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Preface

The human microbiome plays a crucial role in health and disease, which has cap-
tured the attention and fascination of many scientists, clinicians, and the interested 
public. Research on the topic has grown exponentially, but curiously less attention 
was paid early on to the potential influence of the microbiome in respiratory dis-
eases. This has changed dramatically and rapidly in recent years. We now have a 
solid foundation of knowledge coupled with a continually growing number of stud-
ies, which together are elucidating the impact and processes by which microbiota 
can shape a variety of respiratory diseases and their clinical outcomes.

Like many things in life and in academics, this book grew from serendipitous 
discussions and opportunity. When initially asked to consider developing this vol-
ume for the American Thoracic Society Respiratory Medicine book series, I viewed 
the inquiry as (a) evidence of wider recognition about the importance of understand-
ing the microbiome’s impact on respiratory disease, and (b) an opportunity to chan-
nel smaller-scale efforts that were ongoing at the time and create a larger resource 
for interested readers. The timing was also fortuitous, given crucial knowledge 
advances over the last decade. While the gut microbiome in general has garnered the 
most attention given its outsized microbial biomass, the field has blossomed with a 
now enriched understanding of the respiratory microbiome. Evidence has emerged 
that the distal lower airways are not wholly sterile, contrary to historical teaching. 
Furthermore, upper and lower airway microbiota are quite different, which has 
broad and potentially important implications for how they influence diseases affect-
ing respective niches in the respiratory system.

The purpose of this book is two-fold and organized as such. The first part (I) aims 
to provide a foundation in investigative approaches to the microbiome, from study 
design to technical considerations and computational analyses. Key issues and 
potential pitfalls that are somewhat unique to studying the respiratory microbiome 
are highlighted. The second part (II) presents application of such approaches to the 
study of specific respiratory diseases. We have included discussion of the upper 
airways/sinuses and also chronic and acute disease conditions. The chapters in this 
part aim to synthesize evidence from best-practice studies examining the associa-
tions or potential mechanisms by which microbiota influence respiratory disease.
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These days, research is more and more interdisciplinary, which is invaluable and 
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this book. I would like to thank Stavros Garantziotis, MD, at the National Institute 
of Environmental Health Sciences, who I called upon to serve as co-editor and 
unhesitatingly accepted the role. I also would like to express our gratitude to the 
contributing authors who dedicated time out of very busy schedules to lend their 
expertise. The book could not fulfill its purpose without their generosity. Lastly, I 
would like to thank Eugenia Judson and Margaret Moore at Springer publishing, 
who patiently supported this project from inception to finish (in the face of an 
untimely viral pandemic). We hope that the information summarized in this book 
serve as a foundation for next-step studies and perhaps attract new investigators into 
pursuing the next frontier of this exciting research area.

Yvonne J. Huang
Ann Arbor, MI, USA

Preface



vii

Contents

Part I  Principles and Tools of Respiratory Microbiome Investigation

 1   Approaches to Sampling the Respiratory Microbiome . . . . . . . . . . . .    3
Robert P. Dickson

 2   Concepts, Tools, and Methodologic Considerations  
for Lung Microbiome Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   21
John R. Erb-Downward

 3   The Rest Is Noise: Finding Signals in Lung Microbiome  
Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   35
Alba Boix-Amorós, Alison G. Lee, and Jose C. Clemente

Part II  Applications: Role of the Microbiome in Respiratory Disease

 4   Allergic Rhinitis and Chronic Rhinosinusitis . . . . . . . . . . . . . . . . . . . .   61
Kirsten M. Kloepfer, Arundeep Singh, and Vijay Ramakrishnan

 5   The Role of the Microbiome in Asthma Inception  
and Phenotype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   85
Steven R. White and Yvonne J. Huang

 6   Microbiome in Cystic Fibrosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  147
Lindsay J. Caverly, Lucas R. Hoffman, and Edith T. Zemanick

 7   Bronchiectasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  179
Micheál Mac Aogáin, James D. Chalmers,  
and Sanjay H. Chotirmall

 8   COPD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  199
Imran Sulaiman, Jun-Chieh J. Tsay, and Leopoldo N. Segal

 9   Idiopathic Pulmonary Fibrosis and Other Interstitial  
Lung Diseases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  215
Rachele Invernizzi, Stavros Garantziotis, and Philip L. Molyneaux



viii

 10   Immune Suppression in Lung Disease: Lung  
Transplantation and HIV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  225
John E. McGinniss, Eric Bernasconi, Homer L. Twigg III,  
and Alison Morris

 11   The Microbiome in Acute Lung Injury and ARDS . . . . . . . . . . . . . . .  261
Georgios D. Kitsios, Christopher Franz, and Bryan J. McVerry

  The Future: Knowledge Gaps and Priorities . . . . . . . . . . . . . . . . . . . . . . . .  291

  Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  295

Contents



ix

List of Contributors

Micheál  Mac  Aogáin Department of Biochemistry, St. James’s Hospital and 
School of Medicine, Trinity College Dublin, Dublin, Ireland

Eric Bernasconi Service of Pulmonary Medicine, Lausanne University Hospital 
and University of Lausanne, Lausanne, Switzerland

Alba Boix-Amorós Department of Genetics and Genomic Sciences, Icahn School 
of Medicine at Mount Sinai, New York, NY, USA

Lindsay  J.  Caverly Department of Pediatrics, University of Michigan Medical 
School, Ann Arbor, MI, USA

James  D.  Chalmers School of Medicine, University of Dundee, Ninewells 
Hospital and Medical School, Dundee, Scotland, UK

Sanjay  H.  Chotirmall Lee Kong Chian School of Medicine, Nanyang 
Technological University, Singapore, Singapore

Jose C. Clemente Department of Genetics and Genomic Sciences, Icahn School of 
Medicine at Mount Sinai, New York, NY, USA

Immunology Institute, Icahn School of Medicine at Mount Sinai, New York, NY, USA

Robert P. Dickson Division of Pulmonary and Critical Care Medicine, Department 
of Internal Medicine, University of Michigan Medical School, Ann Arbor, MI, USA

Department of Microbiology and Immunology, University of Michigan Medical 
School, Ann Arbor, MI, USA

Michigan Center for Integrative Research in Critical Care, University of Michigan, 
Ann Arbor, MI, USA

John  R.  Erb-Downward Division of Pulmonary and Critical Care Medicine, 
Department of Internal Medicine, University of Michigan, Ann Arbor, MI, USA

Christopher Franz Division of Pulmonary, Allergy and Critical Care Medicine, 
Department of Medicine, University of Pittsburgh Medical Center, 
Pittsburgh, PA, USA



x

Stavros  Garantziotis Division of Intramural Research, National Institute of 
Environmental Health Sciences, Research Triangle Park, NC, USA

Lucas  R.  Hoffman Departments of Pediatrics and Microbiology, University of 
Washington, Seattle, WA, USA

Yvonne J. Huang Division of Pulmonary/Critical Care Medicine, Department of 
Internal Medicine; and Department of Microbiology/Immunology, University of 
Michigan, Ann Arbor, MI, USA

Rachele Invernizzi Broad Institute of MIT & Harvard, Cambridge, MA, USA

Georgios D. Kitsios Division of Pulmonary, Allergy and Critical Care Medicine, 
Department of Medicine, University of Pittsburgh School of Medicine and 
University of Pittsburgh Medical Center, Pittsburgh, PA, USA

Center for Medicine and the Microbiome, University of Pittsburgh, 
Pittsburgh, PA, USA

Kirsten  M.  Kloepfer Division of Pulmonary, Allergy and Sleep Medicine, 
Department of Pediatrics, Indiana University School of Medicine, 
Indianapolis, IN, USA

Alison G. Lee Division of Pulmonary, Critical Care and Sleep Medicine, Icahn 
School of Medicine at Mount Sinai, New York, NY, USA

John E. McGinniss Division of Pulmonary, Allergy, and Critical Care Medicine, 
Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA, USA

Bryan J. McVerry Division of Pulmonary, Allergy and Critical Care Medicine, 
Department of Medicine, University of Pittsburgh School of Medicine and 
University of Pittsburgh Medical Center, Pittsburgh, PA, USA

Center for Medicine and the Microbiome, University of Pittsburgh, 
Pittsburgh, PA, USA

Philip  L.  Molyneaux National Heart and Lung Institute, Imperial College, 
London, UK

Royal Brompton Hospital, London, UK

Alison  Morris Division of Pulmonary, Allergy, and Critical Care Medicine, 
University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

Department of Immunology, University of Pittsburgh School of Medicine, 
Pittsburgh, PA, USA

Center for Medicine and the Microbiome, University of Pittsburgh School of 
Medicine, Pittsburgh, PA, USA

Vijay  Ramakrishnan Department of Otolaryngology-Head and Neck Surgery, 
University of Colorado School of Medicine, Aurora, CO, USA

List of Contributors



xi

Leopoldo  N.  Segal Division of Pulmonary, Critical Care, and Sleep Medicine, 
Department of Medicine, New York University School of Medicine, New 
York, NY, USA

Arundeep Singh Indiana University School of Medicine, Indianapolis, IN, USA

Imran  Sulaiman Division of Pulmonary, Critical Care, and Sleep Medicine, 
Department of Medicine, New York University School of Medicine, New 
York, NY, USA

Division of Pulmonary, Critical Care, and Sleep Medicine, Department of Medicine, 
Beaumont Hospital, Dublin, Ireland

Jun-Chieh  J.  Tsay Division of Pulmonary, Critical Care, and Sleep Medicine, 
Department of Medicine, New York University School of Medicine, New 
York, NY, USA

Homer L. Twigg III Division of Pulmonary, Critical Care, Sleep, and Occupational 
Medicine, Indiana University Medical Center, Indianapolis, IN, USA

Steven R. White Department of Medicine, University of Chicago, Chicago, IL, USA

Edith T. Zemanick Department of Pediatrics, University of Colorado Anschutz 
Medical Campus, Aurora, CO, USA

List of Contributors



Part I
Principles and Tools of Respiratory 

Microbiome Investigation



3© The Editor(s) (if applicable) and The Author(s), under exclusive license to 
Springer Nature Switzerland AG 2022
Y. J. Huang, S. Garantziotis (eds.), The Microbiome in Respiratory Disease, 
Respiratory Medicine, https://doi.org/10.1007/978-3-030-87104-8_1

Chapter 1
Approaches to Sampling the Respiratory 
Microbiome

Robert P. Dickson

 Introduction

Despite sustained and growing interest in lung microbiome research in the past 
decade, and despite accumulating evidence that lung immunity and pathophysiol-
ogy are calibrated by local interactions with lung microbiota [1, 2], the broader 
human microbiome field has remained dominated by gut microbiome studies. A 
major driver of this difference is the comparative ease of sampling lower gastroin-
testinal specimens (via stool or rectal swabs) as compared to the intrinsic difficulties 
of sampling the lower respiratory tract. While sampling of the gut microbiome is 
fraught with its own (often overlooked) methodological challenges (e.g. the variable 
bacterial density of rectal swabs, discordance between the communities detected in 
stool and those detected in colonic and cecal specimens [3–5], the confounding 
influence of unmeasured factors such as colonic transit time [6]), the issue of accu-
rately sampling the respiratory microbiome has been a central concern since the 
dawn of the field [7–9].

The unique challenges of sampling the respiratory microbiome stem from the 
unique anatomy and ecology of the respiratory tract as compared to the relative 
simplicity of the gut. Whereas the gut is essentially a single long lumen, the lungs 
represent a fractally dividing tree, with airways expanding to the 70 m2 surface area 
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of alveoli [10]. Whereas bacterial transit thorugh the gut is relatively simple and 
unidirectional (cranial to caudal), bacterial movement in the lungs is bidirectional 
and tidal: a constant trickle of microbial immigration via microaspiration and inha-
lation [11], a steady efflux via mucociliary clearance and cough [12–14]. The ana-
tomic site of interest in the respiratory tract is highly contingent on the disease 
process being studied: whereas alveolar sampling may be crucial for interstitial and 
alveolar processes such as fibrotic lung disease [15–17] and acute lung injury [18, 
19], airway sampling (via protected brushings) may be more biologically appropri-
ate for airway diseases such as asthma [20, 21]. There is simply no “gold standard” 
specimen for studying the respiratory microbiome, as the sampling approach much 
be tailored to the question at hand, balancing practical considerations (e.g. need for 
sedation, invasiveness of approach) with those related to anatomy (which site is 
most pertinent to the disease process in question?) and procedural concerns (what is 
the microbial biomass of the specimen and how vulnerable is it to sequencing 
contamination?).

This chapter will provide an overview of commonly used sampling approaches 
for studying the respiratory microbiome. Advantages and limitations of each will be 
discussed, and practical advice for distinguishing signal from noise will be provided.

 Our Evolving Understanding of the Bacterial Topography 
of the Respiratory Tract

Thoughtful selection of sampling strategy must be informed by an understanding of 
the unique microbial ecology of the respiratory tract and the recent revolution in our 
understanding of it. For roughly a century [13], the dogma that “the normal lung is 
free from bacteria” was promulgated (usually without citation) in textbooks [22]. 
Yet in the earliest published studies of lung microbiology, published in the decades 
following the dawn of germ theory (1898–1929), investigators actually reported that 
viable bacteria could be cultured from the lungs of humans and large animals [23, 
24], that lung bacteria in animals resembled the microbial content of nearby bed-
ding and hay [25], that thousands of viable bacteria are inhaled each hour [26], and 
that subclinical microaspiration of upper airway secretions is common among 
healthy adults [27]. Before the dogma of lung sterility took hold, the working theory 
was instead that lungs are under constant exposure to the microorganisms of inhaled 
air and the upper respiratory tract [25].

Three common conceptual errors gave rise to the misperception of lung sterility. 
Firstly, investigators misapplied and misinterpreted clinical microbiology testing. 
Culture-based protocols used in clinical microbiology laboratories were never 
meant to detect the normal respiratory bacteria present in health, but rather the high 
quantities of pathogenic bacteria present during acute infections. These protocols 
disadvantage growth of anaerobes and bacteria with optimal growth temperatures 
below 37°C, which encompasses much of the bacteria now routinely detected in 
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lower respiratory tract specimens. Identification of pharyngeal-associated taxa is 
routinely dismissed as “oral contamination” or not reported. Yet when a variety of 
culture conditions are applied to lung specimens from healthy subjects, more than 
60% of taxonomic groups identified by sequencing can be identified by culture [28].

A second conceptual error that contributed to confusion regarding lung sterility 
was the inappropriate conflation of the ideas of “ecological contiguity” and “con-
tamination.” Considerable taxonomic overlap exists between the bacteria detected 
in sterilely obtained lower respiratory tract specimens and those of the oropharynx 
[28, 29]. This should be unsurprising, as the lungs are in direct mucosal communi-
cation with the upper respiratory tract, which serves as their primary source of 
microbial immigration in health. Likewise, the mucociliary escalator is constantly 
transporting lower respiratory tract bacteria (and their DNA) cranially to the phar-
ynx so that they may be swallowed or expectorated. Yet despite these anatomic 
considerations, the presence of pharynx-associated taxa in lower respiratory tract 
specimens was inappropriately dismissed as “contamination.” As a parallel com-
parison, gastric microbiota more strongly resemble pharyngeal microbiota than do 
lung microbiota from the same subjects [14], yet their identity is never dismissed as 
mere contamination.

The third conceptual error was the confusion of “absence of resident microbiota” 
with sterility. We have known since the 1920s that the lungs are under constant 
bombardment by bacteria from inhaled air [30] and subclinical microaspiration of 
oropharyngeal contents [11, 27, 31, 32]. We have also known that these bacteria are 
subject to constant turnover thanks to our innate and adaptive host defenses and the 
mucociliary escalator. Yet the absence of resident, reproducing bacteria (such as we 
expect in the lower gut) is not at all equivalent to sterility: microbial and non- 
microbial communities can be defined exclusively by the balance of immigration 
and elimination [12, 33, 34], even if we were to assume the absence of resident, 
reproducing “colonizers.” Claiming that healthy lungs are “free of bacteria” because 
they lack resident, reproducing communities would be equivalent to saying that col-
lege campuses or nursing homes are “free of humans” because no on-site reproduc-
tion of their population occurs. Experimental human and animal studies in the past 
decade have confirmed that however transient lung microbiota may be in health, 
they exert a biologically significant impact on the lung immune response [1, 2, 35].

We now know that healthy lung bacteria, measured by quantification of bacterial 
DNA, are roughly 100-fold lower in concentration than oral bacteria [14], which in 
turn are orders of magnitude less dense than lower gut bacteria. Yet this small bacte-
rial burden is roughly 100-fold greater than the DNA present in reagent control 
specimens [14]. Lung microbiota appear to be more dynamic and less temporally 
stable than lower gut microbiota: while no human study to date has compared serial 
lung microbiome specimens in healthy volunteers, animal studies (equine and 
murine) reveal that lung communities are rapidly influenced by changes in environ-
ment [2, 36], more so than concurrently sampled lower gut communities [2]. A 
recent human study revealed the first evidence to date that the “microbiome of the 
built environment” exerts an influence on the community composition of lower 
respiratory tract microbiota [37, 38]. Bacterial density (and similarity of 
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communities to pharyngeal microbiota) is greater at the main carina than in more 
proximal or distal airway mucosa [12], likely reflecting the gravitational influence 
of subclinical microaspiration in healthy (upright) humans. While spatial variation 
has been reported in lung bacterial communities of patients with advanced lung 
disease [8], spatial composition of bacterial communities within the lungs of healthy 
volunteers is relatively homogeneous [39]. Intra-subject variation (communities 
within the lungs of healthy volunteers) is far less than inter-subject variation (com-
munities collected at the same anatomic site across different volunteers) [39]. In 
their community composition, lung bacteria of healthy volunteers resemble oropha-
ryngeal communities, whether sampled via sputum, bronchoalveolar lavage, or pro-
tected specimen brushing [7, 12, 28, 40]. This similarity between lung and 
pharyngeal microbiota is stronger than in humans than in mice and horses [2, 36], 
reflecting our unique respiratory anatomy (with a reservoir of microbiota - the oro-
pharynx - positioned gravitationally above our larynx and distal airways).

 Sources of “Noise” in Sampling the Respiratory Microbiome

Put broadly, there are two main sources of false signal in respiratory microbiome 
studies: sampling contamination (e.g. contamination of lower respiratory tract spec-
imens by upper respiratory tract microbiota introduced via the sampling process) 
and sequencing contamination (e.g. bacterial DNA present in laboratory reagents). 
Given the stark gradient in bacterial density present in the respiratory tract (greatest 
in the pharynx and lowest in the alveoli), sampling strategies are often faced with a 
trade-off between the two: high-biomass specimens such as sputum are less vulner-
able to sequencing contamination but more vulnerable to sampling contamination 
attributable to pharyngeal microbiota, whereas low biomass specimens such as 
bronchoalveolar lavage are less vulnerable to sampling contamination but more vul-
nerable to sequencing (reagent) contamination. The two concerns must be balanced 
with the scientific question motivating the study (i.e. what is the anatomic site of 
interest), as well as practicalities such as cost, convenience, and patient safety.

Sampling Contamination Passage of lower respiratory tract specimens through 
the upper respiratory tract introduces the risk of contamination via pharyngeal bac-
teria. Yet rigorously controlled bronchoscopic studies have demonstrated that pha-
ryngeal bacteria exert minimal influence on bronchoalveolar lavage and protected 
specimen brushing specimens [12, 39], so long as appropriate precautions are used 
(e.g. minimizing suction through the main channel prior to lavage). Sputum, of 
course, inevitably contains an admixture of upper and lower respiratory tract micro-
biota, though the relative distribution of the two is highly contingent on volume, 
technique, and patients’ ability to clear their own airway secretions. While surgical 
excision of lung tissue bypasses the upper respiratory tract and in principle should 
avoid pharyngeal contamination, the sedation and endotracheal intubation of surgi-
cal procedures introduces a risk of peri-intubation aspiration of pharyngeal con-
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tents. Thus while sampling contamination can be minimized, its exclusion cannot 
be guaranteed even under optimal sampling conditions.

While both sampling contamination and sequencing contamination are major 
methodological challenges, neither has prevented the field from generating findings 
that are microbiologically coherent, clinically and biologically significant, and 
reproducible across laboratories and approaches. While specific details of sampling 
strategies are discussed below, common features of study design apply regardless of 
specimen type [41]: minimize systematic bias both in sampling and processing of 
specimens; include copious negative controls (both procedural and sequencing); 
transparently report all sequencing results, including those of negative controls; 
confirm the reality of key findings via contextual plausibility, reproduced experi-
ments, and validation using complementary assays.

 Commonly Used Approaches to Sampling 
the Respiratory Microbiome

 Bronchoalveolar Lavage

While more invasive, expensive, and time-consuming than collection of sputum, 
bronchoalveolar lavage offers numerous advantages as a strategy for sampling the 
lower respiratory tract. While theoretically vulnerable to sampling contamination 
due to passage via the upper respiratory tract, multiple studies have provided reas-
suring evidence that the actual risk of pharyngeal contamination via bronchoscopy 
is minor. “Bronchoscope contamination controls” (protected specimen brushes 
passed through the bronchoscope channel into the empty airway lumen without 
touching the airway walls) are indistinguishable in their bacterial burden and com-
munity composition from negative control specimens [12], indicating that the 
microbial signal detected in subsequent lavage specimens is not attributable to pha-
ryngeal contamination. When serial lavages are performed during the same bron-
choscopy, there is no decay in bacterial signal (as would be expected if each 
subsequent lavage was diluting the fixed signal introduced via pharyngeal contami-
nation) [12, 35, 39]. Despite the divergent microbiota of the mouth and nose, the 
route of bronchoscope insertion (oral vs. nasal) has no detectable influence on BAL 
microbiota [29, 33, 42]. Finally, bronchoscopically detected microbial communities 
have unambiguous correlative significance: their burden and community structure 
correlate with variation in alveolar immunity [1, 35] and gene expression [43] and 
are predictive of disease outcome [18, 44, 45].

Bronchoalveolar lavage typically requires conscious sedation as well as topical 
anesthesia of the upper respiratory tract. The scope is advanced via the mouth or 
nose through the larynx, then “wedged” in an airway at a segmental or subsegmen-
tal orifice. Sterile saline is instilled and then suctioned. Bronchoalveolar lavage 
samples not merely the distal alveoli but also the mucosal surface of all small 
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airways distal to the wedged bronchoscope. The volume of returned lavage fluid is 
highly variable, which introduces a potential source of procedural variation to 
microbiome analysis. This variation is offset by two aspects of commonly used 
microbiome analyses: (1) relative abundance data in microbiome studies is compo-
sitional rather than absolute (and thus not influenced by absolute differences) and 
(2) variation in bacterial DNA burden across specimens is far greater than relative 
variation in lavage volumes (e.g. 100- to 1000-fold variation in bacterial burden vs. 
twofold to fivefold variation in lavage return) [14, 46]. Suctioning should be avoided 
until the time of lavage in order to minimize contamination of the sampling channel. 
The most commonly sampled anatomic site is the right middle lobe, though (as 
discussed above) intra-subject variation in bacterial communities is significantly 
less than that of inter-subject variation [39]. A single lavage per volunteer/patient 
has been considered adequate for bronchoscopic lung microbiome studies to date. 
While the volume of instilled saline is variable across practitioners, our practice is 
to use serial 40 mL aliquots of saline (generally up to 120 mL) until roughly 20 mL 
of lavage fluid is returned. “Whole” bronchoalveolar lavage fluid (which has not 
been clarified with a low-speed, short-duration centrifugation cell-removal step) is 
the most commonly used bronchoalveolar lavage specimen, though use of acellular 
fluid is acceptable and has been successfully used [1, 18]. The cell removal step 
does alter detected community composition and decreases the diversity of detected 
bacteria, and cell-free bronchoalveolar lavage fluid is likely at heightened risk of 
sequencing contamination [47, 48].

Procedural control specimens should be collected at the time of bronchoscopy 
and included as controls for sequencing and quantification. For human and large 
animal bronchoscopic studies, we routinely collect oral rinse, nasal rinse or swab, 
sterile (unlavaged) saline, and scope rinse (saline instilled through the pre-lavage 
bronchoscope). The bacterial burden of scope rinse specimens is extremely small, 
and the risk of scope contamination across patients/volunteers is theoretical and has 
not been demonstrated. This theoretical risk can be obviated via the use of single- 
use, disposable bronchoscopes, though it has not been established that this is 
necessary.

 Protected Specimen Brushing

Another bronchoscopic approach that has been used effectively in microbiome stud-
ies is protected specimen brushing. Similar bronchoscopic technique is used as in 
bronchoalveolar lavage, but rather than wedging the scope, a sterile brush enclosed 
in a protective sheath is advanced through the bronchoscope and only exposed 
moments before sampling [49]. Whereas bronchoalveolar lavage samples distal 
alveoli (evidenced by the return of alveolar macrophages), protected specimen 
brushing provides direct mucosal sampling of the airways. This has proven useful in 
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the study of airway diseases such as asthma [7, 20, 50]. The surface area sampled by 
a single protected specimen brush is far less than that sampled by bronchoalveolar 
lavage, resulting in predictably lower bacterial load [12], and added caution should 
be taken to address sequencing contamination (discussed above).

 Sputum

Sputum is probably the most commonly used specimen in respiratory microbiome 
studies, and is especially common in chronic airway diseases such as cystic fibrosis, 
bronchiectasis, and COPD. Advantages to sputum over bronchoscopic specimens 
include its low cost, the ability to compare serially collected specimens from the 
same subject, and the lack of need for sedation or anesthesia. Additionally, culture- 
based analysis of sputum has been a hallmark of respiratory microbiology for 
decades, providing abundant clinical context for culture-independent findings.

A central and unresolved controversy in the field has been how representative 
sputum specimens are of lower respiratory tract microbiota given the predictable 
admixture of salivary and pharyngeal microbiota with lower respiratory tract secre-
tions. While communities detected in concurrently sampled sputum and lower 
respiratory tract microbiota differ in their community composition [51], sputum 
communities do consistently differ from concurrently sampled oral wash specimens 
[52]. While the relative representation of lower respiratory tract microbiota in spu-
tum is variable across specimens and impossible to quantify, bacterial communities 
detected in sputum have been successfully correlated with important clinical fea-
tures such as severity of airway obstruction [53, 54], intensity of airway inflamma-
tion [53, 55], response to viral infection [56], frequency of subsequent exacerbations 
[57, 58], and mortality [59]. Whereas clinical microbiology protocols typically have 
a quality threshold for ensuring the lower respiratory tract origin of sputum speci-
mens (e.g. absence of squamous epithelial cells), no consensus has emerged for 
sequencing-based characterization. Not all patients with airway disease routinely 
produce sputum, and induction using nebulized saline has been used successfully 
[56, 60]. The sputum induction process does introduce potential sources of sam-
pling and sequencing variation, and it is unwise to directly compare induced and 
expectorated sputum specimens in the same study without considering this potential 
source of confounding and bias [61–63].

An important difference between sputum and bronchoalveolar lavage specimens 
is sputum’s viscosity, which can impede efforts to pipette and extract 
DNA. Commercially available additives can be used to facilitate processing, includ-
ing dithiothreitol and lysostaphin. These techniques can introduce taxonomic bias 
to sequencing results [64, 65]. While acceptable (and commonly used), these 
approaches should be used consistently across specimens within a given analysis to 
avoid false grouping due to a batch effect of procedural variation.

1 Approaches to Sampling the Respiratory Microbiome
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 Tracheal Aspirate

A sampling strategy uniquely applicable to mechanically ventilated patients (in 
intensive care units or operating rooms) is the use of tracheal aspirates. This tech-
nique is performed using suctioning via patients’ endotracheal tube, and represents 
a safe, repeatable, and inexpensive means of accessing the lower respiratory tract. 
Unlike bronchoalveolar lavage (which is used clinically for specific diagnostic and 
therapeutic purposes and typically requires additional consent on the part of patients 
and their surrogates), collection of tracheal aspirates is generally considered a rou-
tine element of ICU care and introduces no additional risk or cost beyond standard 
practice. While tracheal aspirates do not access the alveolar space (as does bron-
choalveolar lavage), they do provide an accessible opportunity to study an admix-
ture of lower and upper respiratory tract microbiota that has proven useful for the 
study of the dynamics of respiratory microbiota in critically ill patients, with 
established correlative and prognostic significance [66–68]. As an example of 
cross- specimen coherence, a near-identical taxonomic group (an Enterobacteriaceae-
classified operational taxonomic unit) has been associated with the acute respiratory 
distress syndrome in studies using both endotracheal aspirates [67] and miniature 
bronchoalveolar lavage specimens [18]. A key advantage to this approach is the 
ability to sample repeatedly in the same subject, permitting longitudinal assessment 
of respiratory microbiota. Whereas tracheal aspirates perform similarly to bron-
choalveolar lavage specimens in the clinical (culture-based) diagnosis of ventilator-
associated pneumonia [69], no study to date using microbiome methods has directly 
compared communities in paired bronchoalveolar lavage and tracheal aspirates 
from the same patients.

 Upper Respiratory Tract Swabs

Several studies have used swabs of the posterior nasopharynx or throat to character-
ize respiratory microbiota [70–72]. These specimens have mainly been restricted to 
the study of microbiota in children, who typically cannot produce sputum on 
demand and are infrequently studied using bronchoscopy. There is considerable 
clinical precedent for the use of throat and pharyngeal swabs for detection of patho-
gens in cystic fibrosis and suspected viral infections. While these specimens do not 
sample lower respiratory tract microbiota, their use can be supported given the eco-
logic contiguity of the lower and upper respiratory tract, the continual passage of 
lower respiratory tract microbiota to the upper respiratory tract via mucociliary 
clearance, and the predilection of many lower respiratory tract pathogens to colo-
nize the upper respiratory tract prior to infection. Like sputum and tracheal aspi-
rates, swabs are inexpensive and repeatable, facilitating longitudinal study of the 
same subjects. Swabs should not be assumed to be high-biomass, and appropriate 
precautions should be taken to minimize and account for sampling and sequencing 
contamination [73].
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 Surgically Resected and Explanted Lung Tissue

At first blush, surgically excised lung tissue may seem like a “gold standard” 
approach to sampling the lower respiratory tract given the unique opportunity to 
bypass the upper respiratory tract (theoretically side-stepping concerns of sam-
pling contamination). Yet this sampling approach has multiple limitations, both 
practical and methodological: (1) patients undergoing lung resection uniformly 
receive prophylactic antibiotics prior to surgery [74, 75], which alters lung micro-
biota even in healthy subjects [2]; (2) lung resections require general anesthesia 
and endotracheal intubation, introducing the risk of periprocedural aspiration of 
pharyngeal microbiota; (3) lung resections are rarely, if ever, performed on patients 
with normal lungs, and often have more than one concurrent pulmonary process 
(e.g. lung cancer and chronic obstructive pulmonary disease); (4) even moderately 
sized tissue snips are predominantly comprised of interstitium and contain small 
alveolar and airway surface area (which is well-sampled by bronchoalveolar 
lavage); (5) many fixatives used in the preservation of lung tissue (such as formal-
dehyde) degrade DNA [76]; (6) the cost and risk of surgical excision preclude 
sampling in any setting other than clinically indicated procedures. For these rea-
sons, and despite its theoretical advantages, resected lung tissue has only uncom-
monly been used in lung microbiome studies [77–79]. A more commonly used 
approach has been via sampling of explanted lung tissue, most often from patients 
undergoing lung transplantation for end-stage lung disease [8, 44, 77, 79–82]. 
While many of the above caveats still apply, the explantation of whole lungs per-
mits controlled, serial sampling across the entire biogeography of the airways and 
alveoli.

 Uncommonly Used Noninvasive Sampling Approaches

Though host- and pathogen-derived volatile organic compounds can be detected in 
exhaled breath [83, 84], and while host-derived biomolecules can be quantified in 
exhaled breath condensate [85], to date no study has convincingly showed that 
exhaled breath (or its condensate) contains sufficient bacterial DNA for microbiome 
analysis. A dedicated study found that bacterial DNA in exhaled breath condensate 
is indistinguishable from that of reagent control specimens, and varies across speci-
men replicates (reflecting the under-appreciated influence of sequencing stochastic-
ity as a source of false signal) [86]. Similarly, a sheep study demonstrated that 
exhaled breath condensate contains far less bacterial DNA than matched protected 
specimen brushings, with taxonomically divergent taxa [87]. While ventilator expi-
ratory circuit filters (including heat and moisture exchange filters) contain bacterial 
DNA reflective of culture-identified pathogens in ventilator-associated pneumonia 
[88], their utility in non-pneumonia conditions (in which lung bacterial biomass is 
considerably lower) has yet to be established.

1 Approaches to Sampling the Respiratory Microbiome
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 Sampling the Respiratory Microbiome in Animal Experiments

Though still lagging behind human respiratory microbiome studies and gut micro-
biome animal studies, numerous studies have begun to use animal models to inter-
rogate the host–microbiome interface within the respiratory tract. Animal studies 
using modeling of lung microbiota have been published using mice [2, 19, 89–100], 
monkeys [101], sheep [102, 103], pigs [104, 105], and horses [36]. While poten-
tially powerful in answering questions that would be impossible or impractical to 
study in humans (e.g. controlled exposures and disease models, definitive sampling 
of matched tissues from the same animal, control over host genomics), animal mod-
els of respiratory microbiota have intrinsic limitations, largely due to anatomic, 
physiologic, and microbiologic differences across species. Yet animal modeling in 
gut microbiome studies has proven fruitful, and the ability to control animal micro-
biota using germ-free and gnotobiotic facilities can address some cross-species 
limitations. In fact, several prominent and provocative recent studies have suggested 
that the immune systems of conventional laboratory mice are “humanized” via res-
toration of their microbiota to that of wild (non-laboratory) mice [106–108]. Thus 
failure to address variation in microbiota (both gut and lung) is likely already 
latently confounding non-microbiome animal studies.

For large animal studies, the same approaches discussed above for human studies 
should be considered. Porcine and simian models have been used as to model of 
human disease [101], and sheep have been used to study lung microbiome biogeog-
raphy and to test whether exhaled breath condensate can be used as a specimen for 
lung microbiota [87, 102, 103]. Adult horses have been studied to determine the 
influence of environmental microbiota on the community composition of the lung 
microbiome [36].

In contrast, unique considerations apply to study of murine lung microbiota. 
Murine lungs are extremely small (~0.2 g) compared to human lungs (~1300 g), and 
thus contain even less microbial biomass than already-low human specimens. While 
several studies of bronchoalveolar lavage of murine lungs have been published [89, 
94, 96], most murine lung microbiome studies have used homogenized lung tissue. 
The taxa identified in lavage fluid and homogenized lung tissue differ from each 
other [89], attributable likely both to differences in total bacterial biomass as well as 
which compartment is being sampled. Some groups have pooled multiple speci-
mens when reporting murine lavage fluid data [96], which increases bacterial bio-
mass but precludes analysis of specimen-to-specimen variation. Our practice is to 
use homogenized lung tissue (using at least one complete lung) for each mouse, an 
approach that reliably yields bacterial signal distinct from that of negative controls 
and correlated with variation in host innate immunity [2]. In a direct comparison of 
whole lung tissue and bronchoalveolar lavage fluid from mice, whole lung tissue 
contained more bacterial DNA and had distinct community composition relative to 
negative control specimens when compared to lavage fluid, while bacterial DNA 
detected in lavage fluid was minimally different from those of procedural, reagent, 
and sequencing controls [109]. Murine studies are highly vulnerable to the 
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confounding influence of cohousing, attributable in part to coprophagy as well as 
the shared influence of microbiota in bedding and chow. The lung microbiota of 
healthy adult mice cluster by their environment (by cage, by shipment, and by ven-
dor), and lung microbiota from different vendors converge when cohoused [2]. Thus 
whenever possible, mice should not be housed according to experimental exposure, 
as invariably the “batch effect” of cohousing will confound analysis of the effect of 
the exposure on lung microbiota.

 Summary

Numerous sampling approaches for studying the respiratory microbiome have 
proven useful, yet no single specimen type is without limitations. Investigators 
should tailor their sampling strategy to the scientific question at hand, which 
includes consideration of anatomic site of interest, relative risk of sampling and 
sequencing contamination, and practicalities such as cost and safety. Thoughtful 
collection and analysis of sampling and sequencing controls will facilitate 
 downstream discrimination of signal and noise in sequencing-generated microbi-
ome data.
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Chapter 2
Concepts, Tools, and Methodologic 
Considerations for Lung Microbiome 
Research

John R. Erb-Downward

 Culture-Independent Microbiology and the New Microbial 
Tree of Life

In 1977 Carl Woese and George Fox changed our understanding of how cells 
evolved (1). Studying the low sedimentation rate fragment of the ribosome (the 16S 
rRNA from the prokaryotes and the 18S rRNA from the eukaryotes), they cataloged 
sequences from multiple prokaryotic and eukaryotic organisms. When they com-
pared them, they found that the evolutionary tree had not two main Domains, but 
three, which we now know to be Bacteria, Archea, and Eukaryota. What is more, 
this new branch was more closely related to eukaryotic organisms than bacteria. We 
now know that the bacterial 16S rRNA molecule was perfect for this study, as it is a 
ubiquitous molecule, about 1500 basepairs in length, composed of regions that are 
relatively constant in all bacterial phyla and nine variable regions where the 
sequences vary greatly between individual bacterial species. Soon after, with the 
invention of PCR and the molecular revolution that followed, it was realized that 
this molecule could be used to identify lineages of bacteria without the need of 
phenotypic characterization; thus, culture-independent microbiology was born. To 
date, 16S rRNA gene characterization has been the principal workhorse in the study 
of the bacterial component of various microbiomes. The lung holds a special place 
amongst these microbiomes because it was believed to be sterile for so long and 
without culture-independent techniques, most people would still believe that was 
the case. In the sections that follow we will discuss the tools, techniques, and meth-
odologic considerations that have been employed in the characterization of microbes 
in the lung.
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 Clinical Microbiology Labs

Of all the enterprises studying microbes in the lung, the clinical microbiology lab 
has been doing it the longest. When we talk about studying the lung microbiome, 
the clinical microbiology lab is often skipped over because of the difference in 
focus, but it is worth discussing what they do and how they do it because their 
results shaped over a century of believing that the lungs were a sterile site within the 
body. Clinical microbiology labs focus on the identification of pathogens from clini-
cal samples. As such, the techniques that are generally employed focus on identifi-
cation of single organisms. Primary among the techniques employed has been 
bacterial culture, though there has been a shift in more recent years to molecular 
techniques.

Culture For the vast majority of the twentieth century the tools of bacterial analy-
sis were culture and a microscope. Bacterial culture methods are by far the most 
common and properly performed, precise methods used for bacterial identification. 
The ability to selectively enrich the presence of specific members of a microbial 
community through careful control of metabolic resources or environmental 
growth conditions makes culture the gold standard for determining whether a bac-
terium is living in an environment. That said, the converse is not true: if a bacte-
rium does not grow when cultured, then it did not exist in the environment. The 
fallacy of this line of thinking is that the exacting growth requirements for many 
species of bacteria cause culture to have an extremely high false negative rate, 
unless the conditions for growth are known. This has had a tremendous impact in 
the study of the lung microbiota because frequent results from healthy individuals 
were no growth in culture or the growth of bacteria associated with the oral cavity 
(believed to be procedural contamination). Thus, the myth of the sterile lung was 
created and perpetuated.

MALDI-TOF Beginning with the culturing microorganisms from a clinical sam-
ple, many labs utilize mass spectroscopy to identify microbes. Matrix-assisted 
laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry works 
by overlaying a sample containing >105 Colony Forming Units (CFU) of the 
microbe of interest with matrix which is then subjected to soft ionization using a 
UV-laser. This enables analysis of large biomolecules and produces a pattern of 
protein masses from the sample. These patterns are then matched to a pattern in a 
database of known microbes (2). Provided sufficient cells can be cultured, this 
provides an efficient and cost-effective means of microbial identification. PCR-
based molecular tests for specific pathogens have also found their way into com-
mon practice, but again the purpose of these assays is to identify a pathogenic 
microbe within the lungs, not characterize what is thought of as the lung 
microbiome.
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 Community Characterization with the 16S rRNA Gene

Techniques that involve using the 16S rRNA gene for microbial identification 
broadly fall into two classes: community characterization and individual identifica-
tion. The former represent methods that first PCR amplify the 16S rRNA genes in a 
sample, then fragment them using restriction enzymes to reveal fragment patterns 
which amount to fingerprints of the microbial community. Individual identification 
methods, like it sounds, allow one to isolate a specific sequence and use specific 
portions of the sequence (in combination with large databases) to give a taxonomic 
identity to the organism from which the sequence originated. This can be done via 
sequencing or hybridization. Oftentimes the bacteria don’t have a good representa-
tion within the databases. To get around this problem, sequences are frequently 
given temporary, or operational, taxonomies. That is to say sequences are put 
together with other sequences that look similar, and the bin containing those 
sequences is given a number. Comparisons can then be made between the various 
bins to learn more about individuals and their community. The details of analysis 
methods will be discussed in future chapters. In this section we will focus on meth-
ods for acquiring information about our microbiomes.

DGGE and TGGE Some of the earlier methods of community characterization 
were denaturing gradient gel electrophoresis (DGGE) (3) and temperature gradient 
gel electrophoresis (TGGE) (4). The principle behind these techniques is that small 
fragments of DNA run on an acrylimide gel across a gradient of either increasing 
denaturant, or increasing temperature, will produce bands which can differentiate 
single base pair differences between fragments. A short time after this discovery, it 
was realized that 16S rRNA gene fragments could also be separated from each other 
in this way (5) and that this pattern, or fingerprint, could be used to characterize 
even very complex bacterial communities. Furthermore, individual species could be 
identified by running isolates along with the community samples. The principal 
drawbacks of these methods were that they were very operator-dependent, and 
results between runs could be difficult to quantitatively compare (6, 7).

T-RFLP Terminal restriction fragment length polymorphism (T-RFLP) is a method 
that employed the automated and more reproducible nature of capillary sequencers 
to determine the sizes of fluorescently labeled DNA fragments (8). In community 
analysis the 16S rRNA genes are PCR amplified using primers containing a fluores-
cent label on the 5′-primer. The products would then be degraded using a restriction 
enzyme so that only one fluorescently labeled fragment would remain for each bac-
terial species. Running these fragments on a capillary sequencer would then result 
in a pattern where the fragment length indicated the bacterial species, and the inten-
sity of a fragment correlated with the abundance of the species. Like DGGE, a fin-
gerprint of the community could be obtained from this method; however, many 
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more samples could be run, and more reproducibly, than gradient gel electrophore-
sis methods. Had it not been for the massive throughput offered by next-generation 
sequencing, this technique likely would have become a mainstay for community 
analysis.

Identity Methods: Hybridization The idea behind hybridization approaches is that 
the generation of a primer against a portion of the 16S rRNA gene provides a mea-
sure of taxonomic specificity. There are two common hybridization-based methods 
used in microbiome studies: the Phylochip and fluorescence in situ hybridiza-
tion (FISH).

Prior to next-generation sequencing the technology for getting the maximum 
amount of data out of a sample was the DNA Microarray. These assays were per-
formed by hybridizing fluorescently labeled DNA or cDNA products of a sample to 
an array of thousands of probes specific for certain genes anchored to a chip or slide. 
The amount of fluorescence measured was then proportional to the amount of 
hybridization that had taken place. The Phylochip is a specialized version of micro-
array technology where the probes were 16S rRNA segments taken from a database 
of known 16S rRNA gene sequences that vary between 0% and 3% (9). Fluorescence 
intensity indicated abundance of a particular organism (9, 10). By leveraging the 
previous decade’s work refining how to get the best data possible from microarray, 
Phylochip studies were able to perform comprehensive bacterial surveys when next- 
generation sequencing technologies were just becoming viable (11–14).

Fluorescence in situ hybridization (FISH) for bacterial species is a technique 
where fluorescent probes for specific portions of the 16S rRNA gene are used in 
tandem with fluorescence microscopy to identify organisms and where they are 
located spatially (15). While the probes utilized can be very finely tuned to identify 
various taxonomic ranges, the strength of this technique is not as a means of survey-
ing the population, but rather the ability to show the existence of a specific organ-
ism, in its environment, in a culture-independent manner.

 Identity Methods: Sequencing

The sequencing-based methods leverage two technologies that have been advanced 
over the past 2–3 decades: the sequencing of DNA and the creation of vast search-
able databases into which all of this information has been stored and annotated. At 
the time of writing (mid 2021), the National Center for Biotechnology Information 
(NCBI) lists genomes for more than 12,000 Eukaryotic organisms, 265,000 
Prokaryotic organisms, and 39,000 viruses. The SILVA ribosomal database lists 
almost 9.5 million aligned small subunit (SSU) 16S/18S rRNA gene sequences. All 
of this work has been done within the 25 years since the first genome of a living 
organism was sequenced (16). Much of the explosion of genomic information is due 
to what is frequently referred to as next-generation sequencing (NGS). Because 
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sequencing- based methods are the most commonly used of all the methods men-
tioned here, it is worth taking a moment to understand them more completely.

To fully appreciate the scale of change brought about, and the limitations that it 
imposed, it is important to understand a bit about how sequencing actually works. 
The idea behind Sanger sequencing was that a base analog, such as a dideoxy- 
nucleotide, caused a polymerase enzyme to stop replicating at that point. Therefore, 
a mix containing the proper proportions of regular and dideoxy analogs would pro-
duce an incomplete copy at every position where the analog could be incorporated 
along the sequence. Four such reactions (one for each nucleotide) would be created 
and the products would then be run out on an acrylamide gel capable of separating 
DNA fragments that differed in length by a single base pair. A researcher would 
read across the lanes to determine which base had stopped the sequence at each 
position to determine the sequence. What are commonly referred to as Sanger 
sequencing machines were an automated version of this process introduced by 
Applied Biosystems in 1986 where the base analogs were fluorescently labeled (a 
different color for each base), and the fragments run past a fluorescence detector 
using capillary gel electrophoresis (17). The fluorescent peaks indicated the base at 
the position. A superposition of the peaks from all color channels revealed the DNA 
sequence itself. As a side note, the automation of this method marks the shift when 
DNA based technologies became inextricably tied to computers. Very little changed 
with how sequencing was performed until 2005 when the first NGS sequencing 
machine hit the market.

At this point the increases in computational power, coupled with advances in 
nanofabrication (which facilitated the creation of plates where enzymatic reactions 
could be carried out in two million picoliter volume wells), and dense CCD arrays 
for capturing high-resolution images, gave birth to the 454 pyrosequencer. The 
underlying principle of this technology was that as DNA is synthesized a pyrophos-
phate is released after the addition of each base. This pyrophosphate could then be 
turned into a substrate for a light producing luciferase at a 1:1 ratio. The emitted 
light could be captured by the camera, and computers would perform image analy-
sis across the two million wells to determine the base (when light had been emitted) 
and the intensity (in the case of a run of a single base) for a particular well. Suddenly, 
running a sequencing machine could produce hundreds of thousands of sequences 
per run instead of one. The effect of this increase in efficiency due to an increase in 
throughput cannot be overstated as it would be the deciding factor in determining 
which NGS technology would dominate the field.

The second NGS system to hit the market was the Solexa, a clever system that 
did away with the concept of individual wells, instead simply binding DNA frag-
ments to capture oligonucleotides spread out across a glass surface. Each captured 
fragment would then undergo a few rounds of local amplification resulting in a 
small cluster of identical sequences. Next, a process referred to as sequencing by 
synthesis was performed. Here, nucleotides (each with a unique fluorescent label), 
would be added and a polymerase would copy a single base and pause. The label not 
only identifies the nucleotide incorporated but also keeps the polymerase from pro-
ceeding. A laser would next be injected into the glass substrate at an angle that 
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causes the generation of an evanescent field. This field is used to excite the fluoro-
phores, but because the intensity of an evanescent field decays exponentially as a 
function of the distance from the substrate, only the fluorophores which are close to 
the surface as part of the growing chain fluoresce. A high-resolution camera would 
then take a color picture of all emitted light, the enzyme would remove the fluoro-
phore, and the whole process would repeat itself. The practical upshot of the differ-
ences in these systems was that while the length of the Solexa product was tiny 
(30 bp), the throughput was 10-100× that of the 454 sequencer. Both companies 
were bought out (454 by Roche and Solexa by Illumina) and over the next few years 
the technologies improved immensely (increases in read lengths and throughput), 
but the throughput of the 454 system was always bound by the number of wells that 
could be squeezed onto a plate. Because of this, Roche discontinued the 454, and 
Illumina systems became the dominant force in NGS and the new gold standard in 
sequencing. This is not to say that advances in sequencing technologies have 
stopped.

Recent years have seen the development of so-called third and fourth genera-
tion sequencers. Perhaps the most promising of these, partially because it still 
seems like a piece of science fiction, are the Oxford Nanopore sequencers. These 
sequencers sequence native DNA, cDNA, or RNA by passing the nucleotide 
sequence through a modified bacterial pore placed in an artificial membrane and 
measuring the characteristic current changes as each nucleotide passes the pore. 
These sequencers are capable of sequencing megabase size DNA fragments in 
real-time in a device the size of a stapler. Of course, all of this data would be use-
less without computational tools and databases to make sense out of it. However, 
because of the tremendous work done many an unsung programmer and bioinfor-
matician, we now have the capacity to take virtually any nucleotide sequence 
produced by modern day methods, and be able to assign some kind of informa-
tion as to function, the identity of the organism of interest or at the very least the 
closest evolutionary neighbors. As a whole, sequencing provides a very broad 
umbrella under which there are many methods of characterizing a microbial 
community.

Colony PCR This is a quick technique whereby a sample is taken, usually with a 
toothpick, from a bacterial colony growing on an agar plate and the whole 16S 
rRNA gene is amplified using universal primers (often without need of a separate 
DNA extraction step). The PCR product is usually sent off to be sequenced using 
Sanger sequencing. When the sequence is returned, the closest match is determined 
using 16S rRNA gene databases like SILVA.  Because this method amplifies the 
whole 16S rRNA gene, the identity obtained is the best at speciation using this 
marker gene (to the extent that the bacterial species can be differentiated by 16S 
rRNA sequence).

16S rRNA Gene Surveys As has already been mentioned, the 16S rRNA gene is a 
central tool for culture-independent microbiology because with it we can easily 
track bacterial phylogeny with the intent of identifying bacteria. To do this in the 
context of a bacterial community, the pool of 16S rRNA genes are PCR amplified 
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and the products sequenced to sample the community. The depth to which a sample 
is sequenced is treated as the number of individuals examined within the  community. 
The ability to accurately assign a taxonomy to a sequence depends on (1) how well 
represented are members of that taxonomy within the database, and (2) how much 
variation exists between bacterial taxa across the gene region being sequenced 
(recall that different technologies sequence different length products, and of these 
only long-read platforms like the nanopore sequencer are capable of sequencing the 
entire 16S rRNA gene). To address the limitations of databases, sequences are often 
assigned to operational taxonomic units (OTUs) using a method that groups 
sequences by sequence similarity. To address the limitations of sequencing length, 
portions of the 16S rRNA gene have been chosen whose rate of evolution mirrors 
the rate of the whole gene itself (18).

The biggest problem for trying to perform 16S rRNA gene surveys of bacterial 
communities before NGS was that Sanger sequencing systems could not separate 
out the sequences. The solution was to clone each 16S rRNA gene amplicon into a 
plasmid vector and transform E. coli with the plasmids. When done correctly a 
single E. coli would pick up a single plasmid. Then individual transformants would 
be selected, grown up to sufficient density, the plasmids purified, and sent for 
sequencing. It is easy to imagine the logistical challenge of trying to adequately 
sample the community from a single sample let alone a cohort worth of samples. 
While this method has been largely made irrelevant by NGS, it is worth noting that 
the foundational work to demonstrating bacterial communities in the lungs of 
healthy individuals using culture-free methods did not use NGS, but did so using 
clone libraries (19).

At the time of writing, Illumina NGS systems are the de facto standard for high- 
throughput sequencing. In addition to being able to sequence multiple sequences at 
a time, researchers routinely multiplex their samples by adding a short index (or 
barcode) to the forward and reverse primers. This enables them to sort which sam-
ples the sequences came from after the sequencing is complete. In this way, up to 
384 samples are commonly sequenced while maintaining an average sampling 
depth of around 20,000 reads (20). The field has not stopped there though, as newer 
technologies such as the nanopore are capable of both high-throughput and full- 
length 16S rRNA gene sequencing. Additionally, the small form factor of the 
MinION should be ideal for in-the-field measurements of bacterial communities. 
How this will change the field remains to be seen, as it is increasingly being recog-
nized that the sequencing of a single gene frequently falls short of what we need to 
know about the identity of the bacteria that we detect.

