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ABSTRACT Increasing evidence suggests that the lung microbiome plays an important role in chronic
obstructive pulmonary disease (COPD) severity. However, the dynamics of the lung microbiome during
COPD exacerbations and its potential role in disease aetiology remain poorly understood.

We completed a longitudinal 16S ribosomal RNA survey of the lung microbiome on 476 sputum
samples collected from 87 subjects with COPD at four visits defined as stable state, exacerbation, 2 weeks
post-therapy and 6 weeks recovery.

Our analysis revealed a dynamic lung microbiota where changes appeared to be associated with
exacerbation events and indicative of specific exacerbation phenotypes. Antibiotic and steroid treatments
appear to have differential effects on the lung microbiome. We depict a microbial interaction network for
the lung microbiome and suggest that perturbation of a few bacterial operational taxonomic units, in
particular Haemophilus spp., could greatly impact the overall microbial community structure. Furthermore,
several serum and sputum biomarkers, in particular sputum interleukin-8, appear to be highly correlated
with the structure and diversity of the microbiome.

Our study furthers the understanding of lung microbiome dynamics in COPD patients and highlights
its potential as a biomarker, and possibly a target, for future respiratory therapeutics.
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Introduction
Chronic obstructive pulmonary disease (COPD), one of the most prevalent respiratory diseases, is
characterised by persistent symptoms and impaired lung function as a consequence of airway inflammation,
small airway obliteration and alveolar destruction [1–3]. Acute exacerbations of COPD are sudden worsening
of symptoms in which bacterial colonisation is one major aetiological factor [4–7]. However, the dynamics of
bacterial ecology during exacerbations and its role in disease pathogenesis remain poorly understood.

Advances in next-generation DNA sequencing have provided an opportunity to study the lung
microbiome in health and disease. Studies using culture-independent techniques such as PCR
amplification and sequencing of the 16S ribosomal (r)RNA gene have characterised a distinct bacterial
community in the airway of COPD patients compared to healthy subjects and suggest that changes in the
lung microbiota could be associated with enhanced airway inflammation and disease progression [8–11].
However, most lung microbiome studies to date have involved relatively small cohorts of subjects with
limited longitudinal sampling and concurrent clinical information.

We hypothesise that incorporating the lung microbiome profile from larger and better-characterised
patient cohorts may improve our mechanistic understanding of COPD aetiology as well as provide
additional prognostic and therapeutic signatures. Here, we performed a longitudinal 16S rRNA-based
microbiome survey on 476 sputum samples collected from 87 subjects with COPD from BEAT-COPD
(Biomarkers to Target Antibiotic and Systemic Corticosteroid Therapy in COPD Exacerbations) [12, 13],
which, to our knowledge, is the largest well-characterised COPD lung microbiome cohort to date. We
found that changes in the lung microbiome were associated with specific clinical and biochemical
characteristics of COPD, thereby providing further insights into the relationships among the lung
microbial community, host inflammatory responses and disease pathogenesis.

Methods
Subjects and samples
Sputum samples from COPD subjects were longitudinally collected at four visit types: stable state (defined
as being 8 weeks free from an exacerbation), exacerbation (defined according to Anthonisen criteria [14]
and/or healthcare utilisation [15]), 2 weeks post-therapy and at recovery (6 weeks post-exacerbation visit).
Exacerbations were treated with oral corticosteroids and antibiotics according to guidelines [16] or study
design [13]. The online supplementary material provides additional information on methods, study
subjects, DNA sequencing, reagent controls and biostatistical analyses.

Microbiome analysis
Bacterial genomic DNA was extracted from sputum samples using the Qiagen DNA Mini kit (Qiagen,
Valencia, CA, USA) as per manufacturer’s protocol, and the V3–V5 hypervariable regions of the 16S
rRNA gene were PCR-amplified with the appropriate controls against reagent contamination. Amplified
DNA fragments were pyrosequenced using the 454 Genome Sequencer FLX platform (454 Life Sciences;
Roche Diagnostics, Burgess Hill, UK). Sequencing reads were processed using QIIME (quantitative insights
into microbial ecology) pipeline version 1.7 [17]. Stringent criteria were used to remove low-quality and
chimeric reads. The remaining reads were subject to open reference operational taxonomic unit (OTU)
picking (97% identity cut-off ). Sequence data are deposited at the National Center for Biotechnology
Information Sequence Read Archive (SRP065072).

