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Background. Respiratory syncytial virus (RSV) is associated with acute respiratory infection. We sought to identify RSV
variants associated with prolonged infection.

Methods. Among healthy term infants we identified those with prolonged RSV infection and conducted (1) a human genome-
wide association study (GWAS) to test the dependence of infection risk on host genotype, (2) a viral GWAS for association with
prolonged RSV infection using RSV whole-genome sequencing, (3) an analysis of all viral public sequences, (4) an assessment
of immunological responses, and (5) a summary of all major functional data. Analyses were adjusted for viral/human
population structure and host factors associated with infection risk.

Results. We identified p.E123K/D and p.P218T/S/L in G protein that were associated with prolonged infection (P,g;=.01). We
found no evidence of host genetic risk for infection. The RSV variant positions approximate sequences that could bind a putative
viral receptor, heparan sulfate.

Conclusions. Using analysis of both viral and host genetics we identified a novel RSV variant associated with prolonged
infection in otherwise healthy infants and no evidence supporting host genetic susceptibility to infection. As the capacity of
RSV for chronicity and its viral reservoir are not defined, these findings are important for understanding the impact of RSV on
chronic disease and endemicity.
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Human Orthopneumovirus, formerly known (and still referred
to) as respiratory syncytial virus (RSV), results in significant
global morbidity and mortality [1]. By the age of 2 to 3 years,
nearly all children have been infected with RSV at least once
[2]. RSV is a seasonal mucosal pathogen that primarily infects
upper and lower respiratory tract epithelium, although it has
been recovered from nonairway sources [3-8]. While RSV is
mainly associated with acute respiratory infection, many
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RNA viruses can establish prolonged or persistent infection
in some infected individuals [9]. Prolonged shedding of RSV,
especially in young infants and following first infection, has
been demonstrated, with longer average duration of viral shed-
ding when polymerase chain reaction (PCR) is used to detect
RSV [10]. While younger age and first infection are associated
with protracted infection [2, 11], it is not known whether spe-
cific viral factors contribute to prolonged RSV infection in in-
fants. This is important as prolonged infection may contribute
to enhanced transmission and developmental changes to the
early life airway epithelium. Furthermore, the reservoir of
RSV infection is not understood, and it is possible that some
RSV strains sustain a low level of ongoing viral circulation in
the community until seasonal or other influences favor epidem-
ic spread [12].

The objectives of this study were therefore to determine if
there exist host or pathogen genetic risk alleles for RSV
infection and to identify viral genetic variation associated
with prolonged infection. These motivating questions are of

fundamental interest in understanding viral and host genetic
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contributions that may underlie the development of chronic re-
spiratory morbidity due to RSV, including asthma.

METHODS

The protocol and informed consent documents were approved
by the Institutional Review Board at Vanderbilt University
Medical Center (No. 111299). One parent of each participant
in the cohort study provided written informed consent for par-
ticipation in this study. The informed consent document ex-
plained study procedures and use of data and biospecimens
for future studies, including genetic studies.

Among healthy term infants in a cohort specifically designed
to capture first RSV infection we identified those with pro-
longed RSV infection and conducted (1) a human GWAS to
test the dependence of first-year RSV infection risk on the ge-
notype, (2) a viral genome-wide association study (GWAS) us-
ing RSV  whole-genome sequencing to determine the
relationship between viral genotypes and prolonged infant
RSV infection, (3) an analysis of all viral public sequence
data, (4) an assessment of the local immunological RSV re-
sponses, and (5) a summary of all the major functional data
for the identified viral variant. Full details of the methods are
included in the Supplementary Material.

