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Abstract

Chronic obstructive pulmonary disease (COPD) is one of few chronic
disorders with rising mortality andmorbidity. It is a highly prevalent
disorder, characterized by highly heterogeneous clinical symptoms,
health status, and disease progression. COPD is also characterized by
an inflammatory/immune response that persists despite smoking
cessation and varies by the patient population,method of assessment,
and timing of measurement. Bacterial colonization or infection is
ubiquitous in patients with COPD and, until recently, has been
predominantly assessed using culture-based methodologies. This
colonization has been believed to be biologically relevant. It has been

estimated that more than 70% of the bacterial species on body
surfaces cannot be cultured by standard techniques. As such,
advanced culture-independent techniques have been developed that
target bacterial genes, such as the 16S ribosomal RNA gene, that
function asmolecular chronometers. Application of these techniques
in patients with COPD has suggested microbial diversity that varies
by age, disease severity, andmedication use. All of these data provide
unique and rapidly evolving insight into the potential role of the
respiratory microbiome in disease genesis and expression.
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Chronic obstructive pulmonary disease
(COPD) is one of few chronic disorders in
which mortality and morbidity are on the
rise. It is highly prevalent and characterized
by airflow obstruction that is not completely
reversible (1). Therapeutic approaches
have centered on bronchodilation and the
use of relatively broad antiinflammatory
therapy, including inhaled corticosteroids.
Therapeutic approaches that modify disease
course in COPD are few, with no
pharmacotherapy conclusively altering
disease progression. Acute exacerbations of
COPD (AECOPD) account for many of the
negative effects attributed to COPD (2).

COPD is a highly heterogeneous
disorder with widely varying clinical
symptoms, health status, and disease
progression (3, 4). This heterogeneity
impacts therapeutic approaches (4) and our
understanding of disease pathogenesis (5).
Distinct phenotypic groups include patients

with predominance of cough and sputum
production (6), those who experience
recurrent AECOPD (7), and/or those
with more rapid loss of lung function (8).
Computed tomographic imaging has
identified patients with worse emphysema,
who experience increased dyspnea, decreased
health status, and increased mortality (4).
Airway structure is similarly quite
heterogeneous, with increasing computed
tomography abnormality associated with
increased cough, breathlessness, worse health
status, and more AECOPD (9). The
biological nature underlying this
heterogeneity remains unclear.

COPD Is an Inflammatory
Disorder with both Local
and Systemic Manifestations

The inflammatory response reflects
a carefully orchestrated balance of innate

and adaptive immune components (10). In
the patient with COPD, the inflammatory/
immune response persists despite smoking
cessation and varies by the patient
population, the method of assessment, and
the timing of measurement (11). In addition,
during AECOPD, inflammation increases
(12). The genesis for the persistent
inflammatory immune response in COPD
remains controversial, with several theories
advanced, including self-perpetuation of an
immune response to autoantigens resulting
from inflammatory and oxidative lung
injury (5). Persistent or recurrent infection
may play a particularly crucial role, as it may
serve as a stimulator of specific immune
responses or as a polyclonal activator (5, 13).

Multiple stimuli can increase airway
and parenchymal inflammation (10),
leading to increased bronchial tone,
bronchial wall edema, and mucous
hypersecretion (11). These concepts are
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best developed during the acutely increased
inflammatory response characteristic of
AECOPD. Numerous investigators have
used various techniques to characterize the
inflammatory response, including sputum
analyses, bronchoalveolar lavage (BAL),
bronchial biopsy, and blood markers.
Several reports have confirmed an
augmented inflammatory response in
sputum, particularly during an AECOPD
(14–19); neutrophilic and eosinophilic
inflammation have been described. In
addition, a multitude of inflammatory
mediators have been implicated (14–17, 19,
20). Papi and colleagues examined sputum
inflammatory markers and microbiology
in 64 patients hospitalized during an
AECOPD (21). The majority of infections
were associated with sputum pathogens
(bacterial in 29.7%, viral in 23.4%, and
combined in 25%). Sputum neutrophils
were noted in all exacerbations, whereas
sputum eosinophils were increased in viral-
associated exacerbations. Bathoorn and
colleagues followed 114 patients with
COPD, with 45 experiencing an AECOPD;
sputum samples were obtained at the stable
state and during the acute episode (19).
Sputum total cells, neutrophils, eosinophils,
and lymphocytes increased during the
AECOPD compared with the stable state.
The most recent data are those of Bafadhel
and colleagues, who followed 145 patients
with COPD for 1 year, examining sputum
and blood samples in a stable state and
during 182 exacerbations in 86 of the
patients (22); 59% were associated with
bacteria, 29% with virus, and 28% were
associated with sputum eosinophilia.
AECOPD associated with bacteria exhibited
increased sputum and peripheral
neutrophils, with sputum IL-1b being
the most predictive biomarker.

