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tandem stop codons preceding an A-to-G point mutation in the 4th position of the
G gene end transcription termination signal. Virologically, the 2stop+A4G RSV geno-
type results in reduced levels of the RSV fusion (F) glycoprotein. A recombinant
2stop+A4G RSV was better able to establish infection in the presence of existing
RSV immunity than a virus harboring the common A4G mutation. These data sug-
gest that regulation of G and F expression has implications for virulence and, poten-
tially, immune evasion.

KEYWORDS respiratory syncytial virus, infant, wheeze, G glycoprotein, gene end,
disease severity, transcriptional regulation, A4G, tandem stop codons, gene variant

espiratory syncytial virus (RSV) is the leading cause of hospitalizations and viral

deaths in children under the age of 5 years (1, 2). Currently, no licensed RSV vaccine
is available, and prophylaxis is limited to administration of a monoclonal RSV antibody
to specific high-risk infants (3).

The single-stranded negative-sense RNA genome of RSV is flanked by noncoding 3’
leader and 5’ trailer regions. Genome transcription is sequential and begins at the 3’
proximal promoter and proceeds in a 3’ to 5 direction in a “start-stop” manner,
mediated by the polymerase to generate 10 monocistronic mRNAs (4, 5). Gene junc-
tions between each gene contain transcription start and end signals that are essential
for efficient gene transcription. While gene start signals are highly conserved, variations
in transcription end signals are common (6-9).

Variations in the gene end signal of the attachment (G) gene have previously been
identified in clinical RSV isolates (10). One such variation harboring a single nucleotide
from adenine to guanine at the 4th position (A4G) was shown to result in transcrip-
tional readthrough of the G transcript terminator, a subsequent decrease in mRNA
transcripts, and decreased levels of F protein in comparison to that for the prototypic
A2 strain in HEp-2 cells. Phylogenetic analysis of those clinical isolates grouped into
their own clade separate from the “wild-type” A2-like strains, suggesting that naturally
circulating RSV strains vary from the classical laboratory-adapted strains (10).

Moudy et al. demonstrated that laboratory strains might also differ in transcriptional
regulation, but they had access to only 53 sequences and no clinical data (11).
Alteration in gene expression of the two major surface glycoproteins could theoretically
affect clinical disease severity, especially as both the F and G proteins have been
implicated in RSV pathogenesis (12, 13) and both F and G are targets for neutralizing
antibodies during infection (14, 15). Several studies identified RSV strains that better
recapitulate aspects of human RSV disease in mice than commonly used A2 and Long
strains (16-18). These strain-specific pathogenicity phenotypes in mice point to RSV
disease manifestations in humans being attributable to both host immune responses
and viral genetics and highlight RSV genotype as a determinant of disease severity. The
impact of RSV strain differences on human disease, however, is variable and incom-
pletely characterized (19-21). Thus, further investigation is needed to assess the impact
of RSV genotype on clinical disease.

We sequenced the approximately 270 terminal nucleotides of the RSV G gene
in order to identify RSV clades in a term healthy infant cohort (Tennessee Children’s
Respiratory Initiative [TCRI] cohort) and assess whether RSV clade differences were
associated with infant infection severity. Sequencing was exclusive to the G gene to
identify sequences that could play a role in transcriptional readthrough and protein
expression of both G and F. We found no differences by clade associated with infant
infection severity as measured by an ordinal bronchiolitis severity score (BSS) in the
infant cohort. However, a single nucleotide polymorphism (SNP)-like approach identi-
fied specific variants in the RSV G gene, A4G and 2stop+A4G genotypes, that were
associated with BSS and predominate among RSV-A strains. These gene end variants
alter the ratio of G to F protein expression. The implication of this in our BALB/c mouse
model is that genotype variants of RSV, such as 2stop+A4G, are able to establish
reinfection in the presence of preexisting immunity in mice. Together, these factors
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TABLE 1 RSV clinical strain antigenic subgroups and clades

No. of isolates/RSV season for clade:

A (n = 142) B (n = 67)
Years GA2 (n = 54) GAS5 (n = 88) GB3
2004-2005 2 0 25
2005-2006 13 48 17
2006-2007 21 36 9
2007-2008 18 4 16

may contribute to the predominance and maintenance of the 2stop+A4G genotype in
circulating RSV strains.

RESULTS

Distribution and frequency of A4G in glycoprotein G gene end sequences
confirms strain A2 sequence is infrequently found in clinical isolates. The RSV G
gene is used to assign clinical isolates to subtypes A or B and to specific clades existing
within these subtypes (22). The extracellular domain of G consists of two hypervariable
regions, the second of which corresponds to the C-terminal region of the G protein and
which reflects the overall gene variability for this gene. The hypervariable C-terminal
sequence of G can therefore be used to quantify RSV genetic diversity within a
population and has been used extensively in molecular and epidemiological studies
(23, 24). To determine the RSV subgroup, we sequenced the last 270 nucleotides of the
C-terminal region of the G gene of the 209 RSV-positive nasopharyngeal swabs from
infants in the TCRI cohort. We took the approach of sequencing directly from RSV-
positive swabs, as data from a small limited sequence study conducted by the CDC
showed that no changes occurred between RSV clinical specimens and the isolates
obtained from those specimens (T. C. T. Peret, personal communication). We acknowl-
edge that this approach places a potential limitation on our study when comparing
sequences obtained directly from clinical samples to those deposited on GenBank,
which are likely from culture-adapted virus. However, given the size of the region
sequenced in this study (270 nucleotides) and the available data (Peret, personal
communication) it is unlikely that sequence changes between clinical specimens and
isolates from this specimen will affect our results.