Metagenomics: Metagenomics refers to the sequencing of all of the genomic 
information in a sample, regardless of origin. It is a completely untargeted approach 
that can best be described as “sequence everything, and let God sort it out.” God in 
this case is, of course, the resident bioinformatician who weaves observed reality 
together from millions of random DNA fragments from hundreds of samples. There 
are several kinds of information that can be taken from metagenomic data: (1) who 
is present (classification), (2) what do they have the capacity to do (pathway assem-
bly), and (3) new genomes (genome assembly). The first is simultaneously 
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straightforward and difficult. As has been mentioned, the vast databases of genomic 
information have made it relatively simple to have genomic information against 
which to compare; however, short reads are difficult to differentiate from taxonomi-
cally close neighbors because there is not enough information per read. A common 
strategy for dealing with this involves looking at the frequency of usage of sets of 
nucleotides (k-mers) that are typical of particular taxa (21–23). It should be noted 
that both k-mer based and alignment-based methods produce more accurate results 
if either short reads are joined together into contiguous sequences, or if the reads 
themselves are long (e.g. nanopore). Pathway assembly attempts to map the reads 
onto known metabolic and biosynthetic pathways. Once mapped, comparisons can 
be made in the potential of different communities to utilize resources, to produce a 
specific metabolite (e.g., butyrate) or even to assess the resistance to antibiotics 
based on the antimicrobial resistance genes identified (24–26). Constructing 
genomes from metagenomic data could be considered the “Holy Grail” of culture- 
independent microbiology because it all but completely eliminates the need for cul-
ture. However, while to get a result is relatively straightforward, to make sure that 
result is correct takes an extraordinary amount of work (27, 28).

There are but two inherent problems that prevent metagenomics becoming the 
standard: cost and depth. NGS is relatively inexpensive because it can be multi-
plexed, but the extent to which it can be multiplexed is dependent upon the sequenc-
ing depth that one needs. With metagenomics, one is no longer only sequencing just 
what one is interested in, one is sequencing everything. If, in a clinical sample, one 
suspects that there are 1000 human cells to every bacterial cell, the number that 
needs to be considered for sequencing is closer to 106 to 1 (that is to say there is a 
million times more human genetic information than bacterial). This is because one 
human cell has around 6 gigabases of DNA compared to the average bacterial 
genome of 3.87 megabases (29). This means that detecting smaller genomic targets 
(e.g. viruses and phages) requires either an extraordinary depth, overwhelming 
infection, or sample preparation methods designed around enrichment of viruses. 
That said, recent work into using nanopore long read sequencers has produced some 
tantalizing glimpses into how metagenomics might be used in the future for diagno-
sis of infections (30, 31).

Each of the tools that have been described here have been used to characterize 
microbes in the lungs. This microbiome has been shown to play a role in many 
inflammatory and obstructive lung diseases such as asthma, interstitial pulmonary 
fibrosis (IPF), and chronic obstructive pulmonary disease (COPD) and cystic fibro-
sis (CF) (32, 33). Yet studying the lung microbiome is difficult – despite the com-
mon set of tools. This is because the lung is hard to sample, and because it is a 
low-bacterial biomass environment. The former of these is rather obvious in that 
there is one way into the lungs and one way out. Bronchoscopy-obtained samples 
yield the most reproducible results, but require the aforementioned bronchoscopy. 
While this does provide a large logistical hurdle for studying the lung microbiome, 
it has been much easier to deal with than the latter. Studying a low-bacterial biomass 
environment requires special protocols and methods for assessing the data that is 
generated. It is on these points that the next sections will focus.
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 Moving Beyond the Myth of the Sterile Lung

The microbiome of the lung holds a special place in microbiome research; both 
historically and methodologically. Historically, the lungs were considered sterile 
organs under normal, healthy, conditions. This belief was largely an extension of the 
inability to grow in culture bacterial organisms from samples that came from the 
lungs or if bacterial growth was achieved, the organisms looked like oral flora that 
were therefore discounted as procedural contamination. This belief persisted until 
2010 when Markus Hilty and colleagues published an article detailing disorder in 
the microbial communities of airways of asthmatics and individuals with COPD 
relative to healthy controls, using culture-independent methods (19). This initial 
finding was quickly supported by others and sparked an intense debate over whether 
the lung microbiome existed or was simply an artifact of bronchoscopic contamina-
tion. This debate has now been settled, and it is now broadly accepted that there 
exists lung microbiome that is seeded by microaspiration from the oropharynx (34). 
This microbiome has been demonstrated to have important immunologic conse-
quences, despite maintaining a fairly low bacterial load (35–38). The lung microbi-
ome is best described as having low bacterial biomass; although, this is frequently 
shortened to just “low-biomass” despite copious amounts of human “biomass” 
being present. This differentiates it from most host-associated microbiomes in that 
the ratio of bacteria to host cells is so much lower. Being a low-biomass sample, 
there are several methodological considerations that need to be addressed and differ 
from the standard analysis of, say, a fecal microbiome. The first is how the 16S 
rRNA gene is amplified from samples.

Standard 16S rRNA gene amplification protocols frequently fail when con-
fronted with the relatively high amount of host DNA at the same time as low con-
centrations of bacterial DNA. This appears to result in off target binding of primers 
and amplification of host DNA, and has been a consistent problem whether trying 
to amplify the full-length 16S rRNA gene or portion of the gene (e.g. V4 hypervari-
able region), as is common with most next-generation sequencing methods. The 
solution for this problem has been to tweak the amplification protocol to offer an 
opportunity for the low abundance bacterial DNA to be amplified (39, 40). One 
particularly successful strategy transforms the standard protocol into a touchdown 
PCR protocol that forces high affinity primer binding during the early cycles to 
avoid off target binding when this is most likely, followed by gradually relaxing the 
stringency until the normal cycling conditions are reached for the second half of the 
amplification reaction (40). In this way, low amounts of bacterial DNA can be 
amplified despite the high host background. The cost of this increased sensitivity for 
the detection of low abundance bacterial signal is just that: the detection of low 
abundance bacterial signal – everywhere. In a seminal study by Salter, S. and col-
leagues it was demonstrated that a low level of bacterial DNA contamination exists 
in the reagents that are used to purify and isolate bacterial DNA (41). These low- 
level contaminants do not cause problems where high-bacterial biomass are con-
cerned, as the contaminants are out competed by the high amount of sample specific 
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DNA; however, for low bacterial biomass samples, the contaminants compete 
almost on equal footing with the sample specific bacterial signal. This brings us to 
the second methodological consideration critical for any lung microbiome study: 
contamination and controls.

For the purposes of this discussion the word “contamination” should be thought 
of as the presence of a non-sample associated bacterial signal in a sample. The rea-
son for such specificity in what seems like a straightforward concept is that at least 
four separate sources of non-sample bacterial signal have been identified to date, 
and all are generally considered to fall under the umbrella of contamination although 
their etiologies are very different. The first of these sources is, as was described 
above, the presence of small amounts of bacterial DNA in laboratory reagents. This 
is a ubiquitous problem and is not specific to any one vendor. This means that a 
DNA purification of a negative control (i.e. a procedural purification that lacks any 
sample) can still produce a microbial community. Moreover, the kind of microbial 
community tends to vary by reagent batch, meaning that a laboratory contamination 
will look different depending on which lab performed the DNA preparation and 
sequencing. There are sparingly few remedies for this, although one moderately 
effective approach has been to use classical DNA purification methods that employ 
organic solvents (e.g. phenol-chloroform) which are much less likely to contain 
microbial DNA. Generally, the only way to be sure of one’s data is through the care-
ful selection of controls, as will be discussed momentarily. The second type of con-
tamination is where the samples are contaminated from another sample source. 
While much of this is preventable through good laboratory techniques, it has been 
suggested that liquid-handling robots may contaminate samples by inadvertently 
spreading micro-droplets beyond the targeted well (42). The third form of contami-
nation is not a physical contamination, but rather a misreading by the sequencer of 
the DNA barcode that defines which reads go with which samples. The result is that 
reads from one sample are assigned to a different sample, which results in the “pres-
ence” of non-sample DNA in the sample (43, 44). The fourth kind of contamination 
is the appearance of a stochastic noise when sequencing insufficient amounts of 
DNA (45). This noise can look like and be classified as real microbial signal; how-
ever, these signals do not replicate between technical replicates and are thus sepa-
rable from the physical contaminations mentioned above. Taken together, 
contamination represents a significant problem to interpretation of low-biomass 
data, but not an insurmountable one, as we will now discuss.

Given the contamination issues discussed above, the key to a well-designed lung 
microbiome study is in the controls. To deal with reagent contamination one needs 
to have separate controls for critical reagents and inputs. For example, a bronchos-
copy study would need to sample the saline before it is passed through the broncho-
scope, saline passed through the bronchoscope before the bronchoscope touches the 
study subject, the results of a DNA purification where no sample was added, and 
elution buffer alone would all be the necessary controls to interpret the results of a 
BAL from a single individual. Barcode swapping is best dealt with at the level of the 
sequencing facility. The usage of dual-barcode (barcodes on both the forward and 
reverse primers) or unique molecular identifiers (UMIs) has been shown to 
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dramatically reduce swapping events. Stochastic noise can be dealt with by sample 
replication, but this is not necessary for all samples. Only samples that contain 
fewer than 105 copies of the 16S rRNA gene are vulnerable to noise (at 103 they are 
likely to be dominated by noise), so whether or not replication is necessary can be 
determined in advance of sequencing by assessing the levels of the 16S rRNA gene 
by qPCR or ddPCR (45).

The study of the lung microbiome requires very careful planning and controls. 
The tools are the same as other areas of microbiome research, but how to get good 
data from the tools and how to interpret that data is different. But, once all lung- 
specific considerations are taken into account, lung microbiome research is one of 
the most interesting areas of research around.
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Chapter 3
The Rest Is Noise: Finding Signals in Lung 
Microbiome Data Analysis

Alba Boix-Amorós, Alison G. Lee, and Jose C. Clemente

 Introduction

Finding signal in the presence of noise is a fundamental problem in science [1]. As 
most microbiome studies to date have focused on characterizing the gut, noise (con-
tamination) is generally of minor relevance, as this body site harbors the largest 
reservoir of bacterial diversity and biomass in the body. The lung, however, has a 
significantly lower microbial load, increasing the likelihood of contamination dur-
ing experimental procedures. Further, lung sampling is generally performed through 
bronchoscopies, which introduces unavoidable cross-contamination from the upper 
respiratory tract. Combined, these issues have resulted in important challenges in 
the analysis and interpretation of lung microbiome data. In addition, while lung 
bacterial communities have been described more comprehensively, the viral and 
fungal component of the lower airways remain for the most part ignored. While the 
analytical issues are similar to those of bacteria, it is important to understand the 
characteristics of viral and fungal data in the context of lung studies. Finally, our 
knowledge of the lung microbiome is primarily based on relative abundance data, 
which cannot estimate bacterial load  – an important clinical parameter  – and 
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introduces important analytical biases. Here, we present an overview of data analy-
sis in lung microbiome studies, including a discussion on the different types of data 
that can be generated, methods to analyze them, issues associated with low biomass 
and how to detect contamination, and the important distinction between relative and 
absolute estimates of microbiome composition. We propose a conceptual pipeline 
for data analysis in lung microbiome studies that addresses each of these issues, and 
discuss important next steps for future studies.

 Data Types in Lung Microbiome Studies

 Amplicon-Based Approaches

Although the healthy lung was traditionally considered sterile, this notion has been 
challenged by novel molecular, culture-independent approaches which showed that, 
even in the absence of infection, the lungs contained diverse and dynamic microbial 
populations [2–4]. The advent of next-generation sequencing (NGS) has revolution-
ized the microbiological landscape, and allowed the characterization of entire com-
plex microbial communities and their functions without the requirement of culture 
[5]. NGS typically encompasses three main approaches to microbial community 
profiling: amplicon-based, shotgun metagenomics, and metatranscriptomics 
sequencing.

Amplicon-based approaches are based on performing PCR amplification and 
sequencing of highly conserved (“universal”) microbial genes which contain vari-
able regions that allow discrimination of individual taxa (Fig. 3.1). Amplicon-based 
sequencing studies have focused almost exclusively on the bacterial fraction of the 
microbiome, through analysis of the 16S subunit of the ribosomal RNA (16S rRNA) 
gene. This methodology has allowed the description of the healthy lung microbiome 
[4, 6, 7] and the study of compositional changes during lung and respiratory airways 
pathologies, including asthma, chronic obstructive pulmonary disease (COPD), 
cystic fibrosis, and after pulmonary transplantation [8–13]. The collection of com-
mensal fungi in an environment (mycobiome), on the other hand, has been less 
studied despite its important role in human diseases, including respiratory fungal 
infections and other chronic lung diseases [14–17]. A limited number of studies 
have applied amplicon-based sequencing to address the mycobiome in the respira-
tory tract during health and disease, including COPD [15], asthma [16], cystic fibro-
sis [18], bronchiectasis [19], and in patients undergoing lung transplant [20].

Several pipelines are available for the analysis of amplicon-based data, including 
mothur [21], RDPipeline [22], or QIIME [23]. Broadly speaking, microbiome anal-
ysis involves three main steps: quality control, taxonomic identification, and esti-
mates of diversity. Quality controls generally involve the filtering of raw sequencing 
reads based on quality scores and their assignment to specific samples based on 
indexing barcodes, which can also be error-corrected using Hamming or Golay 
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encoding schemes [24]. Filtered reads are then clustered into Operational Taxonomic 
Units (OTUs) or “de-noised” prior to their identification as a specific taxon. OTU 
clustering has traditionally been the standard approach in microbiome studies, 
where reads are clustered into groups that share the same taxonomic identity (i.e. 
reads that belong to the same taxon) based on a pre-specified degree of similarity. 
This process can be performed using reference sequences to which reads are 
assigned based on their similarity [25], de novo, where reads are clustered using 
greedy algorithms [26], or with a combination of reference and de novo algorithms 
[27]. The taxonomy of the OTUs is then either directly inherited from the reference 
sequence, in case of reference-based clustering, or through similarity search with 
the representative sequence of each cluster in de novo approaches. Among the most 
commonly used reference datasets for taxonomic identification are RDP [22], 
SILVA [28], or Greengenes [29]. Notably, reference-based methods cannot uncover 
“novel” taxa and are limited by the comprehensiveness of the reference sequence 
set. These approaches, however, are sufficiently accurate when the environment has 
been deeply characterized (as it is usually the case with most human body sites) and 
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Fig. 3.1 Sequencing-based approaches for lung microbiome data analysis. Main methodologies to 
characterize the lung microbiome are summarized, including advantages and disadvantages of 
each approach. (Left panel) Amplicon-based sequencing, used for bacterial and fungal character-
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they are computationally very efficient. On the other hand, de novo clustering is 
computationally expensive, as greedy algorithms increase their run time with input 
size and diversity of the community, but can identify novel taxa not present in refer-
ence datasets, which is particularly useful when studying poorly characterized envi-
ronments [30]. More recently, alternative approaches that do not rely on clustering 
have been proposed [31–33]. While these methods are theoretically sound and pro-
vide finer resolution of the structure of microbial communities, it is unclear whether 
species-level resolution can be achieved accurately with amplicon-based data alone. 
Finally, measures of microbial diversity can be calculated using different software 
packages, including QIIME [23], phyloseq [34], or mothur [21]. Differential enrich-
ment analysis can be performed using methods such as DESeq2 [35] or LEfSe [36] 
to identify microbial biomarkers.

 Shotgun Metagenomics Sequencing and Metatranscriptomics

While amplicon-based approaches have been tremendously fruitful due to their 
cost-efficiency, they also have important limitations: PCR biases (including differ-
ential amplification and chimeric sequences), limited taxonomic resolution below 
the genus level, and lack of functional information. Shotgun metagenomics sequenc-
ing addresses many of these issues by directly sequencing untargeted genomic DNA 
(Fig.  3.1). While more expensive and data-intensive than amplicon-based tech-
niques, this approach has been successfully applied to study the lung microbiome 
[17, 37–40]. Because metagenomics does not target a specific gene, this technique 
can obtain a more complete characterization of microbial communities in the lung, 
and provide simultaneous estimates of bacteria, fungi, archaea, and viruses by 
adapting the appropriate experimental protocols for each type of organism. An 
important consideration with metagenomics sequencing is its ability to produce rel-
evant microbial data in samples that are dominated by host DNA, as it is sometimes 
the case in lung studies [37]. Because of the large proportion of nonmicrobial data 
included, a significantly higher sequencing depth is generally required in lung sam-
ples to achieve sufficient microbial coverage. The analysis of metagenomics data 
involves various steps akin to those in amplicon-based studies [41]. Data is initially 
filtered to remove low quality and nonbacterial reads using mapping tools like fastp 
[42] or BWA [43]. The remaining reads can then be clustered into contigs, scaffolds, 
and genomes using tools for metagenomic assembly [44–47], or be profiled for 
microbial composition, which is computationally less costly than assembling 
genomes from short-read data [48–51]. More recent tools have also been proposed 
for the resolution of bacterial strains from metagenomics data [52–54]. Finally, 
functional characterization of microbial communities can be performed through the 
identification of specific genes and their annotation to established functions or path-
ways [55, 56].

An important limitation of shotgun metagenomics is the ability to determine 
whether genes encoded in a microbial community are being expressed. 
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Metatranscriptomics overcomes this issue by sequencing microbial RNA in a sam-
ple, and provides a more accurate picture of transcriptionally active functions of the 
microbiome [57, 58]. The importance of investigating the transcriptional profile of 
the microbiome has been emphasized as recent evidence has shown that expression 
of microbial genes can change significantly without large alterations in overall com-
munity structure [59]. In metatranscriptomic analysis, quality-filtered reads can be 
assembled into putative transcripts based on known protein sequences [60], or 
mapped to transcriptionally active microorganisms [48] and annotated for func-
tional and pathway information [55]. As all NGS approaches, metatranscriptomics 
exhibits its own set of biases and limitations. RNA degrades rapidly, and thus sam-
pling methods are critical to ensure RNA conservation. In addition, ribosomal RNA 
(rRNA) is highly abundant and must be depleted through molecular methods prior 
to sequencing or, whenever not possible, during analysis [61]. Sufficient material is 
required for sequencing, as host RNA can appear in large quantities, and deep 
sequencing is needed to ensure sufficient coverage of microbial transcripts. Few 
results exist yet on the transcriptionally active microbiome in the lung [62–64], and 
future studies will be required to better understand its role in health and disease.

 Single-Cell Microbiome Characterization

Methods based on sequencing of mixed populations cannot directly quantify bacte-
rial load nor sort specific subpopulations. Single-cell approaches such as flow 
cytometry and fluorescence-activated cell sorting (FACS), on the other hand, allow 
individual microbial cells to be quantified and sorted following specific criteria 
before additional characterization [65]. This methodology has been utilized to study 
bacterial communities sorted according to their physiology (size, relative nucleic 
acid content, membrane integrity) and to the fluorescence emitted by antibodies 
specifically bound to different human immunoglobulins coating them. When cou-
pled with NGS, it permits the identification of active microbes and the study of 
host–microbial interactions [66–71]. These approaches are, however, not without 
limitations. FACS analysis is based on optical properties of the sample and on fluo-
rescent cell labeling, which can lead to differential staining biases. Further, it 
requires suspension of single cells, but microbes often grow forming colonies or 
biofilms in nature. Filtering of larger particles and disaggregation through shaking 
or sonication need to be performed before sorting, and thorough cleaning protocols 
should be applied to avoid contamination. Importantly, software pipelines for 
microbiome analysis do not currently provide functionality to work directly with 
data generated from FACS, which requires the use of ad hoc scripts, which are often 
not publicly shared and less thoroughly validated than established tools.

Culture methods have been the gold standard used to detect microbial cells in 
clinical samples, including those from the respiratory tract [72–74]. These methods 
are less sensitive than sequencing-based approaches, as many strains do not grow 
(or are fastidious to grow) under laboratory conditions. The use of “culturomics” 
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(high-throughput isolation and identification of microbes using multiple culture 
conditions) has gained significant attention in the field [75, 76]. More recently, 
reverse genomics isolation has been used to capture previously uncultured microor-
ganisms into pure cultures using specific antibodies directed to microbial genomic 
markers such as predicted surface proteins [77]. Isolated strains are then subse-
quently identified through whole genome sequencing to discriminate highly related 
lineages, which also provides genotypic information. This process requires the 
mapping of reads into existing reference genomes or their assembly into larger con-
tigs, identification of microbial taxonomy, and gene annotation, for which several 
analysis tools are available [78]. Despite the potential of single-cell methods to 
study microbial communities, their application to study the lung microbiome is still 
uncommon, perhaps in part due to the inherent complexity of working with samples 
of low microbial biomass.

 Challenges in Lung Microbiome Characterization 
and Analysis

The study of the lung microbiome entails numerous challenges. Sampling the 
human lung is a complex and highly invasive procedure. The two most common 
approaches to sample the lungs are sputum and bronchoalveolar lavage (BAL), both 
introducing contaminating material to some extent. Sputum is collected through 
coughing, which results in samples being enriched in oral microorganisms. BAL, on 
the other hand, is obtained directly from the lung using a bronchoscope, which may 
introduce oro-pharyngeal or nasal microbes through its passage to the lungs [6]. 
While sputum contains material from different niches within the lung, BAL mainly 
samples the alveoli. Therefore, each sample type captures microbial communities 
present in different sections of the lungs, and the sampling method should be 
selected depending on the question addressed.

Besides challenges related to sample acquisition and microbial DNA concentra-
tions, several experimental and analytical issues common to most microbiome 
research should be considered. Because of variance in microbial cell composition, 
microorganisms are differently disrupted during nucleic acid extraction procedures. 
Biases on this initial step can result in under- or overrepresentation of specific taxa, 
significantly affecting analysis. Correcting for differences in DNA extraction is, 
however, extremely challenging. Therefore, protocols should be optimized in order 
to enhance DNA and RNA yields and quality during extraction, for example by 
combining physical and chemical cell-disrupting methods, including “bead- beating” 
and the use of specific enzymes (i.e. lysozyme and lysostaphin for bacteria, and 
lyticase for fungi). Secondly, when using methods that incorporate PCR amplifica-
tion (such as qPCR or amplicon-based sequencing), the targeted gene is a major 
factor in determining results. As previously mentioned, the 16S rRNA gene is con-
sidered the bacterial marker gene par excellence, and allows the accurate 
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identification of bacteria from different environments through the amplification and 
sequencing of its highly conserved regions. It is however important to consider that 
this gene comprises nine hypervariable regions of varying conservation, and the 
choice of primer sets used for PCR amplification of those regions may select for (or 
against) particular groups of microorganisms, significantly affecting the estimations 
of taxonomic diversity [79, 80]. Furthermore, 16S rRNA gene is present in variable 
number of copies between bacterial species, which can result in an overestimation 
of the number of sequences from species with higher gene copy numbers [81]. For 
example, Streptococcus pneumoniae, the leading cause of bacterial pneumonia, has 
one to five copies of the 16S rRNA gene, while Haemophilus influenzae, which can 
also lead to pneumonia infections, has six to seven copies. On the other hand, spe-
cies such as Mycobacterium tuberculosis, the causative agent of tuberculosis, only 
have one copy, which could result in underestimation of its relative abundance 
within a community [82]. Therefore, caution must be taken when trying to compare 
bacterial quantities between various species in mixed populations. Correcting for 
16S rRNA gene copy numbers in microbiome analysis therefore remains an open 
problem [83]. Some tools have been developed to partially address this issue by 
using sequence databases and phylogenetic information to obtain more accurate 
estimates of bacterial populations, including Copyrighter [84], the picante R pack-
age and pplacer [85], and tools within the PICRUSt package [86]. However, as these 
methods rely on reference databases, they still face the problem that less-studied 
taxa are likely to be missing and would remain biased in their estimates.

 Fungal and Viral Data in the Lung Microbiome

Most lung microbiome studies have focused on the bacterial component. However, 
fungi (mycobiome) and viruses (virome) also play important roles in the ecology of 
the respiratory tract. The study of fungal communities in the lung is arguably less 
developed than that of bacteria due to, among others, the lack of standards widely 
adapted by the community, both experimental and analytical [87]. For example, 
Charlson and colleagues used commercial DNA extraction kits, bead-beating, tar-
geted the ITS1-ITS2 ribosomal region, and analyzed data clustering at 95.2% simi-
larity in a study of oral and BAL samples from lung transplant patients [20]. Cui and 
colleagues, on the other hand, used cetyl trimethylammonium bromide for DNA 
extractions, a 97% identity threshold to cluster 18S ribosomal gene sequences, and 
a 99% threshold for ITS reads in oral, BAL, and sputum samples obtained from 
patients with HIV and COPD [15]. These differences in extraction methods and 
analysis introduce significant biases, which can impact interpretation of results and 
lead to different conclusions.

Fungal cellular structure and composition, as well as their genetic content, differ 
significantly from bacteria, which requires protocols to be adapted and optimized 
for mycobiome studies. The different fungal growth patterns (filamentous vs. yeasts) 
and the extremely resistant fungal cell wall, which contains chitin, glucans, and 
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mannans, requires a combination of physical disruption and specific enzymatic lysis 
to enhance cell disruption and facilitate the extraction of nucleic acids [88, 89]. To 
date, most mycobiome studies are based on amplicon sequencing [14, 90]. Unlike 
in bacteria, where the 16S rRNA gene is the gold standard, fungal community com-
position can be characterized using the 18S rRNA gene, the 28S rRNA gene, and 
the internal transcribed spacer (ITS) regions located between the 18S and the 28S 
subunits of the fungal ribosomal gene locus. 18S and 28S rRNA genes are highly 
conserved across all eukaryotes [91, 92], which makes them a convenient target to 
detect fungi, but also results in the amplification of other microbial eukaryotic DNA 
(helminths and protozoa) and, potentially, of human DNA as well. Further, due to 
their sequence conservation across organisms, these genes offer poor taxonomic 
resolution, preventing confident annotation at the species level. ITS1 and ITS2 
genes, on the other hand, are not part of the conserved ribosomal transcribed regions, 
being more diverse across eukaryotes, which allows the exclusion of other eukary-
otes’ DNA through the design of fungal-specific primers [93, 94]. The diversity of 
the ITS regions also allows a greater depth of taxonomic assignment, often down to 
species level, making it the preferred region for fungal analysis [94]. However, the 
lower conservation rate of the ITS sequences results in variations in length and con-
tent between fungal species, and depending on the region targeted, results can be 
skewed towards different fungal phyla [89, 95]. In addition, while 97% sequence 
similarity is the standard for bacterial 16S rRNA analysis [96], there is no consensus 
on which threshold should be used in mycobiome analysis, which makes compari-
son of results across different studies challenging. More recent approaches have 
proposed the use of amplicon sequence variants (ASVs; also referred to as exact 
sequence variants, ESVs, or zero-radius OTUs, ZOTUs), individual sequences 
obtained after removal of spurious reads generated during PCR and sequencing, 
which distinguish variants differing by as little as one nucleotide [31, 32]. ASVs 
offer higher granularity than OTUs, and because they do not rely on fixed similarity 
thresholds, they can partially overcome some of the issues associated with the anal-
ysis of ITS data [97].

An additional consideration in mycobiome analysis is the fact that, compared to 
bacteria, there are significantly less fungal reference genomes available, and reposi-
tories often contain redundant sequences, and with incomplete taxonomic assign-
ments [98]. Fungal taxonomy also presents important challenges, and different 
sexual (teleomorph) and asexual (anamorph) forms of the same fungus are com-
monly classified as different taxa [99]. As a result, fungal taxonomic classifications 
based on comparison with databases are prone to errors and can result in very close 
or identical organisms to be identified as different or fail to assign sequences below 
family level. Addressing these problems requires the construction of manually 
curated reference databases for fungal annotation of species [89, 99]. These issues 
are particularly relevant for shotgun metagenomics sequencing, as reads need to be 
assembled or mapped into reference genomes. Of note, because lung microbial 
communities are generally dominated by bacteria, shotgun approaches require very 
deep coverage to recover fungal sequences [17, 39], sometimes failing to detect 
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eukaryotic genera [37, 38]. The limitation in available fungal reference genomes 
further complicates the analysis of mycobiome metagenomics data, as software 
tools that map reads to the genomes for identification might have low sensitivity.

Given the challenges that studying fungal communities entail, it is perhaps not 
surprising that the literature of lung mycobiome is sparse. Most studies have used 
amplicon sequencing [15–19], and only a few could detect fungal reads using 
metagenomics [17, 39] or metatranscriptomic [62–64] in the lung. Fungi typically 
found in the oral cavity (such as the ubiquitous Candida, Cryptococcus, Aspergillus, 
or Fusarium) are in close contact with the upper airways, and thus, they are likely 
to be found in the lung [100]. On the other hand, Pneumocystis is a common com-
mensal of the airways in healthy conditions, but can cause opportunistic infections 
(pneumonia) in immunocompromised patients. Similarly, other commensal fungi 
could lead to opportunistic infections, probably triggered by imbalances in the 
respiratory microbial communities. The role of fungi in the lung, as well as the 
mechanisms by which they contribute to (or protect from) disease, therefore remain 
largely unexplored.

The human respiratory tract is also exposed to and harbors a wide variety of 
viruses. Although lung infections by specific viruses are well characterized [101], 
knowledge on the viral communities (virome) is still scarce. The gold standard 
method for clinical testing of common respiratory viruses is PCR multiplex panels 
[ [102], [103]]. These assays are sensitive and yield rapid results, being a relatively 
inexpensive diagnostic method. However, PCR-based assays cannot detect viruses 
not included in the panel or those with “recent” mutations in the targeted region, and 
cannot be used to subtype viruses [104, 105]. Metagenomics sequencing provides a 
more sensitive approach to characterize viral communities, including viruses 
beyond common respiratory pathogens, such as bacteriophages and other human 
viruses residing in the human lungs. An increasing number of studies have utilized 
this nontargeted approach to investigate viral infections in the lung [105–107], 
COPD [108], the effect of smoking [109], cystic fibrosis [110, 111], or in lung trans-
plantation [112, 113]. Shotgun sequencing has also proved useful to survey out-
breaks of emergent respiratory viruses [114]. However, as viral DNA (or RNA) only 
represents a small fraction of the total microbial nucleic acids in sputum and BAL 
samples, a purification step to isolate the viral particles (VPs) becomes necessary in 
order to eliminate nonviral elements and permit a deeper characterization of viral 
communities [106, 110, 115]. Because of the low amounts of DNA extracted from 
purified VPs, viral sequencing requires deep sequencing efforts, which significantly 
increase the cost of virome studies. In addition, a large proportion of viral sequences 
generated from metagenomic sequencing do not align to known reference viruses. 
This “viral dark matter” reflects the limited representation of viruses in reference 
sequence databases [116]. Finally, it should be noted that many of the most common 
respiratory viruses causing infections are RNA viruses, such as the paramyxovi-
ruses, picornaviruses, orthomyxoviruses, or coronaviruses. However, only a few 
studies have analyzed both DNA and RNA viruses in the lung [106, 113, 115], and 
many focus exclusively only on viral DNA [109, 110, 112]. This is partially due to 
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the instability of RNA (which needs to be retrotranscribed to make PCR analysis 
and/or sequencing possible), which makes working with DNA viruses compara-
tively easier. Future studies will be required to expand our knowledge of RNA viral 
communities in the lung.

 Analysis of Low Biomass Samples

Next-generation sequencing analyses allow the identification of whole microbial 
communities and function in a rapid and sensitive manner. This increased sensitiv-
ity, however, also increases the likelihood of detecting contaminant DNA not origi-
nating from the samples under study. In samples with high biomass, such as feces, 
contaminants are relatively overridden by the large amount of microbial DNA pres-
ent in the samples. However, in low biomass microbial environments such as the 
lung, microbial DNA only accounts for a small proportion of the total DNA, and can 
be often masked by host DNA and other microbial contaminants [117–119]. This is 
more likely to occur in amplicon-based studies, that usually employ two cycles of 
PCR amplifications during library preparation, and thus are more prone to overam-
plify contaminant DNA [120]. Contamination can compromise the analysis of 
microbiome data by detecting taxa not truly present in the specimens, which inflates 
alpha diversity measures, biases relative abundance estimates (see “Compositional 
Data Analysis”), and impacts differential enrichment analysis, among others. This 
situation is aggravated when studying the mycobiome or the virome, as fungal spe-
cies and viral particles are usually outnumbered by their bacterial counterparts.

DNA contamination can arise from different sources. The environment can be an 
important source of microbial DNA, including body sites close to the sampling site, 
lab personnel during sample processing, and transmission through air. Laboratory 
consumables, reagents, and nucleic acid extraction kits also contain trace amounts 
of DNA, affecting both amplicon-based survey studies and shotgun metagenomics 
[121]. Additionally, cross-contamination from nearby samples can occur during 
processing steps, PCR, and libraries preparation. Within the sequencing instrument, 
cross-contamination between samples analyzed in the same sequencing run is pos-
sible, including index switching (where indexes from one sample can randomly 
“jump” and ligate to other samples) or run-to-run contamination, among oth-
ers [122].

To minimize the impact of contamination, there are certain measures that 
researchers should implement during microbiome research [117]. Thorough aseptic 
conditions should always be kept at the time of sampling and during sample pro-
cessing in laboratory environments. In addition, use of extraction kits certified as 
DNA-free is highly recommended. Importantly, strict negative controls should 
always be analyzed in parallel to the samples to rule out potential contaminations at 
the time of DNA/RNA extraction, PCR amplification and sequencing. Negative, 
blank controls, and no-template amplification controls should also be included on 
each sequencing run. It should be noted that taxa found in negative controls cannot 
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be simple removed from the analysis, as they may overlap microbes truly present in 
the samples [123]. Positive controls, on the other hand, are essential to assess biases 
and detection limits, and can be implemented through the use of “mock” communi-
ties, defined mixtures of microorganisms or their DNA, to simulate the composition 
of a real sample [124, 125]. Mock communities, however, cannot reflect the com-
plexity of an actual microbial community, and might introduce biases due to differ-
ences in GC content, Gram staining, or other specific properties of the cells in the 
mixture. The addition of a specific concentration of external microbial DNA to a 
sample (spike-in controls) is also useful for sample tracking and absolute quantifi-
cation of microbial composition, as well as identification of contaminants [126–
128]. However, there is a risk of cross-contamination between sequences originating 
from the positive controls and those found in the samples. Positive controls should 
therefore be carefully designed with organisms which are unlikely to be present in 
the samples of interest, although this introduces bias in the correction process [129].

Using the largest possible sample volume is also a good measure to maximize 
input biomass and minimize biases during analysis. Amplification methods such as 
Multiple Displacement Amplification (MDA) can increase microbial genomic con-
centrations by performing whole genome amplification without sequence-specific 
primers and at constant temperature, which removes the need for a thermocycler 
[130]. However, MDA can result in amplification biases that may impact subse-
quent microbial estimates from metagenomic data [131]. Additionally, the use of 
nonredundant multiple indexing during library preparation can prevent index 
switching between samples analyzed within the same run [122, 132]. Sequencing 
reads from pooled libraries can be identified and sorted computationally (demulti-
plexing) before final data analysis. Finally, an aid to distinguish contaminants from 
microbiome members while analyzing data is to consider whether the observations 
represent ecological sense, for example, through examination and comparison with 
appropriate literature [124].

Similar approaches should be generally applied for lung mycobiome and virome 
studies. Fungal DNA extraction can also be affected by contamination in reagents 
and extraction kits even to a higher degree than in bacterial analysis [133, 134], due 
to lower microbial loads and methodological differences (e.g., more PCR cycles 
needed in amplicon-based studies). The presence of environmental, contaminant or 
transient fungi in the lungs can also be problematic. Besides combining sequencing 
and culture methodologies to study the mycobiome, Fiers and colleagues propose to 
investigate the potential for host immune responses to fungi, as well as their ability 
to establish interactions with bacteria, which could be critical to distinguish poten-
tial contaminants or transient fungi from commensal mycobiota [135]. This could 
also be extended to mycobiome analysis in the lungs, where continuous contact 
with the external environment occurs, and the susceptibility to microbial contami-
nation with fungi originated from the outside environment or other parts of the body 
(such as the nasal and oral cavities) should be analyzed with especial care.

A problem derived from low biomass in lung samples is the fact that it can lead 
to lower sequencing coverage. Differences in sequencing depth (“library size”) 
across samples arise mainly due to differential efficiencies during the sequencing 

3 The Rest Is Noise: Finding Signals in Lung Microbiome Data Analysis



46

process, rather than reflect real biological divergence. These differences then lead to 
biased estimates of diversity and composition, which is usually corrected for using 
rarefaction, which normalizes coverage across samples [136]. However, in studies 
of low biomass environments this often results in numerous samples not reaching 
the minimum rarefaction threshold and being dropped from subsequent analysis. 
Deeper sequencing efforts that yield sufficient sequence coverage of the microbial 
populations can ameliorate this problem, although at a higher economic cost. 
Divergence in sequencing depth generally results in an underestimation of micro-
bial composition, as rare taxa can be missed in low-sequence-number samples. This 
would ultimately lead to differences in beta diversity and lead to biased biological 
interpretation [137].

Although NGS is currently the gold standard for microbiome studies, there are 
still important limitations, which are exacerbated when working with low biomass 
samples, including their susceptibility to contaminations and the need for deep 
sequencing efforts in order to recover microbial sequences. The use of parallel 
approaches in combination with DNA-sequencing analysis, such as classic culture- 
dependent methods or microscopy, and other molecular methodologies, such as 
real-time quantitative PCR or flow cytometry, are essential in order to validate the 
observations from any of the different sequencing platforms and help to rule out 
potential contaminants. The need for developing standardized laboratory and bioin-
formatic methods that allow researchers to differentiate true positive signals in low 
biomass samples is also apparent. New methods are being developed to more accu-
rately process low-biomass samples, by establishing protocols from sampling to 
statistical analysis [138]. Future advancements in the field are guaranteed, which 
will enhance the efficiency and accuracy of lung microbiome studies, and reduce 
costs and informatic efforts.

 Identifying and Removing Contaminants

As noted in previous sections, analysis of lung microbiome data is significantly 
hindered by the presence of contaminants. This can take the form of either host or 
microbial contamination, and is often a consequence of the low microbial biomass 
found in the lung. Unlike other human niches generally rich in microorganisms 
(such as the gut or the oral cavity), the lung is naturally colonized by a much lower 
amount of them, which results in a high host/microbial DNA ratio. This makes the 
use of methods to deplete human DNA or enrich microbial genomes desirable for 
lung microbiome studies, especially when addressing fungi and viruses. 
Computational identification of human DNA sequences can be performed by map-
ping the reads against the human reference genome, using tools such as Bowtie 
[139] or BMTagger (ftp://ftp.ncbi.nlm.nih.gov/pub/agarwala/bmtagger/).

Detecting microbial contamination is, however, more challenging. It is important 
to distinguish experimental contamination, which originates in reagents, during 
sample acquisition and processing, or as a result of sequencing, from biological 
contamination that might arise from nearby tissues. Lung studies are particularly 
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prone to the latter form, as microaspiration can result in microbes from the upper 
airways drifting into the lung. While it is evident that these microbes are not true 
commensals of the lower airways, the question remains as to whether it is always 
the same type of microbes that move from the upper to the lower airways (i.e. the 
microaspiration process is driven by certain patterns and is not totally stochastic), 
and whether their presence in the lung is physiologically relevant or not. Because 
this is, in our opinion, an unresolved issue in lung microbiome research, we strongly 
advocate for the collection of samples from the upper airways that can be used to 
remove such contamination if the study hypothesis so requires. Experimental con-
tamination, on the other hand, is always a source of bias that should be removed 
from the data. Below we explore the analytical options for dealing with contami-
nants, regardless of their origin, and discuss caveats of these approaches and areas 
in which we feel further research is still needed.

A first and naïve approach used in some studies is the subtraction of microbial 
taxa found in negative controls [140, 141] (or in samples from other body sites that 
might act as contamination sources, such as the upper airways) from true samples. 
While this method is the most sensitive and can remove all potential contaminants 
captured through negative controls, it is also the least specific, as these taxa could 
also truly be part of the lung microbiome. In addition, and because lung microbiome 
samples often have low coverage, complete removal of such taxa can lead to sam-
ples not having sufficient sequencing depth to pass rarefaction thresholds (although 
see “Compositional Data Analysis” for approaches that do not require rarefaction).

More sophisticated approaches can be used to tag the potential origin of samples 
using source tracking approaches [142]. These approaches consider multiple pos-
sible environmental sources for different microbes, and then ask the question of 
whether those observed in a specific sample are likely to have originated from that 
environment or from some other, which would indicate potential contamination. A 
popular implementation of this general idea can be found in the SourceTracker 
package [143], a Bayesian approach that considers contamination as a mixture in 
unknown proportion of microbial sources. An important limitation of these 
approaches, however, is that they can identify samples as being contaminated and 
the likelihood of that contamination originating from specific sources, but not 
whether a given taxa in the sample is only present as a contaminant or could truly 
be present in the environment from which the sample was acquired. An alternative 
method has been more recently proposed to detect contamination based on two 
simple observations: there is a negative correlation between sample DNA concen-
tration and frequency of reads from contaminant taxa, and those sequences are more 
likely to appear in control samples. The decontam package implements these ideas 
and has been shown to be effective in low biomass samples [144].

All methods to detect contamination must perform a balancing act between sen-
sitivity and specificity, and it is therefore important to understand limitations of 
each approach. A recent comparison by Karstens and colleagues [119] demonstrated 
that while all approaches can identify contaminants, removal of sequences present 
in control samples can be overly stringent and filters true sequences, therefore 
reducing power of the study to detect differences. SourceTracker was accurate in 
identifying contaminants when experimental sources were defined, which makes it 
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attractive for its use in studies that rigorously sample potential sources of contami-
nation [4]. In the absence of such information, decontam was also found to be effec-
tive at tagging contaminant sequences. Regardless of the approach, we emphasize 
that lung microbiome studies must include analysis of contaminants for results to be 
interpretable.

 Compositional Data Analysis

As with most microbiome studies, lung microbiome data is often compositional: for 
each sample, the abundance of microbes is expressed as nonnegative values that 
sum to unity [145]. Any assay that yields only relative abundances of components 
in a sample is in fact compositional, which has important implication for data analy-
sis, as traditional approaches such as differential analysis or correlation are highly 
impacted and can often lead to wrong conclusions [146]. This issue is particularly 
relevant in lung microbiome studies, since the low microbial biomass in specimens 
leads to higher amounts of contamination than in other body sites. The presence of 
contaminant taxa in a sample then results in lower estimates of the relative abun-
dance of microbes truly inhabiting the lung, as they are expressed as a fraction of 
the total number of DNA reads assigned to the sample. A related issue that can lead 
to compositionality is that of rarefaction: because sequencing coverage is different 
across samples, estimates of composition and diversity are calculated from a sub-
sampled set of data so that all samples appear to have the same library size [23]. 
Apart from questions as to whether rarefaction techniques are appropriate given the 
resulting loss of power [137, 147], the immediate consequence of normalizing 
sequencing coverage is the induction of compositionality in the data. Various 
approaches have been proposed to work with compositional data in microbiome 
studies. A goodness-of-fit to proportionality statistic based on log-ratios has been 
proposed to address compositionality issues, which can more accurately estimate 
when variables are proportional [146]. Differential abundance analysis using rela-
tive abundance data can also be performed using an approach based on reference 
frames [148]. Co-occurrence network analysis is also significantly impacted by 
compositionality, and methods based on the log-ratio transformation have also been 
proposed [149, 150]. While these methods can significantly reduce the number of 
false associations, the high prevalence of zeroes in lung microbiome data remains 
problematic, as approaches based on log-ratios cannot work with them. The use of 
pseudo-counts to replace zeroes is not without issues [151], and dropping zeroes 
from analysis –often used for differential analysis– results again in a loss of power.

The issues related to the use of relative abundance data goes beyond the analyti-
cal considerations described above. Microbial load is a critical parameter in micro-
biology and in the study of infectious diseases [152, 153], and sequencing-based 
methods alone cannot quantify loads (and thus, cannot estimate absolute abun-
dances) of microbial populations. Real-time polymerase chain reaction (qPCR) is a 
fast and reliable approach to monitor the amplification of a targeted microbial DNA 
fragment during a PCR in real-time, and can be used for quantification of individual 
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microbial species, or overall microbial loads by using universal primers. This 
method, however, cannot discriminate whether DNA was obtained from a viable 
cell, a dead cell, or whether it was even free DNA. Methods based on fluorescent 
dyes and cell sorting, on the other hand, allow the simultaneous estimation of micro-
bial load and viability [66], which can provide more accurate characterization of 
lung microbial communities while at the same time bypass problems related to 
compositionality of relative abundance data.

 Conclusions

Many of the issues found in analysis of microbiome data are exacerbated in lung 
studies, due to lower microbial biomass, higher prevalence of contaminants, and the 
still limited number of community-wide standards for sample acquisition, process-
ing, and analysis. We propose a conceptual pipeline for lung microbiome data anal-
ysis that summarizes our recommendations and includes main references to software 
tools (Fig. 3.2). While this is not a step-by-step description, we believe lung micro-
biome studies should at least incorporate some form of the proposed measures to 
achieve reliable and robust conclusions. The use of standard analytical approaches 
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Fig. 3.2 A conceptual pipeline for lung microbiome data analysis. Lung samples are collected 
together with negative and positive controls, and sequenced using amplicon or shotgun strategies. 
Raw sequencing data is preprocessed to perform quality control, filtering of host DNA, and decon-
tamination (using positive/negative controls). Data is then mapped or assembled into microbial 
taxa or genes and pathways to generate contingency tables that can be analyzed for diversity esti-
mates (alpha, beta diversity), visualizations, differential enrichment analysis, or network analysis
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will also benefit the research community by facilitating the reuse and comparison of 
results across different studies.

Numerous open issues remain in lung microbiome characterization and data 
analysis, in part due to the quick pace at which the underlying technologies used are 
changing. The use of shotgun metagenomics, for instance, is gaining traction in the 
field due to its higher resolution as well as the ability to estimate microbial function. 
There are still important limitations due to the high amount of host DNA that will 
require optimized methods that remove nonmicrobial cells as a source of contamina-
tion. A wide variety of software tools exist for species and strain-level identification, 
but it is yet unclear what drives the differences among the tools, and the extent to 
which those inconsistencies might be impacting conclusions across studies. 
Metatranscriptomics has also gained significant attention recently, although we feel 
the number of studies in the lung is still limited and there is a notable lack of stan-
dards that complicates interpretation. We have not discussed assays such as metabo-
lomics, which can provide additional insights into how lung microbes interact with 
the host [154]. The problems to address with this data type are in fact common to all 
microbiome studies: are the observed metabolites endogenous or microbial, can we 
predict whether metabolites are being produced or consumed by specific microbes, 
and are there metabolites that require community-level interactions to be synthe-
sized [155–157]. Contamination will continue to be an important consideration in 
lung microbiome studies, and methods that can predict not only whether samples are 
contaminated but the extent to which specific taxa are contaminated are highly desir-
able. It is also important to notice that current studies have generally investigated the 
bacterial, fungal, and viral components of the lung microbiome as independent enti-
ties, which is often not the case, as interactions among them can often have impor-
tant phenotypic consequences [158, 159]. Finally, we note that lung studies are 
generally cross-sectional, with only few longitudinal studies. This is an important 
limitation, as the microbiome changes over time in response to interventions, dis-
ease progression, and other factors. Methods that can interrogate temporal lung 
microbiome data will be important, although they will need to account for irregular 
sampling frequency and missing data that are characteristic of clinical research.

We have summarized in this chapter current approaches for lung microbiome 
data analysis, as well as important limitations and issues that, in our opinion, require 
careful attention when interpreting results. These considerations will help further 
advance our understanding of how microbial communities in the lung play a role in 
disease pathogenesis, progression, and outcomes.

References

 1. Shannon CE, Weaver W. The mathematical theory of communication. Urbana: University of 
Illinois Press; 1949.

 2. Erb-Downward JR, Thompson DL, Han MK, et al. Analysis of the lung microbiome in the 
“healthy” smoker and in COPD. PLoS One. 2011;6:e16384.

A. Boix-Amorós et al.



51

 3. Dickson RP, Erb-Downward JR, Huffnagle GB. The role of the bacterial microbiome in lung 
disease. Expert Rev Respir Med. 2013;7:245–57.

 4. Segal LN, Alekseyenko AV, Clemente JC, et al. Enrichment of lung microbiome with supra-
glottic taxa is associated with increased pulmonary inflammation. Microbiome. 2013;1:19.

 5. Kuczynski J, Lauber CL, Walters WA, et al. Experimental and analytical tools for studying 
the human microbiome. Nat Rev Genet. 2011;13:47–58.

 6. Charlson ES, Bittinger K, Haas AR, et al. Topographical continuity of bacterial populations 
in the healthy human respiratory tract. Am J Respir Crit Care Med. 2011;184:957–63.

 7. Morris A, Beck JM, Schloss PD, et al. Comparison of the respiratory microbiome in healthy 
nonsmokers and smokers. Am J Respir Crit Care Med. 2013;187:1067–75.

 8. Hilty M, Burke C, Pedro H, et al. Disordered microbial communities in asthmatic airways. 
PLoS One. 2010;5:e8578.

 9. Huang YJ, Nelson CE, Brodie EL, et al. Airway microbiota and bronchial hyperre-
sponsiveness in patients with suboptimally controlled asthma. J Allergy Clin Immunol. 
2011;127:372-81 e1–3.

 10. Pragman AA, Kim HB, Reilly CS, Wendt C, Isaacson RE. The lung microbiome in moderate 
and severe chronic obstructive pulmonary disease. PLoS One. 2012;7:e47305.

 11. van der Gast CJ, Walker AW, Stressmann FA, et al. Partitioning core and satellite taxa from 
within cystic fibrosis lung bacterial communities. ISME J. 2011;5:780–91.

 12. Willner D, Haynes MR, Furlan M, et al. Spatial distribution of microbial communities in the 
cystic fibrosis lung. ISME J. 2012;6:471–4.

 13. Borewicz K, Pragman AA, Kim HB, Hertz M, Wendt C, Isaacson RE. Longitudinal analysis 
of the lung microbiome in lung transplantation. FEMS Microbiol Lett. 2013;339:57–65.

 14. Cui L, Morris A, Ghedin E. The human mycobiome in health and disease. Genome Med. 
2013;5:63.

 15. Cui L, Lucht L, Tipton L, et al. Topographic diversity of the respiratory tract mycobiome and 
alteration in HIV and lung disease. Am J Respir Crit Care Med. 2015;191:932–42.

 16. van Woerden HC, Gregory C, Brown R, Marchesi JR, Hoogendoorn B, Matthews 
IP. Differences in fungi present in induced sputum samples from asthma patients and non- 
atopic controls: a community based case control study. BMC Infect Dis. 2013;13:69.

 17. Li H, Gao H, Meng H, et al. Detection of pulmonary infectious pathogens from lung biopsy 
tissues by metagenomic next-generation sequencing. Front Cell Infect Microbiol. 2018;8:205.

 18. Delhaes L, Monchy S, Frealle E, et  al. The airway microbiota in cystic fibrosis: a com-
plex fungal and bacterial community – implications for therapeutic management. PLoS One. 
2012;7:e36313.

 19. Mac Aogain M, Chandrasekaran R, Lim AYH, et al. Immunological corollary of the pulmo-
nary mycobiome in bronchiectasis: the CAMEB study. Eur Respir J. 2018;52:1800766.

 20. Charlson ES, Diamond JM, Bittinger K, et al. Lung-enriched organisms and aberrant bacte-
rial and fungal respiratory microbiota after lung transplant. Am J Respir Crit Care Med. 
2012;186:536–45.

 21. Schloss PD, Westcott SL, Ryabin T, et  al. Introducing mothur: open-source, platform- 
independent, community-supported software for describing and comparing microbial com-
munities. Appl Environ Microbiol. 2009;75:7537–41.

 22. Cole JR, Wang Q, Fish JA, et al. Ribosomal database project: data and tools for high through-
put rRNA analysis. Nucleic Acids Res. 2014;42:D633–42.

 23. Caporaso JG, Kuczynski J, Stombaugh J, et al. QIIME allows analysis of high-throughput 
community sequencing data. Nat Methods. 2010;7:335–6.

 24. Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R. Error-correcting barcoded primers for 
pyrosequencing hundreds of samples in multiplex. Nat Methods. 2008;5:235–7.

 25. Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 
2010;26:2460–1.

