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Background. Respiratory syncytial virus (RSV) is a leading viral respiratory pathogen in infants. The objective of this study was 
to generate RSV live-attenuated vaccine (LAV) candidates by removing the G-protein mucin domains to attenuate viral replication 
while retaining immunogenicity through deshielding of surface epitopes.

Methods. Two LAV candidates were generated from recombinant RSV A2-line19F by deletion of the G-protein mucin domains 
(A2-line19F-G155) or deletion of the G-protein mucin and transmembrane domains (A2-line19F-G155S). Vaccine attenuation was 
measured in BALB/c mouse lungs by fluorescent focus unit (FFU) assays and real-time polymerase chain reaction (RT-PCR). 
Immunogenicity was determined by measuring serum binding and neutralizing antibodies in mice following prime/boost on 
days 28 and 59. Efficacy was determined by measuring RSV lung viral loads on day 4 postchallenge.

Results. Both LAVs were undetectable in mouse lungs by FFU assay and elicited similar neutralizing antibody titers compared 
to A2-line19F on days 28 and 59. Following RSV challenge, vaccinated mice showed no detectable RSV in the lungs by FFU assay 
and a significant reduction in RSV RNA in the lungs by RT-PCR of 560-fold for A2-line19F-G155 and 604-fold for A2-line19F- 
G155S compared to RSV-challenged, unvaccinated mice.

Conclusions. Removal of the G-protein mucin domains produced RSV LAV candidates that were highly attenuated with 
retained immunogenicity.
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Respiratory syncytial virus (RSV) is a major human respiratory 
pathogen and a leading cause of infant morbidity worldwide, 
infecting most children by the age of 2 years [1]. In 2019, 3.6 
million hospital admissions were associated with acute lower 
respiratory infections due to RSV worldwide, and 39% of these 
occurred in infants ≤6 months of age with 101 400 
RSV-attributable deaths [2]. During the coronavirus disease 
2019 (COVID-19) pandemic, a quiescent respiratory viral sea-
son in 2020 was followed by a delayed seasonal surge of RSV in 

the summer of 2021 [3], underscoring the ongoing need for an 
effective RSV vaccine. Early attempts to pioneer an RSV vac-
cine by formalin inactivation in the 1960s not only failed to re-
duce infection, but instead primed for enhanced disease in 
RSV-naive recipients upon natural infection [4]. Enhanced dis-
ease has not been observed following live-attenuated vaccines 
(LAVs) [5], and LAVs have therefore been regarded as a pre-
ferred method to safely vaccinate the target population of 
RSV-naive infants. Unfortunately, balancing attenuation with 
immunogenicity in LAVs remains challenging, and no RSV 
vaccine has been licensed to date [6, 7].

RSV is an enveloped, negative-sense, single-stranded RNA 
virus, belonging to the Pneumoviridae family, and the 
Orthopneumovirus genus. Its genome contains 10 genes encod-
ing 11 known proteins. Among these, the surface glycoproteins 
F (which mediates viral fusion) and G (which facilitates attach-
ment) are the predominant immunogens, capable of eliciting 
neutralizing antibodies in vivo [8–10]. G is a heavily glycosylat-
ed 298-amino acid protein, which consists of 2 large, variable, 
mucin-like domains that flank a highly conserved CX3C motif 
within the central conserved domain (CCD). G is the most 
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variable protein of RSV, and the majority of diversity between 
RSV strains lies within the G-mucin domains. G exists in trans-
membrane bound and secreted forms, and the secreted form 
may function as an antigen decoy, interfering with antibody- 
mediated immune responses [11]. While deletion of the entire 
G protein attenuates viral replication, the role of the G-mucin 
domains has not been fully characterized [12].

The glycosylated regions of some viral glycoproteins can 
function as steric shields, masking surface epitopes from recog-
nition by the host immune system and facilitating immune eva-
sion [13, 14]. We therefore hypothesized that removal of the 
heavily glycosylated mucin domains from RSV G would gener-
ate a highly attenuated vaccine candidate with impaired viral 
attachment but preserved immunogenicity due to deshielding 
of immunodominant epitopes.