Of the 209 RSV strains, 142 were RSV subgroup A, and the remaining 67 were RSV
subgroup B strains (Table 1). Subgroup A contained viruses from clades GA2 and GA5
only, while GB3 was the only clade representative of RSV-B.

Further analysis of the subgroup A sequences identified two main categories of
gene end variant: wild type (16% [23/142]) and A4G (84% [119/142]) (Fig. 1). Here, we
define the wild-type gene end variant as one amber stop codon (UAG) followed by the
prototype A2 strain G gene end sequence UUACTTUUUUU (10). Within the A4G gene
end category, we identified a second subgroup that we have termed 2stop+A4G (31%
[37/119]) due to the presence of 2 tandem stop codons (UGA followed by an amber
stop codon) that precede the A4G gene end sequence UCATTUUUUU (Fig. 1). Amber
stop codons were present in 58% (82/119) of the A4G gene end variants.

To compare the frequency of the A4G genotype in TCRI sequences with frequency
in sequences available in GenBank, we performed maximum-likelihood phylogenetic
analyses on the G gene C-terminal region of the 142 subgroup A TCRI RSV sequences
and 269 RSV subgroup A GenBank sequences (Fig. 2). Among these, 56.6% of all
sequences included A4G. These sequences demonstrate that guanine is the predomi-
nant nucleotide found at the fourth position of the RSV G gene end sequence and
suggests that previous knowledge regarding glycoprotein gene sequences may not
represent extant clinical isolates.

To determine whether these gene end variants were present in recently circulating
strains, particularly in the rapidly spreading ON1 genotype, sequences deposited on
GenBank from RSV samples collected between 2009 and 2017 were downloaded. An
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FIG 1 RSV G gene end variants identified in TCRI clinical samples. Attachment glycoprotein sequence analysis of 142 TCRI
clinical samples identified two main categories of gene end variants: wild type (gray circle, 16% [23/142]) and A4G (blue
circle, 84% [119/142]). Within the A4G category, a subgroup of gene end variants displaying an additional stop codon was
identified, which we termed 2stop+A4G (red circle, 31% [37/119]).

additional 51 sequences were analyzed, 12 of which were genotype ON1. We found
that the 2stop+A4G gene end variant was present in 98% (50/51) of these recently
circulating viruses (Fig. 3). Of interest, only 1/12 of the ON1 genotype samples, and the
only ON1 sample collected in 2017, displayed a wild-type G gene end signal.

Two tandem stop codons in the gene end terminator of the RSV G gene were
associated with increased RSV severity in human infants. RSV isolates from the
Tennessee Children’s Respiratory Initiative (TCRI) cohort were collected from infants
during acute respiratory infection. We sequenced the last 270 nucleotides of the
C-terminal region of the G gene of 209 RSV-positive nasopharyngeal swabs from these
infants, representing isolates from 2004 to 2008. SNP-like analyses of the sequence data
of the G gene identified a genetic polymorphism in the C terminus of RSV G (subgroup
A), including two tandem stop codons in the gene end terminator of the RSV G gene.

Isolates were categorized by A4G versus wild-type G gene end sequence, and the
AA4G isolates were further subcategorized according to whether the sequence included
1 (A4G) or 2 stop codons (2stop+A4G). Next, clinical disease severity was statistically
evaluated for each of the three genotype categories using the bronchiolitis severity
score (BSS) (Fig. 4). In multivariable ordinal logistic regression analysis, the 2stop+A4G
genotype was associated with significantly higher BSS scores than both the wild-type
and A4G genotypes, with 2stop+A4G having 3-fold increased odds compared to that
of the wild type (adjusted odds ratio [aOR] = 3.00; 95% confidence interval [Cl], 1.24 to
7.28) and 2-fold increased odds compared to that of A4G (aOR = 2.42; 95% Cl, 1.21 to
4.86) for bronchiolitis severity.

Effects of A4G and 2stop+A4G mutations on viral transcripts and proteins.
Using a bicistronic minigenome reporter system, Moudy and colleagues demonstrated
that the A4G gene end mutation results in reduced efficiency of transcription termi-
nation and generation of readthrough transcripts (10). In order to compare directly the
differences between the genotypes (Fig. 5b) in the context of viral infection, we
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FIG 2 Comparison of RSV A4G and 2stop+A4G genotype phylogenetics. The C-terminal 270 nucleotides
of 411 RSV subgroup A isolates were aligned using ClustalW and phylogenetic reconstruction was

