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Rationale: Rhinovirus infection is followed by significantly increased
frequencies of positive, potentially pathogenic sputum cultures in
chronic obstructive pulmonary disease (COPD). However, it remains
unclear whether these represent de novo infections or an increased
load of organisms from the complexmicrobial communities (micro-
biome) in the lower airways.
Objectives: To investigate the effect of rhinovirus infection on the
airway bacterial microbiome.
Methods: Subjects with COPD (n ¼ 14) and healthy control subjects
with normal lung function (n ¼ 17) were infected with rhinovirus.
Induced sputumwas collected at baseline before rhinovirus inocula-
tion and again on Days 5, 15, and 42 after rhinovirus infection and
DNAwas extracted. TheV3–V5 regionof the bacterial 16S ribosomal
RNA gene was amplified and pyrosequenced, resulting in 370,849
high-quality reads from 112 of the possible 124 time points.
Measurements and Main Results: At 15 days after rhinovirus infection,
there was a sixfold increase in 16S copy number (P ¼ 0.007) and
a 16% rise in numbers of proteobacterial sequences, most notably
in potentially pathogenic Haemophilus influenzae (P ¼ 2.7 3 10-20),
from a preexisting community. These changes occurred only in the

sputum microbiome of subjects with COPD and were still evident
42 days after infection. This was in contrast to the temporal sta-
bility demonstrated in the microbiome of healthy smokers and
nonsmokers.
Conclusions: After rhinovirus infection, there is a rise in bacterial bur-
den and a significant outgrowth of Haemophilus influenzae from
the existing microbiota of subjects with COPD. This is not observed
in healthy individuals. Our findings suggest that rhinovirus infection
in COPD alters the respiratory microbiome and may precipitate sec-
ondary bacterial infections.
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Chronic obstructive pulmonary disease (COPD) is a growing
global health epidemic, predicted to be the fourth leading cause
of mortality worldwide by 2030 (1). Despite the chronic nature
of COPD, acute exacerbations are the major cause of mortality,
accounting for almost 70% of health care costs and accelerating
the progressive decline in lung function (2). The great majority
of exacerbations are caused by respiratory infections with bac-
teria and viruses, each of which has been detected in about 50%
of cases, with coinfection common (3). The concurrent presence
of bacteria and viruses during exacerbations of COPD has been
shown to be associated with a greater decline in lung function
and prolonged hospital stay (3, 4).

Current understanding of the interactions between viruses
and bacteria in exacerbations of obstructive airway disease is
based predominantly upon classical microbial culture techni-
ques. These have suggested that the lower airways are sterile
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

After rhinovirus exacerbations of chronic obstructive pul-
monary disease (COPD), sputum cultures are often positive
for potential bacterial pathogens. It is unclear whether these
represent true de novo infections or outgrowth from pre-
existing microbial communities in the lower airways.

What This Study Adds to the Field

We report that in subjects with COPD after rhinovirus in-
fection, there is a rise in bacterial burden and an outgrowth
from bacteria present at baseline. This does not occur in
healthy individuals. This suggests that rhinovirus may play
a critical role in precipitating secondary bacterial infections.
Preventing or actively managing viral infections in COPD
could mitigate the frequent secondary bacterial complica-
tions of viral exacerbations.
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in healthy individuals, and that bacteria are detectable in approx-
imately one-third of stable subjects withmoderate to severeCOPD
(5, 6). However, culture-based studies identify only a fraction of
the bacteria present in a sample and suffer from well-documented
limitations (7, 8). Molecular culture-independent techniques have
identified complex microbial communities in the lower airways,
with a distinct microbiota reported for a number of conditions and
including COPD (9–12). These techniques rely on phylogenetic
relationships between the sequences of highly conserved genes,
such as the 16S ribosomal RNA (rRNA) gene. They can build
a picture of the complete microbial community in an environment
(the microbiome) and offer a more comprehensive analysis than
classical culture-based techniques. To date, there have been no
sequence-based studies looking at the effect of viral infection on
the respiratory microbiome.