Statistical analyses
Briefly, exacerbation phenotypes were defined using microbiological and clinical criteria as established
previously [12]. Phenotypes of 28 exacerbations samples were undetermined due to missing data. Partial
least squares discriminant analysis (PLS-DA), receiver operating characteristic curve reconstruction and
network analysis were performed on exacerbation phenotypes and microbiota and/or clinical data. A general
linear mixed model (GLMM) was constructed between clinical variables and four measures of α diversity
(microbial diversity within a sample): OTU richness, Shannon’s H, chao1 and Faith’s phylogenetic diversity.
To identify clinical predictors of β diversity (microbial composition dissimilarity between samples),
canonical correspondence analysis (CCA) was performed on clinical variables and the relative abundance of
taxa at the phylum, genus and OTU levels. Biomarker factors were identified using principal component
analysis (PCA). The false discovery rate method was used to adjust (adj.) p-values for multiple tests [18].

Results
Lung microbiome profiles
Sequential sputum samples from 87 subjects were obtained at stable state, exacerbation, 2 weeks
post-therapy and 6 weeks recovery (figure 1). At exacerbation, subjects were treated with antibiotics, oral
corticosteroids or a combination of both according to guidelines [16] or study design [13]. All samples at
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exacerbation onset were obtained prior to initiation of treatment. Tables 1 and 2 show the clinical
characteristics of the subjects. Sputum and serum mediator data were collected in stable and exacerbation
samples of a proportion of subjects (n=54), as reported previously (hereafter described as group I subjects)
[12]. 4500748 DNA sequencing reads were generated after demultiplexing and quality control filtering. A
rarefaction depth of 1666 reads per sample was selected based on jack-knifed principal coordinate analysis
(PCoA) re-sampling analysis (online supplementary figure S1). 1193 OTUs were identified across 476 samples.

Based on overall phyla composition, samples clustered into one of three groups: Proteobacteria, Firmicutes
or Bacteroidetes subgroups (online supplementary figure S2). ∼98.4% of sequences belonged to one of four
phyla: Firmicutes (51.4%), Proteobacteria (35.9%), Actinobacteria (6.5%) or Bacteroidetes (4.6%). Of the 366
genera identified, the most abundant were Streptococcus (41.1%), Haemophilus (18.9%), Moraxella (5.6%)
and Pseudomonas (4.4%), all of which are typical members of the lung microbiota [24]. The genera
Streptococcus (prevalence 95.0%), Haemophilus (94.7%), Rothia (94.1%), Veillonella (93.2%) and Prevotella
(90.3%) were highly prevalent across all visits (table 3). There was a significantly greater inter-subject
variation in microbiome community at the same visit (weighted UniFrac±SD 0.387±0.186) compared with
temporal variation within each subject (weighted UniFrac±SD 0.272±0.181, p=2.2e−16 using t-test),
suggesting that for our cohort the lung microbiome was relatively stable over time [8].

Microbiome shifts during exacerbations
Previous reports have emphasised the importance of bacteria in COPD exacerbations [19, 20]. Our results
indicate an overall reduced α diversity (microbial diversity within a sample) with a small and nonsignificant
microbial composition shift toward an increase in the relative abundance of Proteobacteria (adj. p=0.42
using paired t-test) and a decrease in Firmicutes (adj. p=0.73 using paired t-test) during exacerbations
compared to stable samples (figure 2a). Moraxella showed the greatest change during exacerbations,
averaging an increase of relative abundance by 5% (adj. p=0.22 using paired t-test; figure 2a and b). This
was followed by a decrease in Streptococcus (3.8%, adj. p=0.58 using paired t-test) and an increase in
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TABLE 1 Major clinical characteristics of subjects at baseline

Sex male/female 65/22
Age at baseline years 68 (45–87)
Age at diagnosis years 61 (30–83)
BMI kg·m−2 26.40 (16.67–38.19)
GOLD stage#