(Continued on next page)
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FIG 3 2stop+A4G G gene end variants in recently circulating strains. RSV G sequences from 51 samples
collected between 2009 and 2017 were analyzed for the presence of wild-type, A4G, or 2stop+A4G G
gene end variations. All additional sequences, bar 1 which had a wild-type gene end signal, displayed the
2stop+A4G gene end variation. In contrast, previously analyzed sequences (samples collected between
1981 and 2008) showed a mix of all three variants, with the 2stop+A4G variation making up a lesser
proportion of the gene end variants.

generated two recombinant (r)RSV mutants based on the strain rA2-K-Line19F, which
was chosen because its pathogenesis has been characterized in BALB/c mice (17). For
the first virus, we changed the fourth position in the G gene end from an A to a G (A4G)
to generate rA2-K-Line19F-A4G (termed rA4G henceforth). For the second mutant virus,
in addition to the A4G mutation, we inserted a second stop codon in tandem with the
existing stop codon in the G gene end to generate mutant rA2-K-Line19F-2stop+A4G
(called r2stop+A4G henceforth).

Following the rescue of these recombinant viruses, mRNA transcript and protein
expression levels of G and F were investigated. We hypothesized that translational
readthrough of the amber codon in RSV G occurs in the presence of A4G and that this
results in reduced G protein expression levels due to the generation of a G-F cotran-
script. The predicted mRNA species and relative glycoprotein levels of the recombinant
RSV strains based on this hypothesis are shown in Fig. 5a. We hypothesized that the
A4G genotype would have reduced F and G protein expression levels compared to that
of the wild type, while viruses with a 2stop+A4G genotype would produce reduced F
levels but wild-type G levels (Fig. 5a).

We tested this model by measuring mRNA transcripts during RSV infection in HEp-2
cells (Fig. 5¢) as well as glycoprotein levels in virus preparations (Fig. 5d). Northern blots
using a G-specific probe revealed the presence of a G/F cotranscript during infection
with the rA4G or r2stop+A4G RSV mutants (Fig. 5¢). The same G/F cotranscripts were
visible using an F-specific probe (Fig. 5¢). In the F-specific Northern blot, there was also
a faint band approximately the size of the G/F cotranscript in the lane corresponding
to wild-type RNA (Fig. 5¢). This may have been attributable to transcriptional read-
through at the F-M2 gene junction, which has previously been reported for RSV and
results in approximately the same size cotranscript as the G/F cotranscript (11). Alter-
natively, there may have been transcriptional readthrough at the G/F junction in
wild-type RSV that resulted in a small but detectable amount of G/F cotranscription. An
M2-specific probe revealed the presence of an F/M2 transcript in wild-type and mutant
virus samples (Fig. 5¢), as has been previously reported (7, 25, 26). The RSV M2 gene and

FIG 2 Legend (Continued)

performed using MEGA5 software by maximum likelihood (general time reversible model, 1,000 boot-
strap replicates). The tree was constructed and annotated using FigTree v1.2.2. Gray nodes (9% preva-
lence [37/411]) represent strains, such as A2, containing A2-like G gene transcription and translation
termination signals containing a single stop codon and an A nucleotide at the 4th position of the gene
end transcription terminator. Blue nodes (56.6% prevalence [233/411]) represent A4G genotypes, includ-
ing strain CH17, and red nodes represent 2stop+A4G genotypes (32% prevalence [132/411]), including
strain A2001/2-20. Green nodes (2% prevalence [8/411]) represent wild-type strains, such as MON-5-91,
that are distantly related to strains A2 and Long. Branch lengths are measured as number of substitutions
per site (scale bar, 0.02).
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FIG 4 Bronchiolitis severity scores (BSS) associated with RSV genotypes in the TCRI cohort. The BSS (BSS
scale 0 to 12, with higher numbers indicating more severe disease) of the 209 infants with RSV infection
whose virus was sequenced were compared to identify differences in BSS by RSV genotype (wild type,
n = 23; A4G, n = 82, and 2stop+A4G, n = 37). The 2stop+A4G genotype, containing two tandem stop
codons in the C-terminal region of the G gene, was associated with clinically significant differences in
disease severity in comparison to that for single stop codon (A4G) and wild-type A2-like viruses. Box plots
represent median BSS (middle line), interquartile range (length of the box, 25th and 75th), and
maximum/minimum values (the whiskers show the extent of the data range). Statistical comparisons
indicated on the figure were performed using the Wilcoxon or Kruskal-Wallis nonparametric tests. In
multivariable ordinal logistic regression analysis, the 2stop+A4G genotype was associated with
significantly increased likelihood of higher bronchiolitis scores than both the wild type (adjusted
odds ratio [aOR] = 3.00; 95% Cl, 1.23 to 7.28) and A4G genotypes with 2stop (aOR = 2.42; 95% Cl,
1.21,4.86). *, P < 0.05.

cellular actin mRNA were used as the viral RNA loading control and total RNA loading
control, respectively. By analyzing densitometry from the Northern blots, it was deter-
mined, as expected, that approximately 30% to 40% of the total G transcripts resulted
from readthrough of the A4G gene end for the rA4G and r2stop+A4G RSV mutants,
while approximately 20% of the total F transcripts were a result of this readthrough (Fig.
5¢). Together, these findings support the previously reported bicistronic minigenome
results (10) and support our model of transcriptional readthrough in the context of RSV
infection.