Bronchoscopic data are limited, with
one group confirming increased expression
of regulated upon activation, normal T-cell
expressed and secreted (RANTES) in both
the surface epithelium and subepithelial
lymphomononuclear cells during an
AECOPD (23). Subsequently, increased
numbers of neutrophils and expression of
CXCL5, IL-8, and CXCR2 were seen with
an AECOPD (24). Drost and colleagues
confirmed elevation of bronchoalveolar
lavage IL-8 levels from 14 subjects with
COPD during an AECOPD (25). These
data confirm an inflammatory (neutrophilic
in most, eosinophilic in some) process
during an AECOPD.

The systemic inflammatory nature of
COPD has become better defined. The
ECLIPSE investigators have defined
significant longitudinal variability in a series
of blood-based biomarkers in patients with
well-defined COPD; this may reflect
biological variability or assay characteristics
(26). A separate analysis of ECLIPSE
examined a panel of six peripheral blood
inflammatory markers; at baseline, 30%
of subjects with COPD did not exhibit
evidence of systemic inflammation,
whereas persistent inflammation was noted
in 16% (27). Importantly, those subjects
with persistent inflammation had higher
all-cause mortality and exacerbation
frequency per year. The addition of
inflammatory markers to clinical features
improved mortality prediction in this
cohort (28). The clinical implication of this
systemic inflammatory response remains
unclear (29).

Traditional Methods to
Establish a Causative Role
for Infection in COPD

Various infectious and noninfectious
stimuli can provoke the inflammatory
response seen in stable and exacerbated
COPD. The methods used to establish the
presence of colonizing bacteria or an
etiologic role for bacteria have been best

established for AECOPD and have included
sputum culture, bronchoscopic sampling,
molecular epidemiologic studies of bacterial
pathogens, identifying an immune response
to potential pathogens, and recording
a response to antimicrobial therapy.

Sputum cultures have been the classic
methodological approach to identifying
potentially pathogenic organisms (PPM).
Potentially pathogenic bacteria have been
identified in 25 to 50% of patients with
stable COPD (30). Bafadhel and colleagues
(22) noted that colonization (Haemophilus
influenzae, Moraxella catarrhalis,
Streptococcus pneumoniae, Staphylococcus
aureus, or Pseudomonas aeruginosa) was
identified using standard culture techniques
in 28% of patients with COPD at baseline;
this number increased to 86% using
quantitative polymerase chain reaction
(qPCR). Although such data have been
used to support the concept of colonization,
this has been challenged, as the presence of
bacteria has been associated with negative
effects suggesting a host response to these
organisms. The presence of bacterial
pathogens in the sputum during the stable
phase (“bacterial colonization”) has been
associated with a greater AECOPD
frequency (31), poorer health status (32),
and a greater decline in lung function (33).
Sputum (32, 34) and systemic (35)
inflammatory markers are elevated in
patients with COPD whose sputum is

Table 1. Comparison of molecular methods to assess the lung microbiota

Method Advantages Disadvantages

DGGE or TGGE Bands can be isolated for
taxonomic identification

Technically difficult; results
are variable; highly operator
dependent

T-RFLP High-throughput, inexpensive
method for pattern
identification

Taxonomy should not be
inferred without extensive
machine standardization

Clone libraries Full-length 16S rRNA gene;
most accurate taxonomy for
16S rRNA-based methods

Costly; labor intensive; very low
throughput; highly operator
dependent

454-Pyrosequencing Long reads span multiple
variable regions;
high-throughput; very good
taxonomic classification;
inexpensive with DNA barcoding