METHODS

Cell Culture

HEp-2, Vero, and BSR-T7/5 cells were cultured as previously 
described [15]. The recombinant viruses analyzed in this study 
express monomeric Katushka 2 (mKate2), a far-red fluorescent 
reporter protein located in the first gene position. Previous 
studies indicated recombinant expression of mKate2 did not 
cause viral attenuation [6, 16].

Primary normal human bronchial epithelial (NHBE) cells 
were isolated from human donor lung explants under an insti-
tutional review board-approved protocol and cultured at an 
air-liquid interface (ALI) as previously described [17]. In brief, 
cells were expanded in coculture with irradiated 3T3 cells in F + 
Y Reprogramming Medium and then plated on Costar 3470 
plates (0.4 μM pore size, polyester; Corning). After 2 days the 
cells were transitioned to ALI and differentiated in E-ALI me-
dium [17]. Once cultures were at ALI, the medium was changed 
every 48–72 hours and cultures were allowed to differentiate for 
at least 3 weeks before experimentation.

Assembly and Rescue of Recombinant RSV Viruses

The rescue of recombinant A2-line19F, which expresses 
mKate2 and the RSV strain line19 fusion protein in an A2 back-
bone, was previously described [16]. To generate recombinant 
viruses expressing modified G proteins within the A2-line19F 
backbone, synthetic G nucleotide sequences were obtained 
from GenScript, flanked by SacI-SacII restriction sites that 
were used to clone the corresponding G genes into the 
pSynkRSV-A2-line19F bacterial artificial chromosome. The re-
sultant strain A2-line19F-G155 had deletion of the G-protein 
mucin domains, whereas strain A2-line19F-G155S had deletion 
of both the G protein mucin domains and the transmembrane 
domain such that it only expressed a secreted G protein lacking 
mucin (Figure 1 and Figure 2). To recover the recombinant vi-
ruses, BSR-T7/5 cells were cotransfected with RSV antigenomic 

bacterial artificial chromosomes and 4 human codon-optimized 
helper plasmids expressing either RSV N, P, M2-1, and L, as pre-
viously described [16, 18]. Master and working virus stocks were 
generated and harvested from Vero cells, flash-frozen in liquid 
nitrogen, and stored at −80°C until use. RNA from viral stocks 
was extracted (RNeasy; QIAGEN) and the F and G genes were 
sequence confirmed by Sanger sequencing. Whole viral genome 
sequencing (Supplementary Methods and Supplementary 
Table 1) confirmed the entire sequence identify of 
A2-line19F-G155 and identified a single mutation in 
A2-line19F-G155S large polymerase protein gene that resulted 
in a K1766E amino acid change that did not lie within a func-
tionally active or conserved domain [19].

Characterization of Protein Expression

The protein structures of the G mutants compared to wild-type 
A2G were modeled using Phyre2 and AlphaFold version 2.1.0, 
and graphics were generated by PyMOL Molecular Graphics 
System version 1.7.6.3 (Schrödinger, LLC) (Figure 2) [20, 21]. 
To measure protein expression, western blots were performed 
on infected HEp-2 lysates and supernatants (Supplementary 
Methods). Monoclonal antibody binding of motavizumab 
(anti-F) and 3D3 (anti-G) to whole virus was also measured us-
ing an enzyme-linked immunosorbent assay (ELISA) 
(Supplementary Methods).

Surface expression of F and G on infected cells was measured 
by immunofluorescence using flow cytometry. HEp-2 cells 
were infected with A2-line19F or the vaccine strains and incu-
bated at 37°C overnight. The following day, cells were incubat-
ed with motavizumab and 3D3 monoclonal antibodies and 
subsequently stained with allophycocyanin-conjugated goat 
anti-human IgG (H + L) antibody (No. 109-136-098; Jackson 
ImmunoResearch Laboratory) and Brilliant Violet 421 goat 
anti-mouse IgG (No. 405317; BioLegend) for 30 minutes. 
Images were acquired on an LSR II flow cytometer (BD 
Biosciences) and analyzed with FlowJo software (Tree Star). 
Gating was performed on live cells and singlets, and infected 
cells were gated based on mKate2 expression (Figure 3).