RESULTS

Cohort Characteristics
The Infant Susceptibility to Pulmonary Infections and Asthma
Following RSV Exposure (INSPIRE) cohort consisted of 1949
enrolled infants among whom there were 2093 in-person respi-
ratory illness visits completed during the winter virus season,
November-March, of each year (Supplementary Figure 1); the
median (interquartile range) number of in-person respiratory
illness visits per infant during this surveillance window was 1.
There were 344 RSV PCR-positive samples from 325 individu-
als, which were sequenced. Prolonged infection was a priori de-
fined as meeting criteria for acute respiratory infection with 2
or more RSV PCR-positive nasal samples > 15 days between
testing, with improvement in symptoms between testing.
Thus, these infections do not represent severe infections, but
prolonged infections. These infections were on average less
severe compared with term healthy infant infection among
the entire cohort as measured by an ordinal respiratory se-
verity score (Supplemental Methods, Section 8.2) [12].
There were 19 infants who met the definition of prolonged in-
fection with available viral sequencing used to confirm clon-
ality of original and subsequent virus detections. The mean
RSV cycle threshold (Ct) value of first infections was 25.9
(SD 7.1), and second detection was 31.6 (SD 5.4). All samples
were analyzed together and raw values are reported without
normalizing Ct to housekeeper genes. The mean number of
between detections was 29 (SD 21)

days days

Table 1. Characteristics of Infants With Prolonged RSV Infection
Compared With Other RSV Infection and the Entire Cohort

Prolonged RSV Total
Infection RSV Infection (n=
Characteristic (n=19) (n=342) 1949)
Age at first RSV illness, mo, 6 (4-6) 4 (2-5) NA
median (IQR)
lliness respiratory severity 2.0 (1.2-3.0) 3.0 (2.0-4.0) NA
score, median (IQR)
RSV season
2012-2013 68 54 44
2013-2014 32 46 56
Self-reported race
Non-Hispanic black 37 13 18
Non-Hispanic white 63 69 65
Hispanic 0 10 9
Multirace/ethnicity/other 0 8 8
Female sex 53 44 48
Second-hand smoke 21 23 47
exposure
Health insurance
Medicaid 68 48 54
Private 32 51 45
None/unknown 0 1 1
Daycare and/or siblings® 84 78 66

Data are percentage except where indicated. Prolonged infection is defined as RSV
PCR-positive samples with >15 days between testing and meeting criteria for acute
respiratory infection.

Abbreviations: IQR, interquartile range; NA, not applicable; PCR, polymerase chain reaction;
RSV, respiratory syncytial virus.

#Presence of sibling or another child <6 years of age at home.

(Supplementary Figure 2). Table 1 lists the cohort character-
istics of infants with prolonged RSV infection compared with
other RSV infection and the entire cohort.

Host Genetic Analyses

We explored whether RSV infection in infancy is a natural assign-
ment (quasirandom) event and, unlike severity of early life RSV
infection [13], occurs independently of host genetics. For the can-
didate single-nucleotide polymorphism (SNP) analysis, we consid-
ered childhood asthma- and RSV lower respiratory tract infection
(LRTT)-associated SNPs identified in Pividori et al [14], Janssen
et al [15], and Pasanen et al [16]. Associations between genotype
at the resulting 54 SNPs (50 childhood asthma- and 4 RSV
LRTI-associated SNPs) and RSV infection in infancy in our data
are given in Figure 1. The data are consistent with little to no effect
of genotype at these SNPs on RSV infection in infancy.

We further investigated the possibility that the analysis was
underpowered to identify associations with these SNPs by pool-
ing information across SNPs to estimate the average genetic ef-
fect size [17]. We estimated the narrow-sense heritability of
RSV infection during infancy on the latent liability scale (hf),
which if > 0 would indicate an accumulation of small genetic
effects. We estimated h{ to be exactly 0, suggesting that, if pre-
sent, infant RSV infection-related genetic signals are both small
and sparse (Supplementary Material Section 8.6).
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Figure 1. Genetic analyses of RSV infection in infancy. A, The Manhattan plot shows no genome-wide significant assaciations (Pvalue threshold of 56 ~8). B, The Q-Q plot
demonstrates that the observed Pvalues are congruent with those expected under the null hypothesis that RSV infection in infancy is independent of host genotype. C, The
association between the 54 selected childhood asthma- or RSV lower respiratory tract infection-associated SNPs and RSV infection in infancy in our data. The solid di-
agonol identity line (shown in red), and the dashed grey lines are +1 standard deviation around the expected —logqq (P value). Abbreviations: RSV, respiratory syncytial

virus; SNP, single nucleotide polymorphism.

Population Structure
A summary of protein coding genes in RSV is illustrated in
Figure 2A. Our analysis focused on F and G protein.
The phylogenetic tree based on multiple sequence alignment
of G protein amino acid sequences is shown in Figure 2B.
One obvious feature causing a separation in genetic diversity
is G protein partial gene duplication, which has emerged in re-
cent years within RSV A strains [18]. RSV B strains with a ho-
mologous duplication have existed for 2 decades, although the
selection process leading to emergence and clinical implica-
tions have not been entirely defined.