The most common viruses detected during COPD exacerba-
tions are rhinoviruses (13). We have developed a human model
of COPD exacerbation that uses experimental rhinovirus infec-
tion and induces the clinical, physiological, and inflammatory fea-
tures typical of COPD exacerbations (14). In 60% of patients with
COPD, rhinovirus infection is followed by positive sputum bacte-
rial cultures (15), but it remains unclear whether these represent
de novo infections or an increase in load of preexisting organisms
from the lower airways. The aim of this study, therefore, was to
investigate the effect of rhinovirus infection on the respiratory
microbiome in COPD. Combining the in vivo model with molec-
ular culture-independent methodologies, we have examined the
bacterial communities in sputum before, during, and after rhino-
virus infection to establish what changes, if any, occurred to the
microbiome. Some of the results of these studies have been pre-
viously reported in the form of an abstract (16).

METHODS

Subjects and Sampling

Approval for the study was obtained from the local research ethics commit-
tee (study nos. 00/BA/459E and 07/H0712/138) and informed consent was
obtained from all subjects. Fourteen subjects with mild COPD (Global Ini-
tiative for Chronic Obstructive LungDisease [GOLD] stage 2) and 17 con-
trol subjects (10 nonsmokers and 7 smokers) without any obstructive airway
disease were included in this study. Subjects had no history of asthma or
atopy, no other significant systemic or respiratory conditions, and no history
of respiratory tract infection, exacerbation, or antibiotic use in the 3months
before the study. Subjects with COPD had a postbronchodilator FEV1

between 50 and 80% of predicted and an FEV1/FVC ratio less than
70%. The subjects were inoculated intranasally with low-dose rhinovirus-
16 (10 TCID50), using an atomizer as previously described (15). Induced
sputum was collected at baseline before RV inoculation (Day 0) and again
on Days 5, 15, and 42 after rhinovirus infection (17).

DNA Extractions

GenomicDNAwas extracted from induced sputumaccording to amodified
protocol provided with the QIAamp DNA mini kit (Qiagen, Manchester,
UK) (18). Full details are provided in the online supplement.

454 Pyrosequencing and Sequence Analysis

The V3–V5 region of the bacterial 16S rRNA gene was amplified with
the forward primer 357F (19) and the modified reverse primer 926R
(20) (barcoded to tag each polymerase chain reaction [PCR] product
[21]). Quadruplicate 25-ml PCRs were set up, amplified, purified, and
prepared for sequencing as previously described (18). Full details are
provided in the online supplement.

Single-direction pyrosequencing using theGS Junior Titanium emPCR
kit (Lib-L) was performed, using the 454 Life Sciences GS Junior (Roche
Diagnostics, Oakland, CA). The barcoded pyrosequence reads were pro-
cessed using QIIME (22). Initial denoising was performed to remove
sequencing errors (23), and then Chimera Slayer was used to remove

PCR-generated artifacts (24). Sequence reads were removed if they con-
tained ambiguous bases or mismatches in the primer sequences, homo-
polymer runs, or a mean window quality score of less than 25. Sequences
were clustered into operational taxonomic units (OTUs) at 97% identity
(25), aligned to full-length 16S rRNA sequences (26), and assigned
a taxonomic identity with the Ribosomal Database Project (RDP)
Classifier (27). Any sequences that were present only once (singletons)
or any OTUs present in only one sample were removed.

Representative sequences (most common) from each OTU of inter-
est were aligned with the online SINA aligner (http://www.arb-silva.de/
aligner/) and then imported into the ARB phylogenetic package (http://
www.arb-home.de/) running on Bio-Linux 6.0 (http://nebc.nerc.ac.uk/
tools/bio-linux/bio-linux-6.0). Alignments were merged with the reference
Silva alignment (SSURef_108) and the 375-bp region between the Escher-
ichia coli reference positions, 533 and 908, were used to generate phylo-
genetic trees. Phylogenetic trees of the OTU sequences and nearest
neighbors were constructed with ARB’s neighbor-joining package with
1,000 bootstrap replicates and rooted with outgroups from related bacte-
rial families.