Viral Replication In Vitro

To measure viral growth kinetics in vitro, 6-well plates contain-
ing Vero cells at 70%–90% confluency were infected in dupli-
cate at a multiplicity of infection (MOI) of 0.01 in 500 µL/ 
well as previously described [15]. At hours 6, 24, 48, 72, 96, 
and 120 postinfection, cell monolayers were scraped into su-
pernatant, vortexed, flash-frozen in liquid nitrogen, and stored 
at −80°C until titrating.

NHBE cells differentiated at ALI were infected in triplicate at 
MOI of 8.0 based on a seeded cell density of 150 000 at 100 µL/ 
insert. Cells were washed with Emory-ALI medium, and virus 
inoculum was applied apically for 2 hours at 37°C. At hours 0 
and 24, 48, 72, 96, and 120 postinfection, 150 µL full medium 
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was applied apically twice for 10 minutes at 37°C. The 300 µL/ 
insert was flash-frozen in liquid nitrogen and stored at −80°C 
until titrating. Virus titers were determined using a fluorescent 
focus unit (FFU) quantification assay 48 hours postinfection on 
HEp-2 cells as previously described [7].

Animal Studies

Six- to 8-week-old female BALB/c mice obtained from the 
Jackson Laboratory (Bar Harbor, ME) were housed under 
pathogen-free conditions until the time of use. All animal ex-
periments were performed with approval of the Emory 
University Institutional Animal Care and Use Committee.

Viral Replication of G-Mutant Vaccines in BALB/c Mice

To ascertain the level of viral attenuation in vivo, we infected 
groups of 5 BALB/c mice intranasally (IN) with 106 FFU of 
A2-line19F, A2-line19F-G155, or A2-line19F-G155S under keta-
mine/xylazine anesthesia. On day 4 postinfection, we euthanized 
the mice using pentobarbital, harvested the left lung, homoge-
nized, and measured lung viral load using the FFU assay and real- 
time polymerase chain reaction (RT-PCR) (Supplementary 
Methods). The ΔCt (difference in cycle threshold) between the 
RSV matrix M (gene of interest) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH; endogenous control) genes were calcu-
lated for each sample and averaged for 2 replicates. The ΔΔCt (dif-
ference between each sample’s ΔCt and the mean positive control 
[A2-line19F] ΔCt) was calculated to determine viral replication 
relative to A2-line19F. The linear fold-change in RSV M gene ex-
pression levels for a given sample relative to A2-line19F was calcu-
lated using the formula 2(−ΔΔCt).

Immunogenicity of G Mutants in BALB/c Mice

To ascertain immunogenicity of the G-mutant vaccines in BALB/ 
c mice, we infected groups of 5 BALB/c mice IN with 106 FFU of 
A2-line19F, A2-line19F-G155, A2-line19F-G155S, or mock 
(plain minimum essentials medium [MEM]) with a prime/boost 
regimen on days 1 and 29 (Supplementary Figure 2). Another 
group of mice had intramuscular administration of 50 µL of 
formalin-inactivated A2-line19F (FI-RSV) (Supplementary 
Methods) at the same time points. Serum was collected by sub-
mandibular bleeding on days 0, 28, and 59. For the wellbeing 
of the animals, the blood collection was performed on the day 
preceding vaccination or challenge rather than the same day. 
Samples were centrifuged at 8000g for 10 minutes, the superna-
tant removed, pooled for each group, heat-inactivated at 56°C 
for 30 minutes, and stored at −80°C until testing.