 26. Westcott SL, Schloss PD. De novo clustering methods outperform reference-based methods 
for assigning 16S rRNA gene sequences to operational taxonomic units. PeerJ. 2015;3:e1487.

3 The Rest Is Noise: Finding Signals in Lung Microbiome Data Analysis



52

 27. Rideout JR, He Y, Navas-Molina JA, et  al. Subsampled open-reference clustering cre-
ates consistent, comprehensive OTU definitions and scales to billions of sequences. 
PeerJ. 2014;2:e545.

 28. Quast C, Pruesse E, Yilmaz P, et  al. The SILVA ribosomal RNA gene database project: 
improved data processing and web-based tools. Nucleic Acids Res. 2013;41:D590–6.

 29. McDonald D, Price MN, Goodrich J, et al. An improved Greengenes taxonomy with explicit 
ranks for ecological and evolutionary analyses of bacteria and archaea. ISME J. 2012;6:610–8.

 30. Thompson LR, Sanders JG, McDonald D, et al. A communal catalogue reveals Earth’s mul-
tiscale microbial diversity. Nature. 2017;551:457–63.

 31. Tikhonov M, Leach RW, Wingreen NS. Interpreting 16S metagenomic data without cluster-
ing to achieve sub-OTU resolution. ISME J. 2015;9:68–80.

 32. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: high- 
resolution sample inference from Illumina amplicon data. Nat Methods. 2016;13:581–3.

 33. Amir A, McDonald D, Navas-Molina JA, et al. Deblur rapidly resolves single-nucleotide 
community sequence patterns. mSystems. 2017;2:e00191–16.

 34. McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive analysis and 
graphics of microbiome census data. PLoS One. 2013;8:e61217.

 35. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA- 
seq data with DESeq2. Genome Biol. 2014;15:550.

 36. Segata N, Izard J, Waldron L, et  al. Metagenomic biomarker discovery and explanation. 
Genome Biol. 2011;12:R60.

 37. Feigelman R, Kahlert CR, Baty F, et al. Sputum DNA sequencing in cystic fibrosis: non- 
invasive access to the lung microbiome and to pathogen details. Microbiome. 2017;5:20.

 38. Takeuchi S, Kawada JI, Horiba K, et  al. Metagenomic analysis using next-generation 
sequencing of pathogens in bronchoalveolar lavage fluid from pediatric patients with respira-
tory failure. Sci Rep. 2019;9:12909.

 39. Lim YW, Evangelista JS 3rd, Schmieder R, et al. Clinical insights from metagenomic analy-
sis of sputum samples from patients with cystic fibrosis. J Clin Microbiol. 2014;52:425–37.

 40. Segal LN, Clemente JC, Tsay JC, et al. Enrichment of the lung microbiome with oral taxa is 
associated with lung inflammation of a Th17 phenotype. Nat Microbiol. 2016;1:16031.

 41. Quince C, Walker AW, Simpson JT, Loman NJ, Segata N. Shotgun metagenomics, from sam-
pling to analysis. Nat Biotechnol. 2017;35:833–44.

 42. Chen S, Zhou Y, Chen Y, Gu J.  Fastp: an ultra-fast all-in-one FASTQ preprocessor. 
Bioinformatics. 2018;34:i884–i90.

 43. Li H, Durbin R. Fast and accurate short read alignment with burrows-wheeler transform. 
Bioinformatics. 2009;25:1754–60.

 44. Namiki T, Hachiya T, Tanaka H, Sakakibara Y. MetaVelvet: an extension of velvet assem-
bler to de novo metagenome assembly from short sequence reads. Nucleic Acids Res. 
2012;40:e155.

 45. Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. metaSPAdes: a new versatile metage-
nomic assembler. Genome Res. 2017;27:824–34.

 46. Li D, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast single-node solution 
for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics. 
2015;31:1674–6.

 47. Treangen TJ, Koren S, Sommer DD, et al. MetAMOS: a modular and open source metage-
nomic assembly and analysis pipeline. Genome Biol. 2013;14:R2.

 48. Truong DT, Franzosa EA, Tickle TL, et al. MetaPhlAn2 for enhanced metagenomic taxo-
nomic profiling. Nat Methods. 2015;12:902–3.

 49. Wood DE, Lu J, Langmead B. Improved metagenomic analysis with Kraken 2. Genome Biol. 
2019;20:257.

 50. Freitas TA, Li PE, Scholz MB, Chain PS. Accurate read-based metagenome characterization 
using a hierarchical suite of unique signatures. Nucleic Acids Res. 2015;43:e69.

A. Boix-Amorós et al.



53

 51. Sunagawa S, Mende DR, Zeller G, et al. Metagenomic species profiling using universal phy-
logenetic marker genes. Nat Methods. 2013;10:1196–9.

 52. Truong DT, Tett A, Pasolli E, Huttenhower C, Segata N. Microbial strain-level population 
structure and genetic diversity from metagenomes. Genome Res. 2017;27:626–38.

 53. Luo C, Knight R, Siljander H, Knip M, Xavier RJ, Gevers D. ConStrains identifies microbial 
strains in metagenomic datasets. Nat Biotechnol. 2015;33:1045–52.

 54. Cleary B, Brito IL, Huang K, et al. Detection of low-abundance bacterial strains in metage-
nomic datasets by eigengenome partitioning. Nat Biotechnol. 2015;33:1053–60.

 55. Franzosa EA, McIver LJ, Rahnavard G, et al. Species-level functional profiling of metage-
nomes and metatranscriptomes. Nat Methods. 2018;15:962–8.

 56. Meyer F, Bagchi S, Chaterji S, et al. MG-RAST version 4-lessons learned from a decade of 
low-budget ultra-high-throughput metagenome analysis. Brief Bioinform. 2019;20:1151–9.

 57. Bao G, Wang M, Doak TG, Ye Y. Strand-specific community RNA-seq reveals prevalent and 
dynamic antisense transcription in human gut microbiota. Front Microbiol. 2015;6:896.

 58. Schirmer M, Franzosa EA, Lloyd-Price J, et al. Dynamics of metatranscription in the inflam-
matory bowel disease gut microbiome. Nat Microbiol. 2018;3:337–46.

 59. Franzosa EA, Morgan XC, Segata N, et al. Relating the metatranscriptome and metagenome 
of the human gut. Proc Natl Acad Sci U S A. 2014;111:E2329–38.

 60. Leung HC, Yiu SM, Chin FY. IDBA-MTP: a hybrid Metatranscriptomic assembler based on 
protein information. J Comput Biol. 2015;22:367–76.

 61. Kopylova E, Noe L, Touzet H. SortMeRNA: fast and accurate filtering of ribosomal RNAs in 
metatranscriptomic data. Bioinformatics. 2012;28:3211–7.

 62. Lee SW, Kuan CS, Wu LS, Weng JT. Metagenome and metatranscriptome profiling of mod-
erate and severe COPD sputum in Taiwanese Han males. PLoS One. 2016;11:e0159066.

 63. Huang W, Yin C, Wang G, et al. Optimizing a metatranscriptomic next-generation sequencing 
protocol for Bronchoalveolar lavage diagnostics. J Mol Diagn. 2019;21:251–61.

 64. Ren L, Zhang R, Rao J, et al. Transcriptionally active lung microbiome and its association 
with bacterial biomass and host inflammatory status. mSystems. 2018;3:e00199–18.

 65. Davey HM. Flow cytometric techniques for the detection of microorganisms. Methods Cell 
Sci. 2002;24:91–7.

 66. Maurice CF, Haiser HJ, Turnbaugh PJ. Xenobiotics shape the physiology and gene expres-
sion of the active human gut microbiome. Cell. 2013;152:39–50.

 67. Koch C, Gunther S, Desta AF, Hubschmann T, Muller S. Cytometric fingerprinting for ana-
lyzing microbial intracommunity structure variation and identifying subcommunity function. 
Nat Protoc. 2013;8:190–202.

 68. Simon-Soro A, D’Auria G, Collado MC, Dzunkova M, Culshaw S, Mira A. Revealing micro-
bial recognition by specific antibodies. BMC Microbiol. 2015;15:132.

 69. Zimmermann J, Hubschmann T, Schattenberg F, et  al. High-resolution microbiota flow 
cytometry reveals dynamic colitis-associated changes in fecal bacterial composition. Eur J 
Immunol. 2016;46:1300–3.

 70. Palm NW, de Zoete MR, Cullen TW, et al. Immunoglobulin a coating identifies colitogenic 
bacteria in inflammatory bowel disease. Cell. 2014;158:1000–10.

 71. Dzidic M, Mira A, Artacho A, Abrahamsson TR, Jenmalm MC, Collado MC. Allergy devel-
opment is associated with consumption of breastmilk with a reduced microbial richness in the 
first month of life. Pediatr Allergy Immunol. 2020;31:250–7.

 72. Larsen JM, Steen-Jensen DB, Laursen JM, et  al. Divergent pro-inflammatory profile of 
human dendritic cells in response to commensal and pathogenic bacteria associated with the 
airway microbiota. PLoS One. 2012;7:e31976.

 73. Moffatt MF, Cookson WO. The lung microbiome in health and disease. Clin Med (Lond). 
2017;17:525–9.

 74. Krause R, Halwachs B, Thallinger GG, et al. Characterisation of candida within the mycobi-
ome/microbiome of the lower respiratory tract of ICU patients. PLoS One. 2016;11:e0155033.

3 The Rest Is Noise: Finding Signals in Lung Microbiome Data Analysis



54

 75. Goodman AL, Kallstrom G, Faith JJ, et al. Extensive personal human gut microbiota cul-
ture collections characterized and manipulated in gnotobiotic mice. Proc Natl Acad Sci U S 
A. 2011;108:6252–7.

 76. Lagier JC, Dubourg G, Million M, et al. Culturing the human microbiota and culturomics. 
Nat Rev Microbiol. 2018;16:540–50.

 77. Cross KL, Campbell JH, Balachandran M, et al. Targeted isolation and cultivation of unculti-
vated bacteria by reverse genomics. Nat Biotechnol. 2019;37:1314–21.

 78. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014;30:2068–9.
 79. Ghyselinck J, Pfeiffer S, Heylen K, Sessitsch A, De Vos P. The effect of primer choice and 

short read sequences on the outcome of 16S rRNA gene based diversity studies. PLoS One. 
2013;8:e71360.

 80. Bukin YS, Galachyants YP, Morozov IV, Bukin SV, Zakharenko AS, Zemskaya TI.  The 
effect of 16S rRNA region choice on bacterial community metabarcoding results. Sci Data. 
2019;6:190007.

 81. Pei AY, Oberdorf WE, Nossa CW, et al. Diversity of 16S rRNA genes within individual pro-
karyotic genomes. Appl Environ Microbiol. 2010;76:3886–97.

 82. Klappenbach JA, Saxman PR, Cole JR, Schmidt TM.  Rrndb: the ribosomal RNA operon 
copy number database. Nucleic Acids Res. 2001;29:181–4.

 83. Louca S, Doebeli M, Parfrey LW. Correcting for 16S rRNA gene copy numbers in microbi-
ome surveys remains an unsolved problem. Microbiome. 2018;6:41.

 84. Angly FE, Dennis PG, Skarshewski A, Vanwonterghem I, Hugenholtz P, Tyson 
GW. CopyRighter: a rapid tool for improving the accuracy of microbial community profiles 
through lineage-specific gene copy number correction. Microbiome. 2014;2:11.

 85. Kembel SW, Wu M, Eisen JA, Green JL.  Incorporating 16S gene copy number infor-
mation improves estimates of microbial diversity and abundance. PLoS Comput Biol. 
2012;8:e1002743.

 86. Langille MG, Zaneveld J, Caporaso JG, et  al. Predictive functional profiling of microbial 
communities using 16S rRNA marker gene sequences. Nat Biotechnol. 2013;31:814–21.

 87. Huseyin CE, Rubio RC, O’Sullivan O, Cotter PD, Scanlan PD. The fungal frontier: a compar-
ative analysis of methods used in the study of the human gut Mycobiome. Front Microbiol. 
2017;8:1432.

 88. Klimek-Ochab M, Brzezinska-Rodak M, Zymanczyk-Duda E, Lejczak B, Kafarski 
P. Comparative study of fungal cell disruption – scope and limitations of the methods. Folia 
Microbiol (Praha). 2011;56:469–75.

 89. Tang J, Iliev ID, Brown J, Underhill DM, Funari VA. Mycobiome: approaches to analysis of 
intestinal fungi. J Immunol Methods. 2015;421:112–21.

 90. Nash AK, Auchtung TA, Wong MC, et al. The gut mycobiome of the human microbiome 
project healthy cohort. Microbiome. 2017;5:153.

 91. Wu Z, Tsumura Y, Blomquist G, Wang XR. 18S rRNA gene variation among common air-
borne fungi, and development of specific oligonucleotide probes for the detection of fungal 
isolates. Appl Environ Microbiol. 2003;69:5389–97.

 92. Khot PD, Ko DL, Fredricks DN. Sequencing and analysis of fungal rRNA operons for devel-
opment of broad-range fungal PCR assays. Appl Environ Microbiol. 2009;75:1559–65.

 93. Nilsson RH, Kristiansson E, Ryberg M, Hallenberg N, Larsson KH. Intraspecific ITS variabil-
ity in the kingdom fungi as expressed in the international sequence databases and ITS impli-
cations for molecular species identification. Evol Bioinformatics Online. 2008;4:193–201.

 94. Schoch CL, Seifert KA, Huhndorf S, et  al. Nuclear ribosomal internal transcribed spacer 
(ITS) region as a universal DNA barcode marker for fungi. Proc Natl Acad Sci U S 
A. 2012;109:6241–6.

 95. Blaalid R, Kumar S, Nilsson RH, Abarenkov K, Kirk PM, Kauserud H. ITS1 versus ITS2 as 
DNA metabarcodes for fungi. Mol Ecol Resour. 2013;13:218–24.

 96. Stackebrandt EG, B. M. A place for DNA-DNA reassociation and 16s rRNA sequence analy-
sis in the present species definition in bacteriology. Int J Syst Bacteriol. 1994;44:846–9.

A. Boix-Amorós et al.



55

 97. Semchenko M, Leff JW, Lozano YM, et al. Fungal diversity regulates plant-soil feedbacks in 
temperate grassland. Sci Adv. 2018;4:eaau4578.

 98. Underhill DM, Iliev ID. The mycobiota: interactions between commensal fungi and the host 
immune system. Nat Rev Immunol. 2014;14:405–16.

 99. Mahe S, Duhamel M, Le Calvez T, et al. PHYMYCO-DB: a curated database for analyses of 
fungal diversity and evolution. PLoS One. 2012;7:e43117.

 100. Ghannoum MA, Jurevic RJ, Mukherjee PK, et al. Characterization of the oral fungal micro-
biome (mycobiome) in healthy individuals. PLoS Pathog. 2010;6:e1000713.

 101. Wylie KM. The virome of the human respiratory tract. Clin Chest Med. 2017;38:11–9.
 102. Colvin JM, Muenzer JT, Jaffe DM, et al. Detection of viruses in young children with fever 

without an apparent source. Pediatrics. 2012;130:e1455–62.
 103. Flight WG, Bright-Thomas RJ, Tilston P, et al. Incidence and clinical impact of respiratory 

viruses in adults with cystic fibrosis. Thorax. 2014;69:247–53.
 104. Graf EH, Simmon KE, Tardif KD, et al. Unbiased detection of respiratory viruses by use of 

RNA sequencing-based metagenomics: a systematic comparison to a commercial PCR panel. 
J Clin Microbiol. 2016;54:1000–7.

 105. Thorburn F, Bennett S, Modha S, Murdoch D, Gunson R, Murcia PR. The use of next gen-
eration sequencing in the diagnosis and typing of respiratory infections. Journal of clini-
cal virology: the official publication of the Pan American Society for Clinical Virology. 
2015;69:96–100.

 106. Wang Y, Zhu N, Li Y, et al. Metagenomic analysis of viral genetic diversity in respiratory 
samples from children with severe acute respiratory infection in China. Clin Microbiol Infect. 
2016;22:458 e1-9.

 107. Li Y, Fu X, Ma J, et al. Altered respiratory virome and serum cytokine profile associated with 
recurrent respiratory tract infections in children. Nat Commun. 2019;10:2288.

 108. van Rijn AL, van Boheemen S, Sidorov I, et al. The respiratory virome and exacerbations in 
patients with chronic obstructive pulmonary disease. PLoS One. 2019;14:e0223952.

 109. Gregory AC, Sullivan MB, Segal LN, Keller BC. Smoking is associated with quantifiable 
differences in the human lung DNA virome and metabolome. Respir Res. 2018;19:174.

 110. Willner D, Furlan M, Haynes M, et al. Metagenomic analysis of respiratory tract DNA viral 
communities in cystic fibrosis and non-cystic fibrosis individuals. PLoS One. 2009;4:e7370.

 111. Willner D, Haynes MR, Furlan M, et al. Case studies of the spatial heterogeneity of DNA 
viruses in the cystic fibrosis lung. Am J Respir Cell Mol Biol. 2012;46:127–31.

 112. Young JC, Chehoud C, Bittinger K, et al. Viral metagenomics reveal blooms of anelloviruses 
in the respiratory tract of lung transplant recipients. Am J Transplant. 2015;15:200–9.

 113. Abbas AA, Diamond JM, Chehoud C, et al. The perioperative lung transplant Virome: torque 
Teno viruses are elevated in donor lungs and show divergent dynamics in primary graft dys-
function. Am J Transplant. 2017;17:1313–24.

 114. Berry M, Gamieldien J, Fielding BC.  Identification of new respiratory viruses in the new 
millennium. Viruses. 2015;7:996–1019.

 115. Lysholm F, Wetterbom A, Lindau C, et  al. Characterization of the viral microbiome in 
patients with severe lower respiratory tract infections, using metagenomic sequencing. PLoS 
One. 2012;7:e30875.

 116. Krishnamurthy SR, Wang D.  Origins and challenges of viral dark matter. Virus Res. 
2017;239:136–42.

 117. Eisenhofer R, Minich JJ, Marotz C, Cooper A, Knight R, Weyrich LS.  Contamination in 
low microbial biomass microbiome studies: issues and recommendations. Trends Microbiol. 
2019;27:105–17.

 118. Weyrich LS, Farrer AG, Eisenhofer R, et al. Laboratory contamination over time during low- 
biomass sample analysis. Mol Ecol Resour. 2019;19:982–96.

 119. Karstens L, Asquith M, Davin S, et al. Controlling for Contaminants in Low-Biomass 16S 
rRNA Gene Sequencing Experiments. mSystems 2019;4:e00290–19.

3 The Rest Is Noise: Finding Signals in Lung Microbiome Data Analysis



56

 120. Seitz V, Schaper S, Droge A, Lenze D, Hummel M, Hennig S. A new method to prevent 
carry-over contaminations in two-step PCR NGS library preparations. Nucleic Acids Res. 
2015;43:e135.

 121. Salter SJ, Cox MJ, Turek EM, et  al. Reagent and laboratory contamination can critically 
impact sequence-based microbiome analyses. BMC Biol. 2014;12:87.

 122. Costello M, Fleharty M, Abreu J, et al. Characterization and remediation of sample index 
swaps by non-redundant dual indexing on massively parallel sequencing platforms. BMC 
Genomics. 2018;19:332.

 123. Glassing A, Dowd SE, Galandiuk S, Davis B, Chiodini RJ. Inherent bacterial DNA contami-
nation of extraction and sequencing reagents may affect interpretation of microbiota in low 
bacterial biomass samples. Gut Pathog. 2016;8:24.

 124. de Goffau MC, Lager S, Salter SJ, et al. Recognizing the reagent microbiome. Nat Microbiol. 
2018;3:851–3.

 125. Yeh YC, Needham DM, Sieradzki ET, Fuhrman JA. Taxon Disappearance from Microbiome 
Analysis Reinforces the Value of Mock Communities as a Standard in Every Sequencing 
Run. mSystems 2018;3:e00023–18.

 126. Hardwick SA, Chen WY, Wong T, et  al. Synthetic microbe communities provide internal 
reference standards for metagenome sequencing and analysis. Nat Commun. 2018;9:3096.

 127. Palmer JM, Jusino MA, Banik MT, Lindner DL. Non-biological synthetic spike-in controls 
and the AMPtk software pipeline improve mycobiome data. PeerJ. 2018;6:e4925.

 128. Tourlousse DM, Ohashi A, Sekiguchi Y. Sample tracking in microbiome community profiling 
assays using synthetic 16S rRNA gene spike-in controls. Sci Rep. 2018;8:9095.

 129. Stammler F, Glasner J, Hiergeist A, et al. Adjusting microbiome profiles for differences in 
microbial load by spike-in bacteria. Microbiome. 2016;4:28.

 130. Lasken RS. Genomic DNA amplification by the multiple displacement amplification (MDA) 
method. Biochem Soc Trans. 2009;37:450–3.

 131. Marine R, McCarren C, Vorrasane V, et al. Caught in the middle with multiple displacement 
amplification: the myth of pooling for avoiding multiple displacement amplification bias in a 
metagenome. Microbiome. 2014;2:3.

 132. Kircher M, Sawyer S, Meyer M.  Double indexing overcomes inaccuracies in multiplex 
sequencing on the Illumina platform. Nucleic Acids Res. 2012;40:e3.

 133. Fredricks DN, Smith C, Meier A. Comparison of six DNA extraction methods for recovery 
of fungal DNA as assessed by quantitative PCR. J Clin Microbiol. 2005;43:5122–8.

 134. Fiedorova K, Radvansky M, Nemcova E, et al. The impact of DNA extraction methods on 
stool bacterial and fungal microbiota community recovery. Front Microbiol. 2019;10:821.

 135. Fiers WD, Gao IH, Iliev ID. Gut mycobiota under scrutiny: fungal symbionts or environmen-
tal transients? Curr Opin Microbiol. 2019;50:79–86.

 136. Hughes JB, Hellmann JJ. The application of rarefaction techniques to molecular inventories 
of microbial diversity. Methods Enzymol. 2005;397:292–308.

 137. Weiss S, Xu ZZ, Peddada S, et al. Normalization and microbial differential abundance strate-
gies depend upon data characteristics. Microbiome. 2017;5:27.

 138. Minich JJ, Zhu Q, Janssen S, et al. KatharoSeq Enables High-Throughput Microbiome 
Analysis from Low-Biomass Samples. mSystems 2018;3:e00218–17.

 139. Langmead B, Salzberg SL.  Fast gapped-read alignment with bowtie 2. Nat Methods. 
2012;9:357–9.

 140. Jervis-Bardy J, Leong LE, Marri S, et al. Deriving accurate microbiota profiles from human 
samples with low bacterial content through post-sequencing processing of Illumina MiSeq 
data. Microbiome. 2015;3:19.

 141. Kirstahler P, Bjerrum SS, Friis-Moller A, et al. Genomics-based identification of microorgan-
isms in human ocular body fluid. Sci Rep. 2018;8:4126.

 142. Simpson JM, Santo Domingo JW, Reasoner DJ. Microbial source tracking: state of the sci-
ence. Environ Sci Technol. 2002;36:5279–88.

A. Boix-Amorós et al.



57

 143. Knights D, Kuczynski J, Charlson ES, et al. Bayesian community-wide culture-independent 
microbial source tracking. Nat Methods. 2011;8:761–3.

 144. Davis NM, Proctor DM, Holmes SP, Relman DA, Callahan BJ.  Simple statistical identi-
fication and removal of contaminant sequences in marker-gene and metagenomics data. 
Microbiome. 2018;6:226.

 145. Aitchison J.  The statistical-analysis of compositional data. J Roy Stat Soc B Met. 
1982;44:139–77.

 146. Lovell D, Pawlowsky-Glahn V, Egozcue JJ, Marguerat S, Bahler J. Proportionality: a valid 
alternative to correlation for relative data. PLoS Comput Biol. 2015;11:e1004075.

 147. McMurdie PJ, Holmes S. Waste not, want not: why rarefying microbiome data is inadmis-
sible. PLoS Comput Biol. 2014;10:e1003531.

 148. Morton JT, Marotz C, Washburne A, et al. Establishing microbial composition measurement 
standards with reference frames. Nat Commun. 2019;10:2719.

 149. Kurtz ZD, Muller CL, Miraldi ER, Littman DR, Blaser MJ, Bonneau RA.  Sparse and 
compositionally robust inference of microbial ecological networks. PLoS Comput Biol. 
2015;11:e1004226.

 150. Friedman J, Alm EJ. Inferring correlation networks from genomic survey data. PLoS Comput 
Biol. 2012;8:e1002687.

 151. Erhard F. Estimating pseudocounts and fold changes for digital expression measurements. 
Bioinformatics. 2018;34:4054–63.

 152. Brotons P, Bassat Q, Lanaspa M, et al. Nasopharyngeal bacterial load as a marker for rapid 
and easy diagnosis of invasive pneumococcal disease in children from Mozambique. PLoS 
One. 2017;12:e0184762.

 153. Darton T, Guiver M, Naylor S, et  al. Severity of meningococcal disease associated with 
genomic bacterial load. Clinical infectious diseases: an official publication of the Infectious 
Diseases Society of America. 2009;48:587–94.

 154. Nicholson JK, Holmes E, Kinross J, et  al. Host-gut microbiota metabolic interactions. 
Science. 2012;336:1262–7.

 155. Noecker C, Chiu HC, McNally CP, Borenstein E. Defining and evaluating microbial contri-
butions to metabolite variation in microbiome-metabolome association studies. mSystems. 
2019;4:e00579–19.

 156. Sridharan GV, Choi K, Klemashevich C, et  al. Prediction and quantification of bioactive 
microbiota metabolites in the mouse gut. Nat Commun. 2014;5:5492.

 157. Ponomarova O, Patil KR. Metabolic interactions in microbial communities: untangling the 
Gordian knot. Curr Opin Microbiol. 2015;27:37–44.

 158. Leonardi I, Paramsothy S, Doron I, et al. Fungal trans-kingdom dynamics linked to respon-
siveness to fecal microbiota transplantation (FMT) therapy in ulcerative colitis. Cell Host 
Microbe. 2020;27:823–9. e3

 159. Hoarau G, Mukherjee PK, Gower-Rousseau C, et al. Bacteriome and mycobiome interactions 
underscore microbial dysbiosis in familial crohn’s disease. mBio. 2016;7:e01250–16.

3 The Rest Is Noise: Finding Signals in Lung Microbiome Data Analysis



Part II
Applications: Role of the Microbiome  

in Respiratory Disease



61© The Editor(s) (if applicable) and The Author(s), under exclusive license to 
Springer Nature Switzerland AG 2022
Y. J. Huang, S. Garantziotis (eds.), The Microbiome in Respiratory Disease, 
Respiratory Medicine, https://doi.org/10.1007/978-3-030-87104-8_4

Chapter 4
Allergic Rhinitis and Chronic 
Rhinosinusitis

Kirsten M. Kloepfer, Arundeep Singh, and Vijay Ramakrishnan

 Introduction

The nasal passageway serves as an interface between the external environment and 
the respiratory tract. During inspiration, the airways are exposed to pollutants, aero-
allergens, fungal spores, viruses, and bacteria. The human respiratory tract is divided 
into two distinct areas: the upper respiratory tract (URT) and the lower respiratory 
tract (LRT). The URT includes the nasal cavity, turbinates, paranasal sinuses, naso-
pharynx, and supraglottic larynx, while the LRT is comprised of the subglottic lar-
ynx, trachea, bronchi, and bronchioles. This chapter focuses on the sinonasal cavity 
and its microbiota as it pertains to health, allergic rhinitis, and chronic 
rhinosinusitis.
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 The Upper Airway Microbiome

Early colonization of the URT is determined by the nature of delivery. The micro-
biota of vaginally delivered infants resemble their mother’s vaginal microbiota 
(Lactobacillus, Prevotella, Sneathia) while those delivered via C-section resemble 
their mother’s skin microbiota (Staphylococcus, Corynebacterium, 
Propionibacterium) [1]. Associations between specific microbiota profiles and sub-
sequent allergic disease have been established. For example, as infants develop, 
their URT microbiota becomes dominant in either: Streptococcus, Moraxella, 
Staphylococcus, Corynebacterium, or Corynebacterium/Dolosigranulum. Both the 
Moraxella and Corynebacterium/Dolosigranulum dominant microbiotas are con-
sidered more stable because they are associated with fewer allergic disease out-
comes [2]. In addition, these two microbiota profiles are associated with 
breastfeeding, which often is considered to promote a “healthy” microbiota. In con-
trast, C-section delivery, male gender, presence of siblings, and daycare attendance 
have been correlated with dysbiosis (Table 4.1) [3].

The microbiota of the anterior nares in healthy adults is dominated by three 
phyla: Actinobacteria, Firmicutes, and Proteobacteria [4]. Furthermore, four dis-
tinct genera profiles have been shown to dominate the anterior nares (Staphyloc
occus, Propionibacterium, Corynebacterium or Moraxella) [5]. The middle meatus 
microbiota has also been described in healthy adults with the most abundant bacte-
ria observed being Staphylococcus aureus, Staphylococcus epidermidis, and 
Propionibacterium acnes [6]. Evidence suggests that 85% of the nasal community 
is shared amongst distinct populations and decreases in diversity with age [7].

Table 4.1 Factors that may 
influence the microbiome of the 
upper airway

Host factors Genetics
Comorbid diagnoses
Mucosal immunity

Environmental factors Pollen
Cigarette smoke
Diet
Urban/rural living
Pollution
Daycare
Family size
Mode of delivery

Medical interventions Antibiotics
Nasal steroids
Nasal irrigation
Biologics
Nasal/sinus surgery
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 Allergic Rhinitis

 Pathophysiology of Allergic Rhinitis

Allergic rhinitis (AR) is a type I hypersensitivity reaction mediated primarily by 
immunoglobulin E (IgE) and mast cells [8]. Inhaled antigens (dust mites, pollen, 
animal dander) are phagocytized and processed for presentation via MHC II mole-
cules on antigen-presenting cells (dendritic cells, macrophages). The antigen pre-
senting cells migrate to lymph nodes where MHC II interacts with the T-cell receptor 
on naïve T-helper/CD4+ (Th) cells with concurrent B7-CD28 interaction co- 
stimulation. The naïve Th cells mature to Th2 cells, releasing numerous cytokines 
(IL-3, IL-4, IL-5, IL-13, GM-CSF, etc.), which, along with CD40–CD40 ligand 
interactions, promote B-cell isotype switching to IgE [8–10]. IgE is released into 
the circulation and binds the FcεRI receptor on mast cells and basophils with high 
affinity. This process is referred to as allergen sensitization [8–12] (Fig. 4.1).

On ensuing exposures, the antigen binds and cross-links with the antigen- specific 
IgE resulting in the release of pro-inflammatory molecules and the de novo synthe-
sis of new molecules [9–12]. Preformed histamine is predominantly responsible for 
the early-stage reaction characterized by runny nasal discharge and sneezing. This 
occurs through histamine’s ability to trigger vasodilation, increase vascular perme-
ability [13], and decrease nasal mucosa epithelial integrity [14]. Simultaneously, 
mast cells undergo de novo synthesis of arachidonic acid metabolites (prostaglan-
dins, leukotrienes) which contribute to the vasodilation and increased vascular per-
meability of the early reaction [13].

The cytokines released by Th2 cells stimulate an influx of inflammatory cells 
such as basophils, eosinophils, and macrophages to the nasal mucosa, and enhance 
the maturation of naïve Th cells to Th2. Degranulation of the inflammatory cells 
contribute to the late-stage reaction characterized by nasal congestion. Basophils 
are functionally similar to mast cells [15], but instead act as the dominant source of 
histamine in the late reaction [16]. Eosinophils release various inflammatory mole-
cules [15]; however, most important to allergic reactions is the production of leukot-
riene C4 thought to be responsible for nasal congestion [17].

IgE levels represent an important distinction between sensitized and nonsensi-
tized individuals and have been positively correlated with allergic symptoms [18]. 
However, questions remain regarding why some become sensitized while others do 
not. The hygiene hypothesis postulates that children with fewer infections and oth-
erwise reduced microbial exposures and colonization during childhood have higher 
occurrences of allergic disorders, especially in westernized nations [19, 20]. The 
biodiversity hypothesis builds upon this by theorizing that environmental influences 
modify and disrupt the diversity and quantity of the microbiota contributing to aller-
gic diseases [21]. This represents an important progression as more and more evi-
dence points towards a modulatory role of the microbiota in immune development 
[22], including the balance of Th1/Th2, Th17 and regulatory T cells of which dys-
regulation has been associated in the development of allergic disorders [23, 24]. 
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Given the implication of the microbiota in immune development and allergic disor-
ders, early dysbiosis may be regarded as a potential contributor to disease 
development.

 Dysbiosis in Allergic Rhinitis

Dysbiosis is defined as a change in the microbiota composition including loss of 
biodiversity, an imbalance in the composition/ratio of microbiota, and as a change 
in specific lineages composing the microbiota [25]. With its recent implications in 
human pathologies [26–28] including allergic airway diseases such as AR [28], dys-
biosis has been redefined to refer to any change in the composition of commensal 
microbes that deviates from that found in healthy individuals [29].

Recent evidence links dysbiosis in the upper respiratory tract (URT) to allergic 
conditions such as AR [30]. Dysbiosis can be seen in the developing infant’s nasal 
microbiome. Compared to healthy infants, infants with rhinitis begin showing 
decreases in bacterial diversity as early as 3 weeks of age with Oxalobacteraceae 
family (Proteobacteria phylum) and Aerococcaceae family (Firmicutes phylum) pre-
dominating [31]. In contrast, Corynebacteriaceae family (Actinobacteria phylum) 
and early colonization with Staphylococcaceae family (Firmicutes phylum) are asso-
ciated with healthy infants. Further, Staphylococcus increases over time until 
9 months of age before declining in abundance later in infancy [31]. This decline in 
healthy infants may illustrate why later high abundances of Staphylococcus is linked 
to AR.  Compared to healthy individuals or individuals with low total IgE levels, 
adults with allergic rhinitis have a low microbial diversity of their inferior turbinate 
microbiota with a high abundance of Staphylococcus aureus (Firmicutes phylum) 
and a low abundance of Propionibacterium acnes (Actinobacteria phylum) [3]. These 
findings were associated with high total IgE levels [3], suggesting that allergic rhinitis 
is associated with dysbiosis. It remains unclear how Staphylococcus elicits an allergic 
response; however, recent evidence points towards the role of superantigens (SEA, 
SEB, TSST-1) in prompting IgE sensitization [32, 33]. Other Staphylococcus pro-
teins (serine-like proteases) have also been implicated in inducing IgE responses [34] 
or IL-33 activation, an upstream effector of the Th2 allergic response [35–37].

In humans, several studies have linked antibiotic use, especially early exposure, 
to allergic disease [38–40]. Early exposure in infants is associated with dysbiosis 
and/or a less-diverse gut microbiota [41]. However specific mechanisms of action 
for the selected antibiotic determine which species decrease in abundance with a 
resulting increase in growth of other non-affected species [42, 43]. The effects 
depend on the host’s microbiome profile [44] and can be long lasting [45]. Antibiotic 
use has also been shown to cause dysbiosis in the URT [46, 47], though, again, it is 
likely dependent on the type of antibiotic. Interestingly, use of intranasal steroids in 
a small pilot study saw increases in microbial diversity secondary to reduction of 
Moraxella and increases in Actinobacteria phyla members [48].

Environment exposures can also play a role in microbiota changes. The gut 
microbiota in those with seasonal allergic rhinitis fluctuates during pollen season 
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with decreases in Bifidobacterium, Clostridium, and Bacteroides [49, 50] observed. 
This indicates that the environment, specifically allergen exposure, may play a key 
role in the changing microbiota. Other environmental exposures such as passive or 
active cigarette smoke exposure have been associated with the development of aller-
gic disease, particularly in children and adolescents [51]. The consequences of ciga-
rette smoke on nasal microbiota have not been entirely examined, though it has been 
shown that individuals with COPD have decreased lower airway biodiversity com-
pared to nonsmokers [52].

 Local Airway Microbiome vs. Gut Microbiota

In humans, increases in basophil counts contribute to more frequent Th2-driven 
allergic inflammation, primarily in the late phase reaction (not excluding the early 
phase reaction) of AR where basophils are the dominant source of histamine [16]. 
While a link between increased basophils and the human airway microbiota has not 
been established, dysbiosis in the gastrointestinal (GI) tract, as a result of antibiotic 
administration, has been shown to increase IgE concentrations thereby increasing 
circulating basophil levels in murine models [53]. Antibiotic administration in mice 
led to alterations in the commensal bacteria population, specifically reductions in 
Bacteroidetes and Firmicutes phyla, resulting in increased basophil development in 
the bone marrow by influencing basophil responsiveness to IL-3 via upregulation of 
the IL-3 receptor subunit CD123 [53, 54]. This process elucidates a role for the 
microbiota in mediating or protecting against allergic responses [53].

Dysbiosis of the GI tract has also been seen in AR. Prospective studies examin-
ing the gut microbiota of infants from birth through 2 years of age found that dys-
biosis of bacteria such as Escherichia coli, Clostridium difficile, Bifidobacterium 
longum, and Bacteroides fragilis precedes the development of allergic diseases [55, 
56]. Reduced abundances of the phylum Firmicutes, specifically the Dorea genus, 
in commensal populations of the GI tract can also be seen in school-aged children 
with AR and asthma and are inversely correlated with fecal IgE levels [57]. Much is 
still not understood about the Dorea genus. It belongs to the Lachnospiraceae fam-
ily which includes some probiotics such as Lachnospiraceae and Lachnospira spp. 
that induce Treg cell and anti-inflammatory molecule production (IL-10 and induc-
ible T-cell co-stimulator) [58, 59]. As opposed to Dorea, increased Ruminoccocus 
gnavus, another member of the Lachnospiraceae family, has been associated with 
respiratory allergy occurrence in a twin cohort study [58]. Further investigation into 
this bacteria found that murine models exposed to R. gnavus had an increased 
release of inflammatory cytokines, particularly interleukin-33 (IL-33), a cytokine 
implicated in Th2-mediated allergic responses [35, 36].

Diet has also been shown to influence the microbiota. Three different microbial 
patterns have been described, with each dominated by either (1) Bacteroides, (2) 
Prevotella, or (3) Ruminococcus [60]. Dietary intake is linked with dominance of 
these bacteria. Bacteroides is associated with a higher intake of animal protein and 
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saturated fats (Western diets), whereas Prevotella with low meat and greater carbo-
hydrate intake (agrarian, vegetarian/vegan diets) [61]. Western diets have been asso-
ciated with gut dysbiosis leading to various inflammatory and metabolic conditions 
[62], and a 2016 study linked low fruit and high meat consumption in preschool 
aged children to higher risks of developing rhinitis [63]. Despite this, more evidence 
is needed to link diet to AR. Diet may also play a significant role in gut microbe 
alterations during urbanization. It has been noted that individuals living in rural 
environments have greater biodiversity in commensal populations compared to 
urban dwellers [64] and less occurrences of atopic conditions [65, 66] especially 
among farm-reared children [67]. As individuals migrate from rural to urban areas, 
there is westernization of diets that shift microbiomes from Prevotella-dominant to 
Bacteroides-dominant [68].

 Existing Study Designs for Microbiome Role in Causality or 
as a Disease Modifier

Causality is difficult to ascertain in human disease. Therefore, murine models, espe-
cially germ-free (GF) mice [69], are utilized due to the ability of researchers to 
directly manipulate and control their environments. Interestingly, GF models have 
been shown to have higher IgE levels and greater allergic responses [70, 71], another 
indication of the potential role of the microbiome in allergic response regulation. 
Recolonization of GF mice with commensal flora of healthy mice (without allergic 
symptoms) reversed the increased levels of eosinophils and lymphocytes, and 
reduced the allergic symptoms originally observed in the GF mice [72]. Colonization 
of GF mice with fecal samples from children with allergic diseases (not AR exclu-
sive) resulted in the GF mice, and their offspring, exhibiting higher Th17-signatures 
which shifted their immune development towards atopy [73, 74].

Another way to examine the role of the microbiota in allergic disease is to utilize 
antibiotics to alter the microbiota. Mice administered with antibiotics have signifi-
cantly reduced bacterial loads in their GI tract and consequently develop elevations 
in allergen-specific IgE (and IgG1) levels following sensitization compared to con-
trol groups [53, 75]. Given the allergic inflammation observed in the experimental 
groups, it is likely that altering the microbiota causes allergic inflammation.

If dysbiosis causes AR, then theoretically probiotics that restore the microbiota 
should decrease allergic reactions. In mice with ovalbumin-sensitization, inocula-
tion with probiotics (Bifidobacterium breve and Lactobacillus plantarum) reduced 
eosinophils, ovalbumin-specific IgE and IgG1, and several inflammatory cytokines 
[70]. Though this study focused on food allergy, a similar reduction in allergic 
symptoms was noted in mice delivered via C-section who were inoculated with 
B. breve [76].

Further experimental manipulation of microbiota can be induced by diet. Fiber 
intake has been shown to alter microbiota to contain more fiber-metabolizing 
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bacterium. Direct alterations of mouse gut microbiota were seen in those fed with 
high- fiber diets, with better protection against allergic airway inflammation possi-
bly due to greater circulating short-chain fatty acids [77]. This study provides 
greater insight into how modifications in gut microbiota can influence lung patholo-
gies (lung-gut axis) [78].

To date, a limited number of studies exist, with most studies utilizing murine 
models. Those focused on humans have small sample sizes, conflicting results, a 
lack of focus on underlying mechanisms, and rarely focus specifically on AR, mak-
ing it difficult to prove causality in URT microbiota studies. As focus in this area 
grows, more definite conclusions about causality between microbiota and AR 
are likely.

 Strength of Associations in Human Studies

While murine models help provide evidence of causality between the microbiota 
and AR, differences in respiratory and gut anatomy, as well as differing microbial 
composition limits the translatability of results to human models [79]. Studies 
examining the upper respiratory tract and GI tract microbiota of study participants 
after diagnosis of allergic rhinitis reveal alterations in their microbiota. While this 
suggests that an association exists between microbiota changes and allergic rhinitis, 
it does not identify the direction of the association (e.g. if the dysbiosis leads to 
allergic rhinitis or if allergic rhinitis caused the dysbiosis) [3, 57]. Another issue in 
human studies is self-reporting of symptoms which can differ from individual to 
individual. To address this, and increase the strength of association, studies have 
measured IgE levels to evaluate a quantifiable objective measure [53, 57]. IgE is a 
marker of allergic disease [18], and levels have been linked with early-life coloniza-
tion of the microbiota [80].

Monitoring early-life colonization in infants prior to the onset of allergic disease 
allows for better understanding of the timeline of microbiota dysbiosis. For exam-
ple, a study of two separate populations with vastly dissimilar prevalence of atopic 
disease examined the intestinal microflora of two-year-old children, noting dysbi-
otic colonization by Lactobacilli and aerobic organisms in those who eventually 
developed allergic disease [81]. Following subjects and collecting samples immedi-
ately after birth until the onset of allergic symptoms strengthens observed associa-
tions. Studies collecting fecal samples and monitoring for allergic diseases in infants 
from birth have found that dysbiosis precedes allergic symptoms and therefore is 
likely to be partly responsible for AR development [3, 55, 56, 58, 82]. Since the 
onset of AR is not limited to infancy and childhood [83], a similar longitudinal 
study following children ages 7–11 until ages 15–20 years noted similar changes in 
the microbiota preceding allergic symptoms. Specifically, this study reported 
increased microbial diversity in children who did not develop AR compared to those 
who did [84].
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Modulation of the microbiome provides an additional way of assessing strength 
of association. If dysbiosis results in the development of AR/allergic diseases, then 
triggering dysbiosis by use of antibiotics or treating dysbiosis by use of probiotics 
should increase or decrease the risk of AR in human models, respectively. In the 
case of antibiotics, use in the first week of life was associated with increased preva-
lence of AR [85]. In the case of probiotics, human studies have shown efficacy in the 
treatment of allergic symptoms and restoration of beneficial bacterium 
(Bifidobacterium lactis, Lactobacillus acidophilus, Bacteroides fragilis) [49, 50]; 
however, they have not proven effective in prevention of symptoms during pollen 
season [49].

Considering the associative studies discussed in this section and throughout the 
chapter, strong, quality evidence exists linking dysbiosis in the microbiota in human 
models to development of allergic disease. With only a few studies disputing the 
dysbiosis hypothesis, and support from animal models, it appears that dysbiosis 
contributes to the development of AR.

 Microbiome Modulation Opportunities

Probiotics constitute the most common, and easiest, method of microbiome modu-
lation. Currently, the World Allergy Organization only recommends probiotic use in 
pregnant women at high risk for having an allergic child; women breastfeeding 
infants at high risk of developing allergy; and in infants at high risk for developing 
allergy [86]. Data over the benefits of probiotics, namely Lactobacillus spp. and 
Bifidobacterium bifidum [87], in AR have been conflicting despite the observations 
of decreased quantities of these bacteria in patients with allergic disease [88].

Systematic reviews/meta-analyses of studies utilizing probiotics as a treatment 
option for AR have shown clinical benefits in nasal symptom reduction and improved 
quality of life scores, but with the major limitation of study heterogeneity [89, 90]. 
In prevention studies with probiotics during pregnancy and early infancy, systemic 
reviews/meta-analyses have shown no significant differences with use of probiotics 
versus placebo for allergic diseases excluding eczema [91–93]. Additionally, trans-
lation of benefits in mice models [94] is often not observed in humans utilizing the 
same bacterial strains [95], though murine models do provide insight into probiotic 
mechanisms such as induction of regulatory T cells [94] or altering the Th1/Th2 bal-
ance [96]. Despite more recent evidence indicating the use of probiotic mixtures 
[97] and probiotics along with medications [98], the inconsistency of findings sug-
gests that the microbiome is not solely responsible for development of allergic dis-
ease or the need to individualize probiotics.

Other modulation opportunities include utilization of prebiotics, dietary supple-
ments, and implementing a healthy lifestyle. Evidence on the use of prebiotics to 
reduce allergies has also been unclear [99], but in combination with probiotics has 
been shown to decrease allergy occurrence in infants delivered by C-section [100] 
and tended to reduce the occurrence of IgE-associated atopic conditions [101]. We 
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previously discussed the influence of diet on microbiota composition, and the effects 
of the Western diet [61, 62], fruit and meat consumption [63], and fiber intake [77]. 
In addition, higher frequencies of vitamin D deficiency have been identified in 
patients with allergic disease [102], and its supplementation has been shown to 
reduce allergic symptoms [103, 104]. Further, evidence suggests an association 
between vitamin D and a microbiome composition predominant in Prevotella and 
low in Haemophilus and Veillonella [105]. Finally, physical activity has also been 
shown to influence gut microbiota [106], and increases have been associated with 
decreased rhinitis symptoms, reduced airway inflammation, decreased IL-4 and 
eosinophils with increased IL-2 levels [107, 108].

The final consideration for microbiome modulation is fecal microbiota transplant 
(FMT) . Current findings demonstrate FMT as an effective treatment for recurrent 
Clostridium difficile infections, but variable success for chronic diseases associated 
with dysbiosis [109]. No human studies have evaluated FMT efficacy in allergic 
disease; however, transplant studies in mice have shown efficacy in reducing aller-
gic symptoms and associated lab findings [72]. Presently, two clinical trials are 
evaluating FMT in patients with food allergies and atopic dermatitis, potentially 
paving the way for FMT studies as treatment for AR.

 Chronic Rhinosinusitis

 Pathophysiology of Chronic Rhinosinusitis

Chronic rhinosinusitis (CRS) is increasingly recognized for its high personal and 
societal burden, affecting up to 16% of the population, accounting for over 14 mil-
lion annual clinic visits in the United States, and resulting in annual disease man-
agement costs of $4.3–5.8 billion [110]. Patient reported quality of life (QOL) in 
CRS is comparable to severe diseases such as congestive heart failure, angina, 
COPD, and back pain [111, 112].

Historically, the presence of respiratory pathogens (e.g., S. aureus and P. aerugi
nosa) and antibiotic resistance found on sinus cultures suggested that CRS was 
largely an infectious disease, resulting in tremendous antibiotic use, often to no 
avail. Recently, nuanced understanding of the disease has resulted in a model 
wherein chronic mucosal inflammation associated with pathological host–microbe 
interactions may contribute to disease onset, propagation, and/or recalcitrance. In 
support, multiple 16S rRNA gene surveys of the sinus microbiome have noted loss 
of commensal organisms, reduced microbial diversity, pathogen presence, and dis-
rupted host–microbe interactions in CRS [110, 113–115]. Colonization of the upper 
airway mucosae with dense and varied assemblages of microbes, and awareness of 
their importance to human health and disease has resulted in a paradigm shift from 
the “one pathogen, one disease” CRS model to the concept of the bacterial com-
munity as a functional unit [116, 117]. Microbial ecology and community 
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interactions appear to govern important roles at the epithelial surface that are critical 
in CRS, including pathogen exclusion, production of local antimicrobial factors, 
barrier fortification, immune system development, and metabolic functions [118].

 Dysbiosis in Chronic Rhinosinusitis

In health, the upper airway is populated by an apparently stable microbiome that is 
highly individualized [119–122]. Characteristic findings in health include increased 
bacterial diversity, low abundance of pathogens, and limited anaerobes [6]. 
Propionibacteria and Corynebacteria are consistently found in more abundance in 
health, although precise speciation is subject to technical limitations [6, 123, 124]. 
Commensal organisms are important to airway homeostasis, as nasal epithelia of 
germ-free mice display decreased thickness, increased collagen deposition, loss of 
goblet cells, and loss of nasal-associated lymphoid tissue [125].

In contrast, CRS patients harbor qualitatively different microbial communities 
[126–129] that may be less stable over time [130]. Given the large interpersonal 
variability and technical differences across studies, it is not entirely surprising that 
there is not a single implicated organism in CRS. However, ecological findings such 
as loss of diversity, preponderance of opportunistic pathogens over commensals, 
and expansion of anaerobes are consistently observed. Immunological and epithe-
lial barrier defects differ across CRS subtypes [131]; it may be that studies need to 
examine well-defined CRS subtypes in order to identify findings within over-
all noise.

In a cohort of 82 subjects, Ramakrishnan and colleagues examined microbiome 
alterations by phenotype and noted that the presence of polyps was not associated 
with microbiota alterations in CRS, but CRS patients with asthma or purulence had 
markedly different microbiota [127]. In this study, the authors did not find differ-
ences in alpha diversity indices (richness, evenness, complexity) of CRS patients 
when compared to controls, but noted that increased diversity was associated with 
improved surgical outcome, suggesting that a diverse microbiome may be beneficial 
to restoration of sinus health. Chalermwatanachai and colleagues profiled the micro-
biota in 41 CRS with nasal polyps (CRSwNP) subjects compared to 18 controls, 
also finding differences in microbes between the asthmatics and nonasthmatics, and 
demonstrated that pathogens found in CRS subjects outcompeted Propionibacterium 
acnes in cocultivation experiments [132]. Although one study reported differences 
in nasal polyps (CRSwNP) compared to control subjects [133], most publications 
do not observe differences within CRS cohorts driven by polyp status. Specifically 
examining CRS phenotypes, Hoggard and colleagues did not observe differences 
unique to CRSwNP, but reported that asthmatics and CRS patients with CF were 
more likely to exhibit dysbiosis with wide variability in community structure [134]. 
Similarly, Mahdavinia et al. did not observe nasal polyp status to associate with a 
unique microbiome in a cross-sectional study of 111 CRS subjects [135].
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Cope et al. examined sinus brushings in 59 CRS patients and 10 controls, cluster-
ing subjects into four CRS subgroups according to pathogenic microbiota and their 
predicted functions, as well as host mucosal inflammatory response [136]. The 
authors observed that one of these four groups had a higher incidence of nasal pol-
yposis, and was defined by a predominance of Corynebacteria and increased IL-5. 
Hoggard et al. reported a cross-sectional analysis on 93 CRS subjects and 17 con-
trols, evaluating microbiota alongside ten tissue cytokines and 6 cell types [137]. 
The authors identified 8 clusters of patients, strongly segregated by the presence of 
polyposis, asthma, cytokine profiles, and the loss of healthy bacterial groups. In 
aggregate, these studies indicate differences in CRS asthmatics, and occasionally in 
CRSwNP although the effect appears more driven by the presence of asthma. 
Vandelaar and colleagues retrospectively examined 134 sinus cultures obtained 
through commercially available microbiome testing, in an attempt to distinguish 
characteristic microbes found during acute exacerbations (AE-CRS) versus other 
CRS phenotypes and were not able to uncover differences between groups [138].

