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Study of the human lung microbiome in the context of pulmonary
health and disease is an area of emerging research interest that is being
driven by several contributing factors. These factors include increased
recognition of the diversity of human-associated microbiota, their roles
in health and in diseases associated with chronic inflammation, and
advancements in technologies and tools that have facilitated such
discoveries about the microbiota in organ systems outside of the lung.
Therefore, the overarching goals of lung microbiome research are: to
identify and characterize microbial populations associated with the
respiratory tract and lungs; to understand their roles in lung health and
disease; and, we hope, to allow the development of improved
approaches for diagnosing and treating chronic respiratory diseases
in which the microbiome has a role. Recent studies of the lung
microbiome have yielded a number of interesting findings but also
highlighted questions and challenges for researchers and clinicians. In
December 2011, the National Heart, Lung, and Blood Institute con-
vened a workshop to identify key issues and areas for further attention
or development to advance research on the lung microbiome. Current
knowledge and the state of research on the lung and related areas of
human microbiome investigation were reviewed and discussed.
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Knowledge about human-associated microbiota, defined as the
microorganisms inhabiting specific organ and body system niches,
has increased rapidly in recent years. Fueled by the development
and application of more sensitive, culture-independent tools for
detecting microbes, in particular bacteria, a multitude of studies
examining the microbiota in specific body habitats have been per-
formed (1-6). Recent investigations led by members of research
consortiums, such as the European Metageno(Biol)mics of the
Human Intestinal Tract (MetaHit) project (7) and the National
Institutes of Health-sponsored Human Microbiome Project
(8,9), have contributed to our knowledge about the human micro-
biome. These studies have cataloged human microbiota associ-
ated with the skin, oropharynx, gastrointestinal tract, and vagina,
and, more recently, the respiratory tract. They also have sug-
gested that the presence or composition of microbiota in a given
niche can be a determinant of whether site-specific inflammation
or disease is present. The number of microbial cells in the human
body exceeds the number of human cells by an order of magnitude
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(10), so that the estimated microbial gene pool far surpasses that
of the host (11). Thus, understanding how the “microbiome”—
defined as the totality of microbes, their genomic elements, and
their interactions in a given environment—contributes to path-
ologic or nonpathologic states is of great interest.

In contrast to other organ systems, such as the gastrointestinal
tract, investigation of the lung microbiome has emerged only fairly
recently. This development represents an extension of longstand-
ing interest in pulmonary disease research to understand potential
links between specific microbial exposures and chronic respiratory
disease. Few large-scale studies of the lung microbiome have been
performed to date. In the Human Microbiome Project, sampling
of the anterior nares represents the sole “airway” site, among the
five body sites targeted for microbial sequencing (12). Objectives
of the Lung HIV Microbiome Project (LHMP), which is spon-
sored by the National Heart, Lung, and Blood Institute, are to
study the respiratory tract microbiome in HIV-infected as well as
non-HIV-infected individuals (13). Other recent studies have
described the compositions of airway or lung tissue—associated
microbiota in healthy individuals and/or in those with existing
obstructive lung diseases, such as asthma, chronic obstructive
pulmonary disease (COPD), and cystic fibrosis (CF) (14-21).
Moreover, correlations between clinical features of disease and
characteristics of the lung microbial community have been ob-
served (15, 19, 20, 22). Given the technologies currently available
or on the horizon, and the knowledge being gleaned from other
areas of human microbiome research, there is great potential to
advance understanding of how our respiratory microbiota may
contribute to lung disease or health.

The National Heart, Lung, and Blood Institute Division of Lung
Diseases convened a workshop entitled “The Role of the Lung
Microbiome in Health and Disease” on December 15 and 16,
2011; the objectives were to identify questions and challenges that
need further attention to advance research on the lung microbiome.
Participants included clinical investigators studying asthma, COPD,
CF, and human HIV infection, as well as laboratory scientists con-
ducting investigations of the microbiome and microbiota through
use of the approaches of microbiology, genomics, and biostatistics.
The workshop covered the following areas: () review of current
studies of the lung microbiome in health and disease, (2) review of
gut microbiome studies that might serve as templates for lung
microbiome research, and (3) approaches and methodologies being
applied in other microbiome disease research contexts.