16S Quantitative PCR

Triplicate 10-ml quantitative PCRs (qPCRs) were set up containing 1 ml
of a 10-fold dilution of template DNA, 0.2 ml of forward primer 357F
(10 mM), 0.2 ml of reverse primer 926R (10 mM), 5 ml of KAPA SYBR
FAST Universal 23 qPCR master mix (Kapa Biosystems, Woburn,
MA), and 3.6 ml of water. For data acquisition, the following cycling
sequence was used: 1 cycle of 958C for 3 minutes; 40 cycles of 948C for
20 seconds; 1 cycle of 508C for 30 seconds; and 1 cycle of 728C for 30
seconds. After the PCR, a dissociation curve (melting curve) was con-
structed in the range of 65–958C. Each run contained nontemplate
controls and a 10-fold dilution series of the Pseudomonas aeruginosa
PA01 16S gene cloned into a plasmid of known size. The standard curve
samples were used to extrapolate the total 16S rRNA copy number from
cycle threshold values for the sputum specimens. All data were analyzed
with Corbett rotor-gene 6.1 software (Qiagen, Venlo, the Netherlands).

Statistical Analysis

Metastats was used to perform nonparametric t-test comparisons of mi-
crobial communities between groups (28). Significant changes in OTU
abundance within phyla were assessed using two-tailed Fisher’s exact
tests with the P values corrected by multiple hypothesis testing using
the false discovery rate. Alpha-diversity indices were calculated in QIIME
using the Shannon index (29), the Chao1 index (30), and the equitability
index (31). Beta-diversity was calculated using weighted and unweighted
UniFrac (32) and the Bray–Curtis measure of dissimilarity in QIIME
(33). Other statistical analysis was performed with GraphPad Prism for
Windows (GraphPad Software, San Diego, CA).

RESULTS

Subjects, Sampling, and Sequencing

Successful RV inoculation was confirmed in all 14 subjects with
COPD and all 17 control subjects by PCR for rhinovirus in nasal
lavage fluid (15). Virus load peaked on Day 5 in sputum and
remained significantly elevated over baseline up to Day 15 in
both cohorts. Although on Day 5 sputum virus load was 1–3 logs
higher in the COPD group compared with control subjects, this
was not statistically significant (14). All of the subjects (see
Table 1 for demographics) completed the study, and none re-
quired treatment with corticosteroids or antibiotics.

Genomic DNA was successfully extracted from 116 of the
possible 124 time points (5 control and 3 COPD time points
yielded insufficient samples). A further four samples yielded in-
adequate bacterial DNA to sequence (three control subjects and
one subject with COPD). After denoising, chimera checking, and
singleton removal, a total of 370,849 high-quality 16S rRNA
reads remained. The distribution of reads was between 927
and 14,851 per sample. To control for bias of per-sample read

Molyneaux, Mallia, Cox, et al.: RV and the COPD Microbiome 1225

http://www.arb-silva.de/aligner/
http://www.arb-silva.de/aligner/
http://www.arb-home.de/
http://www.arb-home.de/
http://nebc.nerc.ac.uk/tools/bio-linux/bio-linux-6.0
http://nebc.nerc.ac.uk/tools/bio-linux/bio-linux-6.0


coverage, sequences were rarefied (randomly resampled) to the
same minimum of 927 for all subjects. The bacterial sequences
were then clustered by sequence similarity into OTUs, which ap-
proximate to classical bacterial taxonomy. After rarefaction to
927 reads, 105,165 sequences remained, representing 456 OTUs
in 112 samples. This final curated data set was used in all follow-
ing analyses. The full data set can be downloaded from http://
lungen.bioinformatics.ic.ac.uk/data/microbiome_rv_copd.

Bacterial Quantification

Quantification of the bacterial 16S rRNA gene in the baseline spu-
tum samples demonstrated high copy numbers (mean, 1.6603 109

copies/ml of sputum) with no significant difference between the
two cohorts (P ¼ 0.08) (Figure 1A). Fifteen days after rhinovirus
infection, there was a sixfold increase in 16S rRNA copy number
from baseline in the COPD cohort (P ¼ 0.007) (Figure 1B). In the
control cohort, however, there was only a smaller and nonsignif-
icant 2.5-fold increase in 16S rRNA copy number from the base-
line (P ¼ 0.07) (Figure 1C). On Day 15 after rhinovirus infection,
the elevated bacterial copy number of 16S rRNA correlated with
the concentrations of sputum inflammatory cells (P ¼ 0.0001),

neutrophils (P ¼ 0.001), and neutrophil elastase levels (P ¼
0.045) (Spearman’s rank correlation) (Figure 1D).