Given the thematic observations in these studies, but lack of reproducibility of 
specific findings, Wagner Mackenzie et al. combined available 16S rRNA sequence 
data in a 2017 meta-analysis [124]. They concluded that bacterial communities in 
CRS are dysbiotic and ecological networks of healthy communities were frag-
mented in the diseased state. Notably, CRS was defined by loss of bacterial diver-
sity, increased dispersion of bacterial communities, and loss of Actinobacteria and 
Propionibacteria that characterize the healthy state.

To understand how these microbial alterations influence host tissue processes, 
several groups have associated microbiota surveys with host cytokine profiling or 
tissue function assays. Biswas and colleagues evaluated 23 CRS subjects (8 
CRSwNP, 8 CRS without Nasal Polyps (CRSsNP), and 7 cystic fibrosis) and 8 con-
trols, and found two subgroups of CRS patients [139]. One group was characterized 
by low bacterial diversity and dominance of pathogens such as Pseudomonas, 
Haemophilus, and Achromobacter. The other group was characterized by prepon-
derance of B cells and CRSwNP, suggesting that integration of microbes with other 
clinicopathologic features may be required. In a separate report, the authors utilized 
proteomics and 16S rRNA sequencing of middle meatus swabs in addition to tissue 
immune cell profiling, to correlate several bacterial taxa in CRS subjects with 
dyregulation of various host proteins [139].

It is unclear if community microbial function versus a dysfunctional host reac-
tion to microbes is more important. In addition to the bacterial dysbiosis that may 
be present in CRS, a dysfunctional host reaction to microbiota may also be present. 
Aurora et al. found minimal differences between the bacterial and fungal microbi-
omes of CRS versus healthy subjects, but when peripheral leukocytes were exposed 
to different microbiota, CRS patients produced significantly more IL-5 [140]. 
Through in situ hybridization, Bachert and colleagues [141] found that S. aureus 
correlated with IL-5 positive CRSwNP, whereas P. aeruginosa correlated with non- 
polyp CRS (CRSsNP) with high TNF-a. These data suggest that bacteria respond to, 
and perhaps influence, inflammatory pathways in CRS.  Such data indicate that 
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dysfunctional host immunologic reaction is at least as important as any underlying 
microbial difference between CRS and healthy states.

 Existing Study Designs for Microbiome Role in Causality or 
as a Disease Modifier

A limitation of existing cross-sectional and case-control study designs is that it 
remains unclear if the microbiome drives the onset, chronicity, or severity of CRS, 
the presence of CRS initiates changes in the microbiota, or if both are modified by 
a lurking or confounding factor [113]. This challenge is frequently observed in CRS 
study, due to several factors eloquently described in the European Position Paper on 
Rhinosinusitis and Nasal Polyps [142]: “Nearly all of the currently conducted 
human research is performed in patients who already have established disease or 
controls who do not. While this is useful in identifying unique contributors to the 
pathophysiology of CRS and subsequent treatments, it does not identify the actual 
cause of the disease. Currently available animal models are either allergic models 
or genetically manipulated animals that artificially generate an inflammatory 
response and again, do not answer the cause of the disease”.

A significant limitation of the field has been the lack of animal models that accu-
rately depict physiological, immunological, and microbiological hallmarks of 
CRS. The shortcomings of mouse models for CRS limit the generalized approach of 
recolonization or transfer experiments. As sinonasal epithelial changes are observed 
in germ-free mice [125], existing mouse models for CRS could be used to test well- 
defined hypothesis for specific disease subtypes. An early study utilized a mouse 
model to attempt transfer of human sinus microbes to antibiotic treated mice [123], 
and observed C. tuberculostearicum induction of MUC5AC expression. Further 
applicability of this model is not clear, as high concentrations of instilled bacteria 
were required to induce a modest increase in goblet cell hyperplasia, a nonspecific 
sinonasal response to many stimuli.

In human study, patients recruited for these studies have been subjected to 
repeated disease interventions prior to study enrollment that are known to alter the 
microbiome (e.g., antibiotic or steroid therapies). Additionally, the high degree of 
interpersonal variability is a challenge to overcome given the relatively small 
cohorts included in studies. Lastly, although there is biologic plausibility for a 
microbiome role in CRS, there is a generally limited mechanistic understanding of 
host-microbiome cross-talk in the upper airways governing chronic pro- and anti- 
inflammatory processes.

Despite these challenges, CRS subtyping and metagenomics approaches do offer 
support and mechanistic insights. That CRS subtypes exhibit unique microbial sig-
natures suggests that dysbiosis in CRS is not merely a by-product of prior treat-
ments, as these are broadly applied to all CRS patients regardless of phenotype. 
CRS sub-types, although crudely defined, exhibit distinct immunological, 
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physiological, and microbiological manifestations [143–145]. Mahdavinia et  al. 
were able to link comorbid allergic rhinitis with the lipopolysaccharide protein bio-
synthesis pathway using predictive metagenomics, suggesting a functional rele-
vance for the microbiome in atopic CRS, although follow-up experiments were not 
performed [135].

 Strength of Associations in Human Studies

Although CRS presence is frequently associated with altered microbiota and loss of 
diversity, the causal relationship of the microbiome in CRS is unclear, in part, due 
to inherent confounders such as CRS subtype-specific disease processes, prior ther-
apies [48, 124, 146, 147], environmental exposures, and host genetics. Notably, 
existing cross-sectional and case-control human studies have associated microbiota 
with CRS disease severity or histopathology, beyond mere presence of disease 
[123, 148].

Unlike allergic rhinitis, large cohort studies prior to and during CRS onset are 
not feasible given: that CRS is uniquely different in adults (versus children), the 
inability to identify at-risk individuals, and the need for deeper endoscopically 
guided sampling. However, intervention study design and associations with out-
comes have been performed as another way to support the microbiome’s role in 
CRS. Medical therapies, including use of topical intranasal corticosteroid (INCS) 
may result in effects that persist well beyond the duration of therapy. Such changes 
could result from inherent antimicrobial properties or local immune modulation 
known to occur [48]. Antibiotic administration similarly appears to result in poten-
tially dramatic, although varied, alterations in mucosal bacterial communities [149, 
150]. Feazel et al. reported findings in a cross-sectional study that recent antibiotic 
use correlated with significant reductions in bacterial diversity and increased 
S. aureus abundance [126]. In two prospective studies of antibiotics administered 
for AE-CRS, Merkley et al. and Liu et al. observed conflicting effects on bacterial 
diversity, where one study found increased diversity and the other study found 
decreased diversity after therapy [149, 150]. These studies examining the effects of 
medical therapy all contain very small cohorts, with variable follow-up periods, and 
concerns of acute exacerbations on top of the underlying chronic disorder. Although 
provocative, clearly further work using well-defined cohorts will be required to 
understand short-term, long-term, and individualized effects of medical therapies 
on the sinonasal microbiome.

Ramakrishnan and colleagues identified features of the sinus microbiota at the 
time of ESS that predict postsurgical outcomes [127]. Whereas baseline disease 
severity was not a predictor of outcome, higher biodiversity and increased levels of 
Corynebacteria predicted patients with favorable treatment outcomes, consistent 
with prior reports of Corynebacteria as “keystone” species with roles in pathogen 
exclusion. Major interventions for CRS, namely surgery and perioperative antibi-
otic administration, appear to result in dramatic shifts in microbiota, where some 
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patients maintain a new core microbiota and others return to their pretreatment fea-
tures. The variable degree of resilience to therapy is not completely understood. Jain 
et al. reported 23 patients undergoing endoscopic sinus surgery and also observed 
unpredictable shifts in community composition with high inter-subject variability, 
but a general association with increased richness after intervention [151]. Kim et al. 
performed a prospective, randomized, single-blinded trial to evaluate the effects of 
minimally invasive balloon sinuplasty versus large antrostomy surgery on maxillary 
sinus microbiota and inflammation [152]. The authors found no difference in bacte-
rial burden, cytokine profiles, or endoscopy scores between the two sides. However, 
significant differences in relative postoperative abundance of Staphylococcus, 
Lactococcus, and Cyanobacteria were noted between sides suggesting that the local 
anatomic environment may influence surface microbial colonization.

 Microbiome Modulation Opportunities

Prebiotic or probiotic administration is of significant interest in CRS as an alterna-
tive method to the extensive antibiotic use associated with this disease. The goal of 
directing the microbiome away from pathogen colonization and dominance, toward 
restoration of diverse healthy commensal organisms, aligns with other parameters 
of successful disease management. Preclinical study suggests potential value of pro-
biotic manipulation for CRS through direct immune modulation of PBMCs [153], 
and by antagonism of colonization by the sinus pathogen, S. aureus [154]. Clinical 
studies at this time are nascent, but have not found success.

A prospective, randomized, double-blind, placebo-controlled trial of an oral pro-
biotic Lactobacillus strain was not found to have any effect on sinonasal quality of 
life in a study involving 77 CRS patients [155]. Several studies examining intranasal 
administration of probiotics have been recently reported. One study used a combi-
nation of Streptococcus salivarius and Streptococcus oralis applied intranasally for 
1  week to demonstrate beneficial changes in nasal microbiota composition at 
1 month posttreatment; however, clinical disease assessment was not undertaken 
[156]. Martensson and colleagues evaluated the effects of topical intranasal instilla-
tion of lactic acid bacteria on commensal microbiota and prevention of infections 
[157]. A mixture of 9 Lactobacilli and 4 Bifidobacteria species were applied in a 
single dose in 22 healthy subjects using a sham-controlled, double-blinded, cross-
over study design. No negative effects on the commensal bacteria were observed, 
and the authors reported no inflammatory response through assay of nasal lavage 
cytokines. Subsequent clinical evaluation using a similar study design in 20 CRSsNP 
patients, however, noted no effects in nasal symptoms, microbiology, or nasal lavage 
inflammatory cytokines when compared to sham control [158].

Rational selection of a probiotic in CRS, or CRS-subtypes, is lacking given the 
differences in existing microbiome studies, and limitations for speciation guiding 
strain selection. These issues could contribute to type II error in probiotic studies. 
Dosage, duration of treatment, durability of effects, and route of administration 

4 Allergic Rhinitis and Chronic Rhinosinusitis



76

(oral vs. topical intranasal) are unclear. Similarly, the concept of “mucus trans-
plants” akin to fecal microbiota transplant (FMT) has been proposed, but to date 
there are no clinical or preclinical studies for this approach. Although exciting and 
innovative, little has been defined in microbiome modulation for CRS, and this type 
of therapy remains experimental in the clinical realm.

 Conclusion

AR and CRS are highly prevalent and burdensome diseases, in which host–microbe 
interactions in the densely colonized upper airway are increasingly recognized to 
contribute to clinical and molecular disease hallmarks. Overabundance of patho-
gens, loss of commensal microorganisms, decreased microbial diversity, and micro-
bial network instability of the sinus microbiome have all been demonstrated in 
numerous human studies. However, the beneficial/harmful functions of airway sur-
face microbiota, their role in disease pathophysiology, mechanisms for host regula-
tion of airway microbiota, and the capacity for restoration of disrupted microbiota 
(“dysbiosis”) are key unresolved questions, primarily because human studies to date 
have utilized descriptive, cross-sectional study designs. Well-defined cohorts, longi-
tudinal sampling, accounting for treatment-associated variables and confounding 
factors, and further attempts to move beyond associations towards causality are req-
uisite steps to build on these studies.
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Chapter 5
The Role of the Microbiome in Asthma 
Inception and Phenotype

Steven R. White and Yvonne J. Huang

 Introduction

Asthma continues to be one of the most common chronic diseases worldwide. It 
affects almost 300 million people and has an increasing prevalence in developed 
countries, including the U.S. As important as it is in childhood, where it affects up 
to 10% of children, it is also of major importance to the adult population. Many 
children with asthma will continue to have asthma their entire lives; others will 
experience some temporary abatement followed by recrudescence. Asthma that 
occurs de novo in adults, without any evidence of airway hyperreactivity or narrow-
ing in childhood, is increasingly recognized. Indeed, asthma in the elderly has been 
recognized for decades, and the prevalence of asthma in this population also is 
increasing. The mechanisms proposed by which people develop asthma or are pre-
disposed to its development are numerous. From a century ago when the origin of 
asthma was considered to be allergic in nature, we now understand increasingly that 
asthma is a rich interplay of genetics, inflammation, and environmental exposures. 
Of the latter, allergens, pollutants, and viral infection long have been identified, but 
increasingly, both the microbiome of the lungs and that of the gastrointestinal sys-
tem (“gut microbiome”) are increasingly understood to have some role, though the 
mechanisms by which each might do so, and the interplay between them, and of 
each with other environmental and inflammatory cues, are yet to be understood.
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This goals of this chapter are the following: (1) to synthesize recent evidence on 
the airway microbiome and its potential role in chronic asthma and asthma pheno-
types; (2) to summarize evidence on the role of environmental microbial exposures 
and the developing upper airway and gut microbiomes in infancy on early-life 
asthma; and (3) to highlight the scientific challenges, critical research questions, 
and promising avenues to advance understanding of the microbiome’s impact on 
asthma. Current knowledge on asthma biology and clinical characteristics also will 
be discussed, for the purpose of and tailored to these goals.

 The Microbiome of the Airways in Asthma

 Overview

There is now recognition gained over the past decade that the airways are not sterile 
in the normal state, and that indeed there exists an ecology of bacteria, likely 
together with fungi and viruses, in the airways. In this chapter the airway microbi-
ome is defined as the composition of the bacterial and fungal organisms from tra-
chea to alveoli as identified by an array of their genomes from next-generation 
sequencing. However, sampling the lower airways poses challenges (as discussed 
below). Studies focused on understanding the role of “airway” microbiota on asthma 
inception in early life predominantly have evaluated the upper respiratory tract (e.g. 
nasopharyngeal sampling) rather than the lower airways. Differences in the micro-
biome of the upper and lower respiratory tract both have been associated with 
asthma and are discussed separately in this chapter.

Studying the airway microbiome in asthma is motivated by the following impor-
tant questions: First, do differences or changes in the microbiome have a role in 
modulating airway inflammation? Second, do the changes in airway ecology and 
the microbiome noted in asthma track with any of the defined asthma phenotypes in 
clinically important ways? Indeed, a dysbiotic airway microbiome may be corre-
lated to or even essential to a select phenotype. Third, which comes first – a dysbi-
otic airway microbiome followed by airway inflammation, or airway inflammation 
(be it eosinophilic, neutrophilic, both or neither) that leads over time to altered eco-
logical niches that support only select airway microbiota? And finally, if we manage 
through some manipulation (be it drugs, antibiotics, probiotics or something else) to 
nudge the airway ecology back towards a more “normal” state, will we in turn 
downregulate or modulate airway inflammation and perhaps clinical asthma control?

The relationships between the airway microbiome and asthma inflammatory 
phenotypes are complex. Defining the relationships between the airway microbi-
ome and these phenotypes, however, might inform better our understanding of the 
underlying pathophysiology of each phenotype. Further, markers within the micro-
biome, be it the abundance of particular taxa, a diversity index, or ratio of select 
taxa, may serve as biomarkers that add to inflammatory, genetic, and clinical 
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biomarkers to define phenotypes and guide the use of therapies. The past decade has 
seen the utility of inflammatory biomarkers in the definition of phenotypes such as 
the usefulness of blood and sputum eosinophil counts as a marker for the type-2 
(T2) high phenotype that predicts the response to therapies directed against interleu-
kin (IL)-5 or the IL-4Rα receptor. Yet even here, patients who meet the criteria for 
this phenotype have, at best, a 50% response to these agents. The door is open to the 
potential use of the microbiome to shape and sharpen our understanding of asthma 
endotypes.

Further, a deeper understanding of the microbiome in chronic asthma may lead 
to therapies directed against select microbiota. As we will discuss later in this chap-
ter, first steps have already been taken with the use of antibiotics such as azithromy-
cin. Better and more targeted therapies, perhaps including probiotics (live 
microorganisms that are intended to have health benefits), prebiotics (nondigestible 
food components that selectively stimulate the growth or activity of desirable micro-
organisms) or bacterial products, may develop into adjunct therapies for select 
asthma phenotypes.

 Defining the Airway Microbiome in Asthma

“The healthy lower airways are sterile” is a dogma taught over the last century of 
medicine. Indeed, the lungs were initially not considered important enough to study 
in the first phases of the Human Microbiome Project [1]. In retrospect, the flaw in 
such dogma is obvious: the lung is exposed to bacteria from early infancy from its 
continuous exposure to 8000 liters daily of inspired air and to secretions from the 
nose, oropharynx, and the gastrointestinal tract [2–4], and it would be remarkable 
indeed if the lung were not to be colonized by at least some microbiota in all that 
time. But the view of the sterility of the lung was ordered by the technology of its 
time: from the earliest days of microbiology, we could only consider those organ-
isms that could be grown in culture, and it was uncommon indeed for any bacteria 
to be cultured from samples collected from the lung in its normal state. While organ-
isms might be introduced to the lung from elsewhere, the innate defenses of the 
lung, including anti-bacterial defensive proteins and immune cells, and the “muco-
ciliary elevator” that lift particles and contaminants including bacteria from periph-
eral airways to glottis, balanced this immigration exactly. Perturbations of this 
balance led to shorter-term infections such as bacterial, viral, or fungal pneumonia, 
and longer-term infections that characterize the progression of diseases such as cys-
tic fibrosis [5–9]. But the mucociliary elevator and innate defense of the normal 
lung served to maintain sterility.

This dogma profoundly changed with the willingness of investigators to sample 
the lung more directly by bronchoscopy and by advent of next-generation sequenc-
ing. As described in earlier chapters, sequencing that exploited variations in the 16S 
rRNA gene, a highly conserved locus of the bacterial genome, permitted identifica-
tion of nearly all bacterial organisms to an increasingly precisely identified level of 

5 The Role of the Microbiome in Asthma Inception and Phenotype



88

homology in a given ecological space, regardless of their ability to grow in any 
external culture system. Culture-independent profiling based on sequence polymor-
phisms in the 16S rRNA gene, and sequences unique to the fungal ribosome, permit 
identification of these microbiota and examination of the relationships of a micro-
bial community to disease phenotypes [10]. Such a community would encompass 
both those organisms that were either transitory in passage down or back up the 
airways, or were more permanent survivors in a dedicated ecological niche. This 
community could be described by taxonomy (the identification and compositional 
abundance of microbes), the diversity of the microbial community both within each 
airway niche or between groups of patients (e.g. by asthma phenotype), and the 
functionality of these organisms based on readouts of their predicted gene functions 
or products. Such information provides insight into the interactions between micro-
biota in the same ecological space, and their ability to provoke (or not) the host- 
defense systems. Understanding the bacterial ecology of the airway then could be 
related to the changes within that airway specific to asthma: inflammation, changes 
in defensive mechanisms, and changes in airway structure.

 How to Study the Airway Microbiome in Asthma

Before embarking on a review of the studies to date, one must consider how best to 
sample the airways, when such sampling should be done, and which patient popula-
tions should be studied. Chapters 1, 2 and 3 discussed study design and sampling 
considerations, including the methods for collection, processing, and subsequent 
data analysis (the bioinformatics “‘pipeline”), with an eye towards enhancing repro-
ducibility. This comes from hard-won experience in studies of other diseases and 
fields. We note the specific issues with sample collection with regard to asthma in 
this section.

The Problems of Sampling The first issue to be overcome is that of sampling: what 
is the best way to examine the airway microbiome in asthma? Differences in sam-
pling methods, including the compartments sampled, may induce variability of 
results and both limit comparisons between studies and limit our ability to apply 
these findings to patient care.

The choice of which compartment to sample is the first question. Asthma is a 
disease of the large airways, and one would start with examining these airways – but 
which airways? The large airways can be seen as encompassing two regions: the 
trachea and main-stem bronchi, which are in direct communication with the oro-
pharynx [11], and the lower-order conducting airways (generations 3 through about 
10), which while connected to the trachea and to the peripheral airways may present 
as a unique microbial niche [12]. There are potential differences between these 
spaces, central, conducting, and peripheral, and each may be influenced by the 
microbiome of the adjoining space(s), the rates of microbial migration into and out 
of the space, elimination by any host defense factors, and microbial reproduction.
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The next question is how to sample these spaces. Samples can be collected by 
bronchoscopy; an unprotected brush inserted through the channel of the scope will 
collect whatever material that has contaminated the channel to that point in time, 
including any oral and upper airway microbiota. A “protected” brush inside a cath-
eter with a gelatin plug at its tip may fare better, but then special care is required to 
remove contaminants from around the protective sleeve. Brushing collects material, 
including epithelial cells and mucins, at the airway surface. The latter may have 
trapped (again, the “ciliary elevator”) bacteria brought from the more peripheral 
airways. Thus, the endobronchial sample is an amalgam of what is there at that point 
in time, plus whatever has been lifted from below. An endobronchial washing with 
saline would invariably collect material from the peripheral airways unless a bal-
loon is used to block this; this is cumbersome and requires significant expertise. 
Bronchial biopsies would include surface bacteria and also bacteria in the submu-
cosa. In a comparison of paired endobronchial washes and biopsies obtained in a 
small cohort of patients with severe asthma, Millares et al. [13] found that the two 
types of samples had modestly different relative abundance, beta-diversity, and pre-
dicted functional capabilities based on an analytical method (PICRUSt). Finally, as 
one readily appreciates upon viewing data from any study using small brushes, there 
is a low biomass inherent both to the low absolute numbers of bacteria and the small 
sample mass both in the airway and on the brush. In sampling the central airways 
then, endobronchial brushings are generally used, but investigators must keep in 
mind these limitations.

What about the peripheral airways in asthma? Over the last two decades evi-
dence has suggested the presence of small- and peripheral-airways disease in asthma 
[14–17]. Might then sampling of this space be worthwhile? This could be done by 
bronchoalveolar lavage (BAL); this fluid would represent all airways distal to the tip 
of a wedged bronchoscope, including the alveoli, and of course any organisms 
already in the channel of the bronchoscope. Such samples are then heterogeneous, 
and worse, of very low biomass, often an order of magnitude lower than that seen 
for the central airway samples in terms of bacterial burden [18].

The low biomass of either central or peripheral airway samples creates a signifi-
cant additional technical burden, that of distinguishing what is in the lung from what 
is contaminating the sample (upper airway or from the scope channel) along with 
the background of any 16S rRNA that might be present in reagents and the various 
kits used for initial isolation [19, 20]. Both organizational (e.g., scope cleaning, test-
ing of reagents) and computational methods can be used to ameliorate partially this 
problem [21] but investigations of the airway are challenged in a way that studies 
with much higher biomass, such as the GI (gut) microbiome, are not.

When to Study the Airway Microbiome Many of the adult studies done to date 
examine associations between clinical and biological parameters of asthma with the 
microbiome collected at a single time point. These cross-sectional studies are 
invaluable snapshots, particularly when compared to either normal subjects or to 
patients with other airways diseases such as COPD or cystic fibrosis. One recent 
review tabulates the findings of 31 cross-sectional studies done between 2010 and 
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early 2019 in pediatric and adult asthma; such tabulation clearly shows the substan-
tial variance in key findings [22]. The major limitation of any cross-sectional study 
is, of course, the lack of data at a future point in time, and (usually) the inability to 
collect the same or similar data, particularly biological specimens, from previous 
points. Thus, cross-sectional studies are invaluable to delineate associations but less 
so to understand mechanisms.

A particular challenge for any asthma longitudinal study is the inability to collect 
samples of the lower airways repeatedly over time by bronchoscopy. While the risks 
of bronchoscopy are very low for asthma patients in a research setting [23, 24], rela-
tively few research participants will consent to more than a single invasive proce-
dure, and the costs associated with repeated bronchoscopy are prohibitive in any 
large trial. Serial sampling then might be best done via assessment of sputum. One 
early study demonstrated that the sputum microbiome differed in patients with 
severe or mild asthma compared to normal subjects [25]. But examination of these 
samples presupposes that the sputum microbiome is representative of that of the 
lower airway. Evidence that such a supposition is true (or true enough to be useful 
in investigation) comes from a direct comparison of sputum and lower airway 
microbiota in the AsthmaNet Microbiome study, a cooperative, multicenter obser-
vational trial that was sponsored by the National Heart Lung and Blood Institute 
(NHLBI) [26]. This study examined paired samples consisting of protected endo-
bronchial brushings, induced sputum, oral washings, and nasal brushings in a cohort 
of patients with mild asthma. This study was careful to account for potential causes 
of contamination. As might be expected, although compositionally similar to the 
endobronchial microbiota of the lower airway, the microbiota in induced sputum 
were distinct and reflected enrichment of oral bacteria [26]. Patients with asthma or 
atopy were more likely to have bacterial taxonomy in induced sputum that reflected 
the lower airway and were more distinct from that seen in the oral cavity. This study 
suggests that within limits, repeated survey of the lower airway microbiome over 
time in patients with asthma (but not necessarily healthy subjects) may be approxi-
mated using induced sputum.

 Considering Environmental Influences on Asthma 
and the Human Microbiome

Urbanization with attendant air and traffic pollution clearly are associated with 
increased asthma prevalence. While asthma prevalence has increased over the 
decades in highly developed countries, low- and middle-income countries now are 
seeing an increase, particularly among urban populations [27, 28]. The biologic, 
social, and environmental factors are complex and as yet incompletely understood 
but revolve around a rich interplay of air quality, pollution, diet, exercise or the lack 
of it, use of antibiotics, reduced exposures to “rural” allergens and increased expo-
sures to city allergens, and changes in the patterns and types of childhood infection. 
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With these in mind, it is clear that the rural environment is associated with a lower 
prevalence of asthma [27, 29–31], a protection that is lost in rural to urban migration 
[32]. With the difficulties of quantifying exposures, lifestyle, and even whether a 
given residence is urban or rural, it is challenging to relate changes in the environ-
ment to changes in the microbiome that in turn might influence asthma.

One interesting approach to address the potential protective effect of the rural 
environment has been to examine the role of the farm microbiome and its microbial 
products on the susceptibility to asthma and atopy in children. Early-life farm expo-
sures have been shown to reduce the risk of asthma in children [33–38]. In a study 
of 196 children with asthma with and without atopy, increased asthma severity was 
associated with an increased concentration of allergenic fungal species, high total 
fungal concentrations, and high bacterial richness in house dust [39, 40]. Differences 
in the prevalence of asthma and atopy are seen in children raised in different farm-
ing environments, such as between children of Amish (traditional farming) versus 
Hutterite (modern farming) heritage [38]. The farm environment can be carried 
indoors to mix with other influences including pet dander, food, dust mites, and 
other eukaryotic small organisms. Indoor microbiota are different in farm environ-
ments and are associated with asthma and atopy prevalence, and depending on con-
text may be either protective or exacerbating [41, 42]. Here again, whether the 
indoor and farm microbiota elicit changes in the lower airway microbiome is not 
known. Indeed, in the study of Hrusch et al., that examined house dust differences 
in Amish versus Hutterite heritage, intranasal instillation of house dust extracts 
from either location to ovalbumin-sensitized and challenged mice elicited opposite 
effects: the house dust from Hutterite farms augmented whereas the Amish dust 
extracts inhibited the airway responsiveness, eosinophilia, and IgE levels induced 
by allergen [35]. But the differences in microbiota and other components in these 
two extracts were not defined, and so it is not clear what component of the dust is 
responsible. This one genre of work then illustrates some of the complexities of 
relating the larger environment to changes in the microbiome of a locale, and to 
determine whether a change in that microbiome, or its subsequent effect on the host, 
is responsible for asthma.

We often think of “the environment” as a macro or global or regional event, but 
in ecological terms the environment is everything about us from the great outdoors 
to our most personal indoor settings. For many, the indoor or “built” environment is 
key: most people in the developed world spend the majority of their time indoors in 
which the microbial community, both that within the home and that brought to the 
indoors, may be shared [43, 44]. Indeed, humans live within a personal, aerosol 
“bio-cloud” of their own microbiome that settles about them that can be used to 
identify individuals [45, 46], and in modern life it is straightforward to see that one’s 
aerosolized organisms (from oral pharynx, nose, skin but perhaps also exhaled from 
the lung) could be transferred to and then inhaled by another person. Indeed, this is 
a mechanism by which infection (bacterial or viral) may be transmitted. The prox-
imity of people in the indoor environment, be it home, office, school, or day-care 
center, permits more efficient “sharing” and transfer of these microbiota. As one 
example, day care attendance early in life is associated with decreased asthma 
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prevalence at elementary school age and adolescence [47, 48], though there was no 
measurement or association of the environmental or child-carried microbiome in 
these studies.

Endotoxin exposure is a risk for wheezing but not for asthma [49, 50], an appar-
ent contradiction that has not yet been resolved. Indeed, indoor microbial exposure 
to endotoxin and fungal antigens might reduce the risk of asthma in certain settings, 
as demonstrated in the Prevention and Incidence of Asthma and Mite Allergy birth 
cohort study of children with atopic mothers in New Zealand [51]. Counterbalancing 
these studies, both specific bacterial products (e.g., endotoxin) and fungal products 
(e.g., chitin, glucans) in indoor environments are associated with increased asthma 
prevalence in children [52–55]. Perhaps the organisms in the indoor environment 
themselves may change asthma susceptibility. One small study demonstrated that 
the microbiota in home dust differed in dwellings that housed low-income asthmatic 
children versus non-asthmatic children; in the former group the sampled house dust 
contained an increased abundance of Proteobacteria and Cyanobacteria [56]. One 
potentially important component of house dust can be pet dander, and it is clear that 
the indoor microbiota of homes with pets differ from homes that are pet-free [57–
60]. Allergen presence and dog dander within a home are correlated with changes in 
the indoor microbiome in house dust [61]. Such differences in the indoor microbi-
ome may in part account for the known association of dogs with protection from 
allergic sensitization and asthma in early life [62–64]. No studies to date have con-
nected the taxonomy of house dust microbiota to that of the lower airway microbi-
ome or has related house dust exposure to the changes in the airway microbiome in 
patients with asthma. Further, the specific biogeography within an indoor environ-
ment, ventilation, and the microbiomes of the occupants of a home all might con-
tribute to the “bio-cloud” that we inhale, and thereby may modulate in some way 
our airway microbiome. Larger studies that associate these factors to risks of 
asthma, both in children and in adults, are needed.

The impact of seasonality in the larger outdoor environment (and perhaps also 
the indoor environment) on asthma has long been recognized in many regions of the 
world due to the variations in humidity, base temperature, and rapid changes in 
temperature, and high concentrations of air pollutants and allergens [65–75]. These 
are, of course, conditioned by individual clinical characteristics, phenotypes, and 
other causal and exacerbating factors. One potential mechanism among many by 
which these factors may elicit changes in asthma control may be by changing the 
airway microbiome. Studies that relate seasonality to the “bio-cloud” and thence to 
the lung microbiome clearly are needed.

 The Airway Microbiome in Health

Having some understanding of the limitations of sampling and study design, and of 
where and how people with asthma might live, we can examine the airway microbi-
ome in asthma. To do so, we first discuss briefly what is known about the “normal” 
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microbiome in health. One of the earliest papers to examine the normal lower air-
ways community was that of Charlson et al. who sampled multiple sites in the phar-
ynx, central airway by protected endobronchial brushing, and peripheral airways 
and alveoli by lavage, in six healthy subjects [11]. They demonstrated bacterial 
communities in the lower airways, both central and peripheral, that were low in 
biomass and that were indistinguishable from the pharyngeal flora. These bacteria 
were represented by five major phyla, including Proteobacteria, Firmicutes, 
Bacteroidetes, and Actinobacteria. Their data strongly suggested that the lower air-
way microbiome was a subset of that of the upper airway and occurred due to colo-
nization from aspirated microorganisms. This work represented the first baseline 
data for the microbiome of lower healthy airways. The lungs, indeed, were not ster-
ile. Subsequent studies that compare a disease-associated airway microbiome to 
normal generally have observed similar findings. For example, Morris et al. [76] 
examined the upper and lower airway microbiomes in 64 healthy subjects in a mul-
tisite study sponsored by the NHLBI Lung HIV Microbiome Project (LHMP); of 
these, 45 were nonsmokers and 19 were current smokers. Many of the microbiota 
identified in the lung were also noted in the mouth, but several, including 
Haemophilus and Enterobacteriaceae, were in higher proportion in the lower air-
ways than upper, suggesting that the lung microbiome did not derive entirely from 
the mouth and pharynx. Further, while the upper microbiome differed between 
smoking and nonsmoking subjects, the lung microbiome did not. Another interest-
ing observation was that while patients from eight different sites were included in 
their study, there were no significant differences in the diversity indices compared 
across the clinical centers, suggesting a remarkable uniformity in the healthy lung 
microbiome. Similar results with regard to the lack of difference in the lung micro-
biome between healthy nonsmokers and healthy smokers without lung disease were 
noted in bronchial wash samples [77] and bronchoalveolar lavage fluid [78]. 
Additional studies have examined the geography of the microbial communities of 
the pharynx (oral wash), nose (swab), stomach (gastric aspirate) and lung (BAL) in 
various combinations. One such study in 28 healthy subjects showed that both the 
oral and gastric microbiomes were both different and richer than that seen in the 
lower, peripheral airways [79]. Marked subject-to-subject variation was noted, a 
finding that has been seen in other studies of different microbiomes. Dickson et al. 
[12] examined 15 healthy subjects by bronchoscopy, sampling (in order) from the 
peripheral lung by BAL to conducting airways at several locations and then central 
airways by protected brushes. They demonstrated that spatial variation in microbi-
ota within an individual was significantly less than variation across individuals, and 
that community richness decreased as samples went from trachea to conducting 
airway to peripheral airway. Another study of 86 normal subjects from the LHMP 
examined oral washes and bronchoalveolar lavage and demonstrated that the lower, 
peripheral airways as sampled by BAL did not mirror completely the oropharynx 
[80]. In a more recent study of 124 healthy subjects in which sputum was collected 
as part of a study examining the airway microbiome in patients with COPD, 
Firmicutes, Bacteroidetes, and Actinobacteria were the major phyla constituting 
88% of the total reads in these healthy subjects; Streptococcus, Veillonella, 
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Prevotella, Actinomyces, and Rothia were the dominant genera [81]. The genus 
Haemophilus, in contrast, formed only 3% of the healthy microbiome. These find-
ings were increasingly confirmed in subsequent studies comparing the normal ver-
sus asthmatic airway microbiomes in studies cited in the following sections. Similar 
findings have been reported in which a normal population is recruited as a control 
for COPD studies with reference to the lower airway microbiome (as examples, see 
[77, 78]).

It becomes clear then that the adult normal airways have a bacterial microbiome 
that is small in biomass, well defined, and derived in part, but only in part, from that 
of the upper airway. The major phyla that are reproducibly found include 
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria. While there can be 
significant variation between normal, healthy subjects, there is less (but not zero) 
variation between regions of the lung. How is it different in individuals with asthma, 
when does it become different, and might a dysbiotic microbiome have a role in 
asthma and airway inflammation? In the next section we discuss first the evidence 
linking early-life exposures and the developing microbiomes of the upper airways 
as well as of the gut, to asthma development in childhood.

 Early-Life Asthma and the Microbiome

Extensive evidence has highlighted the concept of a critical window in early life 
during which the developing immune system is shaped by exposures that influence 
subsequent risk for allergic diseases including asthma [82]. Such exposures can be 
categorized broadly as follows: (1) characteristics of the external environment that 
impact opportunity for microbial contact (e.g. farm vs. nonfarm household); (2) 
lifestyle practices that shape the establishment of microbiota and maturation of the 
microbiome (e.g. breastfeeding, pet ownership); (3) medical events and treatments 
that may support or interrupt microbiota establishment, its ecological succession 
and interactions with host immunity (e.g. respiratory virus infections, antibiotics, 
probiotics). Numerous studies have been published on these areas over the last sev-
eral decades. Reported links to various types of exposures, coupled with mechanis-
tic studies implicating the role of microbiota, have underscored the multifactorial 
nature of early-life interactions that shape risk for asthma. This section will high-
light select studies that have contributed to this evidence. These include recent 
investigations that have applied advanced analytical methods to examine the micro-
biome coupled, in some cases, with mechanism-directed experiments. In doing so, 
such studies demonstrate the power of combining cross-disciplinary approaches to 
advance insights into the complex host–microbiota interactions that shape asthma 
pathogenesis.

The Early Microbiome in Asthma and the External Environment As mentioned 
earlier, differences in the prevalence of allergic conditions between persons living in 
different environments or geographic regions have long been recognized, well 
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before the current era of next-generation sequencing methods to survey microbial 
content. Epidemiologic comparisons between different populations of similar 
genetic ancestry have reported significant differences in the rates of allergy and 
asthma, observations that persist in more recent reports [35, 36, 38, 83, 84]. These 
include studies comparing individuals living in the Karelia region of Finland versus 
Russia [84], in farming versus nonfarming households of Germany and other parts 
of Europe [36, 83], and between Amish and Hutterite communities in North America 
[38, 85]. These and other similar data [86] support the now well-accepted notion 
that characteristics of the home environment can affect risk for childhood allergy 
or asthma.

Differences in hygiene levels and related living practices impact the frequency 
and nature of contact with microbes. Thus, many studies have examined markers of 
microbial load or the types of microbes found in household dust samples [36, 55, 
87], finding differences associated with atopy or asthma. In general, a higher micro-
bial load or diversity of microbes found in household samples is associated with a 
lower risk or prevalence of atopy or asthma. However, the specific microbes associ-
ated with these outcomes vary by study and location. This highlights not only geo-
graphical differences, but also the likely importance of the sum effects of a microbial 
community on microbiome–host interactions. A number of factors affect microbial 
content within homes, which include pets that are exposed to the outdoors and the 
flow or tracking of outside air or soil into homes [61, 64, 87]. As noted in the section 
concerning the indoor environment and the microbiome, recent studies also have 
shown interactions between household bacterial and allergen load that significantly 
modify their associations with asthma [88, 89], adding further complexity to how 
environmental exposures shape immune responses that lead to asthma.

To apply this knowledge in a way that may guide environmental interventions, a 
recent study aimed to quantify the “farm home microbiota” effect by developing an 
index (“FaRMI”) derived from the relative abundances of bacteria/archaea mea-
sured in farm-home floor dust [90]. Relative abundance data from samples collected 
in a rural Finnish birth cohort were used to derive the index, which was then applied 
to samples from a nonfarm/suburban Finnish birth cohort. The overall microbial 
composition of samples was distinct between the two cohorts. Compared to subur-
ban homes, rural home dust was characterized by higher bacterial richness and 
enriched in members of specific bacterial orders (Bacteroidales, Clostridiales, and 
Lactobacillales). No differences in fungal richness were identified. Among subur-
ban homes a higher FaRMI in dust samples was negatively associated with asthma. 
Similar relationships were observed when FaRMI was derived and used to analyze 
samples from an independent German birth cohort. Moreover, the asthma- protective 
effect observed with a high FaRMI was independent of atopic sensitization, sugges-
tive of microbiota-specific contribution. Further research is still needed to under-
stand how environmental exposure to particular consortia of bacteria elicit 
immune-protective effects against asthma in early life.

Other recent studies have shed insight into this by phenotyping innate and adap-
tive immune responses between groups at differential risk for asthma, such as 
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among Amish versus Hutterite children. The prevalence of asthma and atopy is 
strikingly lower among the Amish, and significantly higher levels of endotoxin were 
measured in Amish house dust [38, 85]. Major differences also have been observed 
in the proportions and functional markers of innate immune cells in blood and in 
T-cell phenotypes [35]. As mentioned earlier from this study, using a mouse model 
of allergic asthma, intranasal administration of Amish house dust extracts prevented 
airway hyperreactivity and lung eosinophilia, contrasting from the effects observed 
with Hutterite house dust extract [38]. The protective effects were abrogated in mice 
deficient for MyD88 and Trif, two important molecules at intersecting innate 
immune-signaling pathways. Although no information is currently available on 
whether there are differences in the dust-associated microbial or allergen content, 
results from the in  vivo models indicate that specific components in the Amish 
house dust are at least partly responsible for the observed protection against allergic 
airway inflammation. Similar observations were made in another study in which 
dust from dog-owning homes was administered to mice using models of asthma; 
this resulted in attenuation of allergic airway inflammation, with Lactobacillus 
johnsonii identified as one responsible species [91].

The GI Microbiome and Early-Life Asthma The establishment of gut microbiota 
is essential for normal immune development and discussion of this is important as 
it pertains to asthma risk in childhood. The gut microbiome is established in the 
same way the lung microbiome is starting shortly after birth, by aspiration or swal-
lowing of oral microorganisms. Transfer of bacteria from the gut to the lung also 
may be indirect, as GI bacteria may be taken up into macrophages and dendritic 
cells that then may migrate to the lung [92]. The consequences of lacking micro-
biota, as seen in germ-free mice who are born and raised under sterile conditions, 
include underdeveloped gut mucosa-associated lymphoid tissue and dysfunctional 
immune responses [93]. That the gut microbiome plays a key role in the pathogen-
esis of early-onset asthma is supported also by the evidence that certain interven-
tions, which affect maturation of the gut microbiome, are associated with atopy 
and asthma in pre-school and school-age children [94]. These include perinatal 
factors such as mode of delivery (Caesarean section) and exposure to antibiotics, 
while breastfeeding is associated with decreased risk [95–97]. These factors have 
been shown to affect the trajectory of gut microbiota development over the first 
two years of life [98]. Bokulich et  al. [98] found that Cesarean section led to 
depleted Bacteroidetes populations in infants, altering establishment by maternal-
derived bacteria that otherwise would occur via vaginal delivery. Antibiotic admin-
istration significantly suppressed Clostridiales, including Lachnospiraceae, which 
include species that produce butyrate and other short-chain fatty acids that regu-
late host immunity. As alluded to, the mechanisms through which gut commensal 
bacteria shape local and peripheral immune responses involve a multitude of path-
ways [99, 100]. The role of vitamin D in immune function [101] and the effects of 
short-chain fatty acids (SCFA) [97, 102] and biogenic amines, both of which are 
produced by certain gut bacteria [103–105], all may play a role in asthma 
pathogenesis.
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A number of recent studies from large birth cohorts have investigated more spe-
cifically the relationships between infant gut microbiota composition and markers 
of atopy, asthma incidence or prevalence in later childhood [106–110]. Earlier 
culture- based studies provided the initial evidence that fecal prevalence of specific 
bacterial species differed between children who did or did not go on to develop 
atopy. For example, Kalliomaki et al. [111] observed a reduced ratio of Bifidobacteria 
to Clostridia isolated by culture, and in parallel found an overall difference in stool 
bacterial fatty acid profiles at age 3 weeks between infants who had evidence of 
atopy versus those who did not at age 12 months. Such differences observed from 
samples collected in very early life (within the first 1–3 months) may seem surpris-
ing, but similar observations have been made from other birth cohorts. For example, 
in a study of 319 infants enrolled in the Canadian Healthy Infant Longitudinal 
Development (CHILD) Study, Arrieta et  al. [112] performed 16S rRNA gene 
sequencing of fecal samples collected at age 3 months and found decreased fecal 
prevalence of four bacterial genera members (Lachnospira, Veillonella, 
Faecalibacterium, Rothia) in children who were at increased risk for asthma. 
Infants at increased risk also had reduced fecal LPS concentration, as suggested by 
in silico analysis of predicted bacterial gene functions, and also reduced fecal levels 
of the SCFA acetate. Intriguingly, inoculation of germ-free mice with primary iso-
lates from these four bacterial taxa ameliorated airway inflammation in adult prog-
eny, demonstrating a causal role for members of these bacterial genera in allergic 
airway disease.

The exact “critical window” of microbiota–host interactions that sets a risk tra-
jectory towards early atopic asthma remains to be firmly established. Other birth 
cohort studies have examined the gut microbiome at later time points (up to 1 year), 
finding relationships to subsequent asthma or atopy risk even in samples collected 
later in the first year of life [109, 110]. Among 690 infants in the Copenhagen Birth 
Cohort [110] (fecal samples analyzed at ages one week, one month and one year), 
the 1-year samples were compositionally distinct from the early time points. Yet, of 
the two clusters defining microbiota differences in the 1-year samples, this distinc-
tion was most apparent among infants born to an asthmatic mother. Moreover, it was 
within this group of at-risk infants (i.e. asthmatic mothers) that associations with 
asthma at age 5 were characterized by differences in the relative abundance of 
Veillonella, Lachnospiraceae incertae sedis, Bifidobacterium, Alistipes and 
Ruminococcus, and other bacteria. No significant links to later asthma with the 
1-year gut microbiota composition were observed among the infants born to non- 
asthmatic mothers. The noted interaction between gut microbial community “type” 
and a family history of asthma highlights the intersecting factors that add complex-
ity to understanding mechanisms that result in increased asthma risk.

Beyond bacteria, the role of fungal communities (also referred to as mycobiota) 
is of tremendous interest. However, human investigations focusing on this and in the 
context of pediatric asthma remain sparse. Given the dynamics of the gut microbi-
ome in early life, along with established knowledge regarding immune responses to 
fungi, it is reasonable to suspect fungi play a role in asthma. Direct interactions 
between fungi and bacteria also may be important, but much remains unknown 
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about inter-kingdom interactions and their role in human diseases. However, data 
from mouse models have shown, broadly, that fungi play a role in type 2 inflamma-
tory responses. For example, oral treatment of mice with antifungal drugs results in 
restructuring of their gut mycobiota (reduced Candida, increased Aspergillus and 
other fungal species) and in a mouse model of asthma, led to increased allergic lung 
inflammation characterized by eosinophil infiltration, and increased type 2 immune 
responses measured in blood [113]. Mice whose intestinal tracts were newly colo-
nized with Candida albicans displayed not only fungal- specific Th17 responses, but 
also increased susceptibility to allergic airway inflammation [114]. Studies from 
human birth cohorts have reported differences in the relative abundances of specific 
fungi as a feature of atopy- and asthma-associated gut dysbiosis [109, 112]. In a 
U.S. cohort [109] clustering of bacterial and fungal community data revealed a clus-
ter characterized by low relative abundance of Bifidobacteria, Akkermansia, and 
Faecalibacterium and a higher relative abundance of Candida and Rhodotorula 
fungi. Infants in this cluster had the highest risk of atopic sensitization to aeroal-
lergens at age 2.

The Nasopharyngeal Microbiome and Early-Life Asthma To date, much of the 
literature studying the role of the microbiome in childhood asthma has focused on 
the environment and trajectories of gut microbiota establishment and succession. 
There has been recent interest as well in the upper respiratory tract (URT) microbi-
ome, in particular the nasopharyngeal (NP) compartment. Several types of sampling 
approaches have been applied to collect samples from the URT, including nasal 
swab, nasal aspirate, and hypopharyngeal swabs via the oral cavity [115–121]. 
Despite differences in sample collection, studies utilizing any of these specimen 
types have identified links between URT bacterial microbiota and the development 
of childhood asthma. Like the gut, the composition of nasopharyngeal bacteria is 
dynamic in the first few weeks to months of life, even in healthy infants [115, 117]. 
Similar dynamism has been described for bacteria profiled from hypopharyngeal 
aspirate samples taken in the first 3 months of life [116].

In a study of 112 infants sampled frequently in the first year of life, factors dif-
ferentially associated with NP bacterial composition included mode of delivery, 
infant feeding, crowding, and recent antibiotic use [115]. In contrast to the lower 
respiratory tract, Corynebacterium and Dolosigranulum are more prevalent mem-
bers of the NP microbiome, and evidence suggests they are associated with healthy 
states. Bosch et al. [115] observed that children experiencing more respiratory tract 
infections (RTIs) in the first year of life already displayed an aberrant microbiota 
developmental trajectory at age one month, compared to children experiencing 
fewer or no RTIs. The observed alterations involved decreased stability of the NP 
microbial community over time, reduction in Corynebacterium and Dolosigranulum, 
and early enrichment in Moraxella.

Viruses as a cause of RTIs (e.g. rhinovirus and respiratory syncytial virus; RV 
and RSV) are an important risk factor for childhood asthma [122]. Thus, studies 
examining longitudinal relationships between viral RTIs, changes in URT 
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microbiota (nasal or hypopharyngeal) and asthma outcomes, are of great interest to 
elucidate the potential role that airway bacteria may play in modulating asthma risk. 
In a multicenter cohort of infants hospitalized with RSV-induced bronchiolitis, 
delayed clearance of RSV (defined by the same RSV subtype identified three weeks 
later) was associated with a Haemophilus-dominant NP microbiome at the time of 
initial hospitalization [119]. This suggests that an individual’s existing NP micro-
biota pattern may play a role in determining the severity or outcome of viral RTIs. 
In a study of 234 infants from an Australian birth cohort, Teo et al. observed that NP 
bacterial profiles defined by predominance of Moraxella, Streptococcus, 
Haemophilus were significantly associated with acute viral RTIs [121]. Intriguingly, 
shifts in NP bacterial composition were detected in samples obtained preceding 
RTIs. Moreover, the consequences of having an RTI-associated NP bacterial profile 
(i.e. defined by Moraxella, Streptococcus or Haemophilus) differed by atopic status. 
Atopic children were more likely to have a “persistent wheeze” phenotype by age 
5  in contrast to non-atopic children with the same NP microbiota profile. These 
observations suggest that allergic state modifies the outcome of viral RTIs coupled 
to altered NP bacterial composition.

Mechanistic links between dysbiosis of the upper airway microbiome and child-
hood asthma are not fully understood. In the COPSAC birth cohort, higher relative 
abundances of Veillonella and Prevotella in hypopharyngeal aspirates collected at 
age one month were associated with asthma by age 6 years and associated with 
reduced TNF-α and IL-1β and increased CCL2 and CCL17 in nasal epithelial lining 
fluid, markers of both Type 1 and Type 2-related immune responses [123]. Another 
recent study from this cohort observed associations between airway bacterial rich-
ness at age 1 week and allergic rhinitis at age 6 years, which was mediated by an 
epigenetic signature correlating with expression of genes for lysosome and bacterial 
invasion of epithelial cell pathways [124]. More research is needed to dissect causal 
relationships between altered airway microbiota, acute viral RTIs, and the associ-
ated immune responses to understand how these factors intersect and temporally 
influence asthma risk.

Lastly, whether differences in the NP microbiome may modulate asthma out-
comes in older children has been examined in several recent studies. Zhou et al. 
analyzed nasal blow samples from 214 children (mean age 8 years) to determine if 
bacterial composition changed at the onset of loss of asthma control and whether 
particular microbiota characteristics associated with the number of these events 
over the course of one year [120]. Children whose nasal microbiota was dominated 
by Corynebacterium and Dolosigranulum experienced the lowest number of events. 
Furthermore, shifts to a Moraxella-dominated nasal microbiota detected at the onset 
of the event was associated with greater likelihood of progressing to a severe asthma 
exacerbation. Similar observations related to Moraxella-dominant nasal microbiota 
and risk of exacerbations were seen in a study of 413 children between the ages of 
6 and 17 years [125]. Lung function and bronchial hyper-reactivity have also been 
associated with greater NP relative abundance of Streptococcus and Staphylococcus, 
respectively, among older children with asthma [118].
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 The Microbiome in Adult Asthma

Exploration of the lower airway microbiome in adults with asthma follows from the 
studies outlined above in early childhood asthma. Organisms introduced early in 
life might provoke inflammation and injury, or limit the responses to that inflamma-
tion, such that over time repeated microbial exposure or periodic insult could lead 
to an on-going inflammatory state that would be locked-in by early adult life. This 
dysbiotic theory could include not just bacteria but also viral infection, and could 
explain how repeated infection, overt or sub-clinical, would serve as an effector that 
over time could lead stimulate worsening inflammation and airway damage in adult 
asthma. This could be combined with the insults from other environmental stimuli 
such as allergens and pollutants, and indeed such multiple stimuli would work in 
concert or synergistically. Alternately, inflammation and injury from these other 
sources could over time alter the ecological space in the lower airway in a way that 
ordinary, commensal organisms seen in very low biomass could no longer survive, 
to be replaced (or augmented and supplemented) by new phyla and genera. This 
lung disease theory would suggest that for the most part, the microbiome was more 
of a reactor or even an innocent bystander, being acted on rather than acting to 
change the airway micro-environment. Of course, both mechanisms could be opera-
tive as a synergistic theory of on-going and mutually reinforcing airway injury, such 
that the microbiome is both effector and reactor. Finally, there are clearly a certain 
percentage of adults who lack any evidence of asthma in childhood, who lack atopy, 
who nevertheless have asthma [126–128]. Asthma in these patients is clearly heter-
ogenous in nature and due to several phenotypes [128, 129]. A de novo dysbiosis of 
the lower airway microbiome might explain how these patients developed airway 
inflammation and clinical symptoms, and as in children, it is also possible that the 
microbiome might be a reactor or bystander. With this in mind, over the past decade 
there have been a number of studies that have examined the association of the air-
way microbiome and asthma in adults.