The relative glycoprotein abundance present during RSV infection was quantified by
performing Western blotting of virus stocks specific for the RSV G and F proteins (Fig.
5d). The intensities of the G- or F-specific bands were normalized to the intensity of the
nucleoprotein (N)-specific signal for each virus. The rA4G RSV mutant exhibited lower
levels of both G and F glycoproteins than wild-type RSV, with the G protein expression
being 76% that of the wild type, and the F protein level approximately 61% that of the
wild type (Fig. 5d). These values were reflective of reduced mRNA transcription seen in
Fig. 5¢, although they did not completely correlate with reduction in protein expression
levels.

The r2stop+A4G RSV mutant, however, had G levels similar to that of wild-type virus
(95%) but F levels similar to that of the rA4G RSV mutant (65%) (Fig. 5d). Although
protein expression was reduced for both the rA4G and r2stop+A4G RSV mutants as
expected, this reduction did not directly correlate with G and F mRNA transcript levels.
In an attempt to probe for translational readthrough during viral infection, an epitope
tag was introduced downstream of the stop codon(s); however, those mutants were
not able to be rescued. Nevertheless, the Northern and Western blotting results
presented here support our model of both transcriptional and translational read-
through occurring during RSV infection.

Attenuation of A4G and 2stop+A4G viruses in vitro and in vivo. We hypothe-
sized that the A4G mutation confers some advantage to the virus, because it was
the predominant gene end sequence in our data set. We also tested whether the
2stop+A4G genotype, associated with virulence in infants, was more pathogenic in a
mouse model. We compared the in vitro growth kinetics of the rA4G and r2stop+A4G
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FIG 5 Effects of A4G and 2stop+A4G genotypes on RSV glycoprotein transcription and expression levels. (a) Hypothesized mRNA transcription and protein
expression by wild-type A2-like, A4G, and 2stop+A4G genotypes. Each horizontal line indicates a predicted mRNA transcript. Light gray dots indicate stop
codons present on single G transcripts or on G/F cotranscripts. The size of the black circles under “predicted protein levels” indicate the expected relative levels
of each glycoprotein. (b) Comparison of RSV wild type, A4G and 2stop+A4G genotype G gene end sequences. (c) Representative Northern blots performed
using probes specific for RSV G, F, M2, or mammalian actin mRNA as a control. Two virus clones of recombinant rA4G and r2stop+A4G RSV were tested. G,
F, and G/F cotranscripts were quantified as a percentage of total transcripts detected with G- or F-specific probes. rA2-K-Line19F was used as the wild-type
A2-like control. Data from both clones of rA4G and r2stop+A4G viruses were combined and presented as means plus standard deviation (SD). (d) Representative
RSV N-, G-, and F-specific Western blots of rA4G, r2stop+A4G, and wild-type (rA2-K-Line19F) viruses. Quantification of three replicates of Western blots were
calculated for rA4G, r2stop+A4G, and wild type rA2-K-Line19F viruses by densitometry. G and F levels were normalized to N levels for each virus prior to
comparison with wild-type rA2-K-Line19F. Data represent means from 3 experimental replicates plus SD. *, P < 0.05 by one-way ANOVA with Tukey’s
multiple-comparison test.
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FIG 6 Attenuation of rA4G and r2stop+A4G RSV in vitro and in BALB/c mice. (Left) Replication kinetics of
recombinant viruses in BEAS-2B cells infected at an MOI of 0.01. Supernatant samples were collected at indicated
time points. The t, indicates the input titer, and the dotted line indicates the limit of detection of the assay. Data
represent the means from three experimental replicates = standard errors of the means (SEMs). *, P < 0.05 when
comparing wild type to both mutants (rA4G and r2stop+A4G RSV) by two-way ANOVA and Bonferroni’s multiple-
comparison test. FFU, fluorescent focus units. (Right) Lung viral load in BALB/c mice shown as FFU per gram of lung
homogenate quantified on the indicated days postinfection. Groups of 5 BALB/c mice were infected intranasally
with 10 PFU of wild-type (black), rA4G (blue), and r2stop+A4G (red). On the indicated days postinfection, the left
lung was harvested and homogenized, and viral load was determined using a fluorescent focus assay. Data
represent the means from two experimental replicates = SEMs. *, P < 0.05 when comparing wild type (rRSV-A2-
K-Line19F) to both mutants (rA4G and r2stop+A4G) by two-way ANOVA test with Bonferroni’s correction for
multiple comparisons.

RSV mutants to those of the wild-type strain, rA2-K-Line19F, in a human bronchial
epithelial immortalized cell line (BEAS-2B). In these cells, both the rA4G and
r2stop+A4G RSV mutants exhibited delayed replication and significantly lower titers
than the wild type (Fig. 6, left). As the rA4G RSV mutant exhibited lower G protein
expression in virus preparations than r2stop+A4G RSV and the wild type (Fig. 5d), the
corresponding decrease in cell binding activity was tested using an RSV binding assay
we previously employed (27). However, no difference in binding activity was observed
between wild-type, rA4G, and r2stop+A4G viruses (data not shown).