Principal component (PC) analysis was used for reducing the
dimensionality of sequence data, where PC1 accounted for
95.19% of cumulative variance, and variance attributed to other

PCs was roughly uniformly distributed (Figure 2C). We ob-
served prolonged infections by viruses from different phyloge-
netic clades, rather than one specific clade (Figure 2C),
indicating that these results are not confounded by latent clade
membership.

Genetic Invariance of Prolonged Infection

Figure 2D (upper graph) summarizes every pairwise genetic
distance between every viral sequence, where small distances
indicate pairs with closely related sequences. Figure 2D (lower
left and right graphs), which summarize the difference in se-
quence similarity distributions between viruses from the
same host and different hosts show that RSV sequences corre-
sponding to initial and subsequent viral detections are nearly
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Figure 2. Viral population structure. A, Linear map of the RSV genome. B, Phylogenetic tree based on multiple sequence alignment of G protein amino acid sequences.
Color indicates amino acids. C, Principal component analysis. PCs 1-3 with labels indicating prolonged infections from different phylogenetic clades. O, A summary of every
pairwise genetic distance between every viral sequence is shown (above). Genetic invariance in prolonged infections separated by at least 15 days was compared to other
genetic variation within the most closely related sequences (below left) and within all possible closely related pairs (below right). Jitter applied for visualization. Abbre-
viations: G, glycoprotein; M, matrix protein; PC, principal component; RSV, respiratory syncytial virus; SH, small hydrophobic protein; VE, variance explained.

identical. These results support the conclusion that such cases
are prolonged (ie, failure to clear) infections rather than new
infections.

Variants in G Glycoprotein Significantly Associated With Prolonged
Infection

Variants at the amino acid level were assessed for their associ-
ation with prolonged infection. The model consisted of the bi-
nary response (prolonged infection yes/no) and predictors: (1)
viral genotype (reference/alternative amino acid); (2) viral PCs

1-5; (3) host sex and host features that have been previously
demonstrated as significantly associated with infection; (4) self-
reported race/ethnicity; (5) child-care attendance or living with
another child < 6 years of age at home [19]. A significant genet-
ic association was identified between prolonged infection and
the lead variant after Bonferroni correction for multiple testing
(threshold for number of independent variants <0.05/23 =
0.002), as shown in Figure 3A (P value =.0006).

To determine whether this association was simply due to pop-
ulation stratification between strains A and B, a subset analysis
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was performed using independently assessed clinical laboratory
strain labels for A and B. The same direction of effect indicated
that the association was not a false positive, although in this sig-
nificantly smaller subanalysis the result was not significant.

To assess the possibility of a false-positive association due to
population structure within our cohort, we assessed the magni-
tude of variance explained (VE) at every amino acid position.
Figure 3B (upper graph) shows the VE by each amino acid in
PCs 1-5. The cumulative proportion of variance for PCs 1-5
was 99.5% (PC1=95%, PC2=3%). The values are illustrated
according to protein position in Figure 3B (lower left and right
graphs). The lead association variant had 0.603% VE for PC1
and 0.458% VE for PC2, a negligible effect that precludes spu-
rious association by allele frequency between populations.

After identifying a significant viral genetic association with
prolonged infection, we quantified the correlation of variants
with the lead variant. Clumping was performed by ranking
based on minor allele frequency and with a cutoff threshold
of > 0.8 (Supplementary Figure 3). The association model
was repeated for all variants, defining protein p.E123K/D and
p.P218T/S/L as candidate causal variants associated with pro-
longed infection, as shown in Figure 3C. No other variants
were correlated with this outcome.

To determine whether p.E123K/D and p.P218T/S/L variant
genotypes are novel and potentially influence viral fitness, we
searched public worldwide viral data (1956 onward), yielding
a total of 1084 G protein sequences. The variants were present
at alow and stable frequency, without obvious temporal enrich-
ment (Supplementary Figure 4). Thus, while historical data re-
veal no positive selective advantage attached to p.E123K/D and
p.P218T/S/L, longstanding circulation and linkage in pro-
longed RSV infection suggest that these polymorphisms are
present in the viral inoculum and do not arise through recur-
rent mutational events.