Figure 1. Schematic of RSV wild-type A2-line19 and G-mutant vaccines. A2-line19F is wild-type A2 virus with a substituted thermostable fusion protein gene from the 
line19 strain. A2-line19F-G155 has a deletion that removes the mucin domains from G protein. A2-line19F-G155S additionally has removal of the G protein transmembrane 
domain sequence. Thus, this strain expresses a G protein limited to the CCD, which is exclusively secreted (no membrane-bound G). Numbers represent amino acid residues in 
wild-type A2 G protein. Abbreviations: aa, amino acid; CCD, central conserved domain; COOH, C-terminal domain; CT, cytoplasmic tail; HBD, heparin binding domain; Met, 
methionine; NH2, N-terminal domain; RSV, respiratory syncytial virus; TM, transmembrane domain; wtG, wild-type G.
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To measure immunogenicity, mouse sera were analyzed by 
ELISA for binding antibodies to RSV full-length A2-F, prefu-
sion stabilized A2-F, and G CCD peptide (Supplementary 
Methods); and by neutralization assays to A2-line19F. RSV F 
and G CCD were analyzed as single replicates due to limitations 
in sample volume, whereas RSV prefusion F was analyzed in 2 
replicates and the GMT end-point titer determined. 
Neutralization assays were performed as previously described 
[15]. Fifty percent maximum effective concentration (EC50) 
values were generated, and the GMT of 2 replicates of each 
pooled specimen was determined.

Vaccine Efficacy of G Mutants in BALB-c Mice

To determine vaccine efficacy against RSV challenge, the same 
mice described above were then challenged with 106 FFU IN of 
A2-line19F on day 60. Four days after challenge, the mice were 
euthanized and the left lungs were harvested and homogenized 
for viral titration by FFU assay and RT-PCR. RT-PCR was per-
formed analogously to the mouse lung attenuation experiment 
detailed above, with exception that the ΔΔCt between each 
sample’s ΔCt and the mean mock ΔCt was calculated to deter-
mine viral replication relative to mock.

To determine the potential for the vaccines to elicit enhanced 
histopathology after RSV challenge, the right lungs were also ex-
cised at the time of euthanasia and placed in 10% neutral buff-
ered formalin. Samples were embedded in paraffin, 4-μm 
sections were cut, and stained with hematoxylin and eosin. 
Histopathologic scores were performed by a blinded veterinary 
pathologist (T. A. S.) for 3 parameters as previously described: 
eosinophil recruitment, perivascular cuffing, and interstitial 
pneumonia [22]. A fourth parameter of pulmonary edema was 
added. Each parameter was scored separately for each 

histopathologic section, with a maximum value of 4 and a min-
imum of 0. Immunohistochemistry staining was also performed 
to ascertain the presence of RSV antigen in the lungs using goat 
polyclonal anti-RSV antibody (No. AB1128, Sigma-Aldrich).

Statistical Analyses

Statistical comparisons were made using 1- or 2-way analysis of 
variance (ANOVA) with Tukey post hoc comparison test 
using GraphPad Prism version 8.0. For viral titers and antibody 
titers, the log10-transformation of the titers were statistically 
compared. P values ≤.05 were considered statistically 
significant.

RESULTS

Confirmation of RSV F and G Expression in G-Mutant Viruses by Western 
Blotting

The presence of the F and G proteins was measured by western 
blotting in both cellular lysate and supernatant for each viral 
strain, utilizing RSV nucleoprotein (N) protein as a loading con-
trol (Supplementary Figure 1A and 1B). Results for A2-line19F 
and A2-line19F-G155 indicated the G protein’s presence pri-
marily in the lysate. In contrast, A2-line19F-G155S had minimal 
G protein expression in the lysate, but was detectable in higher 
quantities in the supernatant, consistent with the deletion of the 
G protein transmembrane domain. F was present only in the ly-
sate, with comparable expression levels by each strain when nor-
malized to N protein expression.