Next, the effect of each of the recombinant viruses on viral load in the lungs of
BALB/c mice was determined. Both rA4G and r2stop+A4G RSV mutants were modestly
attenuated relative to wild-type strain rA2-K-Line19F on days 4 and 6 postinfection (p.i.),
which is the period of peak viral load in this mouse model (Fig. 6, right). These results
were suspected to be attributable to the reduced F protein expression in both mutant
viruses (Fig. 5¢) and suggested that in the immunologically naive mouse model,
improved virus replication is not likely to be responsible for the association of disease
severity with the 2stop+A4G genotype or the prevalence of the A4G genotype.

Furthermore, despite the attenuation in replication observed in vivo, neither the
rA4G or r2stop+A4G RSV mutants exhibited significantly altered pathogenesis or
histopathology in the BALB/c mouse model compared to that of rA2-K-Line19F, as
measured by histopathology parameters, lung cytokine levels, induction of neutralizing
antibodies, CD8* T-cell numbers, or RSV F protein-specific (major histocompatibility
complex [MHC] tetramers) CD8" T-cell numbers (data not shown). The absence of
altered pathogenesis, other than mild attenuation, in vivo in naive mice led us to
consider whether the 2stop+A4G genotype modulates evasion of RSV-specific anti-
body, thus resulting in increased disease severity observed in infants who may have
various levels of waning maternal antibody or antibody resulting from previous expo-
sure. Finally, we hypothesized that more efficient reinfection might explain its higher
prevalence among circulating RSV strains and studied this possibility in mice.

In vitro and in vivo neutralization of wild-type, A4G, and 2stop+A4G RSVs. To
determine whether clinical isolates harboring the 2stop+A4G genotype were more
difficult to neutralize than the A4G or wild-type A2-like genotypes, a plaque reduction
assay was performed using MPES8, a potent pre-F-specific monoclonal antibody (MAb)
(15, 28). The neutralization titers of polyclonal antisera (BEI reference serum) or mono-
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FIG 7 Reinfection of mice. Groups of five 6-week-old BALB/c mice were infected with strain rRSV-A2 to
initiate a primary RSV infection in these animals. We confirmed that rRSV-A2 generated high-titer
infections in all three groups by measuring lung viral titers (data not shown). To determine whether the
mutant viruses generated in this study were able to establish infection in the presence of RSV-specific
antibody, previously infected mice were subsequently inoculated with either the wild-type (rA2-K-
Line19F), rA4G, or r2stop+A4G viruses as a secondary infection 56 days post-primary infection. Four days
post-secondary infection (60 days overall), viral load was determined in lung homogenates of these
animals. In comparison to wild-type and r2stop+A4G viruses, the rA4G mutant was unable to establish
reinfection in the majority of mice. Primary infection is shown as gray circles for each virus (gray);
secondary infection is shown as wild type (black), rA4G (blue), and r2stop+A4G (red). Each dot represents
a single animal. Experiments were performed in duplicates, results are presented as means *+ SDs, and
statistical comparisons were performed using Tukey’s multiple-comparison test.

clonal antibodies MPE8 or palivizumab were each equivalent against rA2-K-Line19F,
rA4G, and r2stop+A4G recombinant viruses, suggesting the G gene mutations had no
effect on in vitro neutralization (data not shown). This result led us to investigate
neutralization in vivo, because in vitro neutralization assays do not recapitulate all of the
mechanisms of antiviral neutralizing antibodies (29).

We used a BALB/c mouse model of reinfection following low-dose primary infection
to assess in vivo neutralization (30). Mice were first infected with 2 X 102 PFU of rRSV
A2 and, 2 months later, reinfected with either wild-type (rA2-K-Line19F), rA4G, or
r2stop+A4G RSV. The mean serum neutralizing antibody (nAb) titer of A2-infected mice
at the time of secondary infection was 1:4, similar to our previous study (30). Viral titers
were measured in lung homogenates 4 days post-secondary infection to determine the
ability of each respective virus to reinfect BALB/c mice in the presence of RSV-specific
immunity (Fig. 7). We found that, in contrast to results obtained in immunologically
naive animals, r2stop+A4G RSV tended to better reinfect/reestablish infection in mice
upon secondary infection than rA4G RSV (Fig. 7). Thus, the A4G genotype was more
easily neutralized in vivo than the 2stop+A4G and wild-type A2-like genotypes. These
data suggest that the increase in relative G protein abundance associated with addition
of the 2stop mutation restores the A4G virus's ability to infect immune mice to
wild-type levels. It does not, however, suggest a mechanism for a selective advantage
to explain the predominance of the 2stop+A4G mutations in circulating viruses.