One early study used endobronchial brushes in a small cohort of subjects to dem-
onstrate an increased relative abundance of Proteobacteria, particularly Haemophilus, 
and a decreased abundance of Prevotella in adult patients with either asthma or 
COPD compared to control subjects [130]. Millares et al. [13] examined 13 patients 
with severe asthma; this study did not include a control cohort, but did demonstrate 
a significant abundance of Streptococcus and Prevotella in bronchial biopsies. 
Goleva et al. [131] demonstrated that the microbiome present in bronchoalveolar 
lavage fluid of control subjects and subjects with either corticosteroid “resistant” or 
“sensitive” asthma differed modestly in relative abundance of selected genera, 
though there were no differences at the phylum level between asthmatic patients and 
normal subjects. Further, the overall bacterial burden was low. Another small study 
demonstrated in a cohort of 10 control subjects and 10 subjects with mild asthma 
that three major phyla, Firmicutes, Actinobacteria, and Proteobacteria, accounted 
for over 90% of total 16S rRNA sequences profiled from the sputum supernatants of 
subjects with mild asthma. Here again, Proteobacteria were significantly enriched 
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compared to microbial communities in the sputum of control subjects [132]. These 
data suggested that the lower airway microbiome could indeed differ in asthma. 
However, differences in sample collection and sample location within the lung, 
varying phenotypes of asthmatic subjects, and differing use of medications, particu-
larly inhaled and oral corticosteroids, were likely significant confounders.

Larger studies in time confirmed first that the airway microbiome of patients 
with asthma were different, if modestly so, from that of the normal airway microbi-
ome, and began to address the more obvious confounders. Using brush samples 
previously collected in the Macrolides in Asthma (MIA) study, Huang et al. [133] 
demonstrated higher 16S rRNA amplicon concentrations and diversity in endobron-
chial brushings obtained from asthmatic patients versus healthy controls that cor-
related with bronchial hyperresponsiveness. This study was large, 65 adults with 
sub-optimally controlled, mild to moderate asthma, and contained a small control 
cohort. Many but not all subjects had evidence of 16S rRNA in their endobronchial 
brushes, and not all of these could be amplified. Of the 42 asthmatic and 5 control 
subjects with sufficient product, a clear difference in bacterial burden could be iden-
tified. While the normal airway was not sterile, the asthmatic airway had a greater 
bacterial burden. Going beyond a taxonomic approach, the study demonstrated that 
the degree of bronchial hyperreactivity to methacholine correlated not to the relative 
abundance of any genus or phylum, but rather to the overall community diversity of 
the bacterial population. This approach emphasized that the overall ecological com-
munity perhaps matters more than simply an “over” or “under” abundance of a 
single bacteria. This work was among the first to demonstrate a relation of bacterial 
burden and community diversity to a physiologic parameter important to asthma.

A follow-on study then examined patients with more severe asthma, collected 
from the Bronchoscopic Exploratory Research Study of Biomarkers in Corticosteroid- 
refractory Asthma (BOBCAT) study [134]. The ability to examine larger popula-
tions was facilitated by the ability to “tag on” to previous sample collections, 
illustrating the importance of biospecimen collections in asthma studies, while also 
imposing limitations as to how samples may have been collected, processed and 
stored. In this study, patients with severe asthma had differences in bacterial com-
position of endobronchial brushes based on body mass index, assessment in asthma 
symptom control, the number of sputum neutrophils, and the number of eosinophils 
in bronchial biopsies. These bacterial communities did not diverge from normal in 
the same way: for example, microbial communities associated with poor symptom 
control and sputum neutrophils were predominant for Proteobacteria, whereas 
patients with a higher body mass index had an enrichment in airway microbiota for 
Bacteroidetes and Firmicutes. While it was difficult with a smaller cohort to exam-
ine differences in phenotypes, expression of several Th-17 genes in airway epithe-
lial cells was associated with Proteobacteria dominance in the microbiome. Finally, 
the airway dysbiosis in patients with severe asthma appeared to differ from that 
noted in subjects with milder asthma who were using inhaled corticosteroids.

Other asthma cohorts also focused on relating asthma clinical parameters to the 
microbiome. Denner et al. [18] related the abundance of select taxa to corticosteroid 
use and to pulmonary function, specifically FEV1. Using endobronchial brushings, 
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they found that Lactobacillus, Pseudomonas, and Rickettsia were significantly 
enriched in samples from asthmatic patients, whereas Prevotella, Streptococcus, 
and Veillonella were enriched in brush samples from control subjects. In this regard 
their control data agreed with that of Charlson and other studies with a normal 
cohort, increasing our confidence that such organisms may be considered, in at least 
most healthy people, as commensal. Further, Denner et al. found that Pseudomonas 
was in greater abundance in patients receiving oral corticosteroids and with a lower 
FEV1 – that is to say, in patients with more severe asthma. Zhang et al. [25] using 
induced sputum also were able to demonstrate an increased prevalence of 
Pseudomonas in patients with severe asthma compared to controls. Li et al. [135] 
demonstrated a higher abundance of Pseudomonadaceae in severe asthmatic sub-
jects compared to those with milder disease and with control subjects. Other studies 
using sputum or brushes have not replicated the increased relative abundance of 
Pseudomonas but have instead observed enrichment of genera such as Neisseria 
and Moraxella [130, 132, 136, 137], illustrating the importance of method, sample 
collection, and patient population. Further, not every study finds a difference 
between healthy subjects and patients with asthma, particularly if the disease is mild 
enough that patients are not being treated with inhaled corticosteroids [138]. Indeed, 
in studies in which patients with differing disease severity are included, those with 
mild disease generally have few differences from normal [18, 137], though one 
recent paper has demonstrated association of both sputum and oral microbiota to 
immunologic features such as atopy status and the presence/absence of a T2 pheno-
type in subjects with mild asthma [136]. It is clear that patients with more severe 
asthma, particularly those with frequent exacerbations or requiring the use of high- 
dose inhaled or oral corticosteroids, have a more disordered airway microbiome.

Among the ecological markers of a microbial community is the diversity of the 
community, both within a defined group of subjects (alpha-diversity) and between 
groups (beta-diversity). In many chronic illnesses in which the microbiome has 
been examined (as one example, Crohn’s disease [139]), alpha-diversity is decreased 
in patients with illness compared to control – that is to say, there are fewer different 
types of bacteria in the ecological space, reflecting an ecological collapse that may 
be related to the disease state and the consequences of the two-way response of host 
and microbial community. Studies to date in asthma have been mixed with regard to 
changes in diversity. Two fairly early studies demonstrated a higher diversity in 
asthmatic patients compared to healthy controls [132, 133], whereas other studies 
found no significant changes between these groups [135, 138, 140]. The Denner 
study noted decreased diversity in asthma patients versus healthy subjects as mea-
sured by the Shannon alpha-diversity index [18], while the AsthmaNet microbiome 
study found that diversity as measured by Faith’s phylogenetic diversity index, a 
phylogeny-based measure of biodiversity, was increased in asthmatic patients ver-
sus healthy subjects [137]. Other recent studies have demonstrated lower alpha- 
diversity indices in patients with severe asthma versus milder disease; these studies 
have been larger and have had a greater proportion of asthma patients with severe 
disease [18, 26, 141]. The weight of the evidence currently suggests that in asthma, 
as in other chronic illness, microbial diversity decreases, though this may be 
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difficult to demonstrate in patients with mild airways disease. Moreover, there are 
many ways of examining and comparing microbial diversity, and the inconsisten-
cies between the above noted studies may reflect this. These measures represent 
today our best efforts to understand what shapes differences between groups of 
patients.

Longitudinal Studies The study of the airway microbiome in adult asthma has 
been limited by the lack of longitudinal studies. Several studies have been done in 
children with asthma via sampling of the nasopharynx, which as previously noted 
may not reflect the lower airways. These studies have identified links between URT 
bacterial microbiota and the subsequent development of childhood asthma [115–
121]. Similar studies have not been done in adults to date; we therefore do not know 
the time-associated changes in the asthmatic microbiome. Indeed, we do not even 
know the dynamic changes that occur in the normal lower airway microbiome and 
how these might be influenced by the environment and diet. It is well established 
that the GI microbiome is highly variable in early life and is great influenced on a 
daily basis by diet, environment, and the use of antibiotics [142–145]. Tantalizing 
clues summarized in following sections suggest that the environment and antibiotics 
may alter the airway microbiome as well, and that management of such alterations 
might well improve asthma control. To date, however, the longitudinal human stud-
ies, greatly needed, are lacking.

In summary, the airway adult microbiome is different in patients with asthma. 
After consideration of all the differences in study methods, sampling locations, 
sequencing methods, and varying patient populations and disease severity, both the 
taxonomy and diversity of the asthmatic adult microbiome differs somewhat from 
health and changes more as disease state worsens. What we cannot demonstrate yet 
is a distinct profile that uniquely and near-irrevocably makes clear that, given this 
microbiome, this patient must have asthma. Simply put: there are no differences in 
kind, only in degree.

The GI Microbiome in Adult Asthma As previously discussed, the GI microbiome 
clearly has a modulatory and very likely contributory role in the development of 
early-life, childhood asthma. It is becoming clearer that the GI microbiome may 
also have an on-going role in adult asthma, by introduction of organisms to the lung 
via aspiration, by production of immunomodulatory factors, by alterations in the 
function of immune cells, all of which then lead to changes in airway inflammation. 
The relationships between the GI microbiota, their products and immunomodula-
tory signals, and the lung (i.e. the gut-lung axis) could extend, regulate and exacer-
bate T2-high responses in asthma, and may also have a role in Th17-driven asthma 
[146, 147]. Metabolites from GI microbiota also could influence T cell plasticity 
and function and dendritic cell function.

Current estimates suggest that the adult gut contains approximately 1014 bacteria, 
perhaps 7 to 8 log-fold more than the lung; two-thirds of these are specific to an 
individual [148, 149]. Four phyla, Firmicutes, Bacteroidetes, Actinobacteria and 
Proteobacteria predominate in the GI microbiome as in the lung. Genera such as 
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Clostridium, Faecalibacterium, Ruminococcus, Roseburia, Eubacterium, 
Bifidobacterium, Prevotella, and Bacteroides are dominant in the normal intestinal 
microbiome [149]; many of these are found in low abundance if at all in the normal 
lung microbiome. Under normal circumstances the predominant GI bacteria both 
prevent the growth and aggression of harmful and pathogenic microbiota and par-
ticipate in a number of beneficial immune modulating functions [149, 150]. As one 
example, they aid in digesting food products by fermenting complex carbohydrates 
that then produces SCFA that regulate inflammation and allergic responses [151–
153]. A dysbiotic GI microbiome with a disrupted ecology not only leads to intesti-
nal inflammation and dysfunction but also to worsened allergic inflammation and 
responses elsewhere [151]. A number of factors, including age, diet and fiber, child-
birth, antibiotic ingestion, and intestinal disease all can lead to a GI microbiome that 
is temporarily or permanently dysbiotic [149, 151].

Our understanding of the relative contributions of the GI and lung microbiomes 
in adult asthma is evolving. The gut-lung axis is best considered as a transfer of 
metabolites, immune cells and immunomodulatory signalers from the gut to the 
lung (though reverse transfer could also occur), such that changes in gut microbial 
ecology or a gut dysbiosis could influence adult respiratory diseases including 
asthma [154–156]. A recent review examines the potential immune regulators that 
may be generated by a microbiome [153]. Many studies that examine this axis focus 
on acute infection models (e.g., influenza, pneumonia, mycobacteria) [152, 157–
160], and the literature regarding early-life interactions was summarized above. 
Both the GI and lung microbiomes may be modulated by allergens (inhaled and/or 
swallowed) that both directly alter the respective barrier function in each system and 
elicit immune cell activation. House dust mite antigen, long known to be an allergic 
irritant in the lungs and indeed used in mouse models of T2-mediated allergic lung 
inflammation, also impairs the barrier function of the intestine upon ingestion [161]; 
likewise, particulate matter found in air pollution not only can elicit airway inflam-
mation but also colonic epithelial inflammation [162]. A “leaky” barrier may allow 
ingress of bacteria; this has been demonstrated in clinical situations such as the 
adult respiratory distress syndrome [163] but such transfer has not been demon-
strated in chronic inflammatory lung diseases. Intestinal epithelial cells and immune 
cells may assimilate signals directly from the directly abutting or nearby GI micro-
biome in ways that both shape a local response and a response at distal sites, includ-
ing the lung [164]. As one example relevant to asthma, certain Bacteroides species 
that can synthesize polysaccharide A (PSA), introduced into germ-free mice, elicit 
a higher number of circulating IL-10 producing CD4+ T cells and Th1 cells com-
pared to non-PSA synthesizing species [165]; this might drive, for example, T2-low 
asthma. In a mouse model of allergic airways disease that results from administra-
tion of antibiotics and disruption of the GI microbiome followed by ovalbumin sen-
sitization and challenge, introduction of Candida albicans to the gut elicits a greater 
Th2-mediated inflammatory airway response [166]. In a study of young and old 
mice that mimics the effect of aging, older mice challenged with house dust mite 
allergen had greater airway inflammation, and had a different GI microbial structure 
with a decrease in the ratio of Bacteroidetes to Firmicutes, compared to 
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similarly- challenged young mice [167]. The combination of GI microbiome manip-
ulations and allergen airway challenge, or lung infection challenge, in animal mod-
els is a particularly useful model that may allow us to understand the interplay of the 
gut- lung axis on airway inflammation, particularly in longitudinal models.

Studies of the gut-lung axis in adults humans with asthma are few to date. A 
recent interesting pilot study has demonstrated differences in the gut bacterial com-
munity structure in a group of adults with mild-to-moderate asthma compared to 
control subjects without known lung disease [168]. The gut microbiome within each 
subject was stable in the absence of changes in asthma status, while there was a 
strong association between FEV1 and differences in bacterial composition at the 
phylum level with changes in both Bacteroidetes and Firmicutes and a lower B/F 
ratio in asthmatic subjects. Future studies will need to examine both gut microbial 
parameters and circulating mediators that may be secreted by GI immune cells pro-
voked by the gut microbiome, and then sample (by bronchoscopy if possible) 
changes in local lung inflammation, particularly T cell phenotypes and the presence 
of cytokines released by different T-helper cell populations. These more mechanis-
tic clinical studies then may help delineate the role of the gut-lung axis in asthma.

 Asthma Phenotypes and the Airway Microbiome

Of particular importance among adult asthma microbiome studies done to date have 
been those relating the microbiome to biological markers of a particular phenotype.

Key Asthma Phenotypes and Endotypes A complete review of the state of knowl-
edge of asthma phenotypes is beyond the scope of this chapter, and readers are 
referred to excellent, recent reviews of this topic [169–171]. Heterogeneity in 
asthma and airway inflammation was understood over a century ago [172], and it is 
clear today that asthma is a heterogenous and complex disease with genetic, envi-
ronmental, immunological, and behavioral inputs that cannot be explained by one 
single pathophysiologic mechanism. Over the past two decades, our understanding 
of asthma has been guided by the T2-inflammation hypothesis that provides an 
organizing immunologic and molecular framework for the fundamental and well- 
known associations of atopy, early life exposures, and eosinophilic airway inflam-
mation. Both CD4+ helper T lymphocytes (Th2) and innate lymphoid cells (ILC2) 
[173] generated as a response to type-2 inflammation release signaling cytokines 
(such as IL-4, IL-5, and IL-13) and chemokines that drive a particular type of air-
way inflammation notable for eosinophilic infiltration of the mucosa and submu-
cosa [174, 175]. This idea is further refined by the recognition of the endotype, that 
is, a condition or phenotype that is defined by a distinct functional or pathobiologi-
cal mechanism [176], that might be defined (at least somewhat) by statistical clus-
tering or big-data approaches, the use of molecular or genetic signatures, and the 
response to biological therapies, showing an end-result, real-world usefulness of the 
defined endotype [177]. The T2-high endotype, driven by eosinophilic inflamma-
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tion that is signaled by T2-related cells that are in turn induced by epithelial cell, 
viral, and allergic/atopic stimulation [178], and is responsive to anti-IL-4 and anti- 
IL- 5 therapies, is perhaps the best understood of the asthma syndromes and accounts 
for perhaps one-fourth of all patients with asthma. The T2-low phenotypes, best 
understood as “not T2-high”, clearly are heterogenous, varied, and not well sepa-
rated from each other. A neutrophil-dominant asthma phenotype characterized by 
high proportion of sputum neutrophils, perhaps driven by cytokines such as IL-17 
and IL-22, and mixed neutrophil-eosinophil phenotypes, are part of this T2-low 
paradigm [179–183]. Clearly microbial (bacterial or fungal) products, or the organ-
isms themselves, could be part of the signaling processes in either T2-high or 
T2-low inflammation.

The T2 Phenotypes and the Microbiome Given the state of asthma phenotypes 
today, the incorporation of key microbial markers might help improve our ability to 
define and apply these phenotypes to patient care. Studies to date have attempted to 
examine certain phenotype markers, generally dividing their cohort based on one 
or a couple of key clinical or biomarkers, and then describing differences in the 
microbiome. Again, these are generally cross-sectional studies with small cohorts 
compared to the typical sizes of phenotype-driven biological drug clinical trials in 
asthma, so the ability to refine these findings into actionable hypotheses are mod-
est. One early study was that of Li et al. [135] in which the sputum microbiome was 
examined in a cohort of mild and severe asthma patients divided, for phenotype 
purposes, based on a sputum eosinophil count >3% and sputum neutrophil count 
>61%. Select bacterial families, including Actinomycetaceae and Enterobacteria-
ceae, were more abundant in patients with the eosinophilic inflammatory pheno-
type. In a study of 23 patients with corticosteroid-free (and thus mild) asthma 
compared to 10 healthy controls by bronchoscopy, asthma patients with low endo-
bronchial eosinophils had decreased alpha-diversity and increased beta-diversity 
compared to both those asthma patients with high eosinophils and the healthy con-
trols [184]. Several genera were significantly depleted (e.g., Aeribacillus, 
Halomonas, and Sphingomonas) or enriched (e.g., Actinomyces, Bacteroides, and 
Neisseria) in eosinophil-low versus eosinophil-high patients. A recent related study 
from China examined “non-eosinophilic” versus eosinophilic asthma and demon-
strated decreased alpha-diversity in the former [141]. The first AsthmaNet 
Microbiome study [137] found that asthma patients defined as T2-high on the basis 
of gene expression in epithelial cells collected on endobronchial brushings had a 
significantly lower bacterial burden compared to patients defined as T2-low on the 
absence of this expression (Fig. 5.1). In contrast, the BOBCAT trial failed to dem-
onstrate an association between T2-high related genes expressed in epithelial cells 
and either microbial taxa or diversity [134]. On balance, patients with T2-high 
asthma may have select changes in their airway microbiome that might be useful in 
defining further the phenotype, though further explorations between the microbi-
ome and gene signatures in larger studies would be welcome.
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Patients with T2-low, neutrophilic asthma, defined in part as a ≥ 60% proportion 
of neutrophils in sputum, constitute a separate asthma phenotype. Defined generally 
by the absence of T2-high markers and by the presence of a higher proportion of 
sputum neutrophils, this phenotype incorporates about 60 to 75% of patients with 
asthma and is clearly heterogeneous [129, 185, 186]. This phenotype is said to be 
associated with more severe asthma and a poor response to corticosteroid therapy 
[187–189] (though the astute asthma clinician can readily find both milder cases in 
this phenotype and patients with T2-high asthma who are dependent on oral corti-
costeroids). Neutrophilic T2-low asthma may include patients with a “Th-17” phe-
notype, as higher concentrations of cytokines from Th-17 lymphocytes, such as 
IL-17A, IL-22, Il-23, TNF-α, and IL-8, can drive neutrophilic-predominant asthma 
[129, 179–183, 186, 188, 190–193], though a recent review questions the direction-
ality of the association and suggests that IL-17 could be protective in asthma [194]. 
Examination of the airway microbiome in these patients generally demonstrates 
lower bacterial diversity and higher dissimilarity compared to those with eosino-
philic asthma [146, 184, 187]. An early study from Wood et  al. [195] examined 
airway neutrophilia in patients with asthma; patients with higher sputum neutrophil 
counts also had a higher load of potentially pathogenic bacteria as defined by cul-
ture. Likewise, in pre-school children with persistent wheezing who underwent 
bronchoscopy and BAL, those with peripheral airway neutrophilia (81% of all chil-
dren), and a majority of these had elevated bacterial counts [196]. These studies 
suggested that neutrophilia and infection were linked in at least some cases of 
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Fig. 5.1 The relationship of asthma, phenotype and atopy with bacterial load from the Asthma 
Microbiome I study. Figure (a) demonstrates the distribution of patients with asthma and atopy 
(AA), patients with asthma but no atopy (ANA), and healthy controls based on a gene scoring 
system using endobronchial brush samples. Using this, for the patients who are considered to be of 
the T2-high asthma phenotype (above the dashed line in (a) and to the left in (b), bacterial load is 
substantially lower than patients who are T2-low phenotype. With further validation, one could 
foresee that bacterial load could be used to help predict a correct phenotype for a patient with 
asthma: if high, the patient may have T2-low asthma. From reference (137) with permission
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asthma but of course could not suggest directionality. In more recent studies employ-
ing NGS, such associations have been demonstrated in more detail. One study 
examined patients with either severe asthma or moderate to severe COPD seen at 
the time of exacerbation and separated into clusters based on factor analysis of spu-
tum mediators. In both diseases, patients with neutrophilic predominance by spu-
tum and the presence of mediators such as Il-1β, IL-6, and TNF-α had increased 
proportions of Proteobacteria, whereas patients with eosinophilic predominance 
and the presence of IL-5, IL-13, and CCL26 had increased proportions of 
Bacteroidetes [197]. The study derived from the BOBCAT cohort demonstrated a 
positive correlation between Th17-associated genes in airway epithelium and sev-
eral microbial taxa, particularly the increased abundance of Proteobacteria and that 
of families such as Pasteurellaceae, Enterobacteriaceae, and Bacillaceae [134]. 
Taylor et  al. [187] showed that select genera, such as Gemella, Rothia, and 
Streptococcus, were decreased, as was alpha-diversity, in patients with neutrophilic 
versus eosinophilic asthma. In these patients, there was an inverse correlation 
between phylogenetic diversity and the proportion of sputum neutrophils. Yang 
et al. [146] demonstrated that patients with neutrophilic asthma had a higher bacte-
rial burden that had less community richness and diversity, and had a taxonomic 
distribution that was distinct with an increased relative abundance of both 
Haemophilus and Moraxella, compared to patients with nonneutrophilic asthma. 
The patients with neutrophilic asthma also had higher concentrations of mediators 
such as IL-6, IL-8, IL-17A, and TNF-α that could drive increased airway 
neutrophilia.

These associations support the idea, yet to be proven conclusively, that patients 
with neutrophil-predominant, T2-low asthma have a dysbiotic microbiome that may 
drive the airway neutrophilia and contribute to the pathogenesis of this asthma phe-
notype. Infection and allergic inflammation may coexist, of course, and there are 
patients with both neutrophilic and eosinophilic asthma – a phenotype that is labeled 
as a “mixed” phenotype [128, 170, 181, 198]. The bacterial load, as defined using 
16S rRNA gene copy numbers, is similar in the sputum of patients labeled with the 
mixed phenotype compared to the neutrophilic phenotype, and both are higher than 
that seen in patients who are “paucigranulocytic,” with neither neutrophils nor 
eosinophils in sputum [146]. One interesting potential mechanistic explanation for 
this may be that allergic inflammation may promote bacterial persistence. Evidence 
for this comes from work by Essilfie et al. [199] in which mice were infected with 
live or killed H. influenzae and then sensitized and challenged with ovalbumin or 
placebo in a standard allergic inflammation model. This combination led to “persis-
tent” airway inflammation, present 26 and 31 days after infection, while in an OVA- 
model alone inflammation typically has resolved. H. influenzae load was greater in 
the OVA-treated mice, and conversely, H. influenzae treatment suppressed some 
features of eosinophilic airways disease. More intriguingly, chronic H. influenzae 
infection combined with allergen challenge induced clear steroid resistance. A more 
recent study employing a similar mouse model with H. influenzae and OVA chal-
lenge demonstrated a similar induction of corticosteroid resistance which was 
accompanied by defects in regulatory T cell (Treg) associated immunosuppression, 
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airway remodeling, and goblet cell hyperplasia [200]. Taken together, these data 
clearly suggested that the combination of infection and allergen challenge promoted 
more chronic infection, changed the nature of the allergic airway inflammation, and 
elicited glucocorticoid resistance. The “mixed” phenotype that combines features of 
T2-high and T2-low (or perhaps better said, T2-high and T17-driven) then could be 
influenced in part by the lung microbiome.

One recent paper of potential interest to the asthma microbiome community 
examined the ability to stratify risk for COPD exacerbations by assessing the ratio 
of the relative abundance of Gammaproteobacteria and Firmicutes in serial sputum 
samples collected at the time of exacerbation. This “G/F ratio” revealed three sepa-
rate groups of patients by cluster analysis; one group designated “HG” with a pre-
dominance of Gammaproteobacteria had a G/F ratio that correlated positively with 
increases in select inflammatory markers such as C-reactive protein and IL-1β over 
baseline, and negatively with FEV1 [201]. This study shows the potential of using 
the microbiome as a diagnostic tool to identify patients who then might be treated 
appropriately (or at least, differently). Such studies are very much needed in asthma.

Taken together, measures of airway bacterial burden, diversity or specific com-
positional features may help sharpen the distinction between T2-high and T2-low 
asthma phenotypes. However, the specific use of microbial markers in this regard, 
and their combination with inflammatory markers such as blood eosinophils, FeNO, 
and sputum cell counts or mediators, has not yet been formally done. Further, a 
dysbiotic microbiome may contribute to inflammatory changes and perhaps clinical 
outcomes, particularly with regard to the T2-low phenotype variant that is neutro-
philic asthma. Larger, longitudinal studies that incorporate appropriate markers and 
microbiome analysis will be needed, as will more mechanistic studies in appropri-
ate animal models. In particular, the question of whether dysbiosis drives neutro-
philic asthma or whether neutrophilic asthma creates an ecological niche in which 
select microbiota can thrive, needs to be addressed.

The Obesity-Asthma Phenotype and the Microbiome One T2-low phenotype that 
at least somewhat separates from other phenotypes, particularly for severe and 
exacerbation- prone asthma, is that associated with obesity. Several epidemiological 
studies have suggested that obesity predisposes to asthma [202–205]. The effects of 
obesity on asthma prevalence [206–208], severity [209, 210] and response to treat-
ment [208], including bariatric surgery [211], are complex. Obesity influences sev-
eral asthma phenotypes [169, 208, 212] and response to asthma controller therapies 
[213–215]. Whether obesity causes a distinct asthma phenotype or whether it sim-
ply worsens pre-existing disease, either by changes in lung mechanics or by a 
change in airway inflammation, has been controversial, but growing evidence sug-
gests that inflammation and oxidative stress may link obesity with asthma [215–
221]. The adipocyte secreted hormones adiponectin (in its high molecular weight 
form, HMW-APN) and leptin are key regulators in long-term body weight, energy 
homeostasis, and fatty acid oxidation. Adiponectin-deficient mice have increased 
inflammatory cell infiltration in airways after allergen challenge [222]; a similar 
effect is seen after ozone exposure that is reversed with adiponectin expression 
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[223, 224]. Leptin is pro-inflammatory, and increases in leptin levels are associated 
with airway hyperreactivity and pro-allergic responses [225, 226]. Higher leptin and 
lower APN levels are seen in adult asthmatics [227]. Taken together, there is a clear 
association of adipokines, particularly leptin and APN, with asthma. Obesity 
 associated with asthma declares later in life in adults, particularly in women [205, 
208, 228], associates with asthma symptoms and exacerbations, with low expres-
sion of T2-high associated biomarkers such as blood eosinophils, serum IgE, and 
FeNO [210, 211, 229–231], and with systemic inflammatory markers such as IL-6 
[232, 233] and C-reactive protein [233]. These latter markers and the absence of the 
T2-high markers suggest a T2-low phenotype.

Few studies have specifically examined the lung microbiome in obesity in gen-
eral, or specifically obesity and asthma. The previously noted BOBCAT study 
showed a significant association of obesity (BMI > 30) with a distinct lung micro-
biome with a higher relative abundance of Bacteroidetes, Firmicutes, Prevotella, 
and certain Clostridium species, and lower abundance of Proteobacteria [134]. 
Endobronchial specimens of the obese subjects showed fewer mucosal and submu-
cosal eosinophils compared to the lean subjects that paralleled the changes in the 
microbiome. Regrettably, larger studies have not yet specifically addressed the air-
way microbiome in obesity. One recent study examined the fungal microbiome 
(next section) and included a follow-up analysis of the bacterial microbiome 
described by Denner et al. [18]. While this analysis did not identify any significant 
association between BMI and any bacterial taxa, there were positive relationships 
between predicted functional bacterial pathways, such as galactose metabolism and 
linoleic acid metabolism, and BMI [234].

The data to date then suggest a potential role for the airway microbiome in 
obesity- associated asthma. Larger studies that delineate more precisely the relation-
ship between the microbiome and adult patients with the obesity-associated T2-low 
asthma phenotype would be welcome. Especially important would be longitudinal 
studies that relate successful weight loss, either medical or surgical, with a change 
in the lung microbiome and concomitant improvement in asthma control.

 Fungal Microbiome in Asthma

The microbiome of any ecological space in the human body will include more than 
just bacteria. Just as we expect to inhale and aspirate bacteria on a near-continuous 
basis, we may expect constant exposure of the upper and lower airways to fungi and 
the development of a fungal mycobiome within the larger microbiome. Fungi are 
eukaryotes, and the genera most commonly associated with allergy in humans are 
Alternaria, Aspergillus, Cladosporium, and Penicillium. Fungi produce spores, or 
conidia, that can remain dormant until they are ready to germinate. Mesophilic 
fungi such as Alternaria and Cladosporium grow best at temperatures between 20 
and 30  °C and thus ordinarily do not germinate in the body; they instead cause 
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respiratory allergies. Thermotolerant fungi such as Aspergillus, Candida, and 
Penicillium grow well at 37 °C and thus may elicit both allergy and grow well in the 
lungs, causing infection. This makes fungi unique compared to other allergens (e.g., 
pollens) and eukaryotes (e.g., house dust mites) that do not grow within the host. 
Inhalation of fungal spores, their fragments or their secreted products then may 
elicit lung disease. Larger spores such as Alternaria generally deposit in the upper 
airways whereas smaller spores such as Aspergillus may reach the small airways. In 
either case, germination, survival and growth then contribute to the mycobiome.

Fungi may also be found in the GI microbiome and are delivered by oral secre-
tions or by food, and are generally considered to be transient and not colonizing 
[235]. Dysbiosis of GI fungi may have a role in early-life development of asthma 
and may be co-associated with bacterial dysbiosis [109, 112]. Mice treated with oral 
antibiotics that remove bacteria, particularly Lactobacillus, may have a fungal over-
growth that then can elicit an exaggerated response following airway antigen chal-
lenge via M2-macrophage polarization [236]. Fungus-free mice in which commensal 
or dysbiotic fungi are introduced into the GI tract can develop Th2-mediated for the 
former, and Th17-mediated for the latter immune responses in allergic airway 
inflammation [237]. In this way, a dysbiotic GI fungal community can influence 
distant lung immune responses.

Fungi are ubiquitous outdoors [238]; of those that may be important to asthma 
pathogenesis, Cladosporium and Alternaria are prominent [239]. Fungi can be 
found indoors in homes and offices in appreciable numbers. Older homes and homes 
with a “damp” indoor environment have a higher fungal burden, particularly for 
Aspergillus and Penicillium [240–242]. Each of these can be associated with asthma. 
Dust collected from homes can be rich in fungi and has a distinct fungal microbi-
ome; this richness correlated with the age of the home and the relative humidity as 
well as with dog ownership [60], may be influenced but by outdoor air, and in con-
trast to the bacterial microbiome, less influenced by human occupants [60, 243, 244].

As with bacteria, at one point the lung was not considered to harbor fungi under 
normal conditions, as fungi could not be cultured [245]. It has long been appreciated 
that fungal sensitization is seen in at least some patients with asthma [246] and that 
there is a clear association between fungal allergen sensitivity and the presence of 
asthma and other respiratory diseases [247], particularly with Alternaria and 
Aspergillus [248–251]. At one extreme end this is manifested as allergic broncho-
pulmonary aspergillosis (ABPA), which may be considered as an allergic response 
to the fungus in the airway. ABPA presents as severe or poorly controlled asthma 
with a high serum IgE concentration, persistent eosinophilia, and bronchiectasis 
[252, 253]. These patients will have an elevated Aspergillus-specific IgE, detectable 
Aspergillus-specific IgG, and a positive skin-prick test for Aspergillus [254, 255]. 
There are patients with severe asthma who will meet only some of these criteria, or 
who are sensitized to a fungus other than Aspergillus; such patients may be sensi-
tized (demonstrated by skin-prick testing or by blood allergen tests) to several gen-
era of “environmental” fungi such as Cladosporium, Alternaria, Penicillium, 
Candida, and Trichophyton that are common in air and soil [256]. The terms “fun-
gal asthma” or “severe asthma with fungal sensitization” (SAFS) have been used in 
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these cases that excludes ABPA [257]. While much attention is correctly paid to 
indoor mold and fungus exposure [241], particularly during infancy and early-life 
development [240, 258, 259], airborne outdoor fungi also can trigger asthma exac-
erbations in children and adolescents, particularly those already sensitized to 
Cladosporium [74].

Fungal products can promote allergic responses by virtue of being allergens and 
pathogen-associated molecular pattern (PAMP) molecules. These responses link a 
dysbiotic mycobiome to the inflammatory changes in asthma. Recent reviews of 
these products and their mechanisms have been published [260–263].

A dysbiotic lung mycobiome may be present in human asthma. As sequencing of 
the ITS1 (internal transcribed spacer 1) region of 18S-rRNA has become available 
and as reference libraries to interpret this sequencing, and to exclude human and 
other eukaryotic 18S, have become more complete, one can investigate the presence 
of the mycobiome in the lung. Van Woerden et  al. examined the presence of 
sequenced fungi in sputum from patients with asthma and normal subjects; the for-
mer had a doubled-incidence of mold in the home. Grifola sordulenta, Malassezia 
pachydermatis, Psathyrella candolleana, Termitomyces clypeatus had a higher rela-
tive abundance in the sputum of asthma patients, while Cladosporium cladosporioi-
des, Eremothecium sinecaudum, Systenostrema alba, and Vanderwaltozyma 
polyspora had a higher relative abundance in the sputum of control subjects. 
Malassezia pachydermatis is associated with atopic dermatitis [264], suggesting a 
role in atopy. Bronchoalveolar lavage done in 15 children with severe asthma with 
and without known fungal sensitization showed an increased abundance of fungal 
genera such as Rhodosporidium, Pneumocystis, Leucosporidium, and Rhodotorula 
compared to that seen in 11 normal children [265]. Interestingly, they did not detect 
an increased prevalence of environmental fungi such as Aspergillus and Alternaria. 
Bronchoalveolar lavage done in young to middle-aged adults with ABPA, SAFS, 
asthma without evidence of fungal sensitization, and control subjects noted that the 
healthy subjects had a low fungal burden with an abundance of Malasezziales [266]. 
In contrast, asthmatic patients with or without fungal sensitization or ABPA had an 
increased burden of A. fumigatus complex. The load of this fungus differed little 
between patients with a current history of itraconazole therapy versus no therapy; 
whereas patients with past history had a higher load. Both total fungal burden and 
the load of A. fumigatus complex were higher in those asthma patients receiving 
oral or inhaled corticosteroids. This study made clear the potential role and burden 
of Aspergillus in patients with severe asthma, even those without known fungal 
sensitization or ABPA.

A new study has now examined the potential interactions of the fungal and bacte-
rial microbiomes in asthma with an emphasis on the T2-high phenotype. Sharma 
et al. [234] analyzed ITS1 sequences in endobronchial brushes and BAL samples 
from 39 asthmatic subjects separated by T2 and atopy status and 19 control subjects 
previously reported for their bacterial microbiome [18]. Asthma subjects with mark-
ers for T2-high disease had a lower fungal alpha-diversity than T2-low subjects and 
control subjects, and beta-diversity also differed based on T2 status in endobron-
chial samples. As with the bacterial microbiome, there is a fungal mycobiome in 
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normal, healthy subjects that is small in biomass. In BAL fluid, the relative abun-
dance of Trichoderma, Alternaria, Cladosporium, and Fusarium species were sig-
nificantly enriched in asthmatic patients, while Blumeria species, Mycosphaerella 
species, and different Fusarium species were enriched in healthy control subjects. 
Differences in endobronchial brushes were more modest, with an increased relative 
abundance of Penicillium in asthmatic subjects and those with atopy, and 
Trichoderma was increased in T2-high asthmatic patients. Seven key fungal gen-
era – Alternaria, Aspergillus, Cladosporium, Fusarium, Penicillium, Trichoderma, 
and Mycosphaerella – were significantly associated with asthma, T2 inflammation, 
and atopy. The authors then examined co-occurrence networks to examine differen-
tial associations between fungal and bacterial taxa. Samples from endobronchial 
brushes had a greater density of connections that maintained highly connected sets 
of taxa compared to BAL, and in each sample set, asthmatic patients had greater 
connections compared to controls. Examples of these are given in Fig. 5.2. From 
these networks, select fungal genera were associated with select bacterial genera. 
Although the keystone fungal taxa remained similar between BAL fluid and EB 
samples, co-occurring bacterial taxa were distinct between the two regions in asth-
matic patients. Further, using a random forest model, the authors could identify top 
discriminatory fungal taxa, particularly Alternaria, Cladosporium, Mycosphaerella, 
and Aspergillus, that could classify asthmatic and healthy subjects with up to 72% 
accuracy. This study makes clear that fungal load, in addition to bacterial load here 
and in the study by Durack et al. [137], and the presence of select fungal and bacte-
rial taxa can help to differentiate T2-high from T2-low asthma. These studies need 
repetition in larger and more varied patients, but the promise of being able to apply 
the lung microbiome as part of the delineation of asthma phenotypes and endotypes 
is becoming increasingly clear.

Specific Anti-Fungal Therapies in Asthma In patients with asthma with either 
ABPA or fungal sensitization, antifungal therapy with itraconazole or similar azoles 
can be a useful adjunct [267–269], and this forms part of the evidence base for the 
potential role of the mycobiome in asthma, even as Aspergillus, as previously noted, 
may not be present or even in substantial prevalence in some patients with fungal 
asthma. Several trials have looked at the utility of these therapies in severe asthma 
in the absence of clear evidence of ABPA. Denning et al. [257] conducted a random-
ized, placebo-controlled trial of itraconazole, an agent with a wide spectrum of 
anti-fungal activity, in 58 adult patients with severe asthma and SAFS. These 
patients had been receiving or had recently received oral corticosteroids, were skin- 
prick test positive for one of several fungi, were negative for Aspergillus precipitins 
(IgG), and had a circulating IgE concentration of less than 1000  IU/ml. Other 
asthma therapies were optimized before enrollment. Patients receiving anti-fungal 
therapy had a significant improvement in asthma quality of life scores and a decrease 
in total IgE concentrations. Interestingly, relapse in symptoms after discontinuation 
of itraconazole was common. Other azole agents also have noted improvement in 
quality of life scores for patients with SAFS [270, 271]. A more recent study exam-
ined another potent anti-fungal agent, amphotericin B, as nebulized therapy in 21 
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Fig. 5.2 Significant co-occurrence relationships of fungi and bacteria between different modules 
in patients with asthma using samples collected from BAL fluid (a) or endobronchial brushes (b). 
These networks represent statistically significant correlations; a connection stands for a strong 
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patients with severe asthma who were labeled either as SAFS or had a diagnosis of 
ABPA. In contrast to the Denning study, the response rate as measured by quality of 
life improvement was less than 15% and substantial side-effects, including bron-
chospasm were noted [272].

 Effects of Asthma Medications on the Airway Microbiome

As we begin to consider longitudinal studies of the airway microbiome in asthma in 
both children and adults, two immediate questions arise: first, how might asthma- 
related medications change the microbiome for better or for worse, and second, 
might we introduce medications that would change the microbiome and thereby 
improve asthma control?

Corticosteroid Therapy and the Airway Microbiome Inhaled corticosteroids are a 
mainstay of asthma controller therapy, and oral corticosteroids are near-universally 
employed in the treatment of severe acute exacerbations. While these agents have 
no antimicrobial activity per se, inhaled steroid therapy often ameliorates underly-
ing airway inflammation, and this may alter the local microbiome. Early studies of 
the microbiome in asthma were small and generally included patients receiving 
inhaled corticosteroids, and therefore it was not possible to separate a steroid- 
specific effect. Goleva et al. noted no differences between corticosteroid-resistant 
and corticosteroid-sensitive patients with asthma at the phyla level regarding diver-
sity, richness and taxonomy, but select genera, including Haemophilus, were 
increased in the steroid-resistant group [131]. Denner et al. demonstrated increased 
Proteobacteria and decreased Bacteroidetes, and increased Pseudomonas and 
decreased Prevotella and Veillonella, in patients received inhaled corticosteroids 
versus those without such therapy [18]. From these studies it becomes clear that the 
airway microbiome is perhaps different in patients taking inhaled corticosteroids as 
a controller therapy for asthma. The question then becomes, does the addition of 
such therapy change diversity or taxonomy? Or is the necessity for use of cortico-
steroids a marker for more severe underlying disease that is itself responsible for the 
changes, or do the corticosteroids elicit a host response that then alters the microbi-
ome? In the AsthmaNet Microbiome Study [137], a subset of recruited patients with 
steroid-naïve asthma received inhaled fluticasone or placebo for 6 weeks, with bron-
choscopy and sputum collection before and after therapy. Patients who responded to 
steroid therapy with an improvement in methacholine responsiveness (ICS respond-
ers) were compared to nonresponders; the former had a baseline bacterial microbi-
ome more similar to that of healthy controls with an enrichment of Streptococcaceae, 
Fusobacteriaceae, and Sphingomonodaceae, whereas nonresponders at baseline 
were enriched in Microbacteriaceae, Pasteurellaceae, and asthma-associated 
Haemophilus genera. Microbiome analysis of endobronchial brush samples was 
limited by insufficient 16S rRNA amplicon in paired samples (pre- and post- 
intervention) from some subjects. At the taxon level ICS treatment resulted in 
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increased relative abundance of Microbacteriaceae and Neisseria and Moraxella 
species, and depletion of a specific Fusobacterium, which was not observed with 
the placebo treatment [137]. Parallel observations including differential changes 
between the two treatment groups, before and after the interventions, were observed 
in a subsequent analysis of induced sputum from participants in the same study 
[136]. Two points can be made here based on the studies conducted to date. First, 
inhaled corticosteroid therapy in patients with mild asthma and who respond to such 
therapy clearly have some changes in airway taxonomy. Second, much larger trials 
are needed if we are to determine better the changes in the microbiome after initia-
tion of corticosteroid therapy, and the interplay of such a treatment effect compared 
to changes in host inflammation elicited by corticosteroid therapy.

Corticosteroids are potent inhibitors of pro-inflammatory molecules and cells, 
and it is tempting to suggest that glucocorticoids would also alter expression and 
production of innate immune responses that generally prevent infection. This in fact 
does not occur and indeed, corticosteroids generally fail to inhibit the expression of 
many of the genes involved in innate immunity [273]. In airways, the epithelium 
produces a number of innate immunity-related proteins that destroy or suppress 
microorganisms, including complement, collectins, lysozyme, lactoferrin, secretory 
leukocyte protease inhibitor, and defensins. Defensins, small cationic proteins that 
are expressed either constitutively or can be induced by various pathogens [274], 
are regulated by Toll-like receptors (TLR) such as TLR2 [275, 276]. Corticosteroids 
may enhance Toll-like receptor (TLR) 2 expression, the absence of which leads to 
an inability to clear organisms such as Mycoplasma and an inability to induce 
human β-defensin [277, 278]. Another anti-microbial protein is CCL20, also known 
as MIP-3a, that is similar to defensins. CCL20 is expressed in the airway epithelium 
and can be induced by bacteria, and is regulated by several TLRs [274, 279, 280]. 
In cultured airway epithelial cells, treatment with corticosteroids enhances the pro-
duction of CCL20 [281, 282]. Treatment of airway epithelial cells with budesonide 
but not fluticasone elicits increased expression of both CCL20 and lactotransferrin 
[283]. One older study demonstrates that corticosteroids increase secretory leuko-
cyte protease inhibitor transcripts in airway epithelial cells [284].

Counterbalancing the idea that corticosteroid therapy may be benign or even 
beneficial with reference to the lung microbiome in asthma are data from a number 
of clinical trials in COPD that inhaled corticosteroid treatment can increase the risk 
of pneumonia [285–290]. In the few studies to date that report asthma patients sepa-
rately from COPD with regard to pneumonia incidence, little increased pneumonia 
risk is seen with the use of inhaled corticosteroids in asthma: for example, the 
START trial (Steroid Treatment As Regular Therapy), with over 7200 patients dem-
onstrated no increased risk of pneumonia in patients treated with budesonide com-
pared to placebo [291]. Two smaller randomized trials of either fluticasone [292] or 
budesonide demonstrated similar findings [293]. A recent meta-analysis of the risk 
for pneumonia in patients with asthma has reported little if any increased risk [294]. 
The mechanisms by which corticosteroids then alter the airway microbiome are not 
yet clear, but data to date suggest that by preserving and perhaps even enhancing 
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select innate immunity responses that are critical to fighting bacterial colonization, 
corticosteroids may change the microbiome in some way that is beneficial in asthma.

Beta-Adrenergic Agonist Therapy and the Airway Microbiome Inhaled beta- 
adrenergic agonists, short-acting or long-acting, are a mainstay of therapy in asthma. 
To date, there are no reports of the effect of these drugs specifically on the lung 
microbiome. In any study or experiments in which these agents are co-administered 
with inhaled corticosteroids, one cannot exclude a modulating effect., perhaps by 
interactions on genes targeted by the glucocorticoid receptor [295, 296].

Macrolide Antibiotic Therapy and the Airway Microbiome Antibiotics are com-
monly given to patients with asthma exacerbations, even as there is little evidence 
of their efficacy [297]. Recognition that at least some patients were colonized with 
bacteria such as Chlamydophila pneumoniae or Mycoplasma pneumoniae that con-
tributed to their asthma symptoms [298–303] led to the idea that perhaps antibiotic 
therapy directed against these organisms would be useful therapy. The most studied 
antibiotic in asthma to date has been the macrolides.

Macrolide antibiotics, from the parent erythromycin to currently available agents 
including azithromycin and clarithromycin, are one of the most widely used antibi-
otic classes and have a role in the treatment of other obstructive airways diseases 
such as COPD, cystic fibrosis, non-CF bronchiectasis, and bronchiolitis [304–310]. 
As noted above, chronic asthma may be triggered repeatedly by viral respiratory 
infection and by select bacteria such as Chlamydophila pneumoniae and Mycoplasma 
pneumoniae, and this led to a suggestion that macrolide therapy might be useful in 
asthma. Further, macrolides have potential immunomodulatory and antiviral prop-
erties [311, 312], perhaps via suppression of NFκB [313–316], that extend beyond 
their role as direct antibacterial agents. Examples that are relevant to the airways 
and asthma include the ability of azithromycin therapy to maintain airway epithelial 
barrier integrity in culture models of Pseudomonas infection [317], which as noted 
earlier in this chapter may be found in increased relative abundance in asthmatic 
airway microbiome, suppress biofilm formation by Pseudomonas aeruginosa [318], 
and blocks quorum sensing by P. aeruginosa [319]. Macrolides inhibit mucin for-
mation in cultured, differentiated airway epithelial cells induced by Fusobacterium 
nucleatum that is independent of any anti-bacterial activity [320]. Azithromycin can 
inhibit epithelial cell apoptosis and the epithelial-to-mesenchymal transition that 
occurs with ovalbumin challenge in mouse models [321, 322]. Despite the risks of 
anti-macrolide resistance that could develop from long-term use [323], these poten-
tial nonbactericidal mechanisms combined with the potential for direct action have 
led to exploration of macrolide therapy as a potential adjunct asthma therapy.

Given the scientific rationale for their use, their efficacy in clinical asthma trials 
has been variable and until recently disappointing. From the 1950s to 1970s, studies 
suggested that the macrolide troleandomycin could be a steroid-sparing agent in 
patients with severe asthma receiving parental corticosteroids, perhaps by blocking 
metabolism of methylprednisolone [324–327]. One trial demonstrated that azithro-
mycin was unlikely to be a steroid-sparing agent in children with moderate to severe 
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asthma who were receiving high dose inhaled corticosteroids; however, this trial 
had difficulty recruiting participants and was prematurely terminated for futil-
ity [328].

As “atypical” bacteria were recognized to be present in at least some children or 
adults with asthma, consideration was given to the antibiotic effect of macrolides. 
Here, results were inconsistent: for example, Kraft et al. [301] demonstrated that 
clarithromycin treatment increased FEV1  in patients who had evidence of either 
M. pneumoniae or C. pneumoniae infection based on PCR analysis of upper and 
lower airway samples. Against this, a report from the Asthma Clinical Research 
Network demonstrated that clarithromycin therapy did not improve asthma out-
comes in those patients with suboptimally controlled asthma [329]. This trial was 
stratified based on PCR evidence for the same two microorganisms, and neither 
group improved. These trials required evidence of bacterial infection by either cul-
ture or PCR demonstration, and both were insensitive compared to next-generation 
sequencing. Similar trials examined different macrolide antibiotics generally over 
six to 26 weeks with assessment by clinical markers, and these trials in adults had 
varied results [330–337]. As recently as 2015, a Cochrane systematic review was 
inconclusive as to the clinical use of macrolides in asthma [338].

More recent studies took advantage of our improving understanding of asthma 
phenotypes. The recognition of neutrophilic asthma as an asthma phenotype, the 
suggestion that this phenotype was associated with increased bacterial load and 
potential pathogens such as Haemophilus influenzae and Moraxella catarrhalis and 
with neutrophil-associated cytokines such as IL-8 [195], and the understanding that 
neutrophilic inflammation was crucial to the pathogenesis of panbronchiolitis in 
which macrolide antibiotics had a demonstrated role [310, 339], all suggested a role 
for macrolides in neutrophilic asthma. Simpson et al. [333] demonstrated that clar-
ithromycin therapy decreases both the number of neutrophils and concentrations of 
IL-8  in the sputum of patients with severe asthma. A randomized clinical trial 
(AZISAST) compared the effectiveness of azithromycin for prevention of exacerba-
tions in severe asthma among patients treated daily for 6 months. The primary end-
points, that of the rate of severe exacerbations and lower respiratory tract infection, 
were not met overall, but in pre-defined patients with non-eosinophilic asthma 
(blood eosinophils <200/μl and fractional excretion of nitric oxide below the lower 
limit of normal), patients with at least one primary endpoint event decreased from 
62% in the placebo group to 33% in the treated group, a relative risk reduction of 
54% [331]. To the extent that neutrophilic, non-eosinophilic asthma might be driven 
by the microbiome, these data suggested that macrolide therapy could be useful in 
treatment.

As next-generation sequencing became available, the question of whether mac-
rolides could change the airway microbiome directly and thus change asthma con-
trol could be asked. One very early small trial examined the lower airway microbiome 
sampled by bronchial washing for and six weeks after treatment with daily azithro-
mycin; therapy was associated with decreased richness and reductions in 
Pseudomonas, Hemophilus, and Staphylococcus [340]. In a follow-on to the 
AZISAST study [331], Santiago et al. [341] examined the oropharyngeal microbial 
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community in 13 patients with moderate to severe asthma (8 receiving azithromy-
cin, 5 receiving placebo) at baseline, during and after 6 months treatment with either 
azithromycin or placebo. They found that the overall composition of the oral micro-
biome in these patients differed little to that of the healthy population. Treatment 
over 6 months with azithromycin increased the relative abundance of Streptococcus 
salivarius and decreased that of Leptotrichia wadei. The authors noted that they 
used oropharyngeal samples out of concern that collection of lower airway samples 
might induce asthma, a concern not borne out in other studies. Another recent study 
that demonstrated the utility of azithromycin as adjunct therapy for both T2-high 
and T2-low severe, uncontrolled asthma was the AMAZES trial, a placebo- 
controlled, randomized clinical trial in which 48 week therapy with thrice-weekly 
azithromycin reduced asthma exacerbations and improved quality of life [342]. 
Subsequent analysis of sputum samples from a subset of these patients demon-
strated that azithromycin treatment did not alter bacterial load, nor alter the relative 
abundance of select pathogens such as Moraxella and Pseudomonas, but did 
decrease Faith’s phylogenetic diversity index and decreased the relative abundance 
of Haemophilus [343]. One concern in this study was a noted increase in several 
macrolide resistance genes as noted by PCR analysis of sputum. Taken together, the 
microbiome analysis performed from the AZISAST and AMAZES studies begins to 
make clear that whatever the effects of azithromycin are on asthma, its effects on the 
microbiome appear modest. This raises the question as to whether the immuno-
modulatory effects of this antibiotic are more important.