REVIEWED TOPICS ON THE GUT
AND LUNG MICROBIOME

Portions of the workshop were dedicated to reviewing specific
areas of research on the human microbiome, with a primary


mailto:hatchs@nhlbi.nih.gov
http://dx.doi.org/10.1164/rccm.201303-0488WS

NHLBI Workshop

Descriptive or

1383

observational human
microbiome studies Non-invasive biomarkers
@ : of lung microbiota and
Procedural details; microgial B
SEMEI RS el l / Non-invasive imaging of
Sample processing \ lung microbiota
Clinical
e i .
Gut-lung axis and role >< Figure 1. Summary of work
) . . shop recommendations for fu-
in respiratory disease Characterization of fungal ture lung microbiome research.
) and viral microbiota; Recommendations, as discussed
Technical <— | Inter-kingdom microbiome in the article, are shown in blue
and host interactions boxes. Areas into which the rec-
ommendations may be catego-
Functional properties rized are indicated (arrows). In
of the lung microbiome addition, conceptual frameworks
(“-omic” approaches) Analytical Use/development of viewed as important considera-
| imal h tions in approaching lung micro-
relevant animal or other biome research are shown (green).
models to understand
mechanisms of human
. ‘_ . . .
Translational microbiome observations

‘Discovery’-driven
research

focus on gut and existing lung microbiome studies. It is important
to recognize that studies of bacterial microbiota compose the
vast majority of literature to date, whereas far less is known
about potential fungal and viral members of the microbiome
(23-25).

Gut Microbiome

Extensive literature exists on the human gut microbiome, and
many reviews are available (26-31). Broadly, studies of the
gut microbiome have encompassed characterization of differ-
ences in microbiota composition in states of health or disease,
effects of diet or therapeutics on the gut microbiota (32), and
metagenomics-based studies of the gut microbiome to inves-
tigate the pool of putative gene functions (11). Historically,
among the earliest established and widely used culture-
independent approaches to study bacterial communities in
many environments are those based on analysis of the 16S
ribosomal RNA (rRNA) biomarker gene. A conserved gene
present in all bacteria and archaea species, 16S rRNA-based
analyses enable phylogenetic classification of detected organ-
isms based on polymorphisms in hypervariable sequence
regions. Several large 16S rRNA sequence databases exist
(e.g., Ribosomal Database Project; Greengenes) (33).

Through a different approach, metagenomics (34) is a way to
characterize the pan-genomes present in a sample via shotgun
sequencing of all DNA present and has more recently been ap-
plied to study the microbiome (11).

Commensal gut microbiota are essential for normal immune
system development and contribute also to homeostatic and met-
abolic functions in the host (29). The indigenous gut microbiota
also can serve to resist colonization against specific enteric

‘Hypothesis’-driven
research

pathogens (35). Perturbation of the gut microbiota, as occurs in
mice that are germ-free or have been treated with systemic
antibiotics, is associated with altered immune responses, de-
creased gut peristalsis, lower body temperature (36), altered
sleep—wake cycle (37), changes in serum cholesterol (38), and
increased susceptibility to infection. Thus, the gut microbiome
exerts effects both locally and distally via mechanisms such as
generated metabolites (38) or induced immunoregulatory responses.
Feeding of select organisms to manipulate the composition of gut
microbiota can lead to different immune responses, depending on
the individual or group of organisms used (39). Administration of
products derived from specific bacterial species, including those con-
sidered to be probiotic, can lead to an expansion in relative numbers
of regulatory T cells, which in turn has been associated with atten-
uated airway inflammation and reduced airway hyperresponsiveness
(40, 41).

Lung Microbiome

By contrast, literature on the respiratory microbiome in health
and disease is much less extensive (42, 43). Relatively few studies
applying contemporary techniques for microbial community pro-
filing, such as next-generation sequencing or microarray platforms,
exist on the microbiome of other respiratory compartments, such
as the naso-oropharynx (44, 45) or lower airways.