Baseline Sputum Microbiome in Health and Disease

We began by comparing the baselinemicrobiota of the subjects with
COPDwith the healthy control subjects before rhinovirus infection.
At the phylum level, the microbiota of the subjects with COPDwas
dominatedbyFirmicutes (65%)with large numbers ofBacteroidetes
(17%) and Proteobacteria (5%) also present. Streptococcus was the
most common genus (42.5% of total reads) followed by Veillonella
(15.2%) and Prevotella (15.0%). In the control subjects, the same
phyla predominated, with Firmicutes making up 52% of the total
reads, Bacteroidetes 18%, and Actinobacteria and Proteobacteria
accounting for 12 and 11% respectively. Again, Streptococcus
was the most common genus (31.5% of total reads) followed
by Prevotella (14.6%) and then Veillonella (10.3%) (Figure 2).

Using principal coordinate analysis (PCoA) of the UniFrac and
Bray–Curtis distance matrices, there were no distinct clustering pat-
terns between the two groups at baseline. There were no differences
in the richness, diversity, or evenness of the microbial populations
between subjects with COPD and control subjects at baseline. Nev-
ertheless, we identified significant differences between the abundan-
ces of specific phyla in the patients with COPD and control subjects
at baseline. In particular, a higher number of proteobacterial
sequences were observed in the control subjects (P ¼ 2.2 3 10–16,
odds ratio [OR]¼ 0.35) with a subsequent reduction in the numbers
of Firmicutes (P ¼ 2.23 10–16, OR ¼ 1.70). At the OTU level, this
was driven by the presence of significantly fewer Veillonellaceae in
the control group (P ¼ 3.9 3 10–14, OR ¼ 1.31).

Changes in the Microbiome after RV Infection

Having identified differences in the microbiome at baseline, we
went on to examine the changes that occurred after rhinovirus
infection.

TABLE 1. CLINICAL CHARACTERISTICS OF STUDY SUBJECTS

COPD

(n ¼ 14)

Control Subjects

(n ¼ 17)

P Value

(COPD vs. Control

Subjects)

Age, yr 57 6 8.9 56 6 9.2 NS

Sex (% male) 69 64 NS

Smoker (ex or current) 100% 47% ,0.01

FEV1 PP 69 6 7 104 6 11 ,0.001

FEV1/FVC 58 6 8.3 79 6 3.8 ,0.001

Definition of abbreviations: COPD ¼ chronic obstructive pulmonary disease;

NS ¼ not significant; PP ¼ percent predicted.

Data are presented as percentage value or mean 6 SD as appropriate.

Figure 1. 16S ribosomal RNA (rRNA) gene copy number at baseline and after rhinovirus (RV) infection and its correlation with inflammatory markers.

(A) There is no significant difference between the bacterial load before RV infection in the chronic obstructive pulmonary disease (COPD) and control
cohorts (P ¼ 0.08). (B and C) After RV infection, there is an increase in bacterial load on Day 15 compared with baseline in (B) the COPD cohort (P ¼
0.0068) but not in (C) the control cohort (P ¼ 0.072). (D) On Day 15, the bacterial copy number of 16S rRNA correlates with the concentrations of

sputum inflammatory cells (P ¼ 0.0001), neutrophils (P ¼ 0.001), and sputum neutrophil elastase levels (P ¼ 0.045) (Spearman’s rank correlation).
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To assess differences in overall bacterial community compo-
sition, we employed the Bray–Curtis measure of dissimilarity,
where 0 means the two groups have the same composition
(i.e., share all species), and 1 means the two sites do not share
any species. We observed in the COPD group that the bacterial
communities on Day 15 were significantly more dissimilar from
the baseline community than at other time points (Figure 3).
These differences were also demonstrated with the alternative

UniFrac metric. In the control group at the phylum level, no
significant change from baseline was seen (Figure 4A). This is
reflected in the clustering of samples from each time point to-
gether on PCoA using both weighted and unweighted UniFrac,
as well as on Bray–Curtis distance matrices (data not shown).