Other clinical trials outside of asthma have examined the effect of macrolides on 
the airway microbiome. Azithromycin therapy during the treatment of respiratory 
syncytial virus bronchiolitis infection in infants decreased the abundance of 
Moraxella in nasal lavage samples collected pre and post treatment [344]. Other 
bacterial taxa were unchanged by treatment, and the lower abundance in Moraxella 
was associated with less respiratory wheezing in the ensuing twelve months. 
Likewise, treatment with erythromycin for 48 weeks in 84 adults enrolled in the 
Bronchiectasis and Low-dose Erythromycin Study (BLESS) demonstrated lower 
abundance of Actinomyces and Streptococcus but an increased abundance of 
Haemophilus in oropharyngeal swabs [345]. In COPD, azithromycin therapy has 
been considered as among first-line therapies for treatment of exacerbations [346, 
347], and as a long-term adjunct treatment of GOLD class 4 COPD [348–350]. One 
study examined the lower airway microbiome by BAL in 20 patients with COPD 
before and eight weeks after treatment with either daily azithromycin or placebo. In 
this trial, azithromycin treatment did not alter bacterial burden but did decrease the 
relative abundance of a number of taxa, alpha-diversity, and concentrations of che-
mokines and cytokines such as CXCL1, TNF-α, and IL-13 [351]. As in the asthma 
studies, the effects of macrolide therapy on the microbiome were modest.

In summary, it becomes clear that macrolide therapy has complex effects on the 
lung, including on the lung microbiome. These changes may be due both to the 
direct, antimicrobial effect on the bacteria and by more indirect effects as an immu-
nomodulator, with the latter perhaps being the more important. Resolving these 
questions may provide a better rationale for the use of macrolide therapy in asthma.
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Other Antibiotics and the Airway Microbiome Lastly, older studies have exam-
ined the use of penicillin-based antibiotics in patients hospitalized for asthma exac-
erbations and found no evidence for efficacy [352, 353]. To date, there are no 
NGS-based studies that examine the role of penicillin-based antibiotics, or of other 
antibiotics commonly employed in outpatients with respiratory symptoms (e.g., sul-
fonamides, cephalosporins, tetracycline) on the airway microbiome in asthmatic 
patients.

Probiotics and the Airway Microbiome The GI microbiome has become an impor-
tant and increasingly studied etiological factor in a number of immunological, neu-
rological, and malignant diseases. As noted earlier, there is increasing recognition 
of how the gut-lung axis could influence T cell plasticity and function and dendritic 
cell function. While much attention has been focused on the gut-lung axis in early 
life, one recent study has demonstrated differences in the gut bacterial community 
structure in a group of adults with asthma compared to control subjects without 
known lung disease [168]. Differences in specific gut bacterial communities at the 
phylum level (Bacteroidetes and Firmicutes) associated with FEV1, and select 
OTUs were either decreased (Bacteroides, Enterobacteriaceae) or increased 
(Bifidobacterium, and Lachnospiraceae) in subjects with asthma. Cluster analysis 
done by variation in gut bacterial community structure demonstrated three different 
clusters in asthma patients; one such cluster had greater airway hyperresponsiveness 
and bronchodilator reversibility. Thus, the GI microbiome could be used as part of 
a phenotyping assessment of asthma patients.

For these reasons, modulating the adult GI microbiome by probiotic therapy with 
live microorganisms that alter these functions in favor of asthma control and better 
health, is an attractive consideration, and one that might avoid many of the problems 
associated with antibiotic use.

Lactobacillus is one probiotic that has received considerable attention. A low 
relative abundance of Lactobacillus has been shown to be associated with early 
development of allergy in infants [354–356]. Oral supplementation with different 
Lactobacillus species, particularly L. reuteri, alleviated airway inflammation, 
decreased IgE production, and decreased production of T2-associated cytokines 
induced by house dust mite allergen in a mouse model [357]. Likewise, oral gavage 
with L. paracasei L9 attenuated airway hyperresponsiveness, eosinophil infiltration 
in airways, and decreased serum IgE after exposure to particulate matter 2.5 (PM2.5) 
in mice sensitized and challenged with ovalbumin [358]. Treatment of ovalbumin 
sensitized and challenged mice with Lactobacillus rhamnosus GG (LGG) by gavage 
improved both airway inflammation and airway remodeling as evidenced by reduced 
collagen deposition and expression of markers such as T-bet, GATA3, and Foxp3 
[359]. These animal studies clearly establish a potential use for probiotic therapy in 
airway inflammation.

Trials in which infants at high risk for atopic disease (usually by virtue of having 
one or two atopic parents) have received probiotic therapy, usually Lactobacillus 
rhamnosus GG (LGG) by oral supplementation, have had varying results. One early 
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trial in Finland suggested a benefit by decreasing subsequent atopic disease, a ben-
efit that extended to age 5 [360–362]. However, a different trial done at about the 
same time demonstrated no clinical benefit from LGG when given to pregnant 
women with a family history of atopic dermatitis in primary prevention of atopic 
dermatitis to their offspring [363]. A trial in which preschool children with allergic 
asthma or rhinitis consumed fermented milk containing L. casei demonstrated no 
improvement in asthma control [364]. Likewise, in the Trial of Infant Probiotic 
Supplementation (TIPS), oral administration of LGG supplementation for six 
months in 92 high-risk infants on the subsequent incidence of eczema (atopic der-
matitis), with development of asthma examined as a secondary end-point of the 
study, failed to demonstrate a benefit for either disease [365]. In a follow-on study 
from the TIPS trial, Durack et al. [366] examined gut microbiota maturation in these 
infants, and demonstrated that LGG supplementation in infants with a “meconium” 
dysbiosis of their GI microbiome had increased diversification of their microbiota 
and increased production of anti-inflammatory lipids during LGG treatment. 
However, within six months of cessation of supplementation, all benefits had been 
lost. Thus it is not clear today whether probiotic intervention in early life conveys a 
lasting benefit in asthma and other allergic diseases.

In contrast, trials in children and adolescents with asthma suggest some benefit 
with probiotic therapy. An early trial of L. gasseri supplementation in children aged 
6 to 12  years with asthma and allergic rhinitis over two months demonstrated 
improved pulmonary function compared to placebo [367]. A more recent placebo- 
controlled, randomized clinical trial examined supplementation of L. paracasei, 
L. fermentum, and their combination on asthma control over three months in 160 
adolescents aged 6 to 18  years with asthma. Children continued usual care and 
asthma medications in this time. The children receiving Lactobacillus therapy in 
any combination had lower asthma severity and improved control compared to 
those children receiving placebo [368]. A small pilot trial from Brazil in 30 children 
aged 6 to 17 years with asthma received a probiotic containing L. reuteri or placebo; 
children receiving the probiotic over 60 days had an improvement in symptoms and 
asthma control test scores [369]. A recent meta-analysis of 17 randomized con-
trolled trials in 5264 children suggested that LGG supplementation elicited a reduc-
tion in the occurrence of asthma but not other atopic diseases in post-natal 
periods [370].

One promising probiotic agent is OM-85 Bronchovaxom (OM-85 BV), a low- 
endotoxin alkaline extract of 21 strains of five pathogenic bacteria that on oral 
administration as a prophylactic agent reduces the frequency and duration of respi-
ratory tract infection in children [371–374]. Used in pre-treatment, OM-85 BV pre-
vents airway hyperreactivity and inflammation in Leishmania major antigen 
sensitized and challenged mice by increasing the number of regulatory T cells in the 
airway [375]. The recent EOLIA trial compared the effect of sublingual administra-
tion of a similar polyvalent mechanical bacterial lysate tablet versus placebo for 
three months in 152 children aged 6 to 16 years with asthma, a history of asthma 
exacerbations, and sensitivity to dust mite allergen. While the major endpoint of a 
change in ACT score was not met, the number of asthma exacerbations decreased in 
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children treated with the bacterial lysate [376]. Data regarding OM-85 BV in adults 
is sparse to date. The upcoming PrecISE precision intervention trial for severe 
asthma sponsored by NHBLI will examine the potential utility of OM-85 BV in two 
patient cohorts, adolescent and adult respectively, with severe asthma in an adaptive 
trial design.1

No other probiotic trials for adults with asthma are published to date.

 Effects of Asthma Exacerbations on the Airway Microbiome

Asthma exacerbations can be triggered by a variety of environmental exposures; 
one major trigger is respiratory tract viral infection [377–379]. Children with asthma 
may have exacerbations triggered by bacterial pathogens such as H. influenzae, 
M. pneumoniae, M. catarrhalis, or C. pneumoniae, as noted previously, in addition 
to viruses. In contrast, respiratory bacterial infection is not commonly associated 
with asthma exacerbations in adults; this is a noticeable distinction between asthma 
and COPD [380]. While there are scant data to date on the lung microbiome in 
adults before and after exacerbation, the AZISAST and AMAZES trials with 
azithromycin suggest that modification of the lung microbiome may change the 
frequency of and susceptibility to exacerbations [331, 342, 343, 381], though the 
changes in the microbiome in the AMAZES trial were, as noted previously, modest 
and suggested that azithromycin may exert some of its protective effects via non-
bacterial mechanisms.

There is some indirect evidence that viral infection may increase susceptibility to 
subsequent bacterial growth, and that this may be relevant to asthma. Viruses such 
as rhinovirus, influenza, and respiratory syncytial virus (RSV) can increase airway 
epithelial cell barrier permeability via disruption of tight junctions, alter expression 
of adhesion molecules that then may promote bacterial invasion, impair cilia func-
tion, decrease the expression or effectiveness of host defense proteins such as the 
Toll-like receptors and secretory IgA, and increase mucous production [382–388]. 
Indeed, it is clear that the epithelium is the principal site of first attack for most viral 
infections of the airway [389]. Any viral infection would also alter the local envi-
ronment in terms of nutrient availability, oxidative status, and presence of mediators 
that may change bacterial virulence and survival [385]. Whether any of these events 
are important to asthma exacerbations in terms of susceptibility, risk or duration, or 
in a subsequent alteration of the airway milieu that in turn may promote a longer- 
term dysbiotic microbiome, is unknown.

1 Information about the PrecISE trial can be found at https://preciseasthma.org/preciseweb/
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 Future Directions

We have learned much about the lung microbiome in health and in obstructive lung 
disease over the past decade. Next-generation sequencing, bioinformatics, mecha-
nistic studies of the microbiome in mice, and the ability to gather increasingly large 
cohorts of human participants in clinical trials have increasingly demonstrated that 
the lung microbiome in asthma is dysbiotic and may well have a role in pathogen-
esis and disease progression in select asthma phenotypes. To date, much of this 
research, while increasingly elegant in research methods has been descriptive and 
based on single time-point observations.

There is a clear and compelling need to apply an ecological framework to under-
standing the pathogenesis of asthma and for longitudinal studies that are large and 
well organized with the following characteristics: collection of multiple microbio-
logical specimens from the lung, upper respiratory tract and gut; additional bio-
specimens and genetic samples to work out biomarkers of disease and phenotype to 
deeply characterize host response factors, and collection of individual-specific envi-
ronmental and behavioral data (Fig. 5.3). Such studies are needed involving multi-
ple, diverse populations around the world, and at present are particularly lacking in 
the study of adult asthma. The single largest impediment to such studies is that no 
agency, government or private, has been willing to date to pay for the twenty-first 
century equivalent of a “Framingham” style asthma study. Such studies must sur-
mount the substantial costs of collection and analysis and the significant burdens 
placed on the participants. Further, these studies must assume the task of accounting 
for differing environments, both indoor and outdoor, that may alter the microbiome 
(gut or lung) and the host defenses, seasonality, and the interactions of nonmicrobial 
allergens with the microbiome and with host responses. The human subjects of 
course have a varying genome and differences in the expression of each of the 
“-omic” areas that might be studied, as well as interactions between these -omics. In 
the end, these studies would need to provide specific etiologic, mechanistic, and 
associative insights about the microbiome and asthma so as to inform experimental 
cell-based and animal models of host-microbiome interactions, which then could 
come back to appropriate clinical trials.

If the microbiome has a role in asthma, it must do so by inducing a response in 
the human host. The large studies will need to correlate key features of the microbi-
ome, and features that go beyond simple taxonomy or diversity, with host clinical, 
cellular, and molecular disease markers. As one example, endobronchial brushings 
collected from patients with and without malignant lung nodules, sequenced for 
both bacterial (16S rRNA) and host transcriptome profiles, demonstrated that 
patient transcriptomic signatures relevant to lung cancer pathogenesis were associ-
ated with increased relative abundance for Streptococcus and Veillonella in the 
brush samples [390]. Such a study done in patients with asthma of a carefully 
curated phenotype (e.g., the T2-low, Th-17 high phenotype that appears to be most 
correlated with a high bacterial burden, as previously discussed), combined with a 
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multiple -omics strategy could examine, for example, single nucleotide polymor-
phisms and micro-RNA on the host side and metagenomic analysis on the microbi-
ome side, to test whether similar associations exist. Select differences then could be 
tested in newer dedicated cell- and organ-cultures, including cultures that use 
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engineered substrates populated with cells collected from airways or derived from 
stem cells, and “lung-on-a-chip” microsystems [391].

Animal models in which a human microbiome is transplanted into germ-free 
(GF) (“axenic”) mice also provide a model in which causal relationships can be 
explored between the microbiome and a host. There is recognition that while the GF 
mouse, lacking its own microbiome, represents a “blank slate” [392–395] upon 
which human microbiota can be specifically tested, alone, in select combinations, or 
as a collected ecology from human subjects, to provoke host responses, particularly 
when combined with airway allergen challenge. There are clear differences between 
human and mouse immunology that must be taken into account in explaining the 
results of such experiments. Further, facilities to generate and care for these mice 
are frightfully expensive – these mice are literally worth their weight in gold. Such 
limitations for now limit these experiments.

Perhaps the greatest impediment to date has been one that is now finally disap-
pearing – lung biologists now agree that the lung is not sterile. This recognition 
must translate to a recognition that large clinical trials should be sampling the lung 
and gut microbiomes as part of their design. Even if not analyzed at the time for the 
potential role in modulating the response to a pharmacological therapy, the use of 
these samples (as in the BOBCAT trial, [134]) in post-hoc explorations not only 
offer the potential to relate the microbiome to the studied phenotype or group of 
patients but also, by adding larger numbers of patients, provide important corrobo-
ration to our understanding.

Among the key questions to be addressed in the future is whether intervening in 
the adult microbiome in asthma matters. If the “critical window” in which the lung 
or gut microbiome (with other factors) influences the host immunology to develop 
an asthma phenotype is open only during early life, then modification of the micro-
biome in adults may be well beyond the time in which such modifications can have 
any useful effect. That the use of simple antibiotics such as azithromycin can modu-
late asthma clinical control suggests that this extreme and perhaps dour view of the 
microbiome is unwarranted, and that the microbiome is at least to some degree 
“plastic” and changeable. Modification of the microbiome need not be direct to be 
useful; changing the host immune system (e.g., even with inhaled corticosteroids) in 
ways that in turn modify the airway microbiome may elicit a useful downstream 
effect. Modification of the microbiome need not work in every adult with asthma to 
be useful: the asthma community is correctly vested in anti-IL-5 and anti-IL-4/
IL-13 biologic therapy for the relatively modest number of patients with severe, 
T2-high asthma (15 to 30% of all asthma patients are T2-high, and 10 to 20% have 
severe asthma, so in the end we are addressing 2 to 6% of the asthma population). A 
microbiome-based therapy that addresses a phenotype presently unreachable, such 
as the “neutrophilic” phenotype that is T2-low and perhaps Th-17-high, would be a 
substantial advance.

The ultimate goal in understanding the lung microbiome in asthma is to uncover 
epidemiologic, diagnostic or therapeutic features that will improve patient care. The 
microbiome may aid us in delineating phenotypes and understanding markers of 
disease risk and progression. Not only might we find therapies that may modify the 
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microbiome (lung or gut or both) that improve clinical outcomes, as importantly, we 
might uncover beneficial or deleterious effects of current therapies. All these will 
shape our understanding of adult asthma and lead to more personalized care. 
Understanding the microbiome in asthma then is much like understanding the 
immunology, cell biology and epidemiology of this disease: a necessary part that 
will shape how we care for patients in the future.
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Chapter 6
Microbiome in Cystic Fibrosis

Lindsay J. Caverly, Lucas R. Hoffman, and Edith T. Zemanick

 Introduction

Cystic fibrosis (CF) is a life-shortening, autosomal recessive genetic disease that 
affects over 70,000 individuals worldwide [1]. Mutations in the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene lead to dysfunction or absence of 
the CFTR protein, a cell membrane channel that regulates chloride and bicarbonate 
movement in epithelial cells lining the respiratory, digestive, and reproductive sys-
tems and sweat glands [2]. Phenotypically, CFTR dysfunction results in chronic 
airway infection and inflammation, nutritional and gastrointestinal (GI) disorders, 
male infertility, and increased salt loss from sweat, among other consequences [3]. 
Diverse airway pathogens, including Pseudomonas aeruginosa, Staphylococcus 
aureus, Burkholderia species, and other gram-negative bacteria, are well-known 
contributors to CF lung disease [4]. Chronic infection with these pathogens and 
excessive inflammatory response lead to progressive airway structural injury; most 
people with CF succumb to respiratory failure in early adulthood.

Microbiologic surveillance for respiratory pathogens is a routine part of CF clini-
cal care [5]. Culture using standardized laboratory approaches is performed on 

L. J. Caverly 
Department of Pediatrics, University of Michigan Medical School, Ann Arbor, MI, USA
e-mail: caverlyl@med.umich.edu 

L. R. Hoffman 
Departments of Pediatrics and Microbiology, University of Washington, Seattle, WA, USA
e-mail: lhoffm@uw.edu 

E. T. Zemanick (*) 
Department of Pediatrics, University of Colorado Anschutz Medical Campus,  
Aurora, CO, USA
e-mail: edith.zemanick@childrenscolorado.org

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87104-8_6&domain=pdf
https://doi.org/10.1007/978-3-030-87104-8_6#DOI
mailto:caverlyl@med.umich.edu
mailto:lhoffm@uw.edu
mailto:edith.zemanick@childrenscolorado.org


148

respiratory samples such as oropharyngeal swabs (OP), spontaneously expectorated 
sputum, sputum induced with nebulization of hypertonic saline, and bronchoalveo-
lar lavage fluid (BALF) [6, 7]. Sputum is the preferred specimen type for microbio-
logic surveillance (for reasons discussed below), but in individuals unable to 
expectorate, OP swabs are routinely used. Bronchoscopy with BALF collection is 
more invasive than other sampling modalities and is therefore generally reserved for 
those with suspected undetected pathogens. Sputum induction is used in research 
settings, and, in some centers, for clinical care but is not universally available [8]. 
Microbiologic culture of respiratory samples requires specific processing and cul-
ture media to maximize growth of suspected pathogens (e.g., P. aeruginosa) [5]. 
The focus on suspected pathogens creates a bias in culture detection, and unsus-
pected or fastidious microbes may remain undetected.

Almost two decades ago, culture-independent molecular techniques were devel-
oped that identify bacteria directly from specimens through amplification, detec-
tion, classification, and quantification of bacterial DNA sequences rather than 
relying on cultivation [9, 10]. CF was one of the earliest disease models to which 
these new technologies were applied. Early reports identified complex microbial 
communities in CF sputum samples [11], abundant bacteria from the Streptococcus 
milleri group in sputum from adults with CF presenting with pulmonary exacerba-
tions [12, 13], and high prevalence rates of anaerobes such as Prevotella in BALF 
from children with CF [14]. Since then, investigators have reported detection of 
over 1000 microbial species from CF respiratory samples [15, 16], and more than 
500 papers have been published as of August 2020 with the keywords “cystic fibro-
sis” and “microbiome” (https://pubmed.ncbi.nlm.nih.gov). Airway microbiota in 
CF have also been shown to be distinct from microbiota detected in samples from 
children with other chronic respiratory diseases and healthy children [17–20], 
although core microbiota may overlap among children with other chronic respira-
tory conditions [21].

Culture-independent microbiological techniques applied to CF airway samples 
have advanced and diversified, now including next-generation sequencing, metage-
nomics, transcriptomics, metabolomics, and resistome profiling [22, 23]. Microbiota 
detection has expanded beyond bacterial pathogens to include viruses (virome), 
fungi (mycobiome), and nontuberculous mycobacteria [24–26]. In addition to respi-
ratory disease, CF is also characterized by significant nutritional, GI, and hepatic 
complications. There is likely a strong interaction between respiratory and GI 
microbiome, immune development, and progression of lung disease beginning early 
in life (Fig. 6.1) [27]. Investigators have sought to understand the impacts of CFTR 
dysfunction, comorbidities, and therapies (particularly antibiotics) on the GI micro-
biome and associated clinical outcomes.

In this review, we highlight the current understanding of the constituents, dynam-
ics, and clinical associations of the CF respiratory and GI microbiomes. We discuss 
respiratory sampling, microbial profiling techniques, and research approaches for 
airway and GI microbiota specific to CF. We also review what investigators have 
discovered over the last two decades about the relationships between microbial 
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community profiles and age, disease severity, and pulmonary exacerbations. Airway 
inflammation is a key driver of lung disease progression in CF [28]; thus, the rela-
tionship between microbiota and inflammation is highlighted. While this review 
focuses primarily on bacterial microbiomes, viruses and fungi are also common in 
CF airways and are potentially important components; studies of the virome and 
mycobiome are further expanding our understanding of airway microbial communi-
ties. We also highlight unique challenges in studying the CF GI microbiome, as well 
as clinical correlations and the impact of CF therapies.

Recently, CF care has been altered dramatically by the development and regula-
tory approval of CFTR modulators, small molecule therapeutics that partially 
restore CFTR activity for those with specific gene mutations [29]. CFTR modula-
tors are now available for over 90% of the CF population in the USA beginning at 
6 years of age and for some children as young as 6 months [30]. These relatively 
new therapies have had a dramatic effect on respiratory health in those who use 
them, and we summarize the current understanding of how modulators impact the 
airway microbiota. We end by summarizing key research questions that may help 
move findings from microbiome analyses from the research bench to the clinic to 
improve care of individuals with CF.

Microbiome

Pathogens

Immune
development

Early-life microbiome
interactions

Cystic fibrosis
lung

Microbiome
gateway

Immune
gateway

Health Disease

Movement of
commensals

and pathogenic
microbes

Fig. 6.1 Schematic of microbiome, immune development and pathogens in cystic fibrosis. 
Beginning in early life, the respiratory tract and gut microbial populations likely interact and 
develop microbiome characteristics protective against or permissive for pathogens. In the respira-
tory tract, the interplay between microbiota, pathogens, and immune response lead to airways 
injury and progression of lung disease. In the gastrointestinal tract, microbes may influence mal-
absorption and growth, intestinal health and function, liver disease, and systemic immune response. 
(Adapted with permission from Segal and Blaser [27])
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 Respiratory Microbiome

 Respiratory Tract Anatomy and Respiratory Samples

Any discussion of the CF respiratory microbiome is complicated by the fact that 
CFTR is expressed by epithelial cells throughout the airway. Accordingly, resulting 
mucosal pathology and alterations in normal mucosal microbiology can occur vari-
ably at different sites, including the sinuses, nasopharynx, oropharynx, central air-
ways, and, more distal, increasingly small-diameter airways. CF respiratory 
microbiome work usually focuses on lower airway microbiology, most often by 
collecting sputum samples; however, directly sampling this distal space is difficult, 
particularly among children and people who do not reliably expectorate. 
Consequently, and because the CF upper airway is the site of many early respiratory 
symptoms, some CF microbiome research has made use of other sample types, 
including nasopharyngeal (NP) or OP swabs. Other studies have used more direct 
lower airway or lung sampling methods, including BALF, aspirates, or tissue sam-
ples. This variability in sampling types has complicated the construction of consis-
tent models of CF respiratory microbiological dynamics and resulted in considerable 
controversy.

Sputum is often considered the ideal sample type for studying CF lung microbes, 
balancing convenience and accuracy for reflecting lower respiratory tract microbiol-
ogy. However, studies scrutinizing this accuracy, including among people with 
pneumonia, identified variable contributions of oropharyngeal microbes, cells, and 
secretions to sputum samples [31]. To minimize, quantify, and control for these 
issues, researchers have used several strategies. For example, experimental assess-
ment of the “quality” of a sputum sample has often involved examining for rela-
tively high ratios of squamous epithelial cells (which indicates a high contribution 
of the upper airway) to polymorphonuclear cells (which may indicate lower respira-
tory infection), a schema supported by comparing the cultured microbes in paired 
sputa and transtracheal aspirates [32]. Hogan et al. compared the microbiota in spu-
tum, BALF, and protected (bronchial) brush samples from the same people with CF, 
finding notable microbial profile differences in all three of these sample types [33]; 
similarly, Lu et al. observed significant differences in the microbiota of concurrent 
CF sputum and saliva samples [34], as did Prevaes et al., comparing NP, OP, and 
BALF samples [35], and Zemanick et al., comparing saliva, OP, and sputum sam-
ples [36]. Studies comparing directly sampled CF lung tissue, including from a 
lobectomy of a young child and from explanted lungs of people with end-stage lung 
disease, with contemporaneous lavages, swabs, and sputum, also identified differ-
ences in both culture and sequencing-based microbiota among these different sam-
ple types [14, 37, 38]. These results highlight the importance of considering the 
anatomic spaces that may be reflected by each sample type.
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 Contamination of Respiratory Samples

The issue of sampling lower airway microbiology of people with CF is increasingly 
complicated by the decreasing rates of expectoration that have been observed with 
improvements in prevention and treatment of CF lung disease, especially among 
children and with the advent of CFTR modulators [39, 40]. Inducing sputum pro-
duction with inhaled hypertonic saline has been shown to be effective in many peo-
ple incapable of spontaneous expectoration, and induced sputum cultures yield 
more “pathogens” than concurrent OP or upper airway swabs performed during 
coughing (“cough swabs”) and contain microbiota similar to concurrent spontane-
ously expectorated sputum [36, 39, 41]. Therefore, sputum induction is a promising 
technique for sampling lower airway microbiology in the post-CFTR modulator era. 
However, even this sample type has limitations. Sputum must traverse many airway 
surfaces during expectoration, likely explaining differences often observed with 
concurrent, more direct lower airway samples as described above. Moreover, even 
serial-induced sputum samples from the same subjects frequently differ from each 
other, raising the possibility that different spaces in the lower respiratory tract are 
reflected by these samples at different times [42]. These sampling limitations impact 
nearly all CF respiratory microbiome analyses.

In addition to these anatomic challenges to accurately sample CF lower respira-
tory microbiology, sequencing-based studies must also consider the impact of 
microbial cells and DNA in the reagents used for sampling itself (such as saline 
used for lavages and swabs) and for processing respiratory samples [43]. Jorth et al. 
found, using a detailed, multistep BAL procedure to study children with CF, that the 
contribution of such reagent contaminants during sampling was relatively large 
among children with low respiratory bacterial abundances not dominated by stan-
dard pathogens and who had relatively mild disease, consistent with findings in 
other respiratory diseases [44] and indicating how particularly difficult it is to study 
the microbial determinants of early or mild airway disease. To quantify and address 
these limitations, researchers have adopted several strategies that go beyond micro-
scopically enumerating salivary and lower airway host cells. For example, Lu et al. 
quantified the contribution of salivary microbes to sputum microbiota by collecting 
concurrent saliva samples, enabling them to computationally remove the salivary 
contaminants [34].

Some researchers have taken an entirely different approach to studying the CF 
respiratory microbiome by focusing on what can be learned from upper airway 
swabs alone. For example, Bogaert et al. have shown that the NP microbiota evolve 
distinctly among infants with CF compared to those without CF, and the researchers 
were able to characterize the impact of antibiotics on this relatively easily sampled 
space [45].
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 Microbial Profiling Techniques

As with sampling technique, microbiota profiling approaches have evolved substan-
tially over recent decades. Among the earliest studies referred to as “microbiota 
profiling” of CF respiratory samples (and, indeed, of any respiratory samples) were 
published by the Bruce laboratory at King’s College, London, beginning in 2003 
using a gel electrophoretic method to profile 16S rRNA amplicons of adult CF spu-
tum [11]. Since then, sequencing-based methods and quantitative PCR have largely 
supplanted these profiling approaches, with a variety of sequencing techniques rep-
resented, including pyrosequencing [46] and Illumina-based sequencing of 16S 
rRNA amplicons [47] and, more recently, metagenomic analyses [48, 49].

While 16S-based methods are very effective for measuring identities and relative 
abundances of most taxa in respiratory sample microbiota, metagenomic (shotgun) 
sequencing offers the opportunity to directly analyze predicted microbial commu-
nity functions, in addition to taxonomic constituencies. Metagenomic sequencing 
also offers the advantages over amplicon-based methods of higher taxonomic reso-
lution, strain-level analyses of individual taxa, and the potential for analyzing both 
host and nonbacterial microbial constituents (such as viruses and fungi). Therefore, 
with the expanding availability and decreasing cost of metagenomic sequencing, 
this approach seems likely to become more common in the CF respiratory microbi-
ome space. However, these changes in methodology bring additional challenges to 
the field; for example, CF sputum often has relatively high ratios of human to micro-
bial DNA due to abundant host inflammatory cells, limiting sequencing coverage of 
the microbiota, and investigators have addressed this issue in different ways [15, 44, 
50, 51]. Similarly, different sequencing platforms and bioinformatic pipelines can 
substantially impact microbiota profiling results [52, 53]. Therefore, comparing or 
combining results from different studies can be complicated by methodologic varia-
tion and associated differences in bias.

 Recent Developments in CF Respiratory Microbiome 
Research Approaches

To complement, confirm, and contextualize the findings from sequencing-based CF 
respiratory microbiome studies, researchers are also increasingly analyzing the 
microbial proteomic [54], metabolomic [55], and transcriptional profiles [56] of CF 
samples. Analytical approaches of microbiota data have also expanded and evolved, 
including consideration of the effect of co-occurrence of different taxa on clinical 
outcomes and microbiota composition [57] and, more recently, using sophisticated 
computational approaches to account for variation in methodology to allow for rig-
orous metanalyses [58]. In addition to increasing overall sample sizes and improv-
ing discriminatory power, these ancillary methods hold promise for moving away 
from simply cataloguing the constituents of CF respiratory samples to reflecting the 
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behaviors, and perhaps mechanisms of pathogenesis, persistence, and resilience, of 
the microbiota.

 Variability Across Samples

CF lung disease is characterized by intermittent exacerbations of symptoms and 
progressive lung function decline over time and requires treatment with complex 
regimens of daily and intermittent medications, including antibiotics. Many of these 
aspects of the CF phenotype are associated with common patterns and temporal 
dynamics of airway bacterial community structures defined both within individual 
patients and between patients in the larger CF population. These clinical and treat-
ment variations are thus relevant confounding variables for consideration in studies 
of CF respiratory microbiota. As changes in respiratory microbiota observed with 
advancing age and lung disease stage, as well as with pulmonary exacerbation, are 
covered in subsequent sections, this section focuses on within-patient variation dur-
ing clinical change and with antibiotic use. The degree of variation between patients 
in CF respiratory microbiota has been consistently demonstrated to exceed that 
observed within patients, emphasizing the strength of longitudinal sampling to 
identify within-patient changes associated with outcomes of interest. However, 
within-patient variation in respiratory microbiota is present even when sampled 
repeatedly at clinical baseline (i.e., periods of clinical wellness, when episodic anti-
biotics are not being used). Analyses of daily sputum samples recently demonstrated 
within-patient variation in respiratory microbiota that exceeds the variation among 
DNA sequencing controls [59]. Thus, even at baseline clinical state, a single sputum 
sample may be limited in its representation of the respiratory microbiome of that 
patient over the broader time frame, again highlighting the strength of study designs 
that incorporate serial sampling.

Antibiotic use in people with CF can broadly be categorized as either episodic or 
chronic. Episodic antibiotics are inhaled, oral, and/or intravenous antibiotics, most 
often used to treat a pulmonary exacerbation. Chronic antibiotics include inhaled 
(typically alternating every other month) and oral (e.g., three times weekly azithro-
mycin) antibiotics. Controlling for antibiotic use is relevant to both long- and short- 
term changes in CF respiratory microbiota at all ages. For example, chronic 
antibiotic use (i.e., antistaphylococcal prophylaxis) is associated with decreased 
bacterial community diversity in lower airway samples from infants with CF [60]. 
Research has demonstrated that cumulative antibiotic use over time is the primary 
driver of the decrease in bacterial community diversity, and the corresponding 
increase in relative abundance of CF pathogens, observed with advancing age and 
lung disease stage [61, 62]. Similarly, at a population level, episodic antibiotic use 
(i.e., samples collected while on antibiotic treatment for pulmonary exacerbation) is 
associated with decreased bacterial community diversity compared to samples col-
lected at baseline clinical state [63].
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Changes in chronic antibiotic regimens are similarly associated with variation in 
respiratory microbiota within patients. In a recent study of daily sputum sampling 
from six adults with CF during periods of baseline clinical state, bacterial commu-
nity structures significantly shifted coincident with changes in chronic antibiotics 
(both inhaled antibiotics and changes in oral azithromycin use) [59]. Other recent 
studies of within-patient changes of respiratory microbiota following initiation of 
inhaled antibiotics have similarly demonstrated changes in bacterial community 
structures during a 28-day cycle of inhaled tobramycin [48, 64]. Of note, while 
inhaled tobramycin and aztreonam are both clinically indicated for chronic P. aeru-
ginosa infection, the changes in respiratory microbiota observed with these inhaled 
therapies were not changes in P. aeruginosa abundance. Rather, inhaled tobramycin 
and aztreonam predominantly affected non-traditional taxa including obligate and 
facultative anaerobes, demonstrating “off-target” effects of inhaled antibiotics and 
emphasizing the relevance of chronic inhaled antibiotics as sources of variation in 
CF respiratory microbiota. Peleg et al. highlighted the importance of controlling for 
antibiotic use within patients in a study of respiratory microbiota following iva-
caftor initiation [65]. In this study, ivacaftor treatment was associated with a 
decrease in sputum total bacterial load only in subjects with consistent antibiotic 
use across the study period. These data highlight the need to control for antibiotic 
use in studies of CF respiratory microbiota, as changes in respiratory microbiota 
resulting from antibiotic variation can mask other signals of interest.

 Airway Microbiome Across Age and Disease Status

CF is a chronic, progressive disease that results in worsening airway injury and 
declining pulmonary function. Individuals experience different rates of progression 
(i.e., disease aggressiveness), with some developing severe lung disease in child-
hood and others entering adulthood with relatively preserved lung function [66, 67]. 
The reasons for this difference are not fully understood but likely include age of 
pathogen acquisition, environmental exposures, access to care, nutritional status, 
adherence to therapies, and underlying genetic modifiers. Given the progressive 
nature of the disease and variation in disease aggressiveness phenotype, studies of 
the CF airway microbiome need to account for both age and disease severity.

Microbial diversity has consistently been shown to decrease with age and disease 
severity in CF, with decreased richness and evenness primarily due to predominance 
of one or two primary bacterial pathogens (e.g., P. aeruginosa, S. aureus) with more 
severe lung disease and frequent use of antibiotics [58, 62, 68–71]. Coburn et al. 
studied airway samples from 269 individuals with CF ranging from 4 to 64 years 
using Si-Seq 16S rRNA gene analysis [68]. Alpha diversity was lowest in older 
patients and in those with more severe lung disease, defined by forced expiratory 
volume in 1  second (FEV1). Core genera identified included Streptococcus, 
Prevotella, Rothia, Veillonella, and Actinomyces; CF pathogens including 
Pseudomonas, Burkholderia, Stenotrophomonas, and Achromobacter were detected 
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less frequently than these core taxa but tended to predominate when present, a find-
ing also seen in other studies [72]. In a recent study, sputum samples from 299 
patients across 13 CF centers in the EU and US were analyzed and results compared 
with clinical data [58]. Lower microbial diversity and increased dominance (defined 
by Berger-Parker dominance index) were associated with lower FEV1 % predicted. 
CF pathogens, particularly P. aeruginosa, more often dominated respiratory micro-
biota in those with severe disease (FEV1 < 40% predicted), whereas anaerobes dom-
inated more frequently in those with milder lung disease. In another study, anaerobic 
bacteria cultured from CF sputum were again associated with milder disease, 
whereas cultivation of high quantities of Pseudomonas relative to anaerobes was 
associated with more severe disease, corroborating findings from sequencing analy-
ses [73].

The CF lower airway microbiome has been investigated with 16S rRNA gene 
sequencing of BALF from infants, children, and adults [60, 74–77]. A cross- 
sectional study of BALF from children and adults from 13 CF centers in the USA 
found that Streptococcus, Prevotella, and Veillonella dominated the bacterial com-
munities in young children and infants, while traditional CF pathogens predomi-
nated in those 6  years and older [75]. More diverse communities with mixed 
anaerobes had lower measures of airway inflammation (total cell count and neutro-
phils in BALF) compared to those dominated by CF pathogens. Conversely, Pittman 
et al. found that lower diversity was associated with reduced airway inflammation 
(neutrophil count and IL-8) in BALF from 32 infants with CF, possibly due to the 
use of anti- staphylococcus antibiotic prophylaxis within the study cohort [60]. In a 
study of infants and young children in Australia, 95 BALF samples were analyzed 
from 48 children, including 13 under 6 months of age [78]. Even within this young 
cohort, diversity decreased with age both on average for the entire population, as 
well as within longitudinally collected BALF from individual patients. Lower diver-
sity was also associated with increased neutrophil elastase concentrations. The most 
prevalent genera were Staphylococcus, Streptococcus, Pseudomonas, Neisseria, 
Haemophilus, Gemella, Graniculatella, Prevotella, Veillonella, and Streptomyces. 
CF pathogen dominance within the community was associated with higher airway 
inflammation (IL-8 and neutrophil elastase). Diversity, including low diversity 
under 6 months of age, was not associated with lower lung function measurements 
at age 6 years. Finally, Laguna et al. analyzed 12 BALF samples from 8 infants with 
CF during clinical stability and found anaerobic bacteria in all samples [77]. 
Facultative and obligate anaerobes including Streptococcus, Burkholderia, 
Prevotella, Porphyromonas, and Veillonella were most abundant, with the CF 
pathogens Pseudomonas, Staphylococcus, Haemophilus, and Stenotrophomonas 
present in much lower abundance. Thus, interventions to prevent or delay the expan-
sion and predominance of CF pathogens may be most effective in early childhood.

There is debate over the role of anaerobic infections and their true prevalence in 
the lower airways. Many of the anaerobes found in CF respiratory samples are pres-
ent in oral microbiomes, and as discussed previously, whether the presence of these 
organisms in respiratory samples obtained through the oral cavity reflects lower 
airway infection or oral contamination is not always clear. Jorth et al. performed 
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BALF collection using procedures designed to minimize contact with oral secre-
tions and contamination [43]. Contrary to the studies discussed above, they found 
low relative abundance of Streptococcus, Prevotella, and Veillonella in comparison 
to CF pathogens. Many of the genera detected in BALF were also detected in con-
trol samples from the bronchoscope, although most of these were not consistent 
with genera reported in previous investigations [17, 75, 77], and these BALF sam-
ples had notably lower total bacterial load. CF pathogens, but not anaerobes, were 
associated with increased airway neutrophil elastase. Other studies have also shown 
distinct communities when comparing upper airway (e.g., NP, OP, saliva) swabs to 
lower respiratory (BALF and lung tissue) sampling and relatively high bacterial 
loads in oropharyngeal and salivary samples [36, 38]. These studies highlight the 
importance of including reagent and bronchoscope control samples and minimizing 
oral contamination when possible when focusing on lower respiratory microbiol-
ogy. Measuring associated airway inflammation also provides important informa-
tion to estimate the impact of detected microbes on airway disease in CF.

While cross-sectional studies have provided key insights into CF respiratory 
microbial communities, longitudinal studies demonstrating changes over time 
within individuals and across populations during clinical stability and pulmonary 
exacerbations are critical for understanding the pathophysiology of disease. Ahmed 
et al. studied 241 OP swabs from 30 infants with CF collected over an average of 
14 months [71]. Streptococcus and Haemophilus were the genera most commonly 
detected (55% and 12.5% of reads, respectively), and the presence of each was 
inversely related. Staphylococcus and Pseudomonas were rarely detected. Alpha 
(within sample) diversity did not change significantly with age; however, beta 
(between sample) diversity increased over time, reflecting shifting bacterial com-
munities within individuals with age during infancy. As discussed in the section 
above, variability between samples must be considered in any longitudinal study, 
and further work is needed to understand the development of airway microbiota and 
relationship to disease progression [59]. Investigations of microbiome changes 
across periods of pulmonary exacerbation are discussed below.

 Pulmonary Exacerbations

CF pulmonary exacerbations are broadly defined as periods of episodic worsening 
of CF lung health, consisting of a constellation of increased signs and symptoms 
such as cough, sputum production, and reduced lung function. CF exacerbations are 
treated largely with antibiotics and increased airway clearance and are generally 
assumed to be triggered by a disruption in one or more components of the mucus 
obstruction-infection-inflammation cycle that characterizes CF lung disease. Prior 
to culture-independent studies of CF respiratory microbiota, the bacterial triggers of 
CF exacerbations were predominantly thought to be increases in total respiratory 
bacterial burden and/or increases in abundances of known CF pathogens (e.g., 
P. aeruginosa). However, ~17% of CF exacerbations occur in the absence of detect-
able CF pathogens on bacterial culture [79], and these exacerbations respond 
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similarly to antibiotic treatment compared to exacerbations with identifiable CF 
pathogens. Using culture-independent analyses of CF airway samples, multiple 
studies have demonstrated that neither total bacterial load nor P. aeruginosa abun-
dance (or relative abundance) increase with exacerbation onset [80]. Similarly, 
P. aeruginosa does not consistently decrease with antibiotic treatment for pulmo-
nary exacerbation (including antibiotics directed against P. aeruginosa) [81].

Culture-independent studies of CF respiratory samples have thus investigated 
additional bacterial community characteristics as potential contributors to pulmo-
nary exacerbations. As discussed above, the earliest culture-independent studies of 
CF airway samples found obligate and facultative anaerobes not typically identified 
with the selective bacterial culture performed in clinical microbiology labs to be 
prevalent in CF airways [14, 82]. Subsequent studies investigated the potential roles 
these anaerobes and other non-traditional CF species may play in pulmonary exac-
erbations. In early work, respiratory abundances of members of the Streptococcus 
milleri group were found to be associated with ~40% of CF exacerbations [12, 83]. 
Other anaerobes (e.g., Gemella) have also been associated with pulmonary exacer-
bation onset [84]. Other studies, however, have not identified changes in CF respira-
tory microbiota associated with pulmonary exacerbations at a population level [68, 
75]. These seemingly discordant results may be at least partially explained by het-
erogeneity in CF respiratory microbiota across disease stage. For example, in a 
large study of 631 sputum samples from 111 CF patients, both bacterial community 
diversity and the summed relative abundance of the most common anaerobes 
increased during pulmonary exacerbation; however, this effect was only seen in 
patients in the early and intermediate stages of lung disease in which anaerobes are 
most abundant [63].

In addition to increases in bacterial community diversity and relative abundances 
of certain anaerobic species, bacterial community interactions and metabolic activi-
ties have also been associated with CF pulmonary exacerbations. Using an ecologi-
cal networking approach of 16S rRNA gene sequencing data from CF sputum 
samples, Quinn et al. identified functional antagonism between anaerobes, P. aeru-
ginosa, and S. aureus [85]. During times of clinical stability, these groupings were 
stable; however, co-occurrence patterns shifted in association with pulmonary exac-
erbation. Guttman et al. similarly identified shifts in bacterial community structures 
(including overrepresentation of anaerobes) and taxa interconnectedness associated 
with pulmonary exacerbation [86].

 CF Respiratory Virome and Mycobiome

Microbiome investigations in CF have primarily focused on defining bacterial com-
munities. More recently, investigators have applied molecular approaches to detect 
viruses (virome) and fungi (mycobiome) in CF respiratory samples [24, 26, 87]. 
Respiratory viruses, including influenza, respiratory syncytial virus, and rhinovirus, 
are known to contribute to pulmonary exacerbations in children and adults with CF 
[88–92]. Characterizing the virome presents unique challenges compared to the 
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bacterial microbiome. For example, optimal sampling approaches for virus detec-
tion may differ from those of bacteria. For viral detection, the upper airway, gener-
ally analyzed via nasal swabs or washes, provides more sensitive detection compared 
to oropharyngeal swabs [26]. While detection of viruses in sputum has been shown 
in some studies to yield similar results as nasopharyngeal samples, this approach is 
limited to those who are able to expectorate [93, 94]. Metagenomic approaches for 
virome analyses are challenging due to the relatively high genomic diversity of 
viruses, the lack of a conserved genetic region in viruses for taxonomic assignment 
analogous to the 16S rRNA for bacteria, and the relatively limited number of anno-
tated viral genomes in databases [26]. Viral genetic material is also present in much 
lower quantities in respiratory samples than bacterial and human DNA, limiting 
sensitivity. There has been rapid development of multiplex PCR for detection of 
viruses using specific nucleic acid probes [95, 96], although this approach is limited 
to specific viruses. The recent development of commercially available PCR panels 
able to detect an increasingly broad range of viruses associated with human disease 
makes multiplex PCR a vital tool for viral detection.

Fungi are also commonly detected in CF respiratory samples, most commonly 
Aspergillus fumigatus and Candida spp. [97]. Fungi can be detected in microbio-
logic culture from CF airways, and the use of selective fungal culture media 
improves detection [98]. Approximately 5–15% of CF patients develop allergic 
bronchopulmonary aspergillosis (ABPA), an allergic inflammatory response to 
Aspergillus [more broadly, allergic bronchopulmonary mycosis (ABPM) when 
other fungal species are implicated] [99, 100]. However, culture detection of fungi 
in the absence of ABPA/ABPM has also been associated with worse respiratory 
quality of life scores and increased pulmonary exacerbations [101, 102]. Sequencing 
approaches have also been used to characterize the mycobiome in CF and other 
chronic lung diseases and may detect more complex fungal communities [24, 103, 
104]. Mycobiome sequencing most frequently targets the internal transcribed spac-
ers (ITS1 and ITS2) encoded between the 18S and 29S rRNA genes in fungi, 
although analysis can be challenging due to the relatively high sequence and length 
variability of this region [24]. As a result, few studies have employed this approach; 
one recent publication compared the respiratory mycobiomes of CF patients with 
and without pulmonary exacerbations, identifying likely interactions with bacteria 
of potential clinical importance [105]. Culture-based studies support this possibil-
ity; for example, coinfection with bacterial pathogens (e.g., P. aeruginosa) and 
fungi has been suggested to alter growth properties and virulence in both microbes, 
as well as resulting host responses; such inter-kingdom interactions remain impor-
tant avenues of investigation [106, 107].

 CFTR Modulators and Impact on Microbiome

With the approval of elexacaftor/tezacaftor/ivacaftor in 2019, more than 90% of 
people with CF will eventually be eligible for highly effective CFTR modulator 
therapy. By improving the functioning of the CFTR protein, CFTR modulators 
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improve mucociliary clearance and lung function and reduce pulmonary exacerba-
tion frequency [108]. CFTR modulators are likely to have a positive impact on the 
natural history of CF respiratory infections through improvements in mucociliary 
clearance, preservation of lung function, and reductions in antibiotic use. However, 
given their recent introduction, data on the long-term effects of CFTR modulators 
on respiratory infections is fairly limited. Current data regarding CFTR modulators 
and impact on respiratory microbiome predominantly reflect experience with the 
first approved CFTR modulator, ivacaftor. Registry-based studies of patients on iva-
caftor compared to contemporaneous controls have demonstrated associations 
between ivacaftor use and prevalence rates of S. aureus, P. aeruginosa, and 
Aspergillus [109–111]. Reduced prevalence rates of these CF pathogens consisted 
of both reduced infection acquisition as well as clearance of prior infection. 
Clearance of prior infections (e.g., P. aeruginosa) occurred in the minority (~30%) 
of patients, however, and was more likely to occur in patients with higher lung func-
tion, suggesting the CFTR modulators are likely to have more of an effect on CF 
respiratory microbiota in patients with earlier-stage lung disease. While less is 
known about other CFTR modulators and respiratory microbiota, a single-center 
study of patients on either ivacaftor or lumacaftor/ivacaftor found CFTR modulator 
use to be associated with delayed acquisition of CF pathogens, using a composite 
endpoint of S. aureus or P. aeruginosa infection [112]. These retrospective studies 
of clinical culture data are encouraging and suggest that CFTR modulators will have 
positive impacts on reducing rates of infection with known CF pathogens, particu-
larly when modulator use is started early in the lung disease course.

Other culture-independent studies, however, have been less consistent in demon-
strating sustained, positive impacts of CFTR modulators on CF respiratory micro-
biota. While certain studies have demonstrated reductions in relative abundances of 
CF pathogens and increases in bacterial community diversity (i.e., typically associ-
ated with milder lung disease) following modulator initiation [113], other studies 
have not identified increases in bacterial community diversity or reductions in CF 
pathogens or total bacterial load following modulator initiation [40, 108]. Many of 
these studies were limited by a short sampling period (e.g., 6 months) with a limited 
number of samples analyzed. In contrast, Hisert et al. performed long- term, serial 
sputum sampling of 12 adults with CF following ivacaftor initiation [114]. The 
eight patients with P. aeruginosa infection at ivacaftor initiation experienced a 
60-fold decrease in P. aeruginosa abundance over the first weeks of therapy, an 
effect that persisted for the first 7 months. However, after a year of ivacaftor therapy, 
P. aeruginosa abundance had rebounded to pre-ivacaftor levels, and all of the eight 
patients remained infected with the same P. aeruginosa strains. Despite the rebound 
in P. aeruginosa abundance, clinical improvements related to CFTR modulator use 
were maintained across this time span and included improvements in FEV1, reduced 
mucus plugging on computed tomography scans, and reductions in measures of 
airway inflammation. These data demonstrate that early changes in CF pathogen 
abundance related to CFTR modulator initiation may not be sustained over time 
(particularly in adults with established lung disease and infection) and are not nec-
essarily reflective of clinical outcomes. As with the culture-based studies above, 
changes in respiratory microbiota with CFTR modulator use are heterogeneous 
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across the population, with greater changes seen in younger patients with earlier 
stage lung disease [40].

In addition to improving mucociliary clearance and lung function, CFTR modu-
lators could also affect respiratory microbiota through direct antimicrobial activity 
and synergy with antibiotics. CFTR modulators in vitro have direct, dose- dependent 
effects on S. aureus and P. aeruginosa viability [115, 116], as well as synergistic 
activity with multiple antibiotics commonly used to treat CF respiratory infections, 
including vancomycin, trimethoprim sulfamethoxazole, moxifloxacin, linezolid, 
tobramycin, and ciprofloxacin [116–119]. Finally, CFTR modulator use has already 
impacted clinical monitoring of CF respiratory infection. Patients started on highly 
effective CFTR modulators commonly cease spontaneous sputum production, and 
this effect is likely to become more prevalent over time as the CF population bene-
fits from highly effective CFTR modulators through lung function preservation. 
Induced sputum and OP swab sampling are likely to become more common for 
routine clinical monitoring, with consideration of BALF sampling in select cases in 
which a lower airways sample is needed to guide therapy (e.g., if sputum is not able 
to be obtained and nontuberculous mycobacterial infection is of concern) [120].

 Antibiotic Susceptibility and Microbiome

CF pathogens including P. aeruginosa and other gram-negative bacteria frequently 
exhibit antimicrobial resistance based on standard microbiologic antimicrobial sus-
ceptibility testing (AST) [23]. Multidrug resistance is increasing in prevalence 
across the CF population [121] and is associated with worse outcomes [122–124]. 
Chronically infecting S. aureus lineages may develop bacterial-resistant adaptive 
mutants known as small colony variants, a slow-growing, difficult to treat pheno-
type that is associated with poorer outcomes in CF [125, 126]; methicillin-resistant 
S. aureus is also associated with worse patient outcomes [127]. Complicating man-
agement, standard AST may not reflect the response of bacteria within the CF air-
way to antimicrobials. In CF pulmonary exacerbations, antimicrobial treatment of 
P. aeruginosa or other gram-negative bacteria guided by AST does not improve 
clinical outcomes regardless of whether conventional AST [128, 129], combination 
or “synergy” AST testing [130], or biofilm resistance AST is used [131, 132]. 
Inhaled antibiotics used for management of chronic infections also reach higher 
concentrations than systemic delivery, likely overcoming some of the resistance 
seen in vitro.