In a study of six healthy individuals examined by detailed sam-
pling of the upper and lower airways and through use of 16S
rRNA-based pyrosequencing, the composition of lower airway
microbiota appeared indistinguishable from that of the upper
respiratory tract (supraglottic) samples (14). Bioburden as deter-
mined from 16S rRNA quantitative polymerase chain reaction
(PCR) was observed to diminish along the tracheobronchial tree.
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Rare lung-specific bacterial sequences could be identified but
were low-level and not broadly shared between individuals. In
contrast, differences in lower airway microbiota composition
have been noted between healthy subjects and those with ob-
structive lung diseases like asthma and COPD (17, 19). Given
the anatomical continuity between the upper and lower respira-
tory tracts, obtaining lower respiratory samples for microbiome
studies in living research subjects clearly presents challenges.
Similar sampling concerns have been ascribed to analysis of stool
specimens for inferring variability in microbiome biology from
different sections of the lower GI tract.

Recent studies of the lung microbiome have revealed other
findings as well. Variation within the bronchial tree in lung
microbiota composition has been described among subjects with
asthma, COPD, and CF (15, 17, 46), including heterogeneity in
microbiota composition within the same lobe of the lung exam-
ined in COPD lung explants (15). In addition, both microbial
community diversity and distinct community compositions have
been correlated with features of clinical disease, such as airway
hyperresponsiveness in asthma (19) or the severity of airflow
obstruction in COPD or CF (15, 20-22).

A recent study of human lung transplant recipients identified
markedly higher bacterial burden in lung allografts compared
with nontransplant control lungs (4). Both community structure
and the types and relative proportions of bacteria differed from
healthy subjects. Many transplant recipients showed outgrowth
in lungs of specific bacterial lineages, often including anaerobic
lineages not sampled by traditional respiratory culture. Long-
term lung transplant failure has been linked in part to microbial
factors, and whether aspects of community structure or specific
bacteria identifiable by culture-independent methods are asso-
ciated with transplant outcome is currently not known. This
study also suggested that unbiased comprehensive microbiome
approaches could add useful information to traditional culture
in assessing lung infection.

It is important to note that different 16S rRNA-based tech-
niques have been applied to study bacterial microbiota compo-
sition in current lung microbiome studies. These include platforms
such as terminal restriction fragment length polymorphism analysis,
traditional 16S rRNA clone library generation with Sanger sequenc-
ing, 454-pyrosequencing, and phylogenetic microarrays. In addition
to the intrinsic differences that exist between platforms, how samples
are prepared for analysis, including extraction, primers used for PCR
amplification steps, and the depth of sequencing, all can influence
conclusions about the community members present.

Finally, most attention so far has been directed to bacterial pop-
ulations in the respiratory tract, but similar approaches can be ap-
plied to fungi using the 18S rRNA gene or internal transcribed
spacer sequences. Although fungal microbiome methods and data-
bases are considerably less developed than those for bacteria, stud-
ies have recently begun to apply fungal microbiome analysis to the
upper respiratory tract and to the lungs (23, 47).

KEY QUESTIONS AND CHALLENGES

Given the nascency of lung microbiome research, there are many
questions and challenges. Some of these overlap with ones encoun-
tered and already recognized in other areas of human microbiome
research; others are unique to studying the lung microbiome. These
issues may be organized into the following three areas: clinical,
technological and analytical, and translational (Figure 1).

Clinical

Several fundamental questions about the lung microbiome remain
unanswered. These include whether a core lung microbiome exists,

either across all individuals or among individuals defined by the
presence or absence of specific diseases. Because bacteria can
be detected in the lungs by 16S rRNA-based approaches, even
in healthy individuals, whether the microbial community is stable,
transient, or subject to frequent turnover at some level is unclear.
Moreover, sampling the lower airways and lung tissue in living re-
search subjects presents considerations unique to lung microbiome
research, because the upper airways must be traversed to obtain
samples. Concerns about contamination by microbiota tradition-
ally associated with the upper respiratory tract are important.
Yet finding such microbiota in lower lung specimens alternatively
could imply a lower burden of true colonization.