Expensive unless samples are
barcoded; requires extensive
post-run analysis

MiSeq Long enough read length for
good taxonomic classification;
dual barcoding for extremely
high throughput; very
inexpensive per run cost;
excellent sequencing depth

Sequencing of amplicons uses
nonstandard protocol;
extensive post-run analysis

Definition of abbreviations: DGGE = denaturing-gradient gel electrophoresis; TGGE = temperature-
gradient gel electrophoresis; T-RFLP = terminal restriction fragment length polymorphisms.
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colonized with bacterial pathogens. This
has been reported to occur even in subjects
with milder airflow obstruction (36). Some
investigators have correlated sputum
bacterial load with an enhanced
inflammatory response (31, 37). The
limitations of sputum culture include
methodological issues regarding sputum
processing, culture techniques,
contamination of the upper airway, and
colonization.

Bronchoscopic studies have confirmed
that PPM are identified in many patients
with stable COPD and during AECOPDs
(38–41). Two bronchoscopic studies have
related the identification of PPM in
bronchoalveolar lavage with increased
markers of predominantly neutrophilic
inflammation (36, 42). One group reviewed
pooled data from six published studies that
used a standardized protected brush
bronchoscopic technique (43). Using
a bacterial load threshold greater than
102 cfu, 29% of stable patients and 54%
of patients with COPD experiencing
an exacerbation exhibited bacterial
colonization. A separate group identified
intracellular H. influenzae in 87% of
bronchial biopsy samples from acutely ill
patients with chronic bronchitis compared

with 33% of stable patients and 0% of
healthy control subjects (44). The totality of
these data support the role of bacteria in
stable COPD and during an AECOPD with
a vicious circle of innate lung disease
failure, low-grade infection/colonization,
and recurrent acute infection driving
ongoing inflammation (30).

Studies examining genetic diversity
among individual strains associated with
AECOPD have provided additional insight.
Sethi and colleagues demonstrated that
acquisition of a bacterial strain with which
the patient had not been previously infected
was associated with a greater than twofold
increase in the risk of an exacerbation
(45). Importantly, in the majority of cases,
new nontypeable H. influenzae strains
were not associated with a symptomatic
AECOPD. Subsequent work demonstrated
inherent differences in the ability to
provoke neutrophilic recruitment for new
H. influenzae strains associated with
symptomatic exacerbations compared with
those not associated with such a clinical
response (46). Similar work established the
role of antigenic drift among M. catarrhalis
isolates (47–51). The totality of these data
provides compelling support for bacterial
infection in a significant proportion of

AECOPDs and strongly suggests a role for
chronic bacterial colonization/low-grade
infection in the genesis of COPD.

Novel Methods to Assess
Lung Microbiology

Although it has been a long-held belief that
the normal human lung is sterile, increasing
evidence suggests that there is a distinct
lung microbiome (the entire community of
microorganisms that inhabit the lower
respiratory tract) (52). This may be of
particular relevance in obstructive lung
diseases (53). It has been estimated that
more than 70% of the bacterial species
inhabiting bodily surfaces cannot be
cultured by currently available techniques
(54, 55), and that many of the remaining
20 to 30% of species are very difficult to
culture (56). The ability to identify
microorganisms in a complex community
based on their unique genetic signatures
has revolutionized our understanding of
the indigenous microbiota that inhabits
virtually every bodily organ (57). In
particular, techniques that identify bacteria
on the basis of ribosomal RNA (rRNA)
sequences have provided insight into the

Table 2. Summary of available studies examining the microbial flora of patients with chronic obstructive pulmonary disease using
molecular techniques

Citation Cohort Size Age (yr) FEV1 %
Predicted

Lung Sampling
Technique

Molecular
Methods

Hilty et al (82) Asthma (n =10) 37.6 81.0 Bronchoscopic brushes from
LUL in all, RUL also in some

454
COPD (n = 5) 57.0 51.2
Healthy control
subjects (n = 8)

52.9 100.8

Huang et al (83) COPD (n = 8) 74.1 NA (all intubated
for AECOPD)

Banked endotracheal aspirates PhyloChip

Erb-Downward et al (73) Healthy smokers (n = 7) 50.7 103.1 BAL 454
Healthy nonsmokers (n = 3) 61.3 110.0 BAL
COPD (n = 4) 54.0 65.3 BAL
COPD (n = 6) 61.2 16.0 Endobronchial tissue