1 1
2 35
3 32
4 19

Smoking status
Current smoker 37
Ex-smoker 48
Nonsmoker 2

Smoking history pack-years 50 (6–158)
Number of exacerbations
1 46
2 31
3 9
4 1

Treatment¶,+

Antibiotics 21
Steroids 8
Antibiotics and steroids 65

FEV1 L 1.3±0.1
FEV1 % pred 47.4±2.0
FEV1/FVC ratio 46.7±1.4
CRQ score 16.2±0.5
Symptom VAS total mm 159.6±8.5
SGRQ score 52.9±1.9

Data are presented as n, mean (range) or mean±SEM. BMI: body mass index; GOLD: Global Initiative for
Chronic Obstructive Lung Disease; FEV1: forced expiratory volume in 1s; FVC: forced vital capacity;
CRQ: Chronic Respiratory Disease Questionnaire; VAS: visual analogue scale; SGRQ: St George’s Respiratory
Questionnaire. #: baseline visits prior to the stable visits for sputum collection; ¶: treatments administered
for exacerbations; assessments at exacerbation were prior to initiation of therapy; +: numbers represent
exacerbation events, thus include subjects with more than one exacerbation.

TABLE 2 Major clinical characteristics of subjects over four visits

Visits p-value

Stable Exacerbation Post-therapy Recovery

Visits 106 137 136 97
FEV1 L 1.3±0.1 1.1±0.1 1.2±0.1 1.2±0.1 0.1
FEV1 % pred 49.6±1.8 48.1±1.6 48.5±1.6 49.0±2.0 0.94
FEV1/FVC ratio 48.0±1.3 48.9±1.3 49.2±1.2 48.7±1.4 0.92
CRQ score 16.6±0.5 12.7±0.4 16.0±0.4 16.6±0.5 <0.001
Symptom VAS total mm 174.2±8.5 255.7±6.5 150.2±7.5 151.7±8.5 <0.001
Sputum pathogen detection 47 55 42 32 0.30
Sputum cell count cells×106·g−1 5.8 (4.4–7.3) 14.6 (11.7–17.5) 8.1 (5.7–10.4) 5.1 (3.6–6.6) <0.001#

Sputum neutrophil count % 69.1 (64.8–73.5) 79.1 (75.4–82.9) 74.2 (70.6–77.8) 68.7 (63.9–73.5) <0.001
Sputum eosinophil count % 2.8 (1.9–3.7) 4.3 (2.6–6.0) 1.5 (1.0–2.0) 3.8 (2.3–5.3) <0.01#

Sputum lymphocyte count % 0.5 (0.4–0.7) 0.5 (0.4–0.6) 0.6 (0.4–0.7) 0.5 (0.4–0.7) 0.91
Blood cell count cells×109·L−1 8.3 (7.7–8.9) 9.5 (8.8–10.2) 10.4 (9.5–11.2) 8.8 (8.1–9.6) <0.01
Blood neutrophils cells×109·L−1 5.5 (5.1–5.9) 6.9 (6.4–7.4) 7.6 (7.1–8.2) 5.9 (5.4–6.4) <0.001
Blood eosinophils cells×109·L−1 0.2 (0.2–0.3) 0.3 (0.2–0.3) 0.2 (0.2–0.3) 0.3 (0.2–0.3) 0.16
Blood lymphocytes cells×109·L−1 2.1 (1.9–2.3) 2.1 (2.0–2.3) 2.3 (2.1–2.5) 2.2 (2.0–2.5) 0.29
Blood basophils cells×109·L−1 0.04 (0.03–0.04) 0.04 (0.04–0.04) 0.04 (0.04–0.04) 0.04 (0.04–0.05) 0.62

Data are presented as n, mean±SEM or mean (95% CI). FEV1: forced expiratory volume in 1s; FVC: forced vital capacity; CRQ: Chronic
Respiratory Disease Questionnaire; VAS: visual analogue score. #: these variables were log transformed for statistical analysis.
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Haemophilus (3.0%, adj. p=0.57 using paired t-test). Although these changes were not statistically
significant in comparisons of paired stable and exacerbation samples, a significant increase in Moraxella
was observed when comparing exacerbation versus all nonexacerbation samples (adj. p=0.022 using t-test).