Many additional, clinically driven questions of interest en-
compass the nature and role of the lung microbiome in disease.
Prior evidence of pathogenic roles for specific microbial infec-
tions is strongest in diseases such as CF, COPD, and asthma.
However, how the microbial milieu potentially modulates path-
ogenicity of specific species is an active area of investigation (48,
49). Furthermore, how described heterogeneity in microbial
community composition in the lungs relates to clinical manifes-
tations of disease is unclear. Conversely, there is heterogeneity
in where the lung tends to be affected by disease, and how this
interfaces with the local microbiome present is unknown. Lung
transplantation is another clinical setting in which microbial
factors are believed to play a central role in long-term outcome,
and studies to address microbiome community effects on trans-
plant outcome have only just begun (47).

A distinct but also clinically relevant question is whether micro-
biome techniques, by their minimally biased, comprehensive, and
quantitative nature, might enhance understanding and diagnosing
specific infections in the lower respiratory tract. Similarly, studies
are just beginning to explore the usefulness of these approaches to
investigations into the etiology or progression of lung diseases such
as sarcoidosis and «; antitrypsin deficiency (www.gradslung.org

[50]).

Technological and Analytical

In addition to technical considerations in obtaining human speci-
mens for study that accurately represent the intended source,
such as the lung, additional issues arise in specimen processing
and in the generation and analysis of complex datasets. Our ca-
pacity now to detect bacteria by culture-independent approaches
is unprecedented in scale. However, given the sensitivity of tools
such as next-generation sequencing platforms and microarrays,
attention to how data are obtained is warranted. At the proximal
end of the process, unintentional introduction of microorganisms
from environmental sources can lead to their identification by
these technologies. As inhalation of organisms in the air is an
obvious route of entry, distinguishing contamination from what
is truly resident in the respiratory tract is potentially challenging.
Thus, controlling for potential sources, such as reagents used to
obtain and process samples, is an important consideration.
Biases that could be introduced in the process of attempting
to characterize microbiota composition are also important to
note. For example, some types of organisms are more difficult
to lyse and extract their nucleic acid, such as gram-positive bac-
teria and fungi, so extraction protocols should be sound. Subse-
quent to this, amplification by PCR is a common step in current
techniques to profile bacterial communities. In sequencing
experiments, primers targeting one of the variable regions of
the 16S rRNA gene are used. Depending on the variable region
targeted, certain bacterial groups or species may not be well cap-
tured (51). Detection of fungal microbiota can be done using
18S rRNA gene and internal transcribed spacer sequencing,
whereas identification of viral members of the microbiome


http://www.gradslung.org

NHLBI Workshop

requires approaches other than marker-gene—directed PCR
analysis.

The amount of data generated from high-throughput sequenc-
ing methods presents formidable challenges in analysis. Datasets
from microarray-based platforms are generally more manageable.
Normalization of data and approaches for handling data noise,
artifacts, and errors in reads are all important issues that require
robust bioinformatics to ensure the most accurate conclusions.
Depth of sequencing also can influence conclusions about the
composition of the microbial community in a sample. The lower
the number of reads on a per-sample basis, the less resolution
achieved in identifying members of the microbiota, especially if
communities are dominated by one or a few types of organisms.

The necessary bioinformatics and analytic support required
for performing microbiome studies are a major challenge, cou-
pled with attendant risks of obtaining potentially biased informa-
tion for the reasons discussed. Moreover, there currently are no
robust ways of estimating power and significance calculation for
purposes of study planning, given the high-dimensional nature of
data generated. Collectively, all of the above issues factor addi-
tionally into deciding how many subjects or samples can feasibly
be studied well in a given study.