Pragman et al (84) Healthy control
subjects (n = 10)

39.5 NA BAL 454

Moderate COPD (n = 14) 69.7 Frozen BAL
Severe COPD (n = 8) 62.6 Frozen BAL

Cabrera-Rubio et al (85) COPD (n = 6) NA 60.5 Sputum 454
BAL
Bronchial biopsy
Bronchial aspirate

Sze et al (86) Healthy nonsmokers (n = 8) 56.3 88.8 Distal parenchymal tissue 454
Healthy smokers (n = 8) 56.9 94.3
COPD (n = 8) 58.8 15.4
Cystic fibrosis (n = 8) 32.6 35.0

Definition of abbreviations: 454 = 454 pyrosequencing platform; AECOPD = acute exacerbation of COPD; BAL = bronchoalveolar lavage; COPD = chronic
obstructive pulmonary disease; LUL = left upper lobe; NA = not available; RUL = right upper lobe.
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depth and breadth of microbiota present in
the normal and diseased lung.

The approaches used to study the
microbial world originated more than
30 years ago with the work of Sogin and
colleagues (58) and Carl Woese and
colleagues (59, 60), who used rRNA
sequence comparisons to reconstruct
the evolutionary history of microbes.
Subsequently, Pace and colleagues
built molecular tools for assessing
microorganism ecology (61, 62) that have
been used to identify more than 100 novel
bacterial phyla, most of which include
currently unculturable organisms (53, 63).
The majority of culture-independent
techniques rely on PCR amplification of the
16S rRNA gene, a highly conserved locus of
the bacterial genome (64, 65). The 16S
rRNA gene possesses nine hypervariable
regions that facilitate genus and species
identification (66); amplification of
conserved sequence stretches within
the 16S rRNA gene, flanking these
hypervariable regions, allows for the design
of broad bacterial kingdom-specific primers
to amplify bacterial sequences for
subsequent analyses (53). Current
molecular techniques can define entire
microbial community fingerprints, locate
and quantify bacteria geographically within
the mucosa, quantify and estimate relative
bacterial abundance, and identify the
members of the community (53). In
addition, by applying high-throughput
shotgun sequencing it is possible to
consider the microbial population as
a whole “metagenome.” This approach,
metagenomics, can provide additional
insight by identifying the community
members present and their genetically
encoded functional capacity.

Up until very recently, culture-
independent techniques either suffered from
being low-throughput or relatively
nonspecific. The most commonly used
molecular technique to measure bacterial
abundance is real-time qPCR of the 16S
rRNA gene, which can provide kingdom-,
genus-, and even species-level specificity
(53). Data can be expressed and normalized
as total bacterial gene copy number per unit
sample or per single copy host gene, as
a relative proxy of bacterial “abundance.”
However, to identify the bacterial members
within a mixed bacterial community, this
method is very costly and low-throughput.
Fluorescent in situ hybridization uses
fluorescent oligonucleotide probes that

bind to specific target sequences within the
bacterial cell, allowing an assessment of
the spatial distribution and number of
organisms using a fluorescent microscope.
As such, fluorescent in situ hybridization
can visualize and quantify the abundance
of bacteria in situ in their particular
microenvironments. These techniques
have been adapted for flow cytometry,
permitting identification of individual
bacteria (67). Molecular fingerprinting
methods, such as denaturing- and
temperature-gradient gel electrophoresis
and terminal restriction fragment length
polymorphisms, have for years been viewed
as quick and simple techniques for
determining shifts in community structure
and composition (67); however, these
methods are severely limited when
the intention is to identify individual

organisms. The construction of libraries of
16S rRNA gene amplicons from mixed
bacterial populations is an excellent tool to
identify community membership, because
one amplifies the entire 16S rRNA gene for
sequencing (using traditional Sanger
sequencing) (53). Sequences of the clones
can be compared using either algorithms
that are classifier-based (giving the
sequence a traditional taxonomic identity)
or operational taxonomic unit–based
(where sequences are clustered according to
relative similarity to other sequences). The
construction and analysis of these “clone
libraries” to study a bacterial community
sample has for years been the “gold
standard,” but it suffers from the limitations
of being costly and low-throughput—which
often raised questions of sampling bias and
inadequate sampling depth (53).