RSV F and G Protein Binding of G-Mutant Viruses

To determine if the removal of G-mucin domains resulted in 
increased accessibility to antibody binding of RSV surface 

Figure 2. The structural comparisons of wild-type A2 G protein and G mutants with deleted mucin domains. The modeled protein structures of (A) A2 G; (B) G155 (with 
deleted mucin domains); and (C ) G155S (with deleted mucin domains and transmembrane domain). The color scheme is the same as Figure 1, except that the CX3C motif is 
highlighted in gold. The structures were modeled with Phyre2 and AlphaFold 2.1.0, and the graphics were generated by PyMOL Molecular Graphics System, version 1.7.6.3 
(Schrödinger, LLC).
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proteins, we performed ELISA analyses using motavizumab 
and 3D3 binding to F and G, respectively, to whole virus stock 
(Supplementary Figure 1C). Despite relatively similar F protein 
expression levels by each strain (demonstrated by western blot), 
A2-line19F-G155 and A2-line19F-G155S both demonstrated a 

higher level of monoclonal antibody binding to F protein than 
A2-line19F. In contrast, G monoclonal antibody binding (3D3) 
was similar for A2-line19F and A2-line19F-G155, but signifi-
cantly lower for A2-line19F-G155S, consistent with the lack 
of membrane-bound G expression on its surface.

Figure 3. Surface F and G expression on HEp-2 cells infected with RSV G-mutant vaccines by flow cytometry. Gating was performed on live cells and singlets, and infected 
cells were gated based on mKate2 expression. Reactivity of RSV F (motavizumab) and G (3D3) monoclonal antibodies was measured using immunofluorescence. Abbrev-
iations: FSC, forward scatter; RSV, respiratory syncytial virus; SSC, side scatter.
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Flow Cytometry of Surface Glycoproteins

Surface F and G expression were measured by immunofluores-
cence using flow cytometry of infected HEp-2 cells (Figure 3). 
As expected, cells infected with A2-line19F-G155S lacked sur-
face G expression, attributable to deletion of the G transmem-
brane domain. Cells infected with either vaccine candidate or 
wild-type demonstrated surface expression of F with similar 
median fluorescent intensity (37 258 for A2-line19F, 42 239 
for A2-line19F-G155, and 41 132 for A2-line19F-G155S).

Growth Kinetics of G-Mutant Viruses

To assess the impact of the removal of mucin domains on viral 
growth kinetics in vitro, we then infected Vero cells (Figure 4A) 
and NHBE cells differentiated at ALI (Figure 4B). Both 
A2-line19F-G155 and A2-line19F-G155S grew to similar titers 
as A2-line19F in Vero cells. However, in NHBE cells at ALI, 
which best approximate viral growth kinetics in seronegative 
infants [23], the vaccine candidates were significantly attenuat-
ed compared to both A2 and A2-line19F.

Viral Growth Kinetics in BALB/c Mice

To measure the level of vaccine attenuation in vivo, we then infect-
ed groups of 5 BALB/c mice IN with 106 FFU of either A2-line19F, 
A2-line19F-G155, or A2-line19F-G155S. On day 4 postinfection, 
mice were euthanized, lungs were harvested and homogenized, 
and viral lung titer was measured by FFU assay (Figure 4C) and 
RT-PCR (Figure 4D). By the live-virus FFU assay, 
A2-line19F-G155 and A2-line19F-G155S were undetectable in 
the mouse lungs, as compared to A2-line19F, which had a geomet-
ric mean titer (GMT) of 4.62 log10 FFU/g lung (fold-reduction 
>124-fold). By RT-PCR, which also has the potential to detect 
nonreplicating viral RNA, detection as measured by Ct fold- 
change was reduced 3-fold for A2-line19F-G155S and 22-fold 
for A2-line19F-G155 compared to A2-line19F.

