The Journal of Infectious Diseases

BRIEF REPORT

Differences in the Nasopharyngeal
Microbiome During Acute Respiratory
Tract Infection With Human
Rhinovirus and Respiratory Syncytial
Virus in Infancy

Christian Rosas-Salazar,' Meghan H. Shilts,** Andrey Tovchigrechko,’

Seth Schobel,’ James D. Chappell,2 Emma K. Larkin,® Jyoti Shankar,® Shibu Yooseph,’
Karen E. Nelson,® Rebecca A. Halpin,* Martin L. Moore,® Larry J. Anderson,’

R. Stokes Peebles Jr,* Suman R. Das,**® and Tina V. Hartert’

'Department of Pediatrics, “Department of Pathology, Microbiology, and Immunology, and
3Department of Medicine, Vanderbilt University School of Medicine, Nashville, Tennessee;
“Infectious Disease Group, and °Bioinformatics Group, J. Craig Venter Institute, Rockville,
Maryland; Sinfectious Disease Group, 'Bioinformatics Group, and ®Genomic Medicine Group,
J. Craig Venter Institute, La Jolla, California; and ®Department of Pediatrics, Emory University
School of Medicine, Atlanta, Georgia

Respiratory viruses alter the nasopharyngeal microbiome and
may be associated with a distinct microbial signature. To test
this hypothesis, we compared the nasopharyngeal microbiome
of 135 previously healthy infants with acute respiratory infec-
tion due to human rhinovirus (HRV; n = 52) or respiratory syn-
cytial virus (RSV; n = 83). The nasopharyngeal microbiome was
assessed by sequencing the V4 region of the 16S ribosomal
RNA. Respiratory viruses were identified by quantitative re-
verse-transcription polymerase chain reaction. We found signif-
icant differences in the overall taxonomic composition and
abundance of certain bacterial genera between infants infected
with HRV and those infected with RSV. Our results suggest that
respiratory tract viral infections are associated with different na-
sopharyngeal microbial profiles.
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Human rhinovirus (HRV) and respiratory syncytial virus (RSV)
are the most common etiologies of acute respiratory tract infec-
tions (ARIs) in early life [1]. HRV is the leading cause of upper
respiratory tract infections and usually produces a mild disease
in previously healthy infants, whereas RSV is the number one
cause of lower respiratory tract infections and is the most com-
mon cause of hospitalization in young children [1, 2]. Infants
with ARIs due to HRV and RSV, particularly those with
lower respiratory tract infections, also have an increased risk
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of childhood asthma [2], but the mechanisms underlying
these associations are largely unknown.

There is increasing evidence to suggest that the nasopharyn-
geal microbiome plays an important role in the pathogenesis of
viral ARIs [1, 3-5]. Certain respiratory viruses have been shown
to alter bacterial adherence and colonization, thus increasing the
risk of secondary bacterial infections [1]. The host immune re-
sponse to respiratory viruses may also depend on the prevalence
of certain bacteria [4, 6]. Likewise, the presence of certain bacteria
has been associated with a more clinically severe presentation of
viral ARIs in some studies and with the development of child-
hood asthma in others [3,4].In view of all these, it has been pre-
viously suggested that a virus-specific bacterial profile in the
respiratory tract could potentially be characterized [7].

We hypothesized that individual viral ARIs are associated
with a distinct nasopharyngeal microbiome signature. To test
this hypothesis, we assessed the nasopharyngeal microbiome
among infants enrolled in the Infant Susceptibility to Pulmo-
nary Infections and Asthma Following RSV Exposure (IN-
SPIRE) study who met prespecified criteria for ARIs [8]. In
these infants, we used next-generation sequencing of the 168 ri-
bosomal RNA (rRNA) to compare the nasopharyngeal micro-
biome of infants with viral ARIs due to HRV and RSV.

METHODS

INSPIRE is a population-based, prospective cohort of previous-
ly healthy, term infants enrolled near birth with biweekly sur-
veillance of respiratory illnesses during their first winter viral
season. The detailed methods for INSPIRE have been previously
reported [8]. One parent of each infant provided informed con-
sent for participation. The Institutional Review Board of Van-
derbilt University approved this study.