Figure 1. Principal coordinate analysis of subjects with chronic obstructive pulmonary disease
clustered by (A) inhaled corticosteroid use (blue users, red nonusers), and (B) bronchodilator use (blue
users, red nonusers). Reprinted by permission from Reference 84.
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High-throughput sequencing provided
a way to get beyond the limitations of previous
techniques. Now a library of 16S rRNA gene
amplicons could be sequenced at more than
10,000 times the depth of a traditional clone
library, thus providing robust microbial
community sampling (68–73). The addition of
DNA “barcodes” during library construction
means that many samples can be run
simultaneously, thus reducing the cost of
sequencing per sample (74). The 454-
pyrosequencing platform has been the
workhorse of most studies to date because it
offers read lengths of more than 400 bp and
output of greater than 106 high-quality
sequence reads (74–76). As sequencing
technology advances, other high-throughput
sequencing platforms, such as the Illumina
(Illumina Corporation, San Diego, CA) and
PacBio RS (Pacific Biosciences, Menlo Park,
CA) systems, are being adopted for microbial
ecology studies (53), with the potential for
even greater read depth (77) or discriminatory
capacity. An alternate approach, which is
particularly useful for identification of less
abundant bacterial community members, is
the 16S rRNA PhyloChip (designed at
Lawrence Berkeley National Laboratory,
manufactured by Affymetrix Corporation,
Santa Clara, CA) (78, 79).

There are both strengths and limitations to
the available techniques. Those based
on amplified 16S rRNA genes detect only
bacteria, whereas shotgun sequencing
approaches can detect bacteria, fungi, and
viruses. Some of the approaches aremore useful
for quantification; however, the frequent
presence of multiple copies of 16S rRNA genes
in different bacterial species and the potential of
DNA-based methodologies to detect nonviable
organisms make absolute quantification
difficult. Methods involving the analysis of
bacterial mRNA expression can circumvent the
issue of viability, because this can only originate
from viable organisms, but these methods are
more costly, can be more technically difficult,
and the advantage is not clear, because DNA
from dead bacteria can still have a profound
effect on immune responses. A final
consideration of all these methods is the
requirement for extensive computational
analysis and method-specific analysis training.

The Lung Microbiome in
Health, Smoke Exposure,
and COPD

Until recently, modern molecular
techniques had been infrequently applied to

characterize the oral and/or lung microbiota
in healthy nonsmokers, smokers without
COPD, or patients with COPD. Some
investigative groups have suggested that
smoking alters the composition of the oral
microbial flora (52, 80), whereas others
have found less impressive differences (81).
The effect of smoking status on the lung
microbial species has been less consistent.
Bronchoscopic studies have documented
intriguing findings from the lungs of
patients with COPD, although the studies
have been limited by small numbers of
subjects and lack of longitudinal sampling
(Table 2). In early work, Hilty and
colleagues collected nasal, oral, and
bronchoscopic brushings from the left
upper lobe in 10 patients with asthma, 8
healthy control subjects, and 5 patients with
COPD (82). In the five subjects with COPD
and eight control subjects, airway
microbiota was similar (82). Members of
the phylum Proteobacteria were more likely
to be seen, and Bacteroidetes members were
less likely to be seen in the patients with
COPD compared with control subjects. In
eight patients with COPD undergoing
mechanical ventilation during an

AECOPD, a diverse microbial community
was identified, despite recent or ongoing
broad-spectrum antibiotic therapy (83).
More than 1,200 bacterial taxa were noted,
including bacterial families typical of
AECOPD (H. influenzae, P. aeruginosa,
S. pneumoniae, M. catarrhalis) and
a multitude of other families with
potentially pathogenic members. A core
microbiota consisting of 75 taxa present in
all patients was noted. Erb-Downward and
colleagues collected BAL from seven
smokers with normal lung function, four
with COPD, and three healthy nonsmokers
(73). Significant levels of bacterial 16S gene
signal were detected in all subjects, with
no significant differences between the three
study groups in the number of bacterial
copies. The microbiome of the patients with
moderate COPD was notable for decreased
bacterial community diversity, although
there was extensive overlap in membership
between the bacterial communities of the
groups. These investigators also suggested
that there may be a “core” pulmonary
microbiome. Candidate genera that were
found in greater than 75% of the subjects
included Pseudomonas, Streptococcus,