Further taxonomic breakdown reveals that 95.6% of Moraxella DNA sequence reads corresponded to a
single OTU (861881) which has 100% sequence identity to the same 16S rRNA segment from the
respiratory pathogen Moraxella catarrhalis [21]. A significant positive correlation was also found between
the relative abundance of OTU 861881 and the bacterial load of M. catarrhalis as measured by
quantitative PCR (online supplementary figure S3). The abundance of Moraxella was most significantly
correlated with two host factors, the percentages of sputum neutrophils (adj. p=0.002, r=0.18) and sputum
macrophages (adj. p=0.005, r=−0.19).

Despite an overall increase of Moraxella during exacerbations across the entire dataset, comparison of
paired samples from the same subjects revealed some heterogeneity in Moraxella changes (figure 2c).
Increase in the relative abundance of Moraxella during exacerbations was observed in 36 out of the 87
subjects due to a potential acquisition of a new Moraxella OTU in 23 subjects in whom it was
undetectable in the stable samples and a dramatic outgrowth of a pre-existing Moraxella species by an
average of 268-fold (ranging from 2.3- to 1412-fold) in another 13 subjects.

Microbiome discriminates between bacterial and eosinophilic exacerbations
Exacerbation phenotypes were defined as either bacterial (n=33 exacerbation samples), eosinophilic
(n=19), viral (n=15), bacterial/eosinophilic combination (n=3), bacterial/viral combination (n=12) or
pauci-inflammatory (n=27) using previously published biological criteria [12]. Distinct microbiome
profiles at both the phylum and genus levels were observed during exacerbations among subjects across
different phenotypes (figure 3a). Differences were most pronounced between bacterial and eosinophilic
exacerbations, which were more dissimilar from each other in composition than either was to the other
subgroups. In particular, there was a significant decrease of α diversity (p=0.04 using t-test) and
Firmicutes (adj. p=6.3e−5 using t-test) and an increase of Proteobacteria (adj. p=2e−4 using t-test) in the
bacterial subgroup compared to the eosinophilic subgroup (figure 3a). At the genus level, this
corresponded to a significant decrease in Streptococcus (adj. p=0.002 using t-test) and increase in
Haemophilus (adj. p=0.008 using t-test) in the bacterial subgroup. In addition, a notably decreased
Proteobacteria:Firmicutes ratio was found in eosinophilic subgroups during exacerbations, in sharp
contrast to all other subgroups (online supplementary figure S4). Furthermore, individual exacerbation
samples in the bacterial and eosinophilic subgroups were relatively distinct from each other in both PCoA

TABLE 3 The prevalence (P) and average relative abundance (RA) of predominant operational taxonomic units (OTUs) (average
relative abundance >1%) in the lung microbiome

OTU ID Species/subspecies All Stable Exacerbation Post-therapy Recovery

P RA P RA P RA P RA P RA

Visits n 476 106 137 136 97
4439603 Streptococcus spp. 82.1 13.1 83.0 12.3 78.8 11.6 82.4 13.4 85.6 15.8
4445466 Streptococcus spp. 44.7 10.1 47.2 12.1 45.3 8.9 46.3 10.1 39.2 9.5
509773 Streptococcus spp. 78.4 6.6 85.8 7.3 80.3 6.3 71.3 6.2 77.3 6.9
1059655 Streptococcus spp. 31.5 5.2 30.2 5.2 33.6 5.4 30.9 4.9 30.9 5.6
4462083 Streptococcus infantis 31.7 3.9 29.2 4.3 32.1 4.0 31.6 4.2 34.0 3.0
240755 Haemophilus spp. 69.7 10.7 61.3 9.5 72.3 12.4 71.3 9.5 73.2 11.3
956702 Haemophilus spp. 25.2 5.1 33.0 6.5 24.1 5.1 23.5 5.4 20.6 3.0
4385138 Haemophilus spp. 23.5 1.4 25.5 0.8 27.0 1.9 22.1 0.9 18.6 1.9
861881 Moraxella spp. 46.2 5.6 45.3 5.0 57.7 10.0 41.9 3.4 37.1 3.3
269930 Pseudomonas veronii 33.8 2.4 42.5 3.0 32.8 2.6 32.4 2.2 27.8 1.8
269901 Pseudomonas spp. 12.8 1.6 14.2 1.8 12.4 1.2 14.7 1.4 9.3 2.4
342427 Veillonella dispar 93.3 2.7 91.5 2.4 93.4 2.2 94.9 3.2 92.8 3.0
4326277 Unclassified in Gemellaceae 84.0 2.6 88.7 2.8 81.8 2.3 78.7 2.4 89.7 3.0
4411138 Rothia mucilaginosa 73.1 2.4 75.5 3.0 74.5 2.3 71.3 2.1 71.1 2.5
4396235 Neisseria spp. 58.6 2.2 60.4 2.3 59.9 2.2 55.9 2.4 58.8 1.8
12574 Actinomyces spp. 79.2 1.6 84.0 1.7 79.6 1.3 72.8 1.7 82.5 1.7
257492 Granulicatella spp. 83.8 1.4 86.8 1.4 85.4 1.2 80.9 1.3 82.5 1.7
4307391 Prevotella melaninogenica 39.1 1.1 41.5 1.1 39.4 1.2 40.4 1.2 34.0 0.8