For the current study, we included 135 infants enrolled in the
INSPIRE cohort who met prespecified criteria for an ARI These
infants underwent an in-person visit, which included the ad-
ministration of a respiratory illness questionnaire, a nasal
wash to identify respiratory viruses and characterize the naso-
pharyngeal microbiome, and a physical examination. The se-
verity of the ARI was measured with the respiratory severity
score (RSS) [9]. The diagnosis of HRV or RSV infection was
made by quantitative reverse-transcription polymerase chain
reaction [8]. We compared 52 infants with HRV ARI to 83
infants with RSV ARIL Infants with HRV/RSV coinfection
were excluded from this study. Full details can be found in
the Supplementary Data.

We have previously described the methods for nasopharyn-
geal sampling, viral detection, and characterization of the
nasopharyngeal microbiome in detail [5, 8, 10]. In brief, after
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cell lysis and extraction of the microbial genomic DNA from
the nasal wash samples, the V4 region of the 16S rRNA was
amplified with 515F/806R primers. Sequencing was performed
on an Illumina MiSeq sequencer with 2 x 300 base pair reads. A
mothur-based automated annotation pipeline, YAP (available
at: https:/github.com/andreyto/YAP), was used to perform ini-
tial processing of the 16S rRNA data sets. Operational taxonom-
ic units (OTUs) were clustered at 97% sequence identity.
Statistical analyses were done in R, using the MGSAT package
(Supplementary Data).

RESULTS

The baseline characteristics of the 135 infants with ARIs due to
HRYV or RSV can be found in Table 1. The majority of infants in
our study (approximately 80%) were <6 months of age at the
time of the ARI and did not require an emergency department
visit or hospitalization (approximately 74%). Infants with RSV
ARI had a significantly higher RSS and were more likely to have
been hospitalized when compared to those with HRV ARIL.
There were no significant differences between these 2 groups
in regard to age at the time of illness, sex, race or ethnicity, ges-
tational age, birth weight, mode of delivery, exposure to antibi-
otics in utero or after birth, breastfeeding, maternal smoking,
maternal asthma, or type of insurance.

The most abundant bacterial genera in these 135 infants in-
cluded Moraxella (32.9%), Streptococcus (18.4%), Corynebacte-
rium (10.7%), Haemophilus (10.2%), and Dolosigranulum
(4.6%). The sample means of the relative abundance of the
top most abundant bacterial genera with bootstrap confidence
intervals at the 95% confidence levels are shown in Figure 1A.
Among the HRV-positive and RSV-positive samples retained
for analysis, the median sequence count per sample was
20000 (range, 5302-80 070). In the DESeq2 analysis called
from the MGSAT pipeline (using a Wald test with Benjamini
and Hochberg correction for multiple comparisons), the abun-
dances of 19 bacterial genera were detected to be significantly
different between the 2 groups when the statistical significance
threshold was set at 0.05 (Supplementary Table 1). For instance,
Staphylococcus (adjusted base mean, 264.32; log, fold change,
4.51; g<0.001) was significantly higher during RSV ARI when
compared to HRV ARI. In addition, there was a trend toward
a higher abundance of Haemophilus during RSV ARI, although
this was not significant (adjusted base mean, 3907.14; log, fold
change, 1.36; q = 0.06; Figure 1B).

The overall taxonomic composition of the nasopharyngeal
microbiome also differed between HRV-positive and RSV-pos-
itive infants at both the genus level (P =.01) and OTU level
(P =.01) in permutational multivariate analysis of variance
(Adonis), using the Bray-Curtis dissimilarity index, after nor-
malizing counts to simple proportions. There were no signifi-
cant differences in richness at either the genus or OTU levels
between the 2 groups, using 2 abundance-based estimators,

Table 1.

Baseline Characteristics of Infants With Acute Respiratory Tract

(ARI) Infections Due to Respiratory Syncytial Virus (RSV) or Human

Rhinovirus (HRV)

Infants With HRV ARI

Infants With RSV ARl

Characteristic (n=52) (n=83)
Age at time of illness, 17.5 (10.5-23.1) 19.1 (10.4-25.9)
wk
Female sex 22 (42.3) 35 (42.2)
Race or ethnicity
Black, non-Hispanic 10 (19.2) 15 (18.1)
White, non- 32 (61.5) 50 (60.2)
Hispanic
Hispanic 4(7.7) 8(9.6)
Other® 6 (11.5) 10 (12.1)
Gestational age, wk 39.0 (38.5-40.0)