Due to multiple testing correction according to our analysis
plan, an association also originally identified in F protein was
rejected and therefore omitted from further discussion. For
possible future relevance, the variant position was p.N116S
(relative to strain A GenBank: AMN91253.1) (P =.0026; within
F protein P,g;=.021, combined F and G P,4;=.082).

Functional Interpretation

Cell-attachment proteins of paramyxoviruses (G protein in
RSV) span the viral envelope and form spike-like projections
from the virion surface. RSV G protein is a type II integral
membrane protein consisting of 298 amino acid residues com-
prising N-terminal cytoplasmic (p.1-43), transmembrane helical
(p43-63), and extracellular (p.64-298) domains (Figure 3D).
RSV G protein ectodomain also exists in a soluble secreted
form, p.66-298, which functions in immune evasion [20-22].
G protein interacts with the small hydrophobic protein [23]
and, via the N-terminus, with matrix protein [24]. It has also

been reported to form homo-oligomers [25]. The variant amino
acid positions associated with prolonged infection reside in a
portion of the G protein ectodomain of unassigned specific
function and linearly noncontiguous with sequences that bind
cell-surface heparan sulfate, which likely promotes RSV cell at-
tachment (p.187-198) [20-22]. However, recent studies indicate
that heparan sulfate is not present on the cell surface in the nat-
ural environment [1, 26, 27]. In addition, these positions do not
contribute to known neutralization epitopes on G protein.
Information available in PDB was insufficient to infer effects
of p.E123K/D and p.P218T/S/L on local or regional protein
structure. The potential effect on glycosylation is indeterminate.
Lee et al [28] and Collarini et al [29] report on broadly neutral-
izing antibodies that bind to p.164-176 (conserved sequences
shared by both RSV A and B subtypes) and p.190-204, as well
as CD4 epitopes within the latter region. Figure 3D illustrates
the position of the variants of interest relative to summarized
known functional features.

DISCUSSION

In this study of term healthy infants, we found no evidence of
host genetic susceptibility to RSV infection during infancy.
This allowed our analysis to focus on elucidation of viral drivers
of prolonged infection. A significant viral genetic association in
the RSV G protein, p.E123K/D and p.P218T/S/L, with pro-
longed infant RSV infection was identified. These variants
were not associated with severe disease, and public data reveal
their consistent presence at low frequencies over the past
30 years, without evidence of enrichment by positive selective
pressure over time. The 2 variants we identified in G are corre-
lated with nonrandom association analogous to linkage dise-
quilibrium in the human diploid genome and therefore are
not likely to be random mutations, but instead coinherited in
the infecting inoculum. This suggests an evolutionary benefit
and raises the question of why such variants have maintained
a stable but low frequency in the human population for at least
4 decades. These strains are a potential reservoir, emerging sea-
sonally in response to immune, environmental, or other forces.
Alternatively, the polymorphisms might recurrently arise de
novo during infection of some individuals but are poorly trans-
missible because of suboptimal fitness. The possibility of viral
mutational immune escape has been reported for infants who
struggle to control primary RSV infections, allowing for pro-
longed viral replication and not previously described viral re-
bound [30].

The RSV variants associated with prolonged infection in our
cohort, G p.E123K/D and p.P218T/S/L, lie in the surface re-
gion, and there are no known mechanistic features that directly
overlap, although it is possible that variant positions approxi-
mate sequences that bind a putative viral receptor, heparan sul-
fate [21], in the G protein 3-dimensional structure. While
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p.218. Abbreviations: PC, principal component; SNP, single-nucleotide polymorphism.