Immunogenicity of G Mutants in BALB/c Mice

We then measured the immunogenicity of the vaccine candi-
dates in BALB/c mice using a prime/boost regimen on days 1 
and 29, vaccinating mice with A2-line19F-G155, 
A2-line19F-G155S, A2-line19F, mock, or FI-RSV (intramuscu-
lar) and challenging with RSV A2-line19F on day 60 
(Supplementary Figure 2). Binding and neutralizing antibody 
responses were measured by RSV F ELISA (Supplementary 
Figure 3A), RSV G-CCD ELISA (Supplementary Figure 3B), 
RSV prefusion F ELISA (Figure 5A), and neutralizing antibod-
ies to A2-line19F in HEp-2 cells (Figure 5B). We found that 
A2-line19F-G155 and A2-line19F-G155S vaccines elicited sim-
ilar levels of RSV F and prefusion F binding antibodies com-
pared to A2-line19F on days 28 and 59. In contrast, binding 
antibodies to the G-CCD elicited by the vaccine candidates 
were numerically lower than those elicited by A2-line19F or 
FI-RSV. Both vaccine candidates elicited similar titers of 

neutralizing antibodies compared to A2-line19F on day 28. 
Neutralizing antibody titers significantly increased with the 
boost dose of vaccination, regardless of the priming vaccine.

Vaccine Efficacy of G Mutants in BALB/c Mice

To assess for vaccine efficacy, these same mice were then chal-
lenged IN with 106 FFU of A2-line19F on day 60 and the left 
lungs were harvested 4 days postchallenge. Both G-mutant vac-
cines reduced lung viral titers to undetectable levels by FFU as-
say after RSV challenge, comparable to wild-type A2-line19F 
and FI-RSV (Figure 5C). By RT-PCR, vaccination reduced 
lung viral RNA detection 560-fold for A2-line19F-G155, 
604-fold for A2-line19F-G155S, and 1812-fold for A2-line19F 
when compared to mock-challenged mice (Figure 5D).

Lung Histopathology Postchallenge

To assess for lung histopathology after challenge, the same mice 
who were challenged with 106 FFU IN of A2-line19F on day 60 
had the right lungs harvested for histopathological analysis and 
stained with hematoxylin and eosin. Immunohistochemistry 
demonstrated the presence of RSV antigen in all lung samples 
of mice challenged with A2-line19F (data not shown). Blinded 
histopathologic analysis demonstrated that mice primed/ 
boosted with FI-RSV IM had significantly worse combined his-
topathological scores on day 4 postchallenge (mean score 9.2, 
SD 1.3) than all other groups (Figure 6; P < .005 for all compar-
isons). The mean histopathologic scores of mice vaccinated 
with A2-line19F-G155S (mean 3.4, SD 0.9) were greater than 
mock-vaccinated mice (mean 0.4, SD 0.6; P < .005), but less 
than mice vaccinated with A2-line19F-G155 (mean 6.0, SD 
1.4; P < .005) and similar to wild-type A2-line19F (mean 4.8, 
SD 0.8; P = .252) (Supplementary Table 2).

DISCUSSION

We generated 2 RSV live-attenuated vaccine candidates with 
deleted G-protein mucin domains, expressing either secreted 
G only (A2-line19F-G155S) or both transmembrane and se-
creted forms of G (A2-line19F-G155). Protein expression of F 
and G was confirmed by western blotting and by immunofluo-
rescence of infected HEp-2 cells using flow cytometry. Removal 
of the G-mucin domains significantly attenuated viral propaga-
tion in primary NHBE cells at ALI, but did not meaningfully 
decrease propagation in Vero cells. These results indicated 
that both vaccine strains, while highly attenuated in primary 
human airway cells, could still be propagated in Vero cells 
for the purpose of vaccine production.

In a mouse model, we found that A2-line19F-G155 and 
A2-line19F-G155S were attenuated, immunogenic, and effica-
cious. The vaccines were heavily attenuated by measurement 
of lung viral load following intranasal infection using a live- 
virus FFU assay. Similarly, RSV RNA in the lung, as measured 
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by RT-PCR was reduced by 3- and 22-fold for 
A2-line19F-G155S and A2-line19F-G155, respectively, com-
pared to A2-line19F. Both vaccine candidates elicited high ti-
ters of RSV prefusion F and neutralizing antibodies, which 
were comparable to A2-line19F. The vaccine candidates were 
protective against intranasal RSV challenge in mice and did 
not elicit enhanced pulmonary histopathology, which is an im-
portant safety metric for RSV vaccines. In these ways, the dele-
tion of RSV G-mucin domains conferred multiple desirable 
features of an RSV live-attenuated vaccine candidate, including 
simultaneous enhanced attenuation and retained immunoge-
nicity in a genetically stable construct.