In the subjects with COPD, there was a 16% rise in the num-
ber of proteobacterial sequences on Day 15 after rhinovirus in-
fection (P ¼ 2.2 3 10–16, OR ¼ 0.18). This was associated with

Figure 2. A phylogenetic tree and heat map of bacterial 16S ribosomal RNA (rRNA) sequences derived from sputum at baseline. This depicts the top

100 operational taxonomic units (OTUs) organized phylogenetically by tree with abundance indicated by the color (darker blue, more abundant).

The samples are grouped into chronic obstructive pulmonary disease (COPD), smokers, and nonsmoking control subjects (NS). Taxonomy assign-
ments at the phylum level are shown in the inner column and are color-coded.
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a 12% and 5% decline in the Firmicutes and Bacteroidetes phyla,
respectively (Figure 4B). Despite these changes, there were no
significant differences in the richness, diversity, or evenness of
the microbial populations between time points (see Figure E1 in
the online supplement). The response to rhinovirus in the COPD
cohort was not uniform, and there were a number of subjects in
whom there was a large change in the relative abundance of the
main phyla (Figure 5). The observed decline in the Firmicutes and
Bacteroidetes phyla was due to reduction in the numbers of Strep-
tococcaceae, Veillonellaceae, and Prevotellaceae. Within the Pro-
teobacteria phylum, there was a 21% increase in the average
relative abundance of a Haemophilus species (P ¼ 2.7 3 10–20,
OR¼ 0.4) as well as a 9.5% rise in the average relative abundance
of Neisseriaceae between baseline and Day 15 (P ¼ 0.0008, OR ¼
0.7) (Figure E2). Incorporating the representative sequences of
both of these OTUs into phylogenetic trees constructed from
SILVA reference sequences (18) enabled us to confidently iden-
tify these OTUs as Haemophilus influenzae (Figure 6) and Neis-
seria subflava or N. flavescens (Figure E3).

Importantly, both of these OTUs were present at baseline in
lower numbers in patients with COPD, and at 42 days after initial
rhinovirus infection,Haemophilus influenzae remained elevated
compared with baseline.

Culture versus Culture-Independent Analysis

Induced sputum from all of the subjects at each time point un-
derwent standard clinical microbial culture. None of the baseline

sputum cultures yielded growth of any potentially pathogenic
bacteria. After rhinovirus infection, sputum cultures for two
of the subjects with COPD identified potential bacterial patho-
gens, and both of these were also identified via 16S RNA gene
sequencing.

The sputum culture of one subject with COPD demonstrated
Streptococcus pneumoniae on Day 5. The sequencing data iden-
tified the presence of a Streptococcus species, which made up
18% of the total reads present at this time point. This OTU was
present in this subject at baseline in similar numbers, and on
Day 15, when it accounted for 37% of the reads. Despite this,
cultures at both time points were negative.

The sputum cultures of the second subject with COPD were
positive for Haemophilus influenzae on Day 15. Although Hae-
mophilus influenzae was identified by 16S rRNA gene sequenc-
ing, it accounted for less than 10% of the total reads, whereas
a Streptococcus species, undetected by culture, was the most
abundant OTU in that sample, accounting for 51% of the reads.

Interestingly, two subjects with COPD in whom bacterial cul-
tures were negative for potential pathogens had a microbiome al-
most entirely composed of one OTU: a Neisseria species (84%)
and Haemophilus influenzae (94%), respectively.