Data are presented as %, unless otherwise stated. The OTUs were firstly grouped by their genera and then ranked by their RAs.
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(figure 3b) and unweighted pair group method with arithmetic mean clustering analyses (figure 3c).
However, PLS-DA showed only a modest improvement in the prediction of bacterial and eosinophilic
exacerbation events using combined clinical and microbiome data versus clinical data alone (figure and
online supplementary table S1).

Oral corticosteroids and antibiotics have different effects on the lung microbiome
Since antibiotics and steroids can alter the lung microbiome in COPD patients [8], we investigated the
changes in the microbiome resulting from these treatments. In agreement with HUANG et al. [8], we found
a decreased microbial α diversity with an increase of Proteobacteria over Firmicutes in subjects treated
with corticosteroids alone (figure 4). At the genus level, this corresponded to a decrease of Streptococcus
and an increase of Haemophilus and Moraxella. An opposite trend in both α diversity and microbial
composition changes was observed for subjects treated with antibiotics (with or without steroids). The
effects of different treatments were further maintained from post-therapy to recovery, indicating a
prolonged effect of treatment on the microbiome.

Network analysis reveals potential microbiota interactions
To gain insight into the interaction between bacterial OTUs in the lung microbiome, we performed an
OTU network analysis using CoNet (co-occurrence network interference; http://psbweb05.psb.ugent.be/
conet/index.php) [22]. Examination of the microbial network revealed that it was predominated by a few
“hub” OTUs that were highly connected with multiple other nodes (figure 5a and online supplementary
table S2). For example, the OTU with the highest degree of connectivity in the network was OTU 240755
(Haemophilus spp.), which had a co-exclusive relationship with 33 other OTUs. This was followed by
OTU 861881 (Moraxella spp.), OTU 956702 (Haemophilus spp.) and OTU 4445466 (Streptococcus spp.),
all of which had numerous negative connections with other members of the microbiota. Consequently,
abundance increases of OTU 240755, OTU 861881 and OTU 956702 were all associated with a significant
decrease in microbial α diversity (Shannon’s H versus OTU 240755 adj. p=1.6e−21, r=−0.43; OTU 861881
adj. p=8.8e−8, r=−0.24; and OTU 956702 adj. p=1.1e−9, r=−0.28). Other than co-exclusions, co-existence
patterns were also observed among bacterial species, such as five OTUs showing a strong mutual
cooperative relationship in a tightly connected subgraph (figure 5a).
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Sputum chemokine (C-X-C motif ) ligand 8/interleukin-8 as an indicator of community structure
and diversity
We applied an expanded network analysis which included both bacterial OTUs and clinical variables to
investigate potential human host interactions with the lung microbiome. A set of 66 clinical variables were
selected after exclusion of strongly mutually correlated variables. Several sputum mediators, including
sputum interleukin (IL)-8/chemokine (C-X-C motif ) ligand (CXCL)8, matrix metalloproteinase (MMP)-7
and MMP-8 appeared as highly connected nodes in the network (figure 5b and online supplementary
table S3). Among them, sputum CXCL8/IL-8 had the highest degree of microbiota connectivity with a
significant negative correlation to 15 OTUs.