Translational

Ultimately, translating findings about the composition of lung
microbiota into knowledge about their behavior and role in
health or disease will require additional approaches. Determin-
ing how to cultivate as yet uncultured organisms would facilitate
further characterization about the genetics and function of spe-
cific bacterial species of interest. This also would enable evalu-
ation in vivo of whether an individual species or a collection of
species in the microbiota community are most relevant. Meta-
genomics enables obtaining information on all the genomes
present such that gene functions can be predicted. However,
this requires adequate reference databases, which for some organ-
isms are sparse. Metatranscriptomics aims to characterize the col-
lective functional gene expression profiles present, including
microbial and host. However, intrinsic challenges include the pre-
ponderance of rRNA that composes total RNA and the lack of
distinguishing features of mature mRNA in prokaryotes to facil-
itate their isolation for analysis (in contrast to the polyadenylation
present on the 3’ end of eukaryotic mRNA). These are active
areas of methodological research. Metabolomics represents an-
other potentially useful approach to examine phenotypic and or-
ganism-host environment relationships. For example, specific
small-molecule metabolites, which require gut microbiota for their
generation, have been mechanistically linked to cardiovascular
disease (52).

Finally, linking knowledge gained about the lung microbiota
to downstream outcomes on host disease or health requires
a potential shift in the usual view of approaching translational
research. Traditionally, this has been a linear view from basic sci-
ence, hypothesis-driven research to translational experiments and
subsequently clinical investigations. In the current era of micro-
biome studies, these links are more bidirectional between observa-
tional findings from surveying the microbiome and hypothesis-driven
basic science. For instance, hypotheses may be generated from
findings about the microbiome in clinical research studies and
then tested in animal models.

Recommendations

From the workshop, a number of issues were identified as most
important to address for the future of lung microbiome research
(Figure 1). These are summarized as follows:

1385

1. Challenges in lung sample collection, and recognition of
the potential for upper respiratory tract carryover as well as
environmental sources of admixture. Given the great sensi-
tivity of newer molecular tools for microbiota profiling, find-
ings are subject to potential confounding from representation
of organisms not necessarily derived from the lung or lower
airways. These issues are important to consider when design-
ing and performing lung microbiome studies.

2. Observational studies are necessary to continue to build
knowledge and reference about the types, abundance,
and distributions of microbial populations throughout
the human respiratory tract. Such studies are important
for hypothesis generation and for subsequent controlled
experiments or clinical intervention studies. The resultant
data also can be used to perform mechanistic experiments
to determine why observed clinical associations exist. Fo-
cus on a few targeted disease populations in which viral,
bacterial, and/or fungal organisms are likely to play a role
may initially be most useful. In this context, high-quality
molecular datasets of the microbiome could be obtained
from leveraging existing disease study cohorts rather than
development of new study cohorts.

3. Investigation of viral and fungal microbial communities in
the lungs, including their characterization and potential
interactions with other members of the microbiome and
host. Most of the focus in studies to date has been on
bacterial microbiota. Because specific viral and fungal
species are known to cause respiratory disease, further
knowledge of the viral and fungal microbiota is needed
and may yield important insights.

4. Development of noninvasive biomarkers of lung micro-
bial populations. Useful methodologies would include
ways to study lung microbial burden and measure rele-
vant biomarkers of the microbiome in airway samples
collected in a minimally invasive manner.

5. Development of noninvasive imaging techniques, new or
adapted from existing ones that might provide reliable spa-
tial maps of the lung microbiome. In addition, techniques
that could characterize the metabolic state of existing micro-
organisms in the lung microbiome would be useful.

6. Investigations of functional properties of the lung micro-
biome to better define consequences of perturbation of mi-
crobial communities and understand what constitutes
homeostasis or lack thereof. This might include transcrip-
tomic, metabolomic, or proteomic analysis of microbial pop-
ulations, in addition to comprehensive identification, and
could be accomplished through integration with genomic
and other “-omic” datasets in healthy and disease states.

7. Research on the gut-lung axis and the potential role that
gut microbial populations might play in the development of
respiratory disease. This might include metabolic disturban-
ces or autoimmune mechanisms that affect airway health.

8. Effective use of animal studies and other models to fur-
ther develop mechanistic understanding of respiratory
microbiome-host interactions suggested by descriptive
human studies.
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