There is a growing body of evidence that glycosylated domains 
of viral glycoproteins can function as steric shields, masking sur-
face epitopes from recognition by the host immune system and 
facilitating immune evasion [13, 14]. One well-characterized 

example of this is Ebola virus (EBOV), which expresses a large 
surface glycoprotein (GP) that comprises both attachment and 
fusion functions. EBOV GP sterically occludes epitopes within 
the GP itself, in addition to surface proteins of virally infected 
cells such as MHC1 and β1 integrin. In this way, EBOV GP im-
pairs both antibody-mediated recognition of viral antigens and 
CD8 T-cell recognition of MHC1 on antigen-presenting cells. 
Removal of GP N- and O-linked glycans or removal of the sur-
face subunit of GP allows for deshielding of these epitopes and 
immune recognition [13]. Importantly, to retain immunogenic-
ity, the removal of surface glycans must not disrupt conforma-
tional epitopes recognized by neutralizing antibodies.

The role of glycosylation in RSV pathogenesis has been in-
completely characterized. Whereas the G protein has highly 
variable glycosylated sites within its mucin domains, the F pro-
tein has only 5 conserved N-glycosylation sites [8]. Removal of 

Figure 4. Viral growth kinetics of G-mutant vaccines in vitro and in BALB/c mice. A, Vero cells and (B) NHBE cells differentiated at ALI were infected with A2-line19F, 
A2-line19F-G155 (deleted mucin domains), A2-line19F-G155S (deleted mucin and transmembrane domains), or A2 (NHBE cells only). Data represent the geometric mean of 2 
or 3 experimental replicates (± geometric SD), expressed as FFU/mL. Vaccine attenuation was measured in BALB/c mice infected intranasally on day 4 postinfection by (C ) 
live-virus FFU assay or by (D) RT-PCR. C, Data represent the geometric mean titer (± geometric SD) viral lung titer in log10(FFU/g lung). D, Data represent the mean (± SD) 
delta-delta cycle threshold (ΔΔCt) value between GAPDH and RSV M gene, normalized to A2-line19F. Statistical comparisons were made using 1-way analysis of variance of 
log-transformed titers with Tukey post hoc comparisons test. ** P ≤ .01, *** P ≤ .005, and **** P ≤ .001. Abbreviations: ALI, air-liquid interface; FFU, fluorescent focus units; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NHBE, normal human bronchial epithelial; RSV, respiratory syncytial virus; RT-PCR, real-time polymerase chain rea-
ction. The dashed lines represent the lower limits of detection of the assays.
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the F protein N-glycosylation sites, singly or in combination, 
has been shown to differentially impede fusogenicity, attenuate 
viral replication, and modulate immunogenicity [24]. A similar 
analysis has not been undertaken to date for the RSV G protein, 
which contains 30–40 O-glycosylation sites and 4–5 
N-glycosylation sites. In this study, we found that removal of 
the G-mucin domains with/without the transmembrane do-
main did not appreciably affect viral expression of F protein 
by western blotting, but did reduce monoclonal antibody bind-
ing to F by whole-virus ELISA, suggestive of F deshielding. 
Nevertheless, the differences between monoclonal antibody 

binding to the surface of infected HEp-2 cells as measured by 
flow cytometry were modest, and future studies are needed to 
confirm the mechanism of retained immunogenicity in these 
highly attenuated constructs. As recent studies have demon-
strated that G produced in primary human bronchial epithelial 
cells is much more heavily glycosylated (170 kDa) than G pro-
duced in immortalized cell lines (95 kDa) [25], it is likely that 
the effects of mucin domain deletion on epitope deshielding 
is more pronounced in human airway cells than in HEp-2 cells.