Possible contributors to the discordance between antimicrobial susceptibility 
and clinical response are the presence of co-infections (with one or two other pre-
dominant microbes), the presence of complex microbial communities within the 
airways (including multiple bacterial, fungal, or viral species), and frequent, chronic 
exposure of the microbial community to antibiotics [23, 133]. With polymicrobial 
infections, mechanisms of altering antimicrobial susceptibility include antibiotic 
degradation, cell wall alterations, matrix component production that reduces antibi-
otic penetration, and metabolic alterations [133]. Anaerobes such as Prevotella, 
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often undetected by routine culture, frequently harbor resistance determinants, par-
ticularly when isolated from individuals with CF [134]. Even if non-pathogenic, 
Prevotella may release β-lactamase, conferring resistance to an otherwise suscepti-
ble co-infecting isolate of P. aeruginosa [135]. Cell wall disruption through lipo-
polysaccharide alterations has been demonstrated during co-infection with 
P. aeruginosa and S. aureus, leading to increased β-lactam resistance in P. aerugi-
nosa [136]. Co-infection with P. aeruginosa and S. aureus has also been associated 
with emergence of small-colony variant S. aureus [137]. Metabolic products may be 
produced within the community which may alter growth and antimicrobial suscep-
tibility [138–140].

Metagenomics has been used to identify resistance genes, or the resistome, 
within microbial airway communities in CF [141]. Lim et al. studied 10 sputum 
samples from 3 adults with CF during and after a pulmonary exacerbation. Using 
metagenomics along with microbiome and virome analyses, they identified many 
genes encoding resistance with substantial fluctuation in abundances over time. The 
virome also appeared to contribute to resistance genes, adding to the complexity. 
Allemann et al. analyzed the nasal resistome in 130 nasal swabs from 26 infants 
with CF during the first year of life. Antibiotic resistance genes (e.g., β-lactams or 
resistance to other classes of antibiotics) were detected in 53% of samples, includ-
ing in samples obtained from infants with no prior exposure to antibiotics [142]. 
Most non-susceptible genes were associated with bacterial phyla rather than antibi-
otic treatment. Further studies of the CF resistome will help elucidate its relation-
ship with microbial community constituencies, antibiotic treatment, and clinical 
outcomes.

Antibiotic resistance has been linked to lower respiratory microbial diversity 
[143]. This finding likely reflects the more severe disease phenotype seen in those 
with the multidrug resistance that results from higher lifetime antibiotic exposure. 
The presence of resistant bacteria also alters the impact of antibiotics on the micro-
biome. Hahn and colleagues found that changes in respiratory microbial diversity 
during and after pulmonary exacerbations treated with β-lactam antibiotics differed 
depending on whether plasma drug concentrations reached therapeutic concentra-
tions [144]. Thus, while the makeup of the respiratory microbiome and virome 
impact the encoding and expression of antibiotic resistance determinants within the 
community, the resulting degree of resistance and antimicrobial dosing likely com-
bine to influence treatment response.

 GI Microbiome

 The CF Gastrointestinal Microbiome

In contrast with respiratory samples, the microbiology of the CF GI tract has not 
been extensively studied. While the relatively intense historical focus on CF respira-
tory microbiology is likely due to the high morbidity and mortality attributed to CF 
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lung disease, there are ample reasons to examine the CF GI microbiome. For exam-
ple, GI symptoms are often among the earliest and most severe manifestations of CF 
in children [145], and the GI microbiome is known to play key roles in the health, 
development, and function of the GI tract in general [146]. In addition, most people 
with CF have pancreatic exocrine insufficiency, leading to nutrient malabsorption 
and resulting in altered physicochemical conditions within the CF GI lumen com-
pared to people without CF [147]. Therefore, the CF GI microbiome could be dif-
ferent from that of people without CF, and, if so, these differences could play a role 
in CF GI pathogenesis.

 GI Microbiome Analytical Methods

As with the respiratory microbiome, researchers have used a variety of analytical 
approaches to study CF GI microbiology. Nearly all such studies to date have used 
fecal samples, an important sampling consideration because, similar to the discus-
sion of sputum and its relationship with the lower respiratory tract above, these 
readily available specimens may not sample all anatomic spaces relevant for study-
ing CF GI pathogenesis. For example, studies of GI tract mucosal health and micro-
bial content of mouse [147] and ferret [148] models of CF have demonstrated 
differences in the small and large intestinal microbial content that may not be cap-
tured by studying feces. Similarly, and again reminiscent of the challenges in study-
ing the CF respiratory tract, methods have varied over time within the CF fecal 
microbiome field, from gel electrophoretic methods [149] to array-based techniques 
[150], to 16S rRNA amplicon sequencing [151, 152], and more recently to metage-
nomic [153], proteomic [154], and metabolomic [155] approaches.

 CF Fecal Dysbioses in Adults, Children, and Animals with CF

Despite this methodologic variation, GI microbiome studies have generally identi-
fied differences in fecal microbiology among people with versus without CF. These 
differences, commonly referred to for simplicity as “dysbioses” relative to the non-
 CF GI tract, depend on the study population (e.g., infants versus adults), as well as 
on important confounders, including diet, antibiotic exposure, and other treatments, 
including probiotics, acid blockers, laxatives, and CFTR modulators. Regardless, 
the studies to date have identified some general principles that provide clues to the 
dominant forces selecting for the fecal microbiota [156] and the role of these 
microbes in CF disease pathophysiology.

In infants, the CF fecal dysbiosis is characterized by relatively high abundances 
of Proteobacteria, including (but not limited to) Escherichia coli [151, 156, 157], 
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and relative depletions of a number of taxa with metabolic activities that are associ-
ated with immune and intestinal health [152, 158]. For example, many species in the 
phylum Bacteroidetes and others in the Verrucomicrobia have been shown to be 
relatively underrepresented in CF compared to non-CF infant fecal samples. These 
taxa are key producers of short-chain fatty acids (SCFAs), metabolites known to 
modulate mucosal inflammation, provide nutrients and calories to the host, and 
regulate intestinal development [152, 156, 159]. Consistent with these roles, studies 
have demonstrated significant relationships between the magnitude of the infant CF 
fecal dysbiosis and fecal measures of inflammation [152, 160, 161], as well as with 
risk of respiratory manifestations of CF such as exacerbations. The latter finding 
may relate to the observation that some taxa observed in CF infant fecal samples are 
subsequently identified in those infants’ respiratory samples, perhaps indicating an 
important role for the GI tract in “seeding” the airways or, alternatively, for the 
immune-modulatory effects of the GI microbiota in airway inflammation (the “gut- 
lung axis”) [162].

While the details differ from human children with CF, fecal and GI dysbioses are 
also observed in diverse CF animal models. These studies have been complicated by 
both sampling issues and variation in model. For example, mice with CFTR muta-
tions raised under “conventional” conditions have profound bacterial overgrowth 
[163] of their small intestines that is not clearly reflected in fecal samples, and the 
fecal microbiota of such mice depend more on environment, mouse strain, and 
housing conditions than on CF itself [164]. Similar observations were made in CF 
ferrets [148]. However, when raised under specific pathogen-free conditions, the 
fecal microbiota of CF mice were uniformly different from those without CFTR 
mutations [165], strongly suggesting that CFTR dysfunction itself selects for differ-
ent microbiota, consistent with observations in infants.

By contrast, studies of the adult CF fecal microbiome have revealed relatively 
similar impacts of CF itself and of the confounders described above, including diet, 
antibiotics, and age. For example, Fouhy et al. identified some similarities and some 
differences from the findings in infants when comparing fecal samples of adults 
with and without CF; specifically, Bacteroidetes relative abundances were relatively 
low, as seen in infant studies, while those of Firmicutes were relatively high, which 
differed from observations in infants [155]. However, the magnitude of these differ-
ences depended in part on the number of intravenous antibiotic courses received in 
the prior year [166]. These results have been supported by a CF infant microbiome 
study that demonstrated a significant effect of antibiotics on fecal microbial diver-
sity, as well on as the abundances of health-associated taxa, including Akkermansia, 
Bacteroides, and Bifidobacteria [158]. This finding and the observation that diets 
differ substantially between people with and without CF [167] complicate the inter-
pretation of studies demonstrating significant relationships between adult fecal 
microbiota, lung function [155] and CFTR genotype [168], all of which likely cor-
relate with antibiotic load.
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 New Clinical Correlations with the CF Fecal Microbiome

Relationships between CF fecal microbiota and clinical outcomes have now been 
established beyond measures of inflammation and respiratory disease that provide 
some tantalizing and promising clues to CF disease pathogenesis beyond the intes-
tine. For example, fecal microbiota metrics were found to correlate significantly 
with measures of both intestinal permeability and cirrhosis of the liver [169]; CF 
liver disease is a significant comorbidity impacting quality and length of life in 
people with CF. As the pathogenesis of CF liver disease has been hypothesized to 
relate to translocation of bacterial products into the portal circulation, these findings 
may indicate a role for the CF GI microbiota in the development of cirrhosis, as well 
as a potential route to preventing this complication. Similarly, recent studies sug-
gested a role for the infant GI microbiome in developing endocrine function—spe-
cifically, the secretion of growth hormones that regulate bone and body growth. 
Analyses of germ-free and specific pathogen-free mouse models suggested that 
SCFAs, produced by GI microbes, stimulate the production of the insulin-like 
growth factor-1 (IGF-1), which regulates bone deposition and has been consistently 
shown to be depleted in people and animals with CF [170]. Subsequently, a recent 
study found a significant relationship between the magnitude of the infant CF fecal 
dysbiosis and linear growth failure [153], which is also known to correlate with 
serum IGF-1 [171]. Together, findings such as these highlight the potential for fecal 
microbiome studies to reveal unexpected, and perhaps surprising, new models of 
pathogenesis and resulting candidate treatment targets, with potential impacts 
beyond CF.

 The Effects of CF Treatment on Fecal Microbiomes

Because features of CF fecal dysbioses correlate with various clinical outcomes (as 
described above), there is interest in studying both the effects of common, current 
CF therapies on GI microbiology (and, consequently, the potential role of those 
effects on clinical outcomes), as well as the clinical utility of modulating the CF 
microbiome with novel treatments. For example, antibiotics are known to signifi-
cantly alter the CF fecal microbiome; as noted above, however, whether those 
effects play any direct, causative role in the clinical response to antibiotics is diffi-
cult to distinguish from indirect relationships [166]. In contrast, some clinical trials 
of oral probiotics have shown promise, albeit with relatively small effect sizes, with 
reported changes in fecal microbiota concurrent with decreased fecal measures of 
inflammation [172] and in exacerbation risk [173]. However, other studies have not 
consistently shown the same effects [174]. The CF fecal microbiota have been 
shown to be capable of producing SCFAs when provided with the right substrate 
(nonfermentable starch), raising the possibility that prebiotic approaches may be 
more effective than probiotics [175].
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Perhaps the most convincing route to investigating the direct relationship between 
CFTR dysfunction and GI microbiology in people with CF is to examine the effects 
of CFTR modulators on fecal microbiomes and concurrent clinical measures. There 
is growing evidence that these medications have impacts on the GI tract, among 
other nonpulmonary tissues [176]. While multiple such studies, in different CF 
patient populations, are ongoing (Clinicaltrials.gov NCT04038047 and 
NCT04509050), to date one study in eight children and eight adults with CF reported 
decreased fecal measures of inflammation, and improvements in several taxonomic 
features of the CF fecal dysbiosis, with a median of 6 months of the highly effective 
CFTR modulator ivacaftor [177]. Therefore, the CF fecal dysbiosis may be at least 
partially reversible, alleviating at least some features of CF GI dysfunction, a 
hypothesis that awaits confirmation and mechanistic detail.

 Remaining Challenges in CF Microbiome Studies

Over the past decades, novel microbiologic techniques have upended our under-
standing of chronic airway infection in CF [178, 179]. Once thought to be disease 
where one or two pathogens drove airway injury and disease progression, we now 
know that complex microbial communities exist as a continuum along the sinorespi-
ratory tract. Pulmonary exacerbations, key events in individuals with CF associated 
with more rapid disease progression, are likely more complex in etiology than pre-
viously understood. Changes in respiratory bacterial communities before the onset 
of exacerbation and their response to antimicrobial therapy do not necessarily con-
form to the prevailing theories of disease pathophysiology. The CF GI tract also 
harbors a unique microbiome, and dysbiosis has repercussions for nutrition and 
growth, GI and hepatic outcomes, and systemic inflammatory response and respira-
tory outcomes in CF [180]. Table  6.1 highlights key research challenges in CF 
microbiome investigations.

Early investigations of the airway microbiome brought hope that identification of 
difficult to cultivate microbes, particularly anaerobes, would lead to rapid improve-
ments in therapy. For example, if Prevotella was contributing to pulmonary exacer-
bations and hindering complete clinical recovery, then broadening antibiotic 
treatment to include anaerobic coverage would be hypothesized to improve out-
comes. The actual progression of knowledge and translation to clinical care has 
proven more difficult for a number of reasons. First, limitations of sampling the 
contiguous respiratory tract, with its innate heterogeneity of microbial communities 
throughout the upper and lower respiratory tracts and within different lung compart-
ments, have made it difficult to confirm the presence, and immunologic and patho-
logic roles, of nontraditional microbes in CF lung disease. Next, each of the diverse 
sequencing technologies used in this field introduces specific biases into resulting 
analyses, and these approaches can be hindered by lack of quantification, difficulty 
with species identification, and inability to distinguish active microbes from resid-
ual DNA products. Improved informatics now allows species-level identification for 
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many bacteria, and metagenomics and transcriptomics are advancing our ability to 
distinguish bacterial activity with direct sampling. Thirdly, the role of microbes 
within communities is likely much more complex than our previous paradigm of 
pathogen → inflammation → airway damage or the treatment approach of antibiot-
ics → pathogen killing → recovery. Bacterial-bacterial (and bacterial-viral and bac-
terial-fungal) interactions through quorum sensing, development of biofilms, 
geographic heterogeneity, immune stimulation, nutrient sharing, competition, and 
interplay of antimicrobial resistance mechanisms all contribute to a complex envi-
ronment. Finally, many of the antibiotics used in CF are broad-spectrum and have 
altered pharmacokinetics in individuals with CF. These antibiotics may have unin-
tended or unexpected effects on the microbial communities in the respiratory and GI 
tracts. Thus, our understanding of why certain antibiotics result in clinical improve-
ment or not may be based on faulty assumptions.

One area in which microbiome studies have been particularly informative is 
early disease progression in infants and young children with CF [27]. Measures of 
airway inflammation are lower in those who do not harbor traditional CF pathogens 
such as P. aeruginosa and S. aureus, even when mixed anaerobic microbes are 
detected. Studies have also found a relationship between gastrointestinal and respi-
ratory microbiota early in life [181]. Thus, early childhood represents a window of 
opportunity to prevent development of infections and to potentially modulate the 
microbial communities to make them more resilient to pathogen invasion.

Table 6.1 Key research challenges

Research challenges

Specimen 
collection

Optimal sampling of lower respiratory and gastrointestinal tracts; 
minimizing contamination from other spaces, tools, and reagents

Optimizing 
sequencing 
technologies

Bacterial species identification, detection, and identification of viruses and 
fungi, accurate quantification of microbes, use of metagenomics and 
transcriptomics, managing human vs. microbial DNA, discriminating 
between active microbes and residual DNA

Understanding 
microbial 
interactions

Development of in vitro models of polymicrobial infections, accurately 
modeling human CF airways, recapitulating CF microbial communities

Progression in early 
life

Identifying a window of opportunity to delay or prevent chronic infection 
of known pathogens

Antibiotics Impact of early antibiotics on respiratory and gastrointestinal microbiota; 
development of antimicrobial resistance; relationship of antibiotic 
pharmacokinetics and microbiota; modulation of the gastrointestinal 
microbiome to improve clinical outcomes

Bacteriophage Use of bacteriophage for difficult to treat infections; profiling endogenous 
bacteriophage and their role in microbiota dynamics

CFTR modulation Impact of modulators on microbiota in individuals with and without 
underlying structural lung disease and chronic airway infection

Understanding 
clinical impact

Understanding how disease and inflammation in the respiratory and 
gastrointestinal tracts relate to the microbiota and their changes
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With the availability of CFTR modulators, changes in the prevalence of airway 
pathogens is likely to change. This development represents a remarkable opportu-
nity to study changes in the airway and GI microbiome in populations newly initiat-
ing modulator therapy. The impact of therapy on microbial communities is likely to 
differ between individuals with moderate to severe bronchiectasis compared to 
those in whom bronchiectasis has not yet developed. Understanding these changes 
will be critical for future antimicrobial recommendations.

Finally, better understanding the roles of bacteriophages in the CF respiratory 
microbiome offers the potential for novel therapeutic approaches. Metagenomic 
studies of CF respiratory samples have identified the presence of diverse bacterio-
phages in the CF lungs [182, 183]. Transitions between lytic and temperate dynam-
ics of these endogenous phages likely contribute to modulation of bacterial 
community structures and CF lung disease [184]. For example, Pf bacteriophages 
have been identified in ~40% of people with CF and P. aeruginosa infection. In 
addition to regulating P. aeruginosa density, Pf phage can alter P. aeruginosa viru-
lence in vitro by modulating P. aeruginosa biofilm formation and antibiotic resis-
tance and in vivo by impeding host innate immune defense [185, 186]. Development 
of therapies or vaccinations to target endogenous phages to prevent or reduce viru-
lence of P. aeruginosa and other CF pathogens is a potential future novel approach 
to treating CF infections. Successful use of bacteria-specific lytic phages to treat CF 
infections has been reported in a small number of cases [187–190], and larger clini-
cal trials of phage therapy for treatment of multi-drug resistant CF infections are 
currently underway.

 Conclusions

Tremendous advances have been made in understanding CF microbiomes and their 
contribution to disease. While the translation of these findings to improved thera-
peutics has proven more difficult than initially hoped, future research has the poten-
tial to provide novel insights into the pathophysiology of disease and to transform 
treatment approaches for individuals with CF.
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Chapter 7
Bronchiectasis

Micheál Mac Aogáin , James D. Chalmers, and Sanjay H. Chotirmall 

 Introduction

 Aetiopathogenesis

Bronchiectasis is characterized by chronic, irreversible dilatation of the bronchi 
with thickening of the airway walls linked to degradation of bronchial elastin and 
supportive tissue structures. Patients experience chronic cough and recurrent respi-
ratory infections associated with pulmonary exacerbations, and increased inflam-
mation, that leads to airway damage, dyspnea and lung function decline [1, 2]. The 
gold standard for its confirmatory diagnosis is high-resolution tomography (HRCT) 
which can further delineate morphological subtypes. Bronchiectasis can be cylin-
drical, common and characterized by smooth tubular bronchi and mild disease; vari-
cose, non-uniform dilation; or cystic, associated with more severe disease and 
complete loss of bronchial morphology [2, 3]. While the largest airways become 
visibly dilated, patients exhibit airflow limitation due to impaired drainage of bron-
chial secretions and obstruction in the small and medium airways caused largely by 
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infectious and inflammatory insults [2, 4, 5]. Mucus inspissation and impaired 
mucociliary clearance, among other factors, support microbial colonization of the 
lung, a central tenant of current aetiopathogenic models [4, 6]. Clinically, patients 
present with cough and chronic sputum production, antecedent to confirmatory 
HRCT diagnosis, while other associated symptoms include malaise, chest discom-
fort, haemoptysis and weight loss [1, 2, 7]. Post-infectious bronchiectasis represents 
a key aetiology (after idiopathic disease) followed by immunodeficiency, ciliary 
disorders and obstructive lung disease, although estimates of each vary internation-
ally [2, 8]. The vicious cycle hypothesis, first described by Cole, proposes that trig-
ger factors, underpinned by genetic susceptibility or defects in host defence, set in 
motion a self-perpetuating cycle of infection, inflammation and impaired mucocili-
ary clearance leading to progressive bronchial wall dilatation and destruction [4]. 
Paediatric bronchiectasis exhibits a distinct presentation compared to adults with a 
predominance of specific aetiologies and clinical manifestations including primary 
and secondary immunodeficiency, ciliary dyskinesia, congenital malformations, 
bronchiolitis obliterans and skeletal disease [8]. Airway insults from recurrent 
childhood infection further predisposes to the development of bronchiectasis [9]. It 
is noteworthy that the occurrence of bronchiectasis peaks at the extremes of age (i.e. 
in children 75 years) as these life stages are accompanied by significant shifts in 
both the microbiome and underlying immune status, which, in turn, may influence 
disease trajectory while providing scope for intervention [5, 10, 11].

 The Role of Infection

Infection is a hallmark of bronchiectasis as both a cause and consequence of dis-
ease. Culture-based studies have played a crucial role in our understanding of the 
microbiology of the bronchiectatic airway, where Haemophilus influenzae, 
Pseudomonas aeruginosa, Streptococcus pneumoniae, Moraxella catarrhalis and 
Staphylococcus aureus are frequently identified [2, 8, 12, 13]. Mycobacterium 
tuberculosis is also implicated as an important post-infective aetiology, particularly 
in Asia [8, 14], while infection by non-tuberculous mycobacteria (NTM) is associ-
ated with a worsening of pre-existing bronchiectasis and increased risk of fungal 
colonization by Aspergillus fumigatus [15–17]. Fungi are also important aetiologi-
cal agents with heightened sensitization and the development of allergic broncho-
pulmonary aspergillosis (ABPA) increasingly recognized as negative prognostic 
indicators, while fungal genera including Candida, Penicillium, Cryptococcus, 
Clavispora and Scedosporium have been highlighted in more recent culture- 
independent studies of the bronchiectasis airway [8, 17–20]. The precise role of 
viruses in bronchiectasis is not well-established, with few large-scale and prospec-
tive studies available; however, several established respiratory viruses including 
coronavirus, rhinovirus and influenza have been commonly detected in bronchiec-
tasis patients [2, 8, 21, 22]. While increasing evidence also supports a role for the 
human T-cell lymphotropic virus type 1 (HTLV-1) in acquired immunodeficiency 
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linked to disease risk, conclusive mechanistic studies are lacking [8, 23]. Likewise, 
oropharyngeal species – generally reported as ‘contaminant’ microbes – may play 
insidious ‘pathobiont’ roles inciting deleterious immune responses directly or 
through their influence on overtly pathogenic species through microbial interactions 
[24, 25]. As such, the bronchiectasis microbiome may be best defined as a dynamic 
inter-kingdom network with an underlying and dysregulated production of cyto-
kines, elastases and matrix metalloproteinases (MMPs) that, in turn, damage the 
structural integrity of the lung, leading to visible distortion of the airway [26–28]. 
Inciting microbial insults elicit a largely neutrophilic cellular immune response with 
increased macrophage recruitment, while a small but significant subset of patients 
exhibit eosinophil-dominant disease linked predominantly to environmental trig-
gers [29]. The observed cytokine responses are heterogenous and reflect the nature 
of the underlying infectious triggers within the bronchiectasis airway and are typi-
cally characterized by elevated levels of IL-1β, IL-8, leukotriene (LT)B4, CXCL2 
and TNFα [29]. These inflammatory profiles sustain the release of intercellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) 
from the endothelium, leading to further neutrophil and eosinophil recruitment to 
the airways [29, 30]. The role of the neutrophil remains central to bronchiectasis 
and has been elegantly dissected in several studies which collectively illustrate its 
importance in the pathogenic process. The neutrophil, as a major airway inflamma-
tory cell, produces serine proteases such as neutrophil elastase, which itself is 
described to represent a negative prognostic indicator in bronchiectasis which cor-
relates to reduced microbial diversity and the presence of P. aeruginosa. Specifically, 
neutrophil elastase is highly expressed in bronchiectasis and associates with exacer-
bations, radiological extent of disease and lung function [26]. While active in bron-
chiectasis, the neutrophil itself is functionally compromised, leading to impaired 
bacterial phagocytosis and killing despite a prolonged viability and delayed apopto-
sis [31, 32]. Alteration of the sputum proteome in bronchiectasis patients infected 
by P. aeruginosa reveals the upregulation of pregnancy zone protein (PZP) associ-
ated release of neutrophil extracellular traps (NETs) tying airway infection to NET 
formation, disease severity and pathogenesis [33, 34]. Such detailed mechanistic 
study of the neutrophil has paved the way for clinical application in bronchiectasis 
evidenced by the success of a phase II clinical trial of the dipeptidyl peptidase 1 
inhibitor (DPP-1) Brensocatib – an inhibitor of neutrophilic serine protease activa-
tion. This opens a new and urgently needed avenue towards clinical translation [35, 
36]. The dysregulation of host neutrophilic function in bronchiectasis is also notable 
for its association with shifts in microbiome composition, whereby neutrophil- 
associated PZP levels predict a dysbiotic predominance of Proteobacteria including 
Pseudomonas, Enterobacteriaceae, Stenotrophomonas and Moraxella further illus-
trating the close relationships between microbiome profile and disease pathogenesis 
[33]. This particular association has been independently corroborated in subsequent 
microbiome studies and correlated to neutrophil elastase levels, which in turn asso-
ciated with a decreased microbial diversity and increased P. aeruginosa abundance 
[37]. The salient features of bronchiectasis pathogenesis as currently understood are 
detailed in Fig. 7.1.
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 The Case for Microbiome Research in Bronchiectasis

Building upon Cole’s initial hypothesis, a more complex and holistic picture has 
emerged as sophisticated multi-omic technologies are increasingly applied in bron-
chiectasis and other chronic respiratory diseases providing both opportunities and 

Fig. 7.1 Overview of the pathogenesis in bronchiectasis and the role of the microbiome. (1) 
Trigger factors include host genetics, defects in host defence and/or ciliary dysfunction which 
predispose to microbial colonization. (2) Colonization or net ‘immigration’ of microbes leading to 
the emergence of deleterious microbiome signatures defined by the presence of host response to 
specific bacteria, fungi and viruses (grey box). Environmental exposures to air-, surface- and 
device-associated microbes including pollution, and other geographically variable environmental 
factors may also contribute (yellow box). (3) Deleterious and impaired host responses directed 
towards the ‘elimination’ of microbes are triggered by pathogen-associated molecular patterns, 
virulence factors and allergens culminating in a dysfunctional and airway damaging immune 
response. A transition from acute to persistent infection is accompanied by a decreased diversity in 
the microbiome, altered composition and network configuration. (4) Chronic infection and inflam-
mation cycles, leading to progressive airway damage and loss of structure with associated changes 
in radiological morphology. (5) Loss of structure and increasing dilatation of the bronchi, coupled 
to mucus plugging and impaired mucociliary clearance predisposing to an increased risk of subse-
quent infection and progressive clinical decline
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challenges [38]. Fine-structure analysis of disease progression permits a greater 
appreciation of pathogenic mechanisms, while improved patient stratification pro-
vides scope for personalized therapeutic approaches [36, 39]. Contemporary mod-
els such as the recently advanced ‘vicious vortex’ paradigm proposed by Flume 
et al. seek to capture the dynamic interactions embodied by each pathophysiologic 
step of the disease cycle as they promote persistent and progressive inflammation 
and airway damage over time [6]. This represents a major academic and clinical 
challenge in the setting of a highly heterogenous condition such as bronchiectasis, 
where arrival at the endpoint of structural airway damage may be reached through 
distinct endophenotypic routes [36, 39]. In this context, the microbiome represents 
a potentially important window into disease progression and pathogenesis with 
prognostic potential and scope for improved patient stratification in this heteroge-
nous clinical setting (Fig. 7.1) [36, 40, 41]. The failure of high-profile multi-centre 
antibiotic clinical trials in bronchiectasis has further highlighted the need and poten-
tial for the integration of microbiome approaches into clinical trial design with the 
aim of improved patient selection and stratification including appropriately chosen 
clinical endpoints that address past inconsistencies resulting in a failure to replicate 
results across geographically distinct patient populations [8, 36, 42]. Early work, 
driven by culture-based assessment of resident microbial pathogens and later 
advanced by characterization of associated immune responses, has laid the founda-
tion for our understanding of bronchiectasis and the potential therapeutic approaches 
for its clinical management [12]. Intriguingly, however, the introduction of antibiot-
ics for bronchiectasis-associated microbiomes has not been met with the anticipated 
decline of this ‘infective’ condition, contradicting a simplistic model of bacterial 
overgrowth amenable to suppression by antibiotics. Therefore, early presumptions 
regarding amenability to antimicrobials to provide resolution has likely contributed 
to a neglect of this complex and poorly understood respiratory condition [2, 36]. A 
further feature contributing to delays in understanding the airway microbiome is the 
previous and incorrect assumption of lung sterility. As a consequence, the lung 
microbiome has received less attention compared to other anatomical sites (such as 
the gut) leading to significant gaps in understanding the lung microbiome – gaps 
now actively being closed in the context of data illustrating the presence and key 
functional role of the microbiome in the respiratory diseases including bronchiecta-
sis [38, 43]. The time for a more detailed exploration of the microbiome in bronchi-
ectasis has arrived and will likely provide a clearer understanding of disease 
pathogenesis, mechanisms of infection and a potential for therapeutic advancements 
in its management.

 The Airway Microbiology in Bronchiectasis

Several studies have described airway colonization in bronchiectasis by distinct 
microbial entities, largely based on culture. Although prevalence varies, H. influen-
zae and P. aeruginosa represent the most common bacterial species identified 
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followed by S. pneumoniae, M. catarrhalis, S. aureus and others including K. pneu-
moniae, while S. maltophilia and Achromobacter xylosoxidans are less frequently 
found [13, 44]. While extensively characterized, a significant bias exists towards 
western populations in the microbiological surveillance of the bronchiectasis air-
way, and the growing awareness of geographic differences most notably in Asian 
populations have been described warranting study [8, 45]. In comparison to western 
populations, Asian patients exhibit higher P. aeruginosa colonization rates (relative 
to H. influenzae), while K. pneumoniae is also more frequently isolated [45]. A 
comparative analysis of European, US and Indian registry data also reveal similar 
patterns with higher rates of P. aeruginosa and exacerbation risk associated with 
prior M. tuberculosis infection in Indians [14]. Given such disparities, other geo-
graphic and population-associated differences in microbiology and microbiome 
composition may exist contributing further to disease heterogeneity and therapeutic 
challenges [2, 8, 36]. Importantly, no microbial pathogen has been identified in up 
to 70% of bronchiectasis sputum cultures – even in the presence of clear and mea-
surable inflammatory responses – further highlighting our incomplete understand-
ing of pathogenesis and, perhaps importantly, the need for broader microbiome 
analysis unrestricted by selective culture-based methodologies [29, 41, 46]. Genetic 
analyses of the microbiome, aided by next-generation sequencing (NGS), are now 
emerging in bronchiectasis, supporting the extensive culture- based literature 
(Fig. 7.2). The derivation and interrogation of such data may ultimately allow for an 
integration of direct microbiome sequencing into clinical diagnostics and the selec-
tion of therapies, potentially offering more personalized and effective treatment 
approaches at the individual level in the future care of bronchiectasis.
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Fig. 7.2 Timeline of culture-based and culture-independent microbiome research in bronchiecta-
sis. A lollipop chart illustrates the growth of culture-based and culture-independent research on the 
bronchiectasis microbiome over time (2000–2020). Studies are indicated by coloured lollipops 
with stick height (y-axis, logarithmic) representing the number patients in each study. The type of 
analysis performed in each study is indicated in the right-hand legend (grey, culture based; red, 
bacteria 16S rRNA analysis; blue, fungal ITS analysis; purple, WGS metagenomic shotgun 
analysis)
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 The Bacteriome in Bronchiectasis

While the emergence of culture-independent lung microbiome analysis has its ori-
gins in cystic fibrosis (CF), it is only more recently that culture-independent 
approaches have been applied to (non-CF) bronchiectasis (Fig.  7.2) [41, 47]. 
Pioneering pyrosequencing efforts initially documented a limited shift in commu-
nity composition during exacerbation and following antibiotic therapy with charac-
terization of P. aeruginosa, H. influenzae, Prevotella and Veillonella as part of a 
complex community in a cross-sectional cohort of 40 patients [48]. Rogers et al. 
subsequently applied 16S rRNA sequencing to a larger cohort (n = 86) from a clini-
cal trial of macrolide intervention (the BLESS study) highlighting this as a poten-
tially informative analytical measure in respiratory trials [49]. The BLESS 
intervention (low-dose erythromycin – 400 mg twice daily) demonstrated success in 
reducing exacerbations among longitudinally sampled patients compared to the 
control arm with 16S rRNA analysis providing insight into microbiome composi-
tion as a correlate of the observed therapeutic response. This inclusion of microbi-
ome analysis revealed granular changes in microbiome composition and allowed 
patient stratification according to the dominant organism, where a significantly 
worse outcome is observed in those with Pseudomonas or Veillonella-dominant 
profiles [40, 49]. The association of the commensal genus Veillonella with exacer-
bation further represents a novel perspective on this bacterial taxa and suggests a 
potential insidious role for this anaerobe within the complex bronchiectasis micro-
bial community [40]. Microbiome profiles importantly were also predictive of the 
observed host immune response, with H. influenzae inducing increases in MMP2 
and MMP8 compared to patients with Pseudomonas-dominant profiles, while both 
organisms induced significantly elevated levels of serum CRP, sputum IL-1β and 
IL-8. Taxonomic diversity exhibits negative correlation with clinical outcomes, and 
lower IL-1β and IL-8 for instance suggest better outcomes with greater microbial 
richness observed in the erythromycin treatment arm [28, 49]. In further corrobora-
tion of the observed microbial-host interactions in the BLESS cohort, loss-of- 
function variants are identified in the human FUT2 fucosyltransferase gene 
(responsible for coating mucosal surfaces with fucosylated glycans) and found to 
influence the composition of the microbiome while decreasing the risk of pulmo-
nary exacerbations and P. aeruginosa colonization [24]. Overall, the targeted 16S 
analyses of the BLESS cohort underscored the stability of the bronchiectasis micro-
biome but noted the supplantation of H. influenzae by the more pathogenic P. aeru-
ginosa strains. Such displacement, along with the observed increases in macrolide 
resistance, confers potentially undesirable long-term consequences of this therapeu-
tic intervention, given the established negative association of P. aeruginosa with 
bronchiectasis [44]. Therefore, while the effect of erythromycin therapy is largely 
beneficial, this depends on the baseline microbiome composition and importantly 
did not significantly alter exacerbation rates in Pseudomonas-dominant patients, 
while its benefits in non-Pseudomonas-dominant patients came with a greater risk 
of subsequent Pseudomonas colonization. Further analysis, based on whole-genome 
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metagenomic shotgun sequencing, has also highlighted the increased burden of 
macrolide resistance determinants in antibiotic-treated patients over time [50]. 
These observations clearly highlight the value of targeted and metagenomic 
sequencing of the microbiome as a key secondary outcome measure in clinical trials 
and administered therapeutics. A similar trend in antimicrobial resistance, through 
metagenomics, was observed in macrolide-treated severe asthma, further under-
scoring this phenomena in chronic respiratory disease [51]. Additional ultra-deep 
metagenomic analysis of respiratory specimens from non-diseased (healthy) sub-
jects reveals the presence of a core macrolide resistome, which importantly remains 
consistent even across distinct respiratory disease states, including bronchiectasis 
[52]. Resistance genes are correlated to commensal species representing potential 
resistance reservoirs, detected in host sputum and on patient inhaler devices high-
lighting the potential of metagenomics for surveillance of resistance in the environ-
ment as well as within host respiratory microbiomes [52].

While baseline microbiomes appear predictive of clinical course and therapeutic 
response, stability throughout exacerbation and treatment has emerged as a recur-
rent finding among microbiome studies in bronchiectasis [41, 49, 53]. Indeed, indi-
vidual microbiomes can persist for many years in longitudinally sampled patients 
[54]. There is, however, a generally consistent correlation between diversity mea-
sures of the microbiome and clinical outcome that likely reflects the increased dom-
inance of particular pathogens, in agreement with the adapted island model of the 
lung microbiome, where reduced diversity departs from the healthy microbiome 
state [37, 43, 53, 55]. Notwithstanding this concept, the mere fact that bacterial 
microbiomes remain largely stable seems to contradict simplistic models of targeted 
antimicrobial elimination of pathogenic microbes as a basis for therapeutic efficacy. 
Furthermore, how antimicrobial agents such as macrolides, which have no activity 
against P. aeruginosa, offer the observed therapeutic benefit in bronchiectasis 
remains poorly understood. This may involve more indirect influences upon other 
microbial constituents and their associated community structure but extend to 
include the drug’s anti-inflammatory and immunomodulatory effects [56].

 Non-tuberculous Mycobacteria

The role of non-tuberculous mycobacteria (NTM) is important and warrants par-
ticular mention given its incidence as a cause and consequence in bronchiectasis 
including its associated and significant challenges in detection by NGS methodolo-
gies [16, 57, 58]. Bronchiectasis and NTM infection are highly correlated to airway 
distortion, which in itself is thought to predispose to NTM colonization and disease 
progression in bronchiectasis [59]. Mycobacterium avium complex (MAC) is the 
most prevalent NTM detected although geographic variation exists [8]. Analysis of 
US registry data reveals a significant burden of MAC, followed by M. abscessus and 
M. chelonae in bronchiectasis who develop symptoms in later life and who are pre-
dominantly female [16]. As such, the presence of NTM potentially represents a 
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sub-phenotype of bronchiectasis and a possible means of stratification towards 
microbiome-directed therapy. Importantly, however, recent work highlights the dif-
ficulty in a reliable detection of mycobacteria using targeted 16S rRNA sequence 
analysis whereby Mycobacterium spp. are frequently absent from 16S rRNA gene 
profiles in samples positive for mycobacterial cultures [57]. This discrepancy 
between culture-based and culture-independent analysis suggests a lack of sensitiv-
ity in culture-independent methods for the detection of mycobacteria. This likely 
reflects the relatively low copy number of 16S rRNA genes per genome that leads to 
an underrepresentation of these bacteria by targeted 16S analysis. Notwithstanding 
this technical limitation, Sulaiman et al. demonstrate the existence of distinct host 
phenotypes in NTM-positive bronchiectasis patients, where impaired IFN-γ and 
GM-CSF production is coupled to significant association with upper airway taxa 
and T-helper-17 cytokines [57]. These observations add credence to the concept of 
NTM infection as a potential endophenotype and treatable trait in bronchiectasis 
and is important given the association of NTM with susceptibility to fungal infec-
tion which leads to a complex microbiological picture in the airway and its associ-
ated treatment challenges [15, 39].

 The Mycobiome in Bronchiectasis

Given the structural distortions of the airway observed in bronchiectasis, the risk of 
fungal exposure and subsequent colonization is increased. This results in an 
increased sensitization to fungal allergens and the occurrence of allergic broncho-
pulmonary aspergillosis (ABPA) [17]. As seen in other chronic respiratory disease 
states, fungal sensitization and allergy are associated with negative outcomes in 
bronchiectasis including poorer lung function and increased exacerbation [17, 60–
62]. The immunology of fungal sensitization and its associated host response is 
extensively characterized in CF where Aspergillus fumigatus represents a key pre-
dominant airway fungal pathogen identified in association with Th2-driven response 
and antecedent to the emergence of ABPA that is accompanied by significant clini-
cal symptoms and lung function decline [62]. While the host response to fungi in 
bronchiectasis remains lesser studied, marked increases in sensitization to 
Aspergillus antigens are noted as is the increased activity of the anti-fungal chitinase 
enzyme chitotriosidase (CHIT-1), both of which exhibit geographic variation [19, 
63, 64]. While important, the diagnosis of fungal infection remains challenging due 
to the poor sensitivity and specificity associated with existing diagnostics and a lack 
of standardization between centres. This leads to delays in therapy and therefore 
adverse outcomes [62, 65]. The application of ITS amplicon sequencing has there-
fore been proposed and examined as an alternative detection method highlighting 
the complex fungal profiles seen in CF that appear distinct from non-CF bronchiec-
tasis. In a head-to-head comparison, lower fungal diversity is observed in CF com-
pared to non-CF bronchiectasis [18]. As fungal colonization, sensitization and 
ABPA all individually represent potentially ‘treatable traits’ in bronchiectasis, a 

7 Bronchiectasis



188

detailed characterization of the airway mycobiome is worthy despite the inherent 
technical challenges related to mycobiome analysis [39, 66, 67]. In the largest 
investigation of the bronchiectasis mycobiome performed to date, the Cohort of 
Asian and Matched European Bronchiectasis (CAMEB) compared mycobiome pro-
files generated by ITS amplicon sequencing in patients from Asian and European 
bronchiectasis cohorts ‘matched’ for age, sex and disease severity [19]. This impor-
tant work provided the first broad insight into the airway mycobiome in bronchiec-
tasis and identified host responses related to fungal presence that associate negatively 
with clinical outcomes. This study illustrated the higher abundance of potentially 
pathogenic taxa including Aspergillus, Penicillium and Cryptococcus in bronchiec-
tasis (compared to healthy controls) and the presence of an unfavourable allergic 
sensitization and immune response profile associated with Aspergillus. The study 
design further allowed comparisons between the Asian (Singaporean and Malaysian) 
and European (Scottish) patients, matched by age, sex and Bronchiectasis Severity 
Index (BSI) score. This permitted a clear assessment of geographic differences in 
the mycobiome while controlling for disease severity. Differences in mycobiome 
profiles were identified including increased relative abundances of Simplicillium, 
Trichosporon and Aspergillus in the Asians, while a higher abundance of 
Wickerhamomyces, Clavispora and Cryptococcus distinguished Europeans. 
Candida was frequently observed across both cohorts at comparable frequency, 
while the Scottish cohort exhibited a higher prevalence of Saccharomyces, 
Penicillium, Cryptococcus, Clavispora and Botrytis. Further analysis using a vali-
dated qPCR method that included quantification of the various Aspergillus species 
present in the airway revealed a predominance of A. terreus in the Scottish patient 
group, while A. fumigatus conidial burden was greatest in Asians [19, 68]. While 
these findings cannot be generalized beyond the local regions studied, they do illus-
trate the geographic variation observed in bronchiectasis and highlight both the 
similarities and differences that can be uncovered when appropriately designed 
populations are compared [8, 19]. Further stratification of the CAMEB study par-
ticipants by an immunological classification system that accounted for fungal pres-
ence and associated host biomarkers including Aspergillus-specific IgE and IgG and 
sputum galactomannan identified high frequencies of fungal sensitization and 
ABPA. These Aspergillus-associated disease states further revealed a clear associa-
tion with disease severity, exacerbation frequency and lung function decline, par-
ticularly in those with serological ABPA (sABPA) [19]. This important, novel and 
clinically relevant observation was next further investigated using an extended panel 
of fungal allergens revealing a remarkable and very high level of sensitization 
among bronchiectasis patients [20]. Sensitization level and the occurrence of poly- 
sensitization was linked to poorer lung function but not exacerbations; however, 
assessment of the host airway immune response allowed a clustering of patients 
according to “immunoallertypes”: one fungal driven and proinflammatory and a 
second characterized by sensitization to house dust mite coupled to chemokine 
dominance. Critically, the fungal patient cluster demonstrates greater disease sever-
ity and poorer lung function [20]. Current works characterizing the mycobiome and 
the sensitization response in bronchiectasis have thus far revealed that combining 
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immune profiling with patient clustering reveals novel disease endophenotypes that 
potentially may be amenable to tailored and personalized bronchiectasis therapy.

 The Virome in Bronchiectasis

The virome represents the most challenging and therefore least well-described 
aspect of the human microbiome and has yet to be clearly defined in the lung [38]. 
In bronchiectasis, the role of viruses remains unclear; however, they have been 
detected in the airway, and emerging evidence supports a potential role in disease 
[21, 22, 69]. The virome may be considered from a number of perspectives in bron-
chiectasis: (1) the role of common respiratory viruses and their impact on health 
status, (2) acquired immunodeficiency associated with viral infection and (3) bacte-
riophages and their influence on the bacterial hosts, including as potential facilita-
tors of horizontal gene transfer. The first two areas have been addressed in several 
existing studies, while the third represents a novel area in bronchiectasis yet to be 
meaningfully addressed by research. Considering what is known in other chronic 
respiratory disease states, viruses are considered important triggers of exacerbation. 
Gao et al. assessed the presence of viruses at exacerbation in a cohort of bronchiec-
tasis patients from Guangzhou, China, representing the first large-scale prospective 
study determining the incidence and clinical impact of viral infection. Common 
viruses documented included coronavirus, rhinovirus and influenza A and B viruses. 
While systemic and lower airway symptoms were not significantly different between 
virus-positive and virus-negative exacerbations, several systemic and airway inflam-
matory markers (serum IL-6 and TNF-α; sputum IL-1β and TNF-α) distinguished 
virus-positive patients [22]. In subsequent work from Australia, a high frequency of 
stable bronchiectasis patients interestingly had viruses detected in their airways, 
particularly during winter (92%) compared to lower rates (33%) in the summer. The 
main viruses detected included rhinovirus, influenza A and B and respiratory syncy-
tial virus with greatest incidence of co-infection in the winter months [21]. Both 
studies clearly confirm the presence of common respiratory viruses in the stable and 
exacerbation states in bronchiectasis albeit without a significant association to clini-
cal outcome. Building on their previous work, Chen et al. next identified a signifi-
cantly higher frequency of viruses at exacerbation compared to the stable state in 
patients from the Guangzhou region further implicating viruses in bronchiectasis 
exacerbations where rhinovirus and influenza A and B demonstrated the strongest 
effects [69]. The second aspect of virology that warrants consideration in bronchi-
ectasis is the role of viruses as mediators of acquired immune deficiency, which in 
turn may accelerate the disease ‘cycle’ through disrupting normal immune homeo-
stasis. Such viruses include the Human T-cell leukaemia virus, type 1 (HTLV-1) 
which has been documented in association with bronchiectasis in several studies, 
from western and indigenous Australian populations, the latter originally describing 
the link [23]. More recent evidence also implicates the Epstein–Barr virus (EBV), 
which is associated with a shortened time to next exacerbation and more rapid 
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decline of lung function [70]. While this latter association is less well supported, the 
concept of acquired immune deficiency should at least be considered and is consis-
tent with current disease paradigms (Fig. 7.1). More recent virome research, espe-
cially in bronchiectasis relates to the role of bacteriophages and their contribution to 
microbiome architecture and stability. While WGS metagenomics has been per-
formed in bronchiectasis, no study to date has directly assessed the presence and 
abundance of bacteriophages (Fig.  7.2) [50, 52]. Whether a distinct disease- or 
patient-specific bacteriophage profile exists in bronchiectasis remains to be estab-
lished, and investigations should focus on characterizing the disease or specific 
patient groups, defined by bacteriophage pattern that associate with clinical out-
comes. Emerging data from the gut in studies unrelated to bronchiectasis does sug-
gest an individual specificity of the virome (‘phageome’), with high inter-individual 
differences [71]. It is probably too premature to suggest whether such variability 
could be correlated with clinical outcomes in bronchiectasis, but as bacteriophages 
possess the potential to dramatically reshape the microbiome and contribute to dys-
biosis, there is certainly scope for broad assessment from diagnostic and therapeutic 
perspectives [72, 73]. Additionally, the relevance of bacteriophages in the context of 
emerging antimicrobial resistance and as facilitators of horizontal gene transfer is 
highly relevant in respiratory diseases including bronchiectasis and remains a key 
area for future investigation [74].

 Microbial Networks and the ‘Multi-Biome’

While the bacteriome, mycobiome and virome have to date been considered as sep-
arate and individual entities, integrating them into a holistic ‘multi-biome’ frame-
work appears to be the next logical step for bronchiectasis and other chronic 
respiratory disease states. The concept and description of the host microbiome as an 
integrated microbial network is emerging and has been advanced as a potential 
model underpinning exacerbations in CF [25]. Networks and their associated micro-
bial interactions may better account for observed clinical differences compared to 
taxonomic abundance alone and therefore represents a promising platform for 
development of respiratory disease models of infection and exacerbation [75]. The 
role of fungi and their own inter-kingdom communication with bacteria remain a 
recognized part of a holistic ecosystem where active research is ongoing, and with 
clear relevance to bronchiectasis, as both kingdoms independently have been shown 
to be highly relevant in disease [8, 19, 41, 76]. Going beyond this, the role of viruses 
should also be considered, as individual common respiratory viruses, those linked 
to acquired immunodeficiency but also bacteriophages that can have a major influ-
ence on microbiome architecture and the mobilization of antimicrobial resistance 
genes. While each individual microbiome is clearly relevant, they remain to be fully 
investigated in the context of an integrated and holistic inter-kingdom microbial 
consortia, a rich avenue for future microbiome research in bronchiectasis.
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 Clinical Applications

The increasingly recognized heterogeneity of clinical endophenotypes in bronchi-
ectasis helps to account for the failure of most clinical trials in this disease [36]. 
Given the associations between the microbiome and disease outcomes, it seems 
plausible to consider an integration of microbiome data into clinical trial design. 
This may prove beneficial, allowing for adequate adjustment of confounding 
microbiome- associated variables through appropriate patient stratification 
(Table 7.1) [41]. In addition to targeting microbial endophenotypes, the microbiome 
also offers potential as a secondary outcome measure and possible prognostic 
marker in assessing treatment effects directed at it. Surveillance of potentially unde-
sirable changes in the microbial community such as the emergence of potentially 
pathogenic taxa or antimicrobial resistance genes is also of value [50, 52]. Host 
genetics is an additional key factor that, at least partially, predicts microbiome com-
position and should be integrated into patient stratification modalities where avail-
able [77]. Expanding the assessed microbial kingdoms in bronchiectasis through 
multi-biome analysis has already uncovered new perspectives, for example, the 
identification of fungal sensitization, a feature that may be to 

Table 7.1 Clinical applications for microbiome research in bronchiectasis

Biome Study Method Clinical correlate Application

Bacteriome Rogers 
et al. [49]

Targeted 16S 
rRNA analysis

Exacerbation 
frequency

Tailoring clinical trials to 
target most responsive 
patient subgroups

Taylor et al. 
[77]

Targeted host gene 
sequencing 16S 
rRNA analysis

Exacerbation 
frequency, lung 
function, time to 
next exacerbation

Defining impact of host 
genetics on microbiome 
in patient stratification 
modalities

Taylor et al. 
[50]

WGS 
metagenomics

Antimicrobial 
resistance

Tailoring clinical trials to 
limit emergence of 
resistance

Mycobiome Mac Aogáin 
et [19, 20]

Targeted ITS 
analysis

Exacerbation 
frequency, lung 
function, severity 
(BSI)

Targeting fungal 
sensitization/airway 
immune response as a 
treatable trait

Tiew et al. 
[80]

WGS 
metagenomics

Exacerbation 
frequency (COPD)

Design of environmental 
interventions

Virome Chen et al. 
[69]

Targeted qPCR 
respiratory virus 
panel

Odds ratio for 
exacerbation/time to 
next exacerbation

Capture of viral status at 
exacerbation as potential 
risk indicator

Shkoporov 
et al. [93]

WGS 
metagenomics

Not assessed (gut) Charting of the 
respiratory ‘phageome’ 
in bronchiectasis

Trans- 
kingdom

Soret et al. 
[94]

Targeted 16S 
rRNA and ITS 
analysis

FEV1 % predicted 
(cystic fibrosis)

Integrative microbiomics 
to improve stratification 
and modelling based on 
co-occurrence networks
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endophenotype- targeting precision medicine approaches [64]. Furthermore, the 
early application of metagenomics in bronchiectasis has already demonstrated a 
clear potential in terms of charting the emergence of antimicrobial resistance and 
the environmental exposome. The role of the bronchiectasis virome remains to be 
established; however, emerging large-scale studies do suggest an involvement with 
exacerbation risk. While an untargeted appraisal of the virome or ‘phageome’ asso-
ciated with the bronchiectasis microbiome remains to be examined, the clear indi-
vidualized and stable phage profiles recently determined in gut microbiomes provide 
a clear framework for future lung investigations and in particular the examination of 
bacteriophages in bronchiectasis. From a diagnostic perspective, in-depth analysis 
of the microbiome (integrating trans-kingdom analysis with temporally and ana-
tomically distinct samplings) may provide the ultimate stratification system by 
which specific bronchiectasis subtypes or overlap syndromes may be robustly 
defined and in turn provide a more focused management and precision medicine 
approach in this disease state (Table 7.1).