DISCUSSION

The association between RSV genotype and disease presentation is poorly under-
stood (31). In the present study, we investigated viral genetic differences associated
with clinical disease among an otherwise low-risk group of infants using a SNP-like
analysis. This analysis identified G gene sequences, i.e., 2stop+A4G, significantly asso-
ciated with RSV clinical disease severity. We then investigated the mechanisms behind
the observed clinically significant increased disease severity (32) with RSV genotype
2stop+A4G (Fig. 4). The 2stop+A4G genotype variants were named as such due to the
presence of an additional stop codon directly preceding the naturally occurring amber
(UAG) codon in a subset of isolates containing a previously described G gene end
variant, A4G (Fig. 5b). A4G has been demonstrated to generate a leaky stop codon
between the F and G glycoprotein sequences that results in “wild-type” or A2-like levels
of G transcript but lower levels of F transcript (10). Lower expression of F could be a
mechanism for immune evasion by presenting less F to bind antibody, increasing virus
replication in the setting of preexisting immunity and resulting in increased disease
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severity in children and increased fitness for circulation. We found that two G gene end
variations (A4G and 2stop+A4G) were common among the RSV-A strains identified in
our cohort. They were also common among globally isolated strains (Fig. 2 and 3),
suggesting that these G gene end variations may be advantageous to RSV.

We hypothesized that concomitant transcriptional and translational readthrough
associated with the A4G genotype would decrease G and F protein levels, but tandem
stop codons, i.e., the 2stop+A4G genotype, would restore G protein levels (Fig. 5a). As
suggested by this model, we found an increase in transcriptional readthrough and
reduced expression levels of G and F with the rA4G virus, whereas the r2stop+A4G
virus restored levels of G protein expression to that of the “wild type” while maintaining
low F protein expression levels (translational readthrough) (Fig. 5¢ and d).

The aforementioned amber (UAG) stop codon in G is intrinsic in most naturally
occurring RSV isolates, including those in this study, and is read through by ribosomes.
Amber suppression has been described for tobacco mosaic virus and murine leukemia
virus, whereby an amino acid insertion in a growing polypeptide chain quashes
translation termination (33, 34). In the case of the 2stop+A4G genotype, reduction in
F expression is likely due to the inability of ribosomes to reinitiate translation of F in the
middle of a transcript postdissociation following G translation (35, 36).

Thus, one effect of the A4G mutation is to alter the G-to-F ratio, which in turn might
affect virus infection in previously infected persons. It is well known that antibodies
toward the RSV F and G glycoproteins are responsible for virus neutralization during
infection (37), likely by different mechanisms. F antibodies neutralize virus by blocking
fusion required for cell entry (38). Anti-G antibodies block binding to the cell surface,
which is required for fusion and entry, likely through two mechanisms: blocking
binding to glycosaminoglycans on the cell surface (39) and, in humans, also blocking
binding to CX3CR1 on the cell surface (40, 41). Studies in mice suggest that G induces
host immune responses that contribute to disease pathogenesis (12, 42, 43). Coimmu-
noprecipitation and cryo-electron tomography (cryo-ET) studies suggest that G and F
interact; in vitro studies suggest G affects F binding and fusion, and in vivo mouse
studies suggest both contribute to lung mucus production (42, 44-47). Therefore,
altering the G/F ratio could potentially alter virus neutralizability as well as disease
severity. Levels of G independent of levels of F could also affect its ability to act as an
antigen decoy and antagonize the effectiveness of neutralizing antibodies (13).

Our in vitro studies show that altering the G/F ratio with A4G mutation significantly
decreased virus replication relative to that of the wild-type virus either without or with
the 2stop mutation both in vitro and in primary infection in mice (Fig. 6). In the
rechallenge studies in mice, the infection rates for 2stop+A4G virus and wild-type
viruses, 7 of 10 and 6 of 9, respectively, were higher than for the A4G virus, 2 of 9,
though not significantly so (Fig. 7). Thus, we did not identify a selective advantage as
indicated by an increase in virus replication for the A4G mutation over that of the
wild-type virus in either in vitro or in vivo studies. Our data do, however, suggest that
the addition of the 2stop mutation to the A4G mutation increases replication in
immune mice, presumably due to the increased levels of G protein. This suggests that
altering relative levels of gene transcription and translation is another site and mech-
anism for virus evolution.

One limitation in these results is the fact that in vitro and animal model studies do
not necessarily apply to human infection. Though the virus we chose for these studies
causes more-human-like RSV disease in BALB/c mice (i.e., RSV rA2-K-Line19F) than the
usually studied viruses (17, 48), we still do not know if our findings apply to human
infection.

In summary, we did not identify a replication advantage with the rA4G mutation
that might explain its emergence as a common circulating strain but did show that a
mutation such as the 2stop mutation in the A4G virus affects relative levels of
transcription and translation, which appeared to increase replication in immune mice,
i.e, a selective advantage in this RSV model and another site where mutations might
affect virus fitness in humans.
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MATERIALS AND METHODS

Infant study population and clinical sample collection. The Tennessee Children’s Respiratory
Initiative (TCRI) is a longitudinal prospective investigation of previously healthy term infants and their
biological mothers, who were enrolled at the time of acute respiratory tract infection during the winter
virus seasons from 2004 to 2008. TCRI objectives and study population have been previously described
(32). The protocol and informed consent documents were approved by the Institutional Review Board at
Vanderbilt University Medical Center. One parent of each participant provided written informed consent
for participation in this study. During acute infection, nasal wash and throat swab samples were collected
from each infant, placed in viral transport medium, and stored at —80°C. Following viral RNA extraction
from each nasal wash sample, a 96-well plate-based single-step reverse transcription-PCR (RT-PCR) was
used to amplify the hypervariable C-terminal region of the G gene for sequencing and phylogenetic
analysis, as described previously (24).