Figure 2. Principal component analysis (PCoA) of four respiratory tract sample types (n = 6 for each
sample type) and samples from the oral cavity of healthy individuals (n = 16) according to the microbial
composition, as inferred by pyrosequencing of the 16S rRNA gene. BAL = bronchoalveolar lavage;
Bas = bronchial aspirate; Oral = supragingival dental plaques; Sp = sputum; Ts = tissue. Reprinted by
permission from Reference 85.

TRANSATLANTIC AIRWAY CONFERENCE

S174 AnnalsATS Volume 10 Supplement | December 2013



Prevotella, and Fusobacteria. Haemophilus,
Veillonella, and Porphyromonas were also
identified in more than half of the samples.
Pragman and colleagues examined banked,

frozen BAL from 22 participants in the
NHLBI–sponsored Feasibility of Retionids
for the Treatment of Emphysema (FORTE)
study and obtained BAL from 10 healthy

control subjects (6 nonsmokers) (84). The
larger sample size and heterogeneity of the
cohort allowed additional inferences to be
made. Overall, the investigators believed

Figure 3. (A) Bacterial communities present in individual lung airways. Multiple samples were taken from lung explants (right lung, subject CS#5; both
lungs, subject CS#6) at the time of elective transplantation. Samples were harvested from the regions of lung indicated by the arrows on the gray lung
schematic. Pie diagrams depict the genus level classification of 16S sequences, and the computed tomography images demonstrate the absence of
bronchiectasis in the airways adjacent to where samples were obtained. The key for the nine most abundant organisms is provided below the lung
schematic. (B) Cluster analysis of the bacterial communities sampled from sites in the left upper lobe (LUL). Biplot of the principle components analysis of
the normalized bacterial communities from multiple anatomic sites in the lung explants. Reprinted by permission from Reference 73.

TRANSATLANTIC AIRWAY CONFERENCE

Martinez, Erb-Downward, and Huffnagle: The Microbiome in COPD S175



that microaspiration of the oral flora was
the source of the lung microbiome.
Interestingly, COPD was associated with
increasing microbial diversity, although the
major contributor was the increased age of
the subjects. No major difference was noted
between moderate and severe COPD,
although principal coordinate analyses
demonstrated clustering by the use of
inhaled corticosteroids (Figure 1A) and
bronchodilators (Figure 1B). These data
suggest the importance of accounting for
subject age and concomitant medication
use in the interpretation of future COPD
studies. A more recent elegant investigation
in healthy individuals with variable
smoking history suggested that
microaspiration of supraglottic organisms
was the source of lower airway microbial
flora; a subgroup of individuals exhibited
a relative abundance of Veillonella and
Prevotella, which was associated with
increased inflammatory markers (81).
Cabrera-Rubio and colleagues sampled
the respiratory system via multiple
mechanisms (Table 1) (85). High diversity
was noted, with Streptococcus, Prevotella,
Moraxella, Haemophilus, Acinetobacter,
Fusobacterium, and Neisseria being the
most common genera identified. Sputum
samples showed significantly lower diversity
than the other sample types, whereas the
lower bronchial samples (BAL and bronchial
biopsies) showed similar bacterial
composition (Figure 2). These data provide
insight regarding the possible approaches
to lung sampling and their limitations in
future COPD studies.

Some studies have provided additional
data using tissue sampling. Cabrera-Rubio
and colleagues noted similar bacterial
composition between endobronchial
biopsies and BAL (Figure 2) (85). Erb-
Downward and colleagues sampled
explants removed at lung transplantation in
six patients with severe COPD (Table 1);
significant differences in bacterial
community composition within the same
lung were seen (Figure 3). Ordination by
principal component analysis demonstrated
that the microanatomic variation in
the samples was driven by either the
dominance of Pseudomonas, Haemophilus,
or Stenotrophomonas at the sampled site.
Significant numeric differences in the
number of operational taxonomic units
were noted in tissue sites within the same
lung and even within the same lobe. As
such, marked microanatomic differences

can exist in bacterial communities even
within the same lung of subjects with
advanced COPD. These findings may have
important biological impact regarding
disease pathogenesis. Sze and colleagues
examined distal lung parenchymal tissue
from a group of nonsmokers, smokers
without COPD, patients with severe COPD,
and patients with cystic fibrosis (Table 1)

(86). Total bacterial populations were small,
but greater in diseased subjects than in
control subjects. Three distinct bacterial
communities were identified, including one
common to the patients with severe COPD
(Figure 4A); a significantly greater
abundance of the phylum Firmicutes
was noted and mainly driven by the
Lactobacillus genus (Figure 4B).