DISCUSSION

For the first time, we have demonstrated the effect of rhinovirus
infection on the respiratory microbiome. In this study, we have
shown that after rhinovirus infection there was a significant rise
in numbers of proteobacterial sequences, in particular the poten-
tially pathogenic Haemophilus influenza, which had been present
at baseline in lower sequence numbers, and these remained ele-
vated at 42 days. The changes occurred only in the sputum micro-
biome of subjects with COPD, in contrast to the temporal stability
demonstrated in the microbiome of healthy smokers and non-
smokers. Although we have previously demonstrated bacterial
infections after rhinovirus infection in subjects with COPD, using
sputum culture, we were not able to distinguish new infections
from an increased load of organisms previously present in the
airway (15). These findings suggest outgrowth occurred from an
existing bacterial community present at baseline rather than ac-
quisition of new bacterial species.

The baseline bacterial communities of both the control subjects
and subjects with COPD contained Streptococcus, Prevotella,
Fusobacterium,Haemophilus, and Pseudomonas, which have pre-
viously been reported to be present in the airways of healthy
subjects, patients with asthma, and patients with COPD (34).
Although the upper respiratory tract microbiome differs between
smokers and nonsmokers, no differences have been detected in
the lower respiratory microbial communities when looking at
bronchoalveolar lavage (BAL) and lung tissue samples (11, 12).

Figure 3. Mean (6SEM) Bray–Curtis dissimilarity between communi-
ties and their respective baseline. A Bray–Curtis measure of dissimilarity

of 0 means the two groups have the same composition (i.e., share all

species), and 1 means the two sites do not share any species. There is

a significant difference between the bacterial communities on Day 15
in the subjects with chronic obstructive pulmonary disease (COPD)

compared with the baseline community. *P , 0.001 (two-tailed t test).

Figure 4. Distribution of bac-
terial phyla at each time point

after rhinovirus (RV) inoculation.

(A) In the control subjects, no

significant difference was ob-
served between the percentage

compositions at the phylum

level between any time points.
(B) In subjects with chronic ob-

structive pulmonary disease

(COPD), significant increases

in Proteobacteria (dark blue)
were observed on Day 15 after

RV inoculation compared with

baseline (P ¼ 2.2 3 10–16).
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Looking at the healthy control subjects, we saw no significant
differences in the sputum microbiome between smokers and non-
smokers. There are also a number of similarities between the
baseline COPD microbiome presented here and previously pub-
lished results. Sze and colleagues also found lower numbers of
proteobacterial sequences in subjects with COPD compared with
both smokers and nonsmokers (12), and the distribution of the
genera in the BAL of the two subjects with mild COPD de-
scribed by Erb-Downward and colleagues (11) is similar to that
demonstrated in the sputum of our subjects with mild COPD.
Despite differing sampling modalities and processing techniques,
the similarities between the baseline COPD microbiome pre-
sented here and previously published results (11, 34) suggest that
microbial airway communities can be robustly accessed by spu-
tum, BAL, and bronchial brushings.

We report a 16S RNA gene bacterial copy number in sputum
similar to that observed in subjects with cystic fibrosis (107 to 1010

16S rRNA copies/ml sputum) (35). In studies involving BAL

(11) and lung tissue (12), no difference between the bacterial
load in COPD and healthy subjects has been observed. In agree-
ment with these findings, we also report no significant difference
between the bacterial load in sputum between the subjects with
COPD and healthy control subjects at baseline. After rhinovirus
infection, however, there was an increase in 16S bacterial copy
number in the COPD cohort, which again was not observed in
the control subjects. The elevated 16S rRNA gene copy number
15 days after RV infection correlates with the total number of
inflammatory cells, neutrophil count, and neutrophil elastase levels
in sputum, suggesting the higher bacterial load could be driving
a neutrophilic inflammatory response.

There are a number of abnormalities in the COPDpulmonary
immune system, including impaired mucociliary clearance (36),
increased epithelial permeability (37), dysfunctional phagocyto-
sis (38), and impaired interferon production (39). These defects
may all lead to ineffective bacterial clearance and allow over-
growth of pathogenic bacteria within a community. Our specific

Figure 5. The distribution of the top four phyla grouped at each time point. (A) In the control subjects, no significant change from baseline was

observed in any of the phyla after rhinovirus (RV) infection. (B) The response to RV in the chronic obstructive pulmonary disease (COPD) cohort was

not uniform, but there was a significant increase from baseline in Proteobacteria on Day 15 after RV inoculation (P ¼ 2.2 3 10–16).