Sputum CXCL8/IL-8 also had a significant negative correlation with microbiome α diversity according to
GLMM analysis (p<0.05 using GLMM; table 4 and online supplementary figure S5). This finding was
supported by PCA analysis where α diversity was negatively correlated with biomarker bactor 8 (or principal
component 8) of which CXCL8/IL-8 was one of the highest loading variables (r=0.302; online supplementary
tables S4 and S5). Other top variables for biomarker factor 8 were the anti-inflammatory markers serum
IL-10 (r=−0.440) and tumour necrosis factor (r=0.336). Overall, the network analysis suggests a significant
interaction between specific microbiota groups and human biomarkers associated with inflammation.

We also performed a CCA to test the association of clinical variables with variation in microbial composition
at different taxonomic levels. To account for multiple measures per subject, we limited our analysis to the
initial samples collected from group I subjects. Both serum MMP-7 and the percentage of sputum neutrophils
had a significant correlation with the microbial composition at the OTU level (p<0.05 using CCA; table 4).
Sputum CXCL8/IL-8, the percentage of sputum neutrophils and serum colony stimulating factor-2 were
significantly associated with variation at the phylum level, while sputum CXCL8/IL-8, the percentage of
sputum neutrophils and serum MMP-7 were significant at the genus level (p<0.05 using CCA; table 4).
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BE: bacterial and eosinophilic; BV: bacterial and viral; and Pauci: pauci-inflammatory. *: p<0.05.
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Discussion
COPD occurrence and severity are mediated through complex interactions between the host immune
system, environmental factors and respiratory pathogens. Our study adds further insights into the role of
the lung microbiome in COPD with the inclusion of a large patient cohort and repeated longitudinal
sampling over multiple clinical visits. A key finding is the association of changes in the lung microbiome
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with multiple characteristics of COPD, including specific exacerbation phenotypes, treatment regimen and
the levels of key sputum and serum mediators.

In agreement with previous studies, COPD exacerbation events appear to be associated with decreased
microbial diversity and increased proportion of Proteobacteria [8, 23]. In addition, there was a remarkable
proliferation of Moraxella in a subgroup of subjects during exacerbations (36 out of 87 subjects).
M. catarrhalis is a critical respiratory pathogen that enhances airway inflammation by stimulating several
neutrophil-related components during COPD exacerbations [21]. Consistently, there was a significant
positive correlation between the abundance of Moraxella and the percentage of sputum neutrophils.
Despite the heterogeneous nature of COPD, our results suggest that specific subgroups of COPD subjects
are particularly susceptible to alternation of microbiome during exacerbations.

Distinct microbial populations existed during exacerbations in subjects with bacterial and eosinophilic
exacerbations, which were more dissimilar from each other in microbiome profiles than either was from viral
exacerbations. This is in agreement with the suggestion that bacterial and eosinophilic exacerbations reflect
fundamental differences in their immunopathogenesis, whereas virus exacerbations are often associated with
both bacterial infections and increase of eosinophils [12, 24]. The presence or absence of eosinophilic
inflammation could be a potential biomarker for stratification of the underlying associated microbiome.

Our study shows that current standard-of-care treatments potentially alter the lung microbiome. In
particular, a reduction in microbial diversity and an increased Proteobacteria:Firmicutes ratio toward
recovery were observed in subjects treated with steroids alone, whereas the trend was reversed in subjects
who received antibiotics. Similar changes in the lung microbiome after these treatments were observed in a
smaller study of 12 COPD subjects [8]. In support of reports on the limited efficacy and greater
side-effects of steroids [25, 26] our results suggest that steroids alone could affect the lung microbiome and
underscore the importance of patient stratification approaches, such as blood eosinophil-guided
prednisolone therapy [13], toward more precise drug management strategies.

In our network analysis, several bacterial OTUs, in particular the OTU 240755 belonging to Haemophilus,
were identified as microbial “hubs” that had a disproportionately large number of negative connections
with other OTUs. Such correlations were highly robust across all samples, indicating that this might
represent a general pattern of the COPD lung microbiome. Overgrowth of these bacterial OTUs could thus

TABLE 4 List of clinical variables significantly associated with microbial α and β diversity in group I subjects

α diversity β diversity

Shannon’s
H

Observed
species

Faith’s phylogenetic
diversity

Chao1 Positive/negative
correlation

OTU Genus
(L6)

Phylum
(L2)