Figure 4. (A) Nonmetric multidimensional scaling analysis of the terminal restriction fragment length
polymorphism profiles providing adequate number of amplicons. Three distinct groups can be
identified, including one with the patients with severe chronic obstructive pulmonary disease (COPD).
(B) Comparison among the nonsmoker control subjects, the smokers without COPD, the patients
with severe COPD (Global Initiative for Chronic Obstructive Lung Disease [GOLD] 4), the patients with
cystic fibrosis, and the negative control subjects. Histograms reflect the average 1 SEM. *P , 0.007
versus all other groups; †P , 0.003 versus nonsmoking, smoking, and negative control groups.
Reprinted by permission from Reference 86.
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Future Directions

A recent report from a National Institutes
of Health workshop provides insight and
an investigative direction regarding the
application of novel genomic techniques
to define and characterize the lung
microbiome in smokers with and without
COPD (87). It is apparent that despite the
relatively young nature of this field, there
is great potential for these approaches to
provide crucial insight into disease
pathogenesis and disease heterogeneity and
yield novel therapeutic avenues. Further
investigative considerations include:

1. Methodological
A. Work needs to be done to identify the

contribution of nonbacterial microbes
(including viruses and fungi) in patients
with COPD.

B. Work is required to refine the complex
statistical approaches required to analyze
the large amount of data generated
from high-throughput sequencing
methods.

C. Development of biomarkers, including
in vivo imaging, that address lung
microbial burden and community
structure will be required to obviate
difficulties with sampling and to
increase clinical relevance.

2. Clinical
A. Detailed studies characterizing the

relationship between the microbiome
of the upper and lower airways in
patients with highly characterized
COPD, smokers without COPD, and
healthy subjects are required.

B. An appreciation of the relationship
between the altered microbiome of the
COPD lung and the heterogeneous
clinical manifestations and
ultrastructural abnormalities seen in
patients with COPD should provide
crucial biological insight.

C. Longitudinal assessment of the
respiratory microbiome will provide
insight regarding the heterogenous
clinical course typical of the patient
with COPD.

D. As COPD is characterized by episodic
exacerbations, research is required to
examine how bacterial communities
change around the time of an
AECOPD and whether changes in the
bacterial community structure might
predict exacerbation, possibly
allowing early or preemptive
intervention.

E. Will manipulation of the lung
microbiome allow improvement in
disease activity and/or alter disease
progression?

3. Translational
A. A better understanding of the

relationship between enhanced
culture-dependent and molecular
microbiological techniques is
required. This approach has provided
intriguing data in the cystic fibrosis
community, where expanded use of
culture-enriched molecular profiling
has identified the majority of bacteria
identified via culture-independent
methods (56).

B. The use of metagenomics should
provide insight into gene function;
metatranscriptomics provides
collective gene expression profiles,
including those of the microbes and
the host; and metabolomics provides
additional functional information
(87).

C. Defining the host response to
alterations in the respiratory
microbiome should provide insight
regarding the local and systemic
inflammatory responses seen in the
patient with COPD. Such an approach
has provided intriguing insight in the
gastrointestinal tract (53) and has
already proven fruitful in identifying
divergent proinflammatory responses
of respiratory dendritic cells to airway
microbes (88).

D. Addressing the location of organisms
within the respiratory tract and their
relation to the normal and altered
mucus should provide insight as to
the local effects of altered microbial
communities.

E. Research focusing on the gut–lung
axis may provide unique information
regarding the impact of gut microbial
populations on the development and
nature of respiratory disease.

F. Animal models should be used
effectively to provide additional
mechanistic understanding of
respiratory microbiome and host
response interactions. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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