Birth weight, g°

Birth by cesarean
section

3377.0 (2894.0-3859.0)
20 (38.5)

3377.0 (2894.0-3859.0)

(

(

39.0 (38.0-40.0)
(

28 (33.7)

Exposure to 27 (51.9) 36 (43.4)
antibiotics in utero
Exposure to 7 (13.5) 9(10.8)
antibiotics
between birth and
enrollment
Exposure to 11(21.2) 19 (22.9)
antibiotics for
current ARI
Any breastfeeding 43 (82.7) 58 (69.9)
Maternal smoking at 9(17.3) 20 (24.1)
enrollment
Maternal asthma 12 (23.1) 14 (16.9)
Level of care required for this ARI®
Emergency 5 (9.5) 6(7.2)
department
Hospitalization 2 (3.9) 22 (26.5)
Other® 45 (86.6) 55 (66.3)
Respiratory severity 2.0 (1.5-3.0) 3.0 (2.0-6.0)
score®
Insurance type
Medicaid 27 (561.9) 45 (54.2)
Private 24 (46.2) 36 (43.4)
Other 1(1.9) 2 (2.4)

Data are median values (interquartile ranges) or no. (%) of subjects. Percentages are
calculated for children with complete data.

2 Includes mixed race and unknown.

® It is a coincidence that the value and medians are the same. The means were slightly

different.

¢ P< .05 for the comparison between groups for any of the variables presented in the table,
using the Mann-Whitney U test or the Pearson x° test, as appropriate.

9 Includes well-child care visits, outpatient sick visits, and research visits.

Chaol and observed taxa counts, when testing for a nonzero co-
efficient of a normal linear model that used group membership
as predictor of richness (P > .05 for all estimates). At the OTU
level, both the Shannon index (P =.008) and the inverse Simp-
son index (P =.006) were significantly higher during HRV ARI
(mean Hill number N1, 44.78; mean Hill number N2, 12.70),
compared with RSV ARI (mean Hill number N1, 33.90; mean
Hill Number N2, 9.30), indicating an increase in o-diversity.
To control for the potential confounding effect of the
severity of the ARI, we (1) examined the association between
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Figure 1. Comparison of the abundance of nasopharyngeal bacterial genera between infants with acute respiratory tract infection due to human rhinovirus (HRV) or respi-
ratory syncytial virus (RSV). Bacterial genera that are significantly different between groups after adjusting for multiple comparisons by using the DESeq2 package (see “Meth-
ods” section) are indicated by an asterisk. A, Mean proportional abundance and 95% bootstrap confidence intervals (Cls) of nasopharyngeal bacterial genera according to viral
etiology. Within each sample, counts were normalized to simple proportions. Overlapping confidence intervals do not imply a lack of a significant difference in the DESeq2
analysis. The relative abundance of the 20 most abundant bacterial genera by simple proportions is shown. B, Log, fold change and log, fold change standard error of na-
sopharyngeal bacterial genera according to viral etiology as calculated with the DESeq2 analysis. The log, fold changes of the 20 most abundant bacterial genera by the
DESeq?2 adjusted base mean are shown. A log, fold change of >0 (pink bars) indicates that abundance was detected to be higher during RSV ARI as compared to HRV ARI, while
a log, fold change of <0 (blue bars) indicates that abundance was detected to be higher during HRV ARI as compared to RSV ARI. Abbreviation: SE, standard error.

observed nasopharyngeal microbial patterns and RSS and (2) strong association between the nasopharyngeal microbiome
conducted exploratory analyses in a subset of HRV-positive and RSS in regard to the overall taxonomic composition, rich-
and RSV-positive infants with similar RSSs. There was no ness, or abundance of bacterial genera in HRV-positive
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infants, RSV-positive infants, or the full sample set (Supple-
mentary Data). Within the subset of infants restricted to
those with similar disease severity (n=109), the median
RSSs for infants with HRV ARI (n =52) and those with RSV
ARI (n=57) were 2 (interquartile range, 1.8-3) and 2 (inter-
quartile range, 2-3), respectively (P =.4). When comparing
the bacterial genera abundance between infants with HRV
ARI and infants with RSV ARI among this subgroup, we ob-
served that 10 of the initial 19 identified bacterial genera iden-
tified in the full sample set remained statistically significant
(Supplementary Table 2). The overall taxonomic composition
and a-diversity indices also remained statistically different in
this subgroup analysis (Supplementary Data).

