airway, and lung pathology in vaccinated mice
after challenge with a mouse-adapted pathogenic RSV strain (r19F-RSV/A2) as previously
performed [37,42].

5. Conclusions

These results suggest that structure-guided G protein immunogens can be used as a
platform to develop RSV vaccines that can induce CX3C-CX3CR1 blocking antibodies as a
strategy to develop safe and effective vaccine candidates.
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