Figure 6. Phylogenetic identification of Haemophilus sp. operational taxonomic unit (OTU). Phylogenetic analysis of the representative sequence of

OTU0768 (boldface type) shows there is strong clustering of this bacterium within the Haemophilus genus. Bootstrapping analysis provides a method

to judge the strength of confidence for nodes on phylogenetic trees, and a value greater than 95% seen here supports confident assignment of this

OTU as Haemophilus influenzae. The tree was rooted with a near neighbor outgroup constructed with sequences from Morganella morganii, Proteus
mirabilis, and Providencia stuartii.
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discovery of an increase in the numbers of potentially patho-
genic Haemophilus influenzae in subjects with COPD is consistent
with the increased adhesion of H. influenzae in nasal epithelial
cells seen in response to rhinovirus infection (40). Impaired clear-
ance of nontypeable Haemophilus influenzae has been demon-
strated in a mouse model of emphysema (41), suggesting our
observed differences could be accounted for by increased adhesion
of H. influenzae and impaired pulmonary clearance.

Although prior studies of naturally occurring exacerbations
have reported new strain acquisition or a strain change as an im-
portant trigger of exacerbations, they have not employed culture-
independent techniques nor have they had the resolution that we
were able to achieve with pyrosequencing (42). In addition, the
studies have a number of weaknesses, including only a single sam-
pling time point during exacerbations, varying times from onset to
presentation, and the effects of clinically necessary treatment. By
employing this experimental rhinovirus model, not only were we
able to prospectively sample to establish a baseline microbiota
before infection, but we could also sample at fixed multiple time
points in relation to infection onset, could withhold treatment, and
could include subjects without COPD as a control group.

Sputum has been used widely in studies of cystic fibrosis and
bronchiectasis microbiota, but it is used infrequently in studies of
other respiratory conditions. The use of induced sputum here
allowed us to sample subjects serially over a prolonged period to
monitor the change in the lung microbiota, something that would
not have been possible with more invasive techniques. We were
therefore able to show that the post–rhinovirus infection altera-
tions in the microbiota are more prolonged, lasting at least 6 weeks
postinfection (Figure 4B).

One potential limitation of our study was that we did not sam-
ple the oral microbial communities for comparison with the lung
microbiota and consequently cannot comment on how they are
related, or if they are related at all. There remains some contro-
versy as to the exact relationship between the two environments
and whether the lung microbiome is truly independent. The two
sites are anatomically contiguous, and a large number of oral
bacteria are seen among the lung microbiota, which undoubtedly
represents microaspiration of oral organisms (43–45). Studies
characterizing the lung microbiota using lung biopsy samples
have demonstrated similar bacterial communities without travers-
ing the upper airways and thereby eliminating potential carryover
of upper respiratory tract organisms during sampling (11). The use
of induced sputum in this study also avoided invasive sampling and
associated potential contamination of the lower airway samples.

Another limitationof using anexperimentalmodel is thatwehave
restricted rhinovirus infection to a small group of patients withmilder
COPD, with an FEV1 greater than 50% predicted. The response to
rhinovirus was not uniform across the COPD cohort, with some
subjects experiencing much larger changes in microbial community
composition in response to rhinovirus than others. There was no
difference in the rhinovirus sputum load, inflammatory mediators,
or symptom scores in these subjects, so the reason for their response
is unclear. Bacterial colonization and impaired immunity are even
more prevalent in patients with more severe COPD and lower
FEV1, and it is therefore likely that the effects of rhinovirus infec-
tion would be even greater in patients with more severe COPD.

In summary, we demonstrate that after RV infection there is
a rise in bacterial burden and a significant outgrowth of Hae-
mophilus influenzae from the existing microbiota of subjects
with COPD. This is not observed in healthy smokers or non-
smokers. This suggests that rhinovirus infection in COPD results
in alterations in the respiratory microbiome and may precipitate
secondary bacterial infections. These findings now need to be
explored further in patients with more severe disease as well as
in naturally occurring viral exacerbations of COPD.
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