We conducted similar exploratory analyses to control for the
potential confounding effect of postnatal antibiotic exposure,
obtaining similar results to our main analysis (data not shown).

DISCUSSION

Early-life exposure to respiratory viruses and bacteria is im-
portant in the development of an infant’s immune response
[11]. The respiratory microbiome and how acute illnesses
such as ubiquitous infant viral ARIs alter it may help us to bet-
ter understand the predisposition to secondary bacterial infec-
tions and long-term respiratory outcomes, including
childhood asthma. Furthermore, modifications of the infant
respiratory microbiome could be an approach to respiratory
morbidity prevention [2]. Because these modifications may
be virus specific, better characterizing the changes in the respi-
ratory microbiome after the most common viral ARIs in infan-
cy is important.

In our study, which mostly included children <6 months of
age, we found that the nasopharyngeal microbiome of infants
during HRV and RSV ARIs is largely dominated by Moraxella,
Streptococcus, Corynebacterium, Haemophilus, and Dolosigran-
ulum. This pattern contrasts with the nasopharyngeal micro-
biome in healthy infants <6 months of age that we and others
have previously described, in which Haemophilus tends to be
less common and Staphylococcus is one of the most predomi-
nant genera [3, 10, 12, 13]. Interestingly, early-life colonization
with Haemophilus influenzae has been associated with a proin-
flammatory immune response and the development of child-
hood asthma [4, 6, 14]. In addition, we found differences in
the abundance of various bacterial genera, including a higher
abundance of Staphylococcus and a trend toward a higher abun-
dance of Haemophilus in RSV-positive infants, and in the over-
all bacterial composition between infants with HRV and RSV
ARIs. Thus, it is possible that virus-specific compositional shifts
in the nasopharyngeal microbiome contribute to worse out-
comes after early-life ARIs.

Most studies attempting to characterize a virus-specific bac-
terial profile in the respiratory tract have used conventional cul-
ture techniques and/or have been done in adults. To our

knowledge, this is the first study comparing the nasopharyngeal
microbiome profile of infants with RSV and HRV ARIs, the
most common respiratory viral pathogens in early life. Only 1
other study has directly compared the nasopharyngeal micro-
biome between children with respiratory viruses by using
next-generation sequencing [15]. In their study, Hyde et al dem-
onstrated that, in children up to 2 years of age, an increased de-
tection of H. influenzae and Moraxella catarrhalis distinguished
children with HRV/RSV coinfection and those with only one of
these two respiratory viruses [15]. In line with our findings, they
also found that H. influenzae was commonly detected in chil-
dren with RSV-only ARIs but not in those with HRV-only
ARIs. Their study population importantly differs from ours in
including older children who were hospitalized with LRTTs,
who had prior wheezing, and/or who had a history of
prematurity.

Our study has considerable strengths, including the popula-
tion-based design of the parent study, the inclusion of infants
with different degrees of ARI severity, the use of predefined cri-
teria for ARIs, and the close surveillance during the first winter
viral season to try to capture the infant’s initial RSV ARI. We
also acknowledge several limitations. First, the changes in the
overall taxonomic composition or in the abundance of bacterial
genera may have preceded the viral ARIs. However, other stud-
ies have shown that respiratory viruses are indeed capable of
causing alterations in the composition of the nasopharyngeal
microbiome [1, 3]. Second, the changes we observed could be
the result of residual confounding from measured (eg, postnatal
exposure to antibiotics or ARI severity) or unmeasured (eg, co-
infection with other respiratory viruses or certain immuniza-
tions) variables. We conducted several exploratory analyses to
assess the potential confounding effect of measured variables,
obtaining similar results to those of our main analysis, which
makes this unlikely. Last, we were unable to analyze the different
bacteria below the genus level and therefore were unable to
identify specific species associated with HRV or RSV ARIs. De-
spite these limitations, our study adds to the small but increas-
ing literature on the interactions between respiratory viruses
and the development and modification of the infant respiratory
microbiome.

In conclusion, we found significant differences in the naso-
pharyngeal microbiome profile between infants with HRV
and RSV ARIs. Future studies in this area are needed to better
understand the interactions between respiratory viruses and
commensal bacteria and how these affect the development of
the immune response in early life, the severity of the ARI,
and the development of childhood asthma.

Supplementary Data

Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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