Limitations of this study include the utilization of a single 
animal model, BALB/c mice, which is insufficient to fully 

Figure 5. Immunogenicity and efficacy of G-mutant vaccines in BALB/c mice. Mice were primed and boosted on days 1 and 29, respectively. Binding and neutralizing 
antibody responses were measured on days 0, 28, and 59 by (A) RSV prefusion F ELISA, and (B) neutralizing antibodies to A2-line19F in HEp-2 cells. Sera from groups of 
mice were pooled and analyzed in 2 replicates in duplicate for ELISAs, which are expressed as log2 (end-point titers) for ELISAs and geometric means of the log(EC50) for 
neutralization assays. On day 60, mice were challenged intranasally with 106 FFU A2-line19F. Four days later, lungs were harvested and virus titrated by either (C ) live-virus 
FFU assay or (D) RT-PCR. C, Data represent the geometric mean titer (± geometric SD) viral lung titer in log10(FFU/g lung). D, Data represent the mean (± SD) delta-delta cycle 
threshold (ΔΔCt) value between GAPDH and RSV M gene, normalized to mock. Statistical comparisons were made using 1-way analysis of variance of log-transformed titers 
with Tukey post hoc comparisons test. * P ≤ .05, *** P ≤ .005, and **** P ≤ .001. Abbreviations: EC50, 50% maximum effective concentration; ELISA, enzyme-linked im-
munosorbent assay; FFU, fluorescent focus unit; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RSV, respiratory syncytial virus; RT-PCR, real-time polymerase chain 
reaction. The dashed lines represent the lower limits of detection of the assays.
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recapitulate human pathogenesis and immune responses. The 
cellular immune responses and the breadth and durability of 
protective immunity also were not assessed. We also only ana-
lyzed the effects of deleting the G-mucin domains in 1 strain of 
RSV (A2-line19F). Whether removal of these highly variable 
domains might improve the breadth of immune responses by 
unmasking conserved epitopes is an area of future study. 
Although the A2-line19F-G155 vaccine candidate had com-
plete sequence identity to the generated strain, the 
A2-line19F-G155S acquired a single point mutation in the L 
protein, underscoring one inherent challenge of developing 
live-attenuated vaccines for RNA viruses. Histopathological 
analyses were performed on day 4 postchallenge in this study 
to optimize viral detection by FFU assay and RT-PCR, preced-
ing the usual timing of peak histopathological changes 

observed in mice after RSV infection (day 6). This may explain 
the low histopathology scores observed in mock-vaccinated 
mice after initial RSV exposure and challenge. Future analyses 
should address these considerations in more permissive animal 
models, such as cotton rats or nonhuman primates.

In conclusion, we generated RSV LAV candidates lacking 
G-protein mucin domains, which were highly attenuated 
with retained immunogenicity in BALB/c mice. 
Deglycosylation of viral glycoproteins may represent a novel 
strategy to balance LAV attenuation and immunogenicity 
through deshielding of surface epitopes.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 

Figure 6. Lung histopathology in immunized mice after A2-line19F challenge. Groups of 5 BALB/c mice were vaccinated with (A) mock (plain minimum essential medium 
[MEM]), (B) formalin-inactivated RSV (FI-RSV) intramuscular, or 106 fluorescent focus unit (FFU) intranasally of (C ) A2-line19F-G155, (D) A2-line19F-G155S, or (E) A2-line19F. 
On day 60 postvaccination, mice were challenged intranasally with 106 FFU A2-line19F. Four days later, the lungs were harvested for hematoxylin-eosin staining and (F ) 
histopathological scoring. Representative images are shown. Scale bar = 250 µm. Data represent mean histopathological scores ± SD. Statistical comparisons were ma-
de using 1-way analysis of variance with Tukey post hoc comparisons test. ** P ≤ .01, *** P ≤ .005, and **** P ≤ .001.
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authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding 
author.
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