Sputum CXCL8/IL-8 *** * *** *** Negative # ** **
Baseline SGRQ

symptom

# *** *** *** Negative

BMI * * * # Positive # # #,¶

Sputum CXCL11/ITAC # * * ** Positive
Serum TNF-α * * # # Positive
Serum SAA-1 # * * # Positive
Serum CCL26/

eotaxin3
* # # # Negative

Serum CSF-2 * # # # Positive # # *
Serum IL-10 * # # # Positive
Sputum MMP-8 # * # # Negative
Blood monocytes # # ** # Positive
Blood basophils # # * # Positive
Serum MMP-7 ** ** #

Sputum neutrophil
percentage

** ** **

Exacerbation
frequency

# # #,¶

OTU: operational taxonomic units; CXCL: chemokine (C-X-C motif) ligand; IL: interleukin; SGRQ: St George’s Respiratory Questionnaire; BMI: body
mass index; ITAC: interferon inducible T-cell α chemoattractant; TNF: tumour necrosis factor; SAA: serum amyloid A; CCL: CC-chemokine ligand;
CSF: colony stimulating factor; MMP: matrix metalloproteinase. #: p⩾0.05 and absent in the model; ¶: not significantly associated with L2 β
diversity, but present in its model. *: p<0.05; **: p<0.01; ***: p<0.001.
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drive respiratory tract dysbiosis, which has been suggested to be a potential cause of lung disease
exacerbations [27]. Recent studies have highlighted the importance of ecological interactions in multiple
human body habitats. An emerging paradigm is the “keystone species” hypothesis, where even marginal
changes in the abundances of relatively few bacterial species could have profound effects on the overall
microbial community structure and consequently alter human disease states [22, 28, 29]. Based on our
network analyses we speculate that increased abundance of Haemophilus spp., and possibly other
Proteobacteria, might remodel the normal lung microbial ecosystem into a state of dysbiosis which could
elicit a host pro- inflammatory response. Our results suggest that the “keystone species” hypothesis in
context of the lung microbiome warrants further study, since it might provide a conceptual basis for novel
therapeutic strategies that target a few key bacterial targets to counteract a dysbiotic microbial community
in COPD.

Sputum CXCL8/IL-8 was significantly associated with both lung microbiome diversity and its overall
community structure, thus CXCL8/IL-8 could be a suitable biomarker to monitor the overall lung
microbial population. Sputum CXCL8/IL-8 has long been recognised to play a prominent role in COPD
[30, 31]. It induces airway inflammation by predominantly recruiting neutrophils and upregulating airway
mucin genes, resulting in mucus production [32]. Elevated sputum CXCL8/IL-8 levels are associated with
elevated COPD severity [30, 33, 34]. Pathogenic members of the genera Haemophilus and Moraxella are
able to directly induce inflammation by exposing the host to lipopolysaccharides and other
pathogen-associated molecular patterns [35]. Interestingly, our network analysis revealed that multiple
members in the lung microbiome were negatively correlated with sputum CXCL8/IL-8, and several OTUs
comprised of Haemophilus, Moraxella and Streptococcus species. Potentially, these pathogens could also
indirectly trigger the excessive production of CXCL8/IL-8 through dysbiosis of the lung microbiota.
Therefore, we speculate that the lung microbiome could serve as an additional line of defence that shapes
the lung inflammatory response induced by respiratory pathogens [27].

There are several caveats to our study. First, despite a large cohort size, our survey focused exclusively on
COPD patients with exacerbations, with no healthy or nonexacerbator control subjects. Data from these
populations could be informative in defining the normal lung microbiota as well as the changes of
microbial composition resulting in COPD onset. Second, besides bacteria, the importance of viruses and
fungi in COPD is just beginning to be appreciated and studied [36–38]. A systems biology view of
bacterial, viral and fungal microbiomes integrating additional host response factors such as host
transcriptome and metabolome profiles would boost our understanding of the host–microbiota interaction
and its implication in disease aetiology. Finally, our results need to be replicated in further larger and
distinct patient populations, including those with different ethnicity and biogeographical backgrounds.

In conclusion, we show that changes in the lung microbiome are associated with COPD exacerbation
events and are potentially implicated in mediating host inflammatory responses in some subjects.
Moreover, this work furthers our understanding of the lung microbiome in COPD and opens potential
avenues for new biomarkers and respiratory therapeutics.
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