RSV infection severity by RSV genotype. To determine the clinical disease severity and collect the
components of the bronchiolitis severity score (BSS), a structured clinical assessment and chart abstrac-
tion were performed for each infant (49). This ordinal score assigns 0 to 3 points for each of 4 categories,
representing severity of wheezing, degree of oxygen desaturation, respiratory rate, and chest retractions
(50). The BSS is a 13-point scale of 0 (least severe disease) to 12 (most severe disease) previously shown
to reproducibly reflect a clinically statistically significant difference in clinical disease for each whole unit
on the scale and correlates with level of health care utilization (hospitalization, emergency department
visit, outpatient visit, or no care) (32, 51, 52). The BSS distribution values were compared between RSV
sequences in the analysis detailed below.

Cells and mice. Human bronchial epithelial cells (BEAS-2B) and HEp-2 cells were propagated as
described (18). BSR-T7/5 cells were a gift from Karl-Klaus Conzelmann and Ursula Buchholz and were
propagated in Glasgow’'s minimal essential medium (GMEM) containing 10% fetal bovine serum (FBS),
1 pg/ml penicillin G-streptomycin sulfate-amphotericin B (PSA) solution, 2% minimal essential amino
acids, and supplemented with 1 mg/ml Geneticin every second passage.

Six-week-old female BALB/c mice were obtained from the Jackson Laboratories (Bar Harbor, ME).
Mice were housed under specific-pathogen-free conditions, and all experiments were conducted using
protocols approved by the Emory University Institutional Animal Care and Use Committee (IACUC).

Rescue of recombinant viruses. Using recombination-mediated mutagenesis, a bacterial artificial
chromosome (BAC) containing the antigenome of RSV strain rA2-K-Line19F was altered in the G gene end
fourth position to contain the A4G variation, generating the A4G antigenome (53). In a separate
recombination mediated-mutagenesis, the rA2-K-Line19F antigenome-BAC was mutated to encode two
tandem stop codons in the last two G amino acid positions as well as the A4G gene end variation,
generating the 2stop+A4G antigenome. Each antigenomic BAC was transfected into confluent BSR-T7/5
cells in 6-well plates using Lipofectamine 2000 (Life Technologies, Grand Island, NY) with cotransfection
of human codon bias-optimized helper plasmids expressing RSV N, P, M2-1, and L as described previously
(53). Two independent BAC clones were used to rescue rA4G and r2stop+A4G viruses in duplicates.
Transfected BSR-T7/5 cells were passed until a cytopathic effect (CPE) was present in approximately 70%
of the culture, at which time, the cells were scraped into the medium, snap-frozen in liquid nitrogen, and
stored at —80°C until further use. Viral stocks were propagated on HEp-2 cells to make master and
working stocks as previously described (18). Viral working stock sequences were confirmed to harbor the
desired mutation.

Northern blotting. To obtain viral RNA, subconfluent HEp-2 cells in T-75 flasks were mock infected
or infected with a multiplicity of infection (MOI) of 1 for each virus. Twenty-four hours postinfection (p.i.),
total RNA was extracted using Trizol (Life Technologies) according to the manufacturer’s instructions.
MRNA was isolated from total RNA using the Dynabeads mRNA purification kit (Ambion, Life Technol-
ogies). Equal amounts of mRNA from each isolation were separated in a 2% formaldehyde-1% agarose
gel and transferred to a nylon membrane (54). RNAs were UV cross-linked to the membrane using a
Spectrolinker (Spectronics Corporation, Westbury, NY). Digoxigenin (DIG)-labeled oligonucleotide probes
were hybridized to the membrane, and signal was detected using CDP-Star (Roche Applied Science,
Indianapolis, IN). Hybridization and detection steps were carried out according to Roche supplied
protocols. Following developing, probes were stripped from the membrane, and membranes were
reprobed for different mRNA species. Four DIG-labeled probes were generated and used for Northern
blotting: three probes specific to RSV mRNAs, including G (G-1, 5'-GTATATTGGGGTTGTGTTCTTGATC-3'),
F (F700r, 5'-GCATTAACACTAAATTCCCTGGT-3’), and M2 (8486r, 5'-AATGGGATCCATTTTGTCCCACCAC-3'),
and one probe specific for mammalian actin mRNA (Act-1, 5'-AGGGTGTAACGCAACTAAGTCATAG-3').