immortalized cell lines abundantly express surface glycosami-
noglycans, including heparan sulfate, it has been reported
that RSV infects the apical aspect of ciliated respiratory
epithelial cells, which lack detectable surface heparan sulfate
[26, 27, 31]. G protein amino acid positions 123 and 218 are
not part of known antibody neutralization epitopes or CD8"
cytotoxic T-cell epitopes (Figure 3D). However, p.164-176
and p.190-204 are bound by broadly neutralizing antibodies
and CD4 epitopes are known within the region [28, 29].
Treatment and prophylaxis may be gained from the use of an-
tibodies that target F and G proteins. In addition to heparan
sulfate, interactions between G protein and CX3CR1, the recep-
tor for the CX3C chemokine fractalkine, have been reported to
modulate the immune response and facilitate infection [20-22,
27, 32-33] Furthermore, the mature secreted isoform of G pro-
tein (p.66-298) is thought to facilitate viral antibody evasion by
acting as an antigen decoy and modifying the activity of leuko-
cytes bearing Fc-y receptors [34]. Our findings raise the inter-
esting prospect that G protein variants associated with
prolonged infection alter a key interaction at the immune inter-
face between pathogen and host.

Although this study was not designed to define mechanisms
underlying the association of G protein variants with prolonged
infection, these sequence changes might dampen antiviral im-
mune responses and thereby delay viral clearance [35]. It is pos-
sible that strains harboring G protein p.E123K/D and p.P218T/
S/L variants are cleared more slowly and foster an immune en-
vironment of low-level chronic stimulation or exhaustion. We
previously demonstrated that infants infected with RSV in their
first year of life have dampened subsequent antiviral immune
responses in early childhood [36] as well as changes in airway
epithelial cell metabolism [37]. Altered immune responses are
expected in extended infections by G protein variant strains
[35], and we observed differences in the acute antiviral re-
sponse between subjects with resolved and prolonged infection,
specifically increased levels of types 1 and 2 interferon in nasal
secretions; however, we could not make causal inference about
variant sequences because of confounding by colinearity of
these polymorphisms with RSV antigenic group.

While this study has a number of significant strengths, in-
cluding one of few population-based surveillance studies of first
RSV infections during infancy among term healthy infants, our
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findings are also subject to some limitations. First, this study
was not designed with the primary intention to examine infec-
tion duration, and additional sampling following initial RSV
infection was triggered by a repeat acute respiratory illness.
Asymptomatic prolonged infections would therefore not have
been captured. Second, our study cohort was small, necessitating
focus on viral surface glycoproteins, F and G, due to their vari-
ability and importance in host immunity. A larger cohort with
serial sampling would be required to diminish the impact of co-
linearity of viral genotypes with antigenic groups and to perform
informative viral whole-genome analysis. Genome-wide infor-
mation might elucidate other determinants of prolonged infec-
tion or pathogen fitness that mediate and/or modulate effects
of phenotype-driving variations. Third, again due to small sam-
ple size, we could only investigate host genetic risk for infection,
not prolonged infection. While we have not specifically assessed
subjects for rare monogenic variants that may underlie immuno-
deficiency, our enrolment criteria included only infants who
were term and otherwise healthy. While we performed an inter-
action analysis for the outcome of host asthma, host genetics, and
pathogen genetics and found no significant interaction, our sam-
ple size is unlikely sufficient to exclude such an interaction.
Lastly, while we do not expect a role for immune memory in
these first-in-life RSV infections, we cannot exclude modulatory
effects of maternal antibody, which we did not measure. Despite
these limitations, the results are novel and represent an in-depth
comprehensive computational statistical analysis of both host
and viral genetics, providing compelling evidence for RSV viral
strain persistence in healthy human infants, a finding of signifi-
cant importance to understanding the impact of RSV on chronic
disease and viral endemicity.

In summary, we identified a novel RSV viral variant associ-
ated with prolonged infection in healthy infants, but no evi-
dence of host genetic susceptibility to infant RSV infection.
Understanding host and viral mechanisms that contribute to
prolonged infection will be important in crafting strategies to
control the short- and long-term impact of RSV infection.
The identification of RSV variants associated with prolonged
infection might also improve vaccine design, particularly if
these variants stimulate robust immunity or, in contrast, escape
the immune response or induce immunopathologic conditions.
The growing availability of large genomic and functional data
sources provides opportunities for advancing our understand-
ing of the pathogenesis of infant RSV infection, defining the
contribution of viral genetic variants to acute and chronic dis-
ease, and informing the development of effective vaccines. As
neither the capacity of RSV for prolonged infection in immu-
nocompetent hosts nor a viral reservoir has been delineated,
these results are of fundamental interest in understanding viral
and host genetic contributions that may promote prolonged in-
fection and influence development of chronic respiratory
morbidity.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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