Western blotting. Virus stocks were diluted to equal PFU in radioimmunoprecipitation assay (RIPA)
buffer (Sigma-Aldrich, St. Louis, MO), mixed with Laemmli gel sample buffer, loaded onto a 10%
SDS-PAGE gel, and separated by electrophoresis. Proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane (Bio-Rad, Hercules, CA). Membranes were probed using anti-RSV G antibody 131-2G
(EMD Millipore, Billerica, MA) followed by a horseradish peroxidase (HRP)-conjugated donkey anti-mouse
secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). Signal was detected using
SuperSignal West Femto substrate (Thermo Scientific, Waltham, MA) and a ChemiDoc Analyzer (Bio-Rad).
Following developing, antibodies were stripped from the membrane using Restore Plus Western
stripping buffer (Thermo Scientific). Membranes were then probed using the anti-RSV F antibody
motavizumab (a gift from Nancy Ulbrandt, Medimmune, Gaithersburg, MD) and an HRP-conjugated goat
anti-human secondary antibody (Jackson ImmunoResearch Laboratories). Signal was detected as de-
scribed above, and antibodies were again stripped from the membrane. Membranes were then probed
using the anti-RSV N antibody clone D14 (a gift from Edward Walsh, University of Rochester) and an
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HRP-conjugated donkey anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories), and
signal was detected as described above. Densitometry was performed using Image Lab software
(Bio-Rad).

Multistep growth analysis. Subconfluent BEAS-2B cells were infected at an MOI of 0.01 for 1 h at
room temperature. Following infection, inoculum was removed and cells were washed in phosphate-
buffered saline (PBS) before complete Eagle minimal essential medium (EMEM) was added back to cells.
Supernatant samples were collected at 12, 24, 48, 72, and 96 h p.i. and snap-frozen in liquid nitrogen.
Virus titer in the samples was later determined by fluorescent focus unit (FFU) assay on HEp-2 cells.
Briefly, samples were serially diluted and used to infect HEp-2 cells in duplicates in 96-well plates.
Infection proceeded for 1 h at room temperature, at which time, the cells were overlaid with complete
medium containing 7.5% methylcellulose as described above. FFUs were counted 2days later to
determine viral titer.

In vitro viral load determination. To quantify lung viral load, 5 mice per group per time point were
infected intranasally with 1 X 10% PFU virus. On days 1, 2, 4, 6, and 8 p.i., mice were euthanized and the
left lung was removed for viral load quantification. Lungs were homogenized as described previously
(18), and viral titers were determined by FFU assay on HEp-2 cells as described above.

Plaque reduction assays on clinical isolates. MPES8, a pre-F-specific MAb (28), was serially diluted
in PBS, and equal volumes of each dilution were mixed with approximately 2 FFU/ul of each virus
(for a final concentration of 1 FFU/ul). Virus-antibody mixtures were incubated for 1 h at 37°C.
Following incubation, 100 wl of each mixture was used to infect HEp-2 cells in duplicates in 24-well
plates and left to rock for 1 h at room temperature. Next, complete growth medium containing 7.5%
methylcellulose was added to the wells, the plates were incubated at 37°C, and PFU was counted
6 days p.i. To determine the concentration at which 50% of virus was neutralized (EC,), PFU present
in each antibody dilution treatment well was compared to that in the negative control of virus mixed
with PBS alone.

Reinfection of mice. For the primary infection, 15 6-week-old female BALB/c mice were infected
intranasally with 2 X 102 PFU/mouse of rRSV-A2. On day 56 post-primary infection, groups of 5 mice were
infected with either wild-type (rRSV-A2-K-Line19F), rA4G, or r2stop+A4G viruses at 1 X 106 PFU/mouse.
As a control, three groups of 5 naive mice were also infected with each of the above-mentioned
recombinant viruses. On day 4 post-secondary infection (day 60 overall), mice were euthanized and the
left lung collected for quantification of viral load by plaque assay as described previously (18, 55).

Data analysis. The C-terminal 270 nucleotides of the RSV G protein of subgroup A strains were
aligned using ClustalW, and phylogenetic reconstruction was performed using MEGA5 software by
maximum likelihood using a bootstrap cutoff of 1,000 replicates. Trees were constructed and annotated
using FigTree v1.2.2. The association of the identified RSV genotypes (A2-like, A4G, and 2stop+A4G) with
clinical severity outcomes (the BSS) in the TCRI cohort was assessed using Kruskal-Wallis nonparametric
tests and figuratively reported using box plots. To assess the association between RSV sequence and
increased bronchiolitis severity outcome, we used the ordinal logistic regression and calculated the
adjusted odds ratios and 95% Cls. The model included the phenotype of interest as the outcome
variable and viral genotype as an explanatory variable. Adjustment covariates included infant age,
gestational age, sex, and race. A P value of <0.05 was considered statistically significant. Multivari-
able regression analyses were performed using R version 3.4.0 (https://cran.r-project.org/).

All experimental in vitro data sets contain a minimum of three biological replicates. Statistical analysis
was performed using either one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test
or a two-way ANOVA with Bonferroni’s multiple comparisons (P < 0.05) within the GraphPad Prism file.

In vivo mouse studies were carried out in duplicates, and each group consisted of 5 BALB/c mice.
Statistical analysis was performed within the GraphPad Prism file using either a two-way ANOVA with
Bonferroni’s multiple comparisons (P < 0.05) for viral kinetics or a one-way ANOVA with Tukey's
multiple-comparison test for the reinfection experiments.

Data availability. The RSV sequences used in the analyses in this study encompassed the C-terminal
hypervariable domain of the G gene (region <649.918; RSV strain A2 used as reference; GenBank
KT992094). The sequences are available in GenBank under accession numbers MW088172 to MW088313.
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