 Future Directions

Against the backdrop of ageing global demographics and an increased awareness of 
the disease, there is a growing appreciation of the clinical burden of bronchiectasis 
[36]. This has led to renewed focus on the disease and increased research including 
the increasing number of microbiome studies described in this chapter (Fig. 7.2). 
Analysis of the microbiome has uncovered the complexity of the microbial consor-
tia in bronchiectasis and its potential for patient stratification according to profile 
rather that the simple presence or absence of individual taxa [40]. A major chal-
lenge, however, in the translation of these findings will be the standardization of 
methodologies across studies, including the integration of data from distinct micro-
biome profiles: i.e. profiles obtained using different platforms, i.e. bacterial vs fun-
gal vs viral, or profiles from distinct anatomical sites, i.e. gut vs lung in a given 
patient [41, 78]. Integrative approaches for patient stratification based on multiple 
‘omic’ datasets have shown early promise, and the further development and applica-
tion of these approaches to ‘multi-biome’ datasets may provide even deeper resolu-
tion of patient microbiome subtypes in bronchiectasis [79]. Larger studies with 
greater numbers of patients (approaching those already achieved in culture-based 
studies – Fig. 7.2) will be required, and the inclusion of longitudinal sampling and 
comparing geographically distinct cohorts will help further in attaining the neces-
sary resolution required for clinical use. We must ensure to continue to improve the 
methodologies used for microbiome analysis, making them more accessible, refined 
and scalable. While targeted amplicon sequencing has now been applied in several 
studies, metagenomic analyses of bronchiectasis remain limited, and meta- 
transcriptomic analyses are yet to be described. The insights that may be derived 
from a functional appraisal of the metagenome remains an important area for future 
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work. Likewise, the virome and ‘phageome’ remain to be fully characterized in 
bronchiectasis. Recent work from our group demonstrates the potential of metage-
nomics to allow sampling of the environment (patient inhaler devices and both 
indoor and outdoor air) in addition to the airway microbiome for identifying impor-
tant exposures such as resistome-harbouring microbes and airborne fungi to which 
exposed patients can demonstrate sensitization responses that associate with nega-
tive clinical outcomes [52, 80]. The air microbiome and that of the built environ-
ment are therefore emerging as important factors in respiratory health and are likely 
to be relevant to bronchiectasis [80–82]. Air pollution is a well-established risk 
associated with adverse outcomes in chronic respiratory disease including bronchi-
ectasis including exacerbations and hospital admission [83–86]. In this context, the 
microbial composition of both indoor and outdoor air appear an important consid-
eration, yet air remains an under-sampled and under-studied planetary ecosystem 
with potential relevance to respiratory disease [82, 83]. Metagenomics has yielded 
our first insight into the dynamic nature of the air microbiome revealing its compo-
sition and diel fluctuation in microbial content [82]. Furthermore, microbes have the 
propensity to persist in air, on surfaces and within water systems supplying the built 
environment, and the indoor microbiome is undoubtedly influenced by factors 
inherent to building design including the use of modern materials [81, 87]. It there-
fore seems logical that this could impact lung health as demonstrated in our recent 
work focused on fungal sensitization in COPD [80]. As sensitization also represents 
an important clinical correlate in bronchiectasis, comparable host-environment 
interplay is likely involved and amenable to metagenomic study [64]. This early 
work highlights great potential for environmental-related intervention studies in 
chronic respiratory disease states including bronchiectasis where modifying envi-
ronmental factors could potentially provide a cost-effective and non-invasive alter-
native to pharmacological therapy. The application of such an approach to much 
larger bronchiectasis patient populations is desirable, where host and environmental 
metagenomes are characterized together, coupled to an assessment of the host 
response to better evaluate bronchiectasis endophenotypes in relation to their sur-
rounding environment (Table 7.1).

While it is natural to focus on appraisal of the lung microbiome in chronic respi-
ratory diseases, microbiome composition at other anatomical sites is also an impor-
tant consideration. The oral microbiome – which forms a continuum with the upper 
and lower respiratory tract along an ecological gradient  – is of relevance, as its 
composition may influence or predict immunological status in the lower airway or 
even the presence of other respiratory conditions [56, 88]. The composition of the 
gastrointestinal microbiome is also important both because of the potential for sub- 
clinical micro-aspiration of gut microbes and their accompanying inflammatory 
consequences. In addition, the interplay between the gut microbiome and immune 
homeostasis may further influence the pathogenic response to microbial encounters 
in the lung through the lung-gut axis [38, 89]. The role of gastrointestinal disorders 
such as gastroesophageal reflux disease (GERD) and irritable bowel syndrome 
(IBS), both reported as bronchiectasis comorbidities, may signal the presence of a 
dysbiotic gut microbiome [90, 91]. The development of integrative methodologies 
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for the sequential analysis of multiple biomes are now advancing, paving the way 
for analysis of multiple microbiome samples from individual patients that will 
likely provide even more granularity for patient stratification across patient cohorts 
and even anatomical sites [75, 92]. The era of microbiome medicine is arriving and 
learning from the lessons of the past; bronchiectasis must not be left behind.
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Chapter 8
COPD

Imran Sulaiman, Jun-Chieh J. Tsay, and Leopoldo N. Segal

 Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive inflammatory dis-
ease that irreversibly damages the lungs and can severely diminish a patient’s qual-
ity of life. Further, COPD is a heterogeneous disease with two major phenotypes: 
one characterized by parenchymal destruction and loss of elastic recoil (emphy-
sema) and a second characterized by goblet cell hyperplasia, increased mucus pro-
duction, and bronchiolitis with lymphocytic and neutrophilic infiltration (chronic 
bronchitis). However, most COPD patients do not easily fit into this strict dichot-
omy but rather one that manifests as a mix of these phenotypes.

Multiple environmental factors contribute to the pathogenesis and natural history 
of COPD including environmental exposures, infections, inflammation, and genetic 
predisposition [1–3]. While tobacco smoking is the most common environmental 
risk factor in the USA, outdoor air pollution and poor indoor air quality from burn-
ing biomass fuels are major contributing risk factors worldwide [2]. Recent data 
suggest that the microbial environment existing within human mucosae is another 
environmental factor that can contribute to the pathogenesis of this disease. Using 

I. Sulaiman 
Division of Pulmonary, Critical Care, and Sleep Medicine, Department of Medicine, New 
York University School of Medicine, New York, NY, USA 

Division of Pulmonary, Critical Care, and Sleep Medicine, Department of Medicine, 
Beaumont Hospital, Dublin, Ireland
e-mail: imransulaiman@beaumont.ie 

J.-C. J. Tsay · L. N. Segal (*) 
Division of Pulmonary, Critical Care, and Sleep Medicine, Department of Medicine, New 
York University School of Medicine, New York, NY, USA
e-mail: Jun-Chieh.Tsay@nyulangone.org; tsayj01@nyumc.org; 
Leopoldo.Segal@nyulangone.org

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87104-8_8&domain=pdf
https://doi.org/10.1007/978-3-030-87104-8_8#DOI
mailto:imransulaiman@beaumont.ie
mailto:Jun-Chieh.Tsay@nyulangone.org
mailto:tsayj01@nyumc.org
mailto:Leopoldo.Segal@nyulangone.org
mailto:Leopoldo.Segal@nyulangone.org


200

culture-dependent methods, airway colonization with bacteria has been associated 
with increased airway inflammation and accelerated airway obstruction among sub-
jects with COPD [3, 4]. Further, COPD is characterized by altered host immune 
features that impair subject’s ability to respond to microbes. For example, IgA defi-
ciency is associated with COPD and can cause recurrent lower respiratory tract 
infections [5]; immunosuppression due to HIV is an independent risk factor for 
COPD [6, 7]; and the expression of Toll-like receptors 2 and 4 is altered in this dis-
ease [8, 9]. Additionally, as COPD progresses, lower airway colonization with 
potentially pathogenic microorganisms (PPMs), such as Streptococcus pneumoniae, 
Haemophilus influenzae, or Moraxella catarrhalis, leads to further worsening of 
inflammation and disease progression [10–12]. Therefore, careful identification of 
biomarkers and phenotypes within COPD holds greater promise toward a more per-
sonalized therapeutic approach, and examining the respiratory microbiome may be 
one possible avenue. Hence, it is not surprising that with the use of culture- 
independent techniques over the last decade, we have begun to appreciate a much 
broader role of the microbiome in COPD.

 Bacteriome in Stable COPD

The use of culture-independent approaches to study the microbes present in an envi-
ronment (microbiota) has revealed that the lung mucosae, contrary to the classical 
view that it is sterile, harbors microbial products that are evidence for frequent 
exposure to multiple types of microbes. This should not have been surprising as 
silent aspiration is a common event in health, and its prevalence is increased in pul-
monary disease such as COPD.  In fact, laryngeal penetration and aspiration fre-
quently occurs in individuals with stable COPD [13, 14]. Microaspiration is thought 
to occur due to an incoordination between breathing and swallowing [15]. Further, 
impaired mucosal immune response and frequent exacerbations also contribute to 
the bacterial colonization of the lower airways seen in patients with COPD as their 
disease progresses [16, 17]. Regular exposure to tobacco itself alters the microbi-
ome of the oropharynx [18]. Interestingly, this dysbiosis in the oropharnyx does not 
automatically translate to dysbiosis in the lower airways, unless there is pre-existing 
impaired lung function, such as with COPD and asthma [19].

However, even in stable COPD, lower airway microbial colonization is associ-
ated with increased lower airway inflammation. Quantitative bacterial cultures of 
lower airway samples from patients with COPD have shown that lower airway colo-
nization is associated with higher levels of neutrophils and inflammatory cytokines, 
such as IL-8, in the lung [20]. The prevalence of positive cultures in stable COPD 
ranges from 22% to 83% [10, 21, 22]. Using this approach, prior investigations 
have shown that as the bacterial burden increases in the lower airways of patients 
with COPD, there is acceleration of the forced expiratory volume in 1  second 
(FEV1) decline, increased comorbid conditions, more frequent symptoms, and 
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exacerbations [23–26]. In these prior investigations, using culture-dependant meth-
ods, non- potential pathogenic microorganisms (non-PPM) such as Corynebacterium 
spp., Neisseria spp., Enterococcus spp., coagulase-negative Staphylococci, 
Streptococcus viridans, and Candida, common commensals of the oral cavity are 
frequently found in the lung [10]. Among the potentially pathogenic microorgan-
isms (PPM), Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella 
catarrhalis are the most frequent organism cultured [10, 12].

Even before the broad use of culture-independent techniques based on identifica-
tion of conserved regions within broadly distributed bacterial genes, such as 16S 
rRNA gene sequencing, investigators noted that microbial products from PPMs 
were frequently found among COPD subjects whose respiratory secretions did not 
yield positive culture results [27–29]. In the last 10 years, with the use of high- 
throughput sequencing of the microbial 16S rRNA gene, we have a much more 
comprehensive view of the presence and relative abundance of both uncultivable 
and cultivable bacteria [30, 31]. Using this technique we now know that in moderate 
to advanced stage COPD, there is enrichment with Gammaproteobacteria (which 
includes many PPMs such as Haemophilus and Moraxella, Figure 1) and with oral 
commensals [30–32]. In a large study comparing 124 stable COPD subjects to 124 
healthy subjects, Haemophilus was the most dominant genus in stable COPD, while 
Streptococcus was the most dominant genus in healthy subjects [33]. The authors 
also used Phylogenetic Investigation of Communities by Reconstruction of 
Unobserved States (PICRUSt) analysis to predict functional gene content based on 
16S rRNA gene content. Interestingly, subjects with COPD had higher proportions 
of genes associated with bacterial motility proteins, lipopolysaccharide biosynthe-
sis, ABC transporters, and secretion systems.

Furthermore, in a study of 253 clinically stable COPD patients, those with 
Proteobacteria-dominated microbes in their sputum microbiome had poorer lung 
function, worse symptoms scores (modified Medical Research Council dyspnoea 
score), and more frequent exacerbations and were more likely to be COPD GOLD 
Group D [34]. Importantly, the authors found that those subjects with Haemophilus- 
dominated sputum microbiome were associated with significantly higher mortality 
(hazard ratio [HR] 5 2.53; 95% CI 5 1.08–5.94; P = 0.032). The authors went fur-
ther and evaluated sputum protein profiles with nanoflow liquid chromatography 
with tandem mass spectrometry. Among subjects with Proteobacteria-dominated 
sputum microbiome, there was a positive correlation with multiple proteins that are 
markers of neutrophilic inflammation, including myeloperoxidase catalase, matrix 
metalloproteinase 9, matrix metalloproteinase 8, and neutrophil elastase. 
Furthermore, by pathway analysis, the authors found upregulation of proteins along 
the neutrophilic activation pathway in those subjects with Proteobacteria-dominated 
sputum [34].

The microbiome in COPD also changes with disease severity. Comparing the 
sputum microbiome of 9 mild/moderate subjects to 10 severe COPD subjects; 
increased severity is associated with reduced microbial diversity [35]. Similar 
results were found in a similar study comparing 8 moderate to 9 severe subjects [36].
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 Virome in Stable COPD

While most investigations have focused on the bacterial component of the microbi-
ome, respiratory viruses can also be found in stable COPD patients. For example, 
respiratory syncytial virus (RSV) is found in up to 23.5% of COPD patients, while 
a smaller fraction of patients will have rhinovirus, coronavirus, and parainfluenza 
virus detected by PCR in sputum [37]. Next generation sequencing has more 
recently been used to identify respiratory viruses [38]. It has been shown to be just 
as sensitive as real-time PCR and provides almost immediate information on virus 
typing [38]. Smoking itself has been shown to alter the lower respiratory virome. In 
a study comparing 20 current/former smokers to 10 nonsmokers, Prevotella phages 
were twofold higher in smokers, while Lactobacillus and Gardnerella phages were 
reduced in abundance among smokers [39]. Additionally, Actinomyces, 
Capnocytophaga, Haemophilus Rhodoferax phages, and eukaryotic DNA viruses 
were found only in smokers. Importantly, the authors were able to show a significant 
association of the respiratory virome in smokers with arachidonic acid and IL-8 
levels, known factors in the pathogenesis of COPD [39].

Respiratory viruses also have a significant impact on the bacterial component of 
the respiratory microbiota. In one of the few experimental investigations made in a 
human cohort, investigators infected healthy volunteers and subjects with COPD 
with rhinovirus [40]. Evaluation of the sputum microbiota before and after rhinovi-
rus infection showed that there was an increase in the overall bacterial load particu-
larly with Haemophilus influenzae enrichment. This data supports the hypothesis 
that the respiratory virome is an integral part of the selection pressure existing on 
the respiratory microbiota and can foment the outgrowth of a respiratory pathogen.

 Lower Airway Microbiota and the Inflammatory Process 
in Stable COPD

Chronic lower airway inflammation leads to parenchymal damage and airway 
obstruction. However, different immunological phenotypic patterns can be identi-
fied. Compared with smokers without COPD, those with COPD have higher levels 
of neutrophils, macrophages, B lymphocytes, and CD4+/CD8+ T cells in biopsies of 
peripheral airways, highlighting the role of innate and adaptive immune responses 
in disease progression [41]. While neutrophilic inflammation is classically described 
in COPD, between 15% and 40% of patients with this disease will exhibit an eosin-
ophilic phenotype [42]. These patients may present with different clinical outcome 
and response to treatment. Identifying the specific type of inflammation/phenotype 
has become increasingly important in how physicians personalize treatment for this 
heterogenous disease. For example, there is now mounting evidence that in a sub-
group of COPD, patients with predominantly neutrophilic inflammation, use of 
inhaled corticosteroids can lead to an increased incidence of pneumonia [43].
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The role of smoking on the inflammatory process has been extensively studied, 
including preclinical models that provide us with mechanistic insights. Using ani-
mal models of COPD, investigators have been able to demonstrate that chronic 
exposure to cigarette smoke is associated with high numbers of cells producing 
IL-17A and IFN-γ in bronchoalveolar lavage (BAL) fluid, and IL-17A-dependent 
gene upregulation including IL-8, MMP12, and MCP-1 in lung homogenates [44, 
45]. Furthermore, mice deficient for the IL-17 receptor are protected from cigarette 
smoke-induced emphysema [46]. However, the role of the lung microbiota on the 
inflammatory process is less well known.

In healthy subjects, the enrichment of the lower airway microbiota with oral 
commensals is associated with a Th17 inflammatory phenotype [47]. Interestingly, 
the alveolar macrophages of those subjects with increased relative abundance of 
oral commensals and increased inflammation display a blunted innate immune 
response to lipopolysaccharide (LPS). These data suggest that aspiration of oral 
secretions (containing the oral commensals) leads to increased inflammation and 
concomitant counter regulatory immune mechanisms. These changes may affect the 
immunological pressure on the lower airway microbiota (and the PPMs on it). 
Increased lower airway inflammation and mucus production can lead to increased 
nutrient supply to bacteria in the lung [48]. In conjunction, blunting of the inflam-
matory response to LPS may make the response to gram-negative bacteria less 
efficient.

Others have evaluated the lower airway microbiota and host immune phenotype 
in advanced stage COPD. Using lung explants from patients with GOLD Stage 4 
COPD and non-COPD donors, investigators have found that low alpha diversity is 
associated with increased emphysematous destruction, remodeling, and increased 
CD4+ T cells [49]. Haemophilus influenzae (Proteobacterium) was the most differ-
entially enriched when comparing non-COPD to stage 4 COPD donors. Importantly, 
differences in the relative abundance of Firmicutes and Proteobacteria (phyla con-
taining several respiratory PPMs) were associated with different transcriptomic sig-
natures. Neutrophil infiltration was negatively associated with the presence of 
Proteobacteria, Comamonadaceae, Pseudomonas, and Betaproteobacteria, while 
eosinophilic infiltration was positively associated with Actinobacteria. In addition, 
sputum samples from 43 COPD and 16 control subjects identified Haemophilus and 
Moraxella as strongly associated with host immune profile [50]. Interestingly, 
Haemophilus was associated with both stable state and exacerbating COPD; 
Moraxella was exclusively associated with COPD exacerbations.

Human studies are commonly limited by its cross-sectional design and/or diffi-
culties in conducting controlled experimental interventions, making it hard to estab-
lish causal inferences. Therefore, the use of preclinical models may offer some 
support to causality. Animal models of COPD have shown that the lower airway 
microbiota can play a significant role on the modulation of the lower airway inflam-
matory tone and airway/parenchymal damage. For example, using an LPS/elastase 
preclinical models of COPD, investigators have shown that lower airway dysbiosis 
can be partially responsible for the Th17 lower airway inflammatory tone [51]. 
Secretory IgA deficiency has been shown to alter the lower airway microbiome and  
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the development of COPD-like pathological deragements [52]. Interestingly, in a 
longitudinal investigation using macaques with Simian-Human Immunodeficiency 
Virus (SHIV), an infection that is associated with COPD in these animals, develop-
ment of obstructive lung disease was characterized by a relative increase in abun-
dance of oral anaerobes such as Fusobacterium, Prevotella, Veillonella, Neisseria, 
and Porphyromonas [53].

 Resistome in Stable COPD

Part of the management of COPD involves the use of anti-microbial medication, 
particularly for infective exacerbations. However, since the advent of antibiotics, 
resistance to these medications has become a global public health issue, the era of 
the reisistome [54]. Metagenomic assessment can also be used to profile the pres-
ence of specific antimicrobial functions (so-called resistome). Few studies have 
examined the resistome in chronic lung disease. In a study that compared healthy 
subjects (n = 13) to subjects with asthma (=11) and subjects with COPD (n = 15), 
those with COPD had the highest abundance of multi-drug resistance genes, encod-
ing multipartite efflux systems and regulatory proteins [55]. Interestingly, ermX, a 
macrolide resistance gene, was significantly increased in those with chroinc lung 
disease. In a larger study, using sputum samples obtained from 85 subjects with 
COPD (as well as some with asthma, bronchiectasis, and controls) investigators 
performed metagenomic analysis. Functional classification identified an abundance 
of carbohydrate and amino acid–related pathways toward lipid associated pathways 
in subjects with COPD and bronchiectasis. The authors also found alteration in 
genes associated with antibiotic-associated pathways including degradation, detoxi-
fication, and antimicrobial resistance. Even though subjects with COPD had the 
highest diversity of resistance genes, the investigators found that antibiotic resis-
tance genes are commonly found even among those never exposed to antibiotics 
[56]. Among those genes, the highest prevalence of antibiotic resistant genes were 
for macrolides, followed by β-lactams, fluoroquinolones, and tetracyclines. 
Furthermore, a study comparing 55 COPD to 29 controls found a higher prevalance 
of antimicrobial resistance genes in COPD subjects [57]. Interestingly, the preva-
lence of these genes correlated with total bacterial abundance and not with lung 
function. As discussed earlier, antibiotic therapy is commonly used in chronic lung 
diseases such as COPD, asthma, and bronchiectasis. And in some instances, chronic 
macrolide therapy, for both its anti-microbial and anti-inflammatory properties, has 
been shown to be effective in reducing exacerbations [58]. Understanding the respi-
ratory microbiome and resistome in these groups of patients will be pivotol in 
understanding changes in antimicrobial resistance over time [59].

One class of antibiotic commonly used in COPD is macrolide antibiotics, such 
as daily azithromycin to reduce exacerbation frequency. The effects of such chronic 
therapy on the lower airway microbiome and resistome is not well known. In a pilot 
placebo-controlled clinical trial, the use of azithromycin was evaluated in subjects 
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with early emphysema [60]. The lower airway microbiota and cytokine levels were 
evaluated using bronchoscopic samples obtained before treatment with azithromy-
cin (250 mg daily) or placebo and was repeated after 8 weeks. Investigators found 
that azithromycin was associated with a reduction in α diversity (but not the bacte-
rial load) and compositional changes in the lung microbiota that contrasted with the 
relative stability found in the placebo group. In addition, azithromycin treatment led 
to a decrease in inflammatory markers in the lower airways. Concomitant evaluation 
of the lower airway metabolome identified several microbial metabolites with 
immunodulatory properties. Evaluation of the effects of these bacterial metabolites 
in alveolar macrophages in ex  vivo documented the anti-inflammatory effects 
affecting the same inflammatory markers identified in the human cohort. In contrast, 
ex vivo exposure of alveolar macrophages to azithromycin did not lead to signifi-
cant changes in the same inflammatory markers. This data supports the theory that 
part of the anti-inflammatory effects observed with azithromycin may be mediated 
by its direct antibiotic effect – affecting microbial metabolism and leading to the 
release of bacterial metabolites with direct anti-inflammatory effects. More detailed 
investigations into how chronic antibiotic therapy in this population of patients 
affects the resistome is required.

 Effects of Inhaled Medications on the Lower 
Airway Microbiota

Another important treatment modality in chronic lung disease is inhaled medica-
tions such as inhaled corticosteroids (ICS) and inhaled beta-agonists. Inhaled corti-
costeroids are associated with compositional changes in the lung microbiota [32]. 
Its use in COPD, while aiming to reduce airway inflammation, has constantly been 
questioned. This is partly due to the lack of effectiveness associated with definitive 
clinical outcomes (such as mortality), especially in milder disease, but also due to 
concerns for increased risk of pulmonary infections [61]. In subjects with moderate 
to severe COPD, triple therapy with inhaled corticosteroid, long acting beta-agonist 
(LABA), and long acting antimuscarinic agent (LAMA) was recently associated 
with a reduction in acute exacerbations of COPD (AECOPD) compared with 
LABA/LAMA combination without inhaled corticosteroid [62]. However, the inci-
dence of pneumonia has been shown to increase with the use of inhaled glucocorti-
coids. In a study of 23 subjects with stable COPD, ICS lead to a significant increase 
in the relative abundance of Streptococcus when compared to non-ICS users [63]. 
The authors of this paper were able to also show that ICS impairs clearance of 
Streptococcus pneumoniae, a pathogen known to cause COPD exacerbations. This 
impaired clearance appeared to be due to supression of an important anti-microbial 
peptide, cathelicidin. Nonethless, further investigations are needed to evaluate the 
change in the lower airway microbiota after initiation of inhaled medications.

8 COPD



206

 Acute Exacerbations of COPD (AECOPD)

AECOPD, defined by a sustained increase in respiratory symptoms that frequently 
requires treatment with steroids and antibiotics, leads to a significantly increased 
rate of morbidity and mortality. Patients that have two or more exacerbations per 
year have more rapid lung function decline and worse outcomes [64, 65]. The role 
of respiratory pathogens in the pathogenesis of AECOPD has long been documented 
with culture-dependent methods, and culture-independent methods are now provid-
ing a new dimension. Respiratory bacterial pathogens are recovered under aerobic 
conditions in about half of patients with AECOPD; respiratory viruses are isolated 
on 30% and co-infection with viruses and bacteria occurs 25% of the time [12, 66]. 
The most common bacterial pathogens found in AECOPD are Haemophilus influ-
enzae, Streptococcus pneumoniae, and Moraxella catarrhalis. However, with 
culture- independent techniques, molecular profiling of sputum isolates has shown 
that acquisition of new bacterial strains frequently precedes AECOPD [67]. In a 
longitudinal study of 281 subjects with COPD [68], the authors found that dysbiosis 
in the sputum microbiome was associated with an increased severity in an exacerba-
tion (greater fall in the forced vital capacity) as well as a significant increased symp-
tom score (COPD assessment test). Interestingly, in comparing asthma exacerbations 
to COPD exacerbations with next generation sequencing, varying exacerbation phe-
notypes are identified, some with overlap between the two obstructive airways dis-
eases [69]. In a COPD predominant cluster, patients had increased sputum neutrophil 
counts, IL-1b, IL-6, IL-6 receptor, TNF-a, TNF receptors 1 and 2, and vascular 
endothelial growth factor in association with an increased abundance of 
Proteobacteria.

Current treatment for AECOPD includes steroids alone or steroids with antibiot-
ics for infective exacerbations, both of which have an impact on the lung microbi-
ome. In a study of 8 subjects admitted to an intensive care with an AECOPD [70], 
treatment with only oral steroids resulted in an increased bacterial burden, with 
enrichment of Proteobacteria, Bacteroidetes, and Firmicutes. Not surprisingly, 
treatment with antibiotics alone reduced bacterial abundance, particularly for 
Proteobacteria.

There are several challenges with studying patients’ lung microbiome changes in 
AECOPD. Firstly, patients frequently receive early treatment with systemic steroids 
and antibiotics that skew the evaluation of the airway microbiota. Further, sampling 
is frequently restricted to sputum samples since it is often difficult to perform lower 
airway sampling with bronchoscopy when patients are not in a stable respiratory 
condition. When the airway microbiota is evaluated during AECOPD using sputum 
samples, AECOPD is associated with decreased microbial diversity and increased 
proportion of Proteobacteria [71, 72]. Random forest modeling has also been used 
to differentiate AECOPD from stable COPD [73]. In this modeling, bacteria com-
monly found in the upper respiratory tract such as Gemella, Porphyromonas, 
Haemophilus, Neisseria, and Streptococcus were enriched in stable COPD when 
compared to AECOPD. Further, Pseudomonas was more abundant in AECOPD as 
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compared with stable COPD. Moreover, Wang et al. showed that changes in lung 
microbiota are associated with positive bacterial cultures, elevated eosinophils, and 
levels of IL-8 in sputum, a key neutrophil chemo attractive cytokine [71]. However, 
it is interesting to note that not all exacerbations have the same inflammatory phe-
notype, and while neutrophilic inflammation is classically described in AECOPD, a 
subset of patients will have exacerbations characterized by airway eosinophilia 
[74]. Interestingly, again in the paper by Wang et al. [71], there were no consistent 
differences between the sputum microbiota in stable disease vs. the sputum micro-
biota during AECOPD.  However, within samples obtained during AECOPD, 
enrichment of the sputum microbiome with Proteobacteria was associated with cul-
ture positivity while enrichment with Firmicutes was noted among those subjects 
with elevated sputum eosinophils. Similar results were found in a subsequent paper 
[75] and, considering that different COPD phenotypes likely have significant clini-
cal implications, it would be interesting to test the utility of the airway microbiota 
as a potential biomarker. Indeed, some investigations have proposed that the sputum 
microbiota at the time of hospital admission for AECOPD seems to be associated 
with 1-year mortality follow-up [76]. The sputum microbiota of survivors was asso-
ciated with enrichment with Rothia, Prevotella, Veillonella, Fusobacterium, and 
Actinomyces, while in non-survivors, the sputum microbiota was enriched with 
Staphylococcus and Escherichia-Shigella. Further studies are needed to address the 
validity and utility of these measurements as possible biomarkers. However, a major 
difficult of studying the microbiota during these exacerbations is the multiplicity of 
possible confounders occurring. For example, systemic steroids used during 
AECOPD are associated with enrichment of the sputum microbiota with 
Haemophilus and Moraxella [71], while antibiotic treatment is associated with 
decreased relative abundance in Proteobacteria [72]. The combination of antibiotic 
and steroids lead to an increase in the abundance of Proteobacteria and an increase 
in microbial diversity.

Should the role of bacteria in AECOPD be redefined? In a classical view, bacte-
ria play a role through acquisition of a new pathogen and active infection or through 
chronic colonization with a pathogen. We now know that even if a pathogen is iden-
tified during AECOPD (as a new infection or chronic colonization), they are not in 
isolation. Further, as discussed above, multiple bacteria can be identified in airway 
samples where cultures are negative. Another method of antimicrobial defense is 
the formation of neutrophil extracellular traps (NETs) [77]. Recent studies have 
found NETs in the sputum of both stable and exacerbating COPD [78]. Further 
studies have shown increasing levels of NETs associated with disease severity [79]. 
In a recent paper by Chalmers et al., the authors were able to show that higher levels 
of NETs in sputum were associated with lower microbial diversity [80]. Interestingly, 
in a subset of 24 subjects with AECOPD, sputum samples prior to treatment with 
increased abundance of Haemophilus had significantly higher levels of NETs. With 
these findings, the authors speculate the use of NETs as a marker of airways dysbio-
sis in COPD.

What about viruses? It is known that viruses affect bronchial epithelial cells, 
airway smooth muscle cells, fibroblasts, and alveolar macrophages leading to 
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activation of transcription factors and several pro-inflammatory cytokines and che-
mokines [81]. The effects of the virome during AECOPD are less well studied. The 
respiratory viruses most frequently described include rhinovirus (by far the most 
prevalent one), coronavirus, para-influenza, adenovirus, and influenza virus [37, 66, 
82]. In a study of 63 patients with 88 exacerbations, 23 samples were positive for 
viruses by qPCR [83]. By metagenomic sequencing, 22/23 samples were also posi-
tive for viruses. Viruses identified included rhinovirus C, parainfluenza 3, and influ-
enza A.  With metagenomic sequencing, additional viruses identified included 
herpes simplex virus type I and coronavirus OC43. Metagenomic sequencing also 
offers additional viral typing that qPCR does not. For example, of the 13 rhinovi-
ruses identified by metagenomic sequencing, the authors were able to type the virus 
to rhinovirus A (46.2%), rhinovirus B (15.4%), and rhinovirus C (38.5%).

The effects of the virome on the bacterial microbiota is also likely important. For 
example, for many years, clinicians have identified that viral infections can precede 
bacterial infections. Studies have shown that viruses can lead to higher bacterial 
burden, more sputum eosinophils, greater lung function impairment, and longer 
hospitalization [66, 84]. This synergism between viruses and bacterial pathogens 
can reflect their ability to trigger different host immune inflammatory pathways 
leading to severe presentations of AECOPD.

 Research Needs in this Area

It was recently highlighted in a review article on COPD that although there have 
been a lot of advancements in the management of COPD, there remains poor under-
standing of phenotyping and endotyping of this disease [85]. Studies into the lung 
microbiome of these patients may help us in this process. However, many of the 
studies performed in COPD have focused on moderate to advanced stages of the 
disease and, therefore, might be confounded by the use of antibiotics and corticoste-
roids, frequent treatments for such patients (Fig. 8.1) [30–32, 70]. The changes in 
the lung microbiota that occur in early stages of the disease, or with COPD treat-
ment and how those changes affect the disease process, are unclear. Further, the 
severe structural disease seen in some cases of COPD leads to the use of lung trans-
plantation as a last resource. Longitudinal studies are needed to see how the change 
in lung microbiome over time affects prognosis and graft survival in this select 
cohort of patients. Although the study of the lung virome is in its infancy, more 
research in its role in stable COPD and COPD exacerbations is needed. Furthermore, 
the lung mycobiome, the study of fungi, is also a relatively new field, and very few 
studies have looked at its impact on COPD [86, 87]. Additionally, the interaction 
between smoke inhalation injury with the development of COPD and how alteration 
in the lung microbiome may impact on this disease has yet to be fully explored. 
Preclinical models focusing on modulation of the lower airway microbiota will be 
key to generate mechanistic insights into the role of the lung microbiome on the 
development of COPD.  Going forward this may lead to novel therapies where 
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alteration of the lung microbiome may help prevent or even halt lung function 
decline seen in COPD. Putting all these approaches together, the comprehensive 
evaluation of microbial and host material is quickly transitioning from the research 
to clinical applications, the field of clinical metagenomics [88, 89]. It has the poten-
tial to change how physicians treat and manage patients with chronic diseases such 
as COPD. However, more research in COPD is required to reach a point of a more 
personalized approach based on the individual’s lower airway microenvironment.
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Chapter 9
Idiopathic Pulmonary Fibrosis and Other 
Interstitial Lung Diseases

Rachele Invernizzi, Stavros Garantziotis, and Philip L. Molyneaux

 Introduction

Interstitial lung disease encompasses a wide range of conditions characterised by a 
combination of interstitial inflammation and fibrosis [1]. These conditions are 
thought to arise in genetically susceptible individuals who encounter the right envi-
ronmental exposure [2]. These include occupational exposure such as asbestos, 
hypersensitivity pneumonitis reactions secondary to mould or birds, gastro- 
oesophageal refluxate or underlying autoimmune diseases such as rheumatoid 
arthritis. However, the disease also manifests in the absence of any known triggers 
or cause and is then termed idiopathic.

While the phenotype of disease differs based on the exposure, the underlying 
genetic susceptibility and association with specific alleles remains similar across the 
common forms of pulmonary fibrosis [3, 4]. In this model, individuals with rare, 
highly penetrant mutations can develop the disease without the need for an environ-
mental trigger, while those with the more common risk allele require these environ-
mental stimuli to develop disease (Fig. 9.1) [5].
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Even in the non-idiopathic conditions, the trigger for disease can remain elusive, 
such as in chronic hypersensitivity pneumonitis, where the offending antigen is not 
identified in almost half the cases [6]. Studies over the past decade have pointed to 
disordered host defence and thus susceptibility to infection, as an important con-
tributor to disease progression in ILD [7]. Historically, viruses have been suspected 
of playing a role in the pathogenesis of pulmonary fibrosis, although the evidence 
supporting this, even during acute exacerbations, is scant and often conflicting [8]. 
The data implicating the role of bacteria in these processes was, until recently, also 
lacking. However, a number of well-designed prospective trials have allowed us to 
reconsider the potential role for the respiratory microbiome in fibrotic lung disease.

In this chapter, we will explore the role of the lung microbiome in pulmonary 
fibrosis, reviewing the evidence to date and highlighting areas of unmet need and 
future research priorities.

 Idiopathic Pulmonary Fibrosis

It is now well recognised that resident microbial communities play a fundamental 
role in shaping healthy lung function and that disturbances in their composition are 
commonly observed in respiratory diseases including ILD [9–12]. The first study to 
investigate the presence of bacterial growth in the lower airways of subjects with 
IPF was conducted in 22 individuals and confirmed the presence of known patho-
gens including Haemophilus, Pseudomonas, and Streptococcus in 36% of the cases 
[13]. Over the past 5  years, advances in high-throughput molecular sequencing 
techniques have been used to characterise and interrogate the microbial composi-
tion in the lower airways of IPF patients as well as in animal models of the disease. 
These studies have consistently established the presence and importance of bacte-
rial communities in the lungs of patients with IPF, suggesting that a perturbed 
microbial state may be linked to disease outcome and disproving the incorrectly 
held notion of sterility of the lungs outside of clinical infection. Bacterial communi-
ties, present outside the context of overt infection, have been hypothesised to act as 
a continued driver of epithelial injury. It is now recognised that an increased bacte-
rial burden, loss of microbial diversity due to outgrowth of certain pathogenic 

Genetic variants

Environmental insults

CommonRare

Fig. 9.1 The interplay between host and environment in interstitial lung disease. Those with rare, 
highly penetrant genetic variants need little input from the environment to develop disease, com-
pared to those with more common abnormalities, where environmental triggers drive the disease 
phenotype. (Adapted from [5])
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bacteria, is implicated with disease progression of IPF [9, 10]. Moreover, studies 
have also found that baseline bacterial burden can predict the rate of disease pro-
gression and risk of death [9]. Interestingly, several studies have suggested that the 
distal fibrotic lung is a microbial ‘desert’ [14, 15]. This contrast between abundant 
dysbiotic microbiome in the conducting airways and aerated lung units on one hand, 
and absence of microbes in fibrotic lung on the other, is an intriguing finding which 
may provide clues into the pathogenesis of IPF and the location of the early 
fibrotic foci.

The first study to characterise the lung microbiome in patients with IPF was the 
Correlating Outcomes with Biochemical Markers to Estimate Time-Progression 
(COMET) study [10]. The authors found a significant association between the abun-
dance of specific microbial community members and disease progression even fol-
lowing adjustment for confounding factors. Specifically, an increased abundance of 
Streptococcus or Staphylococcus species was associated with a reduced progression- 
free survival time. However, the increased presence of these two bacteria was 
observed in less than half of the cohort, making it unlikely that these organisms 
alone can explain the disease pathogenesis. In a prospective study, Molyneaux and 
colleagues evaluated the microbial composition in BAL in patients with IPF, COPD 
and age-matched healthy controls [9]. Subjects with IPF were found to have an 
increased bacterial burden which was associated with disease progression (an asso-
ciation that has since been replicated) [14], as well as an increased expression of 
genes related to host defence. These patients also displayed significantly less diverse 
bacterial communities and were found to harbour a greater abundance of potentially 
pathogenic Haemophilus, Neisseria and Streptococcus species. In a separate cohort, 
the same authors found that the bacterial burden was also increased in AE-IPF sub-
jects compared to patients with stable disease [16]. Despite showing no evidence of 
infection in clinical cultures, patients experiencing AE-IPF exhibited distinct 
changes in microbial community composition, such as an increased relative abun-
dance of potentially pathogenic Stenotrophomonas and Campylobacter species, 
compared to stable disease. These organisms are potential respiratory pathogens, 
and the presence of Campylobacter, a bacterium usually confined to the gastrointes-
tinal tract, led the authors to hypothesise that micro-aspirations and increased bacte-
rial immigration to the lungs, may play a role in AE-IPF. Although this study offers 
an insight into the potential aetiology of AE-IPF, the patient cohort was relatively 
small, and there were only two paired samples from the same individuals when 
stable and experiencing an exacerbation. Therefore, future studies comparing sam-
ples from the same individual at baseline and during an acute exacerbation will be 
needed to allow for a more accurate insight into the biological changes underlying 
these events.

Collectively, these studies have established the presence of a lung microbiome in 
IPF and have highlighted specific alterations that occur compared to health. 
Nonetheless, these findings have not established the causal significance of the lung 
microbiome in IPF and fail to provide any insight into the functional mechanisms 
underlying the host-microbial interactions that may drive IPF pathogenesis and pro-
gression. Moreover, these studies fail to address whether the lung microbiota in IPF 
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are merely an indirect index of severity and therefore reflect an intrinsic, unmea-
sured feature of the disease.

Is the lung microbiome only an epiphenomenon in IPF, an innocent bystander to 
disease pathogenesis, or do altered respiratory microbiota directly participate in 
disease pathogenesis? This question was the rationale behind a recent study by 
Invernizzi and colleagues [11]. The authors quantified the severity and extent of 
fibrosis, including key features such as traction bronchiectasis and honeycombing. 
These radiographic findings were chosen given their known prognostic importance 
and because they provide objective insight into the anatomic distortion of IPF that 
may cause increased lung bacterial burden. Lung bacterial burden, while highly 
variable across patients, was unrelated to the radiographic severity of disease, 
whether considered collectively or in its specific features. Similarly, lung bacterial 
burden was uncorrelated with physiological severity of disease, as measured via 
forced vital capacity. In the same cohort, lung bacterial burden predicted clinical 
outcomes, defined as all-cause mortality or spirometric progression at 12 months 
even following multivariable adjustment for key potential confounders that repre-
sent radiographic and physiologic severity of disease. Collectively, these findings 
provide evidence that the lung microbiome’s prognostic significance is not merely 
an artefact of disease severity [11]. A study by Huang and colleagues [17] demon-
strated that a change in the activation status of innate immune pathways (NOD, 
Toll-like and RIG1) was associated with microbial abundance and diversity and was 
linked to fibroblast activation. Intriguingly, activation of the innate immune receptor 
TLR9 (which recognises unmethylated bacterial and viral DNA) in fibroblasts has 
been also linked to rapid IPF progression [18], lending further support to the notion 
that immunity-microbiome interactions may play a role in IPF development and 
progression in some patients.

In another study, O’Dwyer and colleagues [19] provided a link between micro-
bial alterations in the lung, disturbed alveolar inflammation and IPF progression. 
Specifically, they found that alveolar inflammation was perturbed in patients with 
IPF and that a reduction in bacterial diversity promoted proinflammatory and profi-
brotic signalling profiles in the airways of these patients. Using a germ-free (GF) 
mouse model of fibrosis, the authors set out to explore the role of bacteria in alveo-
lar inflammation and fibrinogenesis. Interestingly, they found that the absence of 
microbiota in GF mice was associated with altered humoral and cellular immunity 
and reduced mortality compared to conventional mice, despite exhibiting similar 
levels of fibrosis. This led the authors to suggest that IPF subjects not only die from 
progressive fibrosis but also from distinct inflammatory causes of acute-on-chronic 
respiratory failure, including respiratory infections and AE-IPF [19]. Overall, this 
study provided the first causal evidence that the microbiome is involved in the 
pathogenesis and mortality of fibrotic lung disease and that preclinical GF models 
are a useful tool to investigate potential mechanisms of host-microbiota interac-
tions. Another recent study [20] used the bleomycin model to demonstrate that the 
lung, as opposed to gut microbiome dysbiosis, was responsible for the progression 
of fibrosis. These authors suggested that a specific immune pathway (MyD88-to 
IL-17B) was being activated by dysbiotic microbiome, thus leading to fibrosis via 
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immune activation. Although these results need to be replicated, and there will 
probably be more than one immune pathway contributing to fibrosis, these studies 
nevertheless suggest that microbial dysbiosis may promote adverse outcomes in 
lung fibrosis by inducing an adverse immune activation profile.

However, the concise mechanism of the respiratory microbiome in the pathogen-
esis of IPF remains unclear, and there is a pressing need for functional and longitu-
dinal studies which will allow determination of more targeted treatments for lung 
diseases including IPF.  Additionally, the fibrotic lung microbiome has not been 
fully characterised, and future studies should also characterise organisms other than 
bacteria and viruses, including fungi.

 Hypersensitivity Pneumonitis

Hypersensitivity pneumonitis is an immune-mediated interstitial lung disease that 
develops in genetically susceptible individuals after repeated inhalation of organic 
antigens, including fungal, bacterial, animal and insect proteins [21]. HP can be 
classified into acute, subacute and chronic forms, depending on the inciting antigen, 
the intensity and duration of exposure and host factors [22]. Of these, it is chronic 
hypersensitivity pneumonitis (CHP) which carries the most significant morbidity 
and mortality. The chronic (or fibrotic) form of the disease arises following continu-
ous exposure to an inhaled antigen, which initially elicits inflammation and ulti-
mately evolves into irreversible and often progressive fibrotic lung disease [23]. 
There are no currently established international guidelines for the diagnosis of CHP, 
and it remains unclear why only a few exposed individuals develop the disease [24]. 
This diagnostic uncertainty is further confounded by the fact that, once advanced, 
the clinical features of CHP and IPF can be often indistinguishable [25]. Nonetheless, 
patients with CHP differ in prognosis, in the presence of an environmental antigen, 
and response to immunosuppression, suggesting distinct differences between these 
ILDs that remain to be elucidated.

Until recently no study had investigated the composition of microbial communi-
ties in the lower airways in CHP. This was the rationale behind a recently published 
study by Invernizzi and colleagues [12]. The authors compared the respiratory 
microbiome of healthy individuals with that of subjects with CHP and IPF. Here, the 
authors found that patients with CHP exhibited significantly lower lung bacterial 
burden compared to patients with IPF, although they still had greater lung bacterial 
burden compared with healthy subjects. Furthermore, the authors observed distinct 
differences in lung microbial composition between CHP and IPF. The lung micro-
biota of patients with IPF showed greater abundance of Firmicutes and lower abun-
dance of Proteobacteria compared with CHP. At the genus level, Staphylococcus, 
was more abundant in subjects with CHP compared with IPF. However, unlike IPF, 
the abundance of Staphylococcus was not associated with clinical outcomes in the 
CHP cohort. Overall, this paper supports the hypothesis that IPF pathogenesis is 
uniquely impacted by the microbiome and that the increased bacterial burden 
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reported in IPF does not simply reflect the extent of underlying tissue fibrosis. 
However, this study has a number of limitations that must be acknowledged. The 
sample cohort is limited in numbers, and there are substantial differences in the 
patient cohorts, including significant differences in age, sex and disease severity at 
baseline. Furthermore, the study design does not take into account for the longitudi-
nal changes occurring in the respiratory microbiome, and consequently key differ-
ences may be missed as a result. Nevertheless, this is the first study to explore the 
composition of the microbial communities in the lower airways in CHP and to show 
that, unlike in IPF, an increased bacterial burden in the respiratory tract of patients 
with CHP is not associated with mortality. A better understanding of this observa-
tion will necessitate further mechanistic and longitudinal work in order to further 
advance us toward more targeted treatments for these ILDs.

 Other Interstitial Lung Diseases

Although the majority of our knowledge to date, regarding the impact of the lung 
microbiome in fibrotic lung disease, pertains specifically to IPF, a number of studies 
have begun to characterise the lung microbiome in other ILDs other than 
IPF. Sarcoidosis is an ILD of unknown aetiology that may be influenced by lung 
microbiota composition [26]. The microbiota of the lower airways of subjects with 
sarcoidosis has been found to be characterised mainly of Prevotellaceae, 
Streptococcaceae and Acidaminococcaceae [27]. Furthermore, an increased abun-
dance of Atopobium and Fusobacterium has been found in sarcoidosis samples 
compared to healthy controls using 16S rRNA sequencing [28]. In a study by Clarke 
and colleagues [29], metagenomic sequencing revealed elevated levels of certain 
bacterial and fungal orders in single sarcoidosis sample types but did not detect 
enrichment of same orders across multiple sample types. In a separate study, the 
microbiome composition in bronchoalveolar lavage fluid of sarcoidosis patients 
was compared to that of individuals diagnosed with rheumatoid arthritis. The 
authors found similarities in the microbiota composition across the two cohorts and 
attributed the distal airway dysbiosis to a reduced presence of Actinomyces and 
Burkholderia [30].

Studies in subjects with systemic sclerosis, also known as scleroderma, have 
highlighted the importance of the gut microbiome. Scleroderma is an immune- 
mediated rheumatic diseases that is characterised by vasculopathy, fibrosis of the 
skin and internal organs, such as gastrointestinal tract and the lungs, and often pro-
gresses to ILD [31]. Dysbiotic intestinal microbiota has also been shown in patients 
with systemic sclerosis, in particular in those with extra-intestinal manifestations, 
including lung fibrosis and silicosis [32, 33]. Indeed, manipulation of the intestinal 
microbiota via early-life antibiotic administration was found to associate with dys-
regulated T-cell responses in the lung as well as altered expression of fibrosis-related 
genes [34].
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 Conclusions and Future Work

Although there are intriguing clues, from clinical and preclinical studies, of the 
potential role of the microbiome in the pathogenesis of interstitial lung disease, and 
more specifically IPF, there are still many gaps to be filled. The precise mechanism 
of microbial effects in IPF is all but unknown, and the clinical evidence, albeit com-
pelling, is not proof of a mechanistic connection. We believe that the role of the 
microbiome in IPF pathogenesis must be understood in the framework we described 
in our introduction: ‘genetically susceptible individuals who encounter the right 
environmental exposure.’ Microbial dysbiosis is therefore an environmental expo-
sure which will contribute to IPF in the right context and in susceptible individuals. 
Thus, the investigation of patient-microbiome interactions in IPF must encompass 
not only microbiome analysis but also investigation of the patient genetics and 
immune status. There is little doubt, in our mind, that IPF endotypes exist, and treat-
ments will eventually be tailored to specific patient multiomic phenotyping [35]. 
Our conceptual approach may explain the conflicting results of antibiotic treatment 
in IPF patients [36–40]: treatment of “all-comers” should never be envisioned as a 
viable path in IPF, because it is highly unlikely that all patients will experience the 
host-microbiome interactions that lead to IPF. Conceptually, IPF patients with the 
right genetic background (e.g. polymorphisms in host defence genes, such as 
TOLLIP or MUC5B), evidence of dysbiosis in addition to evidence of immune 
dysregulation, would be the most likely candidates to benefit from an antibiotic 
intervention. Further translational studies into the mechanisms of microbiome 
effects in ILD will contribute to a precision medicine approach in this devastating 
disease group.
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Chapter 10
Immune Suppression in Lung Disease: 
Lung Transplantation and HIV

John E. McGinniss, Eric Bernasconi, Homer L. Twigg III, and Alison Morris

 Introduction

Healthy respiratory function depends on the mutualism between the respiratory 
microbiota and human host through innate and adaptive immunity. Converging evi-
dence from observational studies in humans and mechanistic studies in preclinical 
models suggests that this balance is disturbed in lung transplantation and HIV infec-
tion. In transplantation, dysbiosis is driven by the advanced lung disease 
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necessitating transplantation, by the post-transplantation immunosuppression and 
antimicrobial exposure, and the development of alloimmune responses. In persons 
living with HIV (PLWH), advanced disease leads to a dysbiotic microbiome in the 
gastrointestinal (GI) tract and lung and increased susceptibility to both common and 
opportunistic infections. Even with effective antiretroviral therapy (ART) and pre-
served CD4+ counts, individuals have increased susceptibility to chronic obstruc-
tive pulmonary disease (COPD) which may be influenced by the microbiome.

 The Lung Microbiome in Lung Transplantation and HIV

Studies of the healthy lung microbiome propose a separation into “pneumotypes” 
based on whether the predominant taxa are similar to those found in the oral cavity 
or not [1–5]. The latter has typically been considered to represent background flora 
from reagent kits or the environment where current sequencing technology and 
analysis [6–8] cannot reliably distinguish signal from noise. In contrast, the former 
pneumotype has consistently been identified by multiple investigators and has been 
associated with signs of lower respiratory tract inflammation, including increases in 
bronchoalveolar lavage (BAL) lymphocytes and neutrophils, elevated levels of 
exhaled nitric oxide, and enhanced Th17 expression [3, 4, 9]. In particular, the pres-
ence of high relative abundance of Prevotella and Veillonella has been associated 
with inflammation and various chronic lung diseases [10–13]. Studies of the virome 
have been more limited. Most prior studies have used targeted sequencing 
approaches to detect known viral pathogens such as rhinoviruses, parainfluenza 
viruses, and metapneumoviruses [14]. A recent study using shotgun sequencing to 
examine the virome in smokers and nonsmokers found predominantly bacterio-
phages [15].

 Composition of the Post-Lung Transplantation Microbiome

In stable transplant patients, the most distinctive post-transplant community profiles 
appear to be primarily related to clinical features. An elegant study of lung trans-
plant patients with cystic fibrosis (CF) found rapid recolonization of the graft by 
Pseudomonas aeruginosa from the upper airway reservoir [16]. However, 
Pseudomonas, along with Acinetobacter, has been overrepresented in the trans-
planted lung compared to the native lung in individuals with interstitial disease 
receiving a single lung transplant [17]. Longitudinal studies are important in follow-
ing the progression of changes in the microbiota over time. One study demonstrated 
that the microbiota in the graft remain different for at least 1 year compared to the 
native lung in single-lung transplantation [17]. In a cohort of 12 individuals post- 
transplant followed over 3  years, a clear predominance of Proteobacteria was 
reported for all BAL samples regardless of clinical status [18].
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Immunosuppressive drugs and antibiotics after transplantation are expected to 
pressure microbial communities to diverge from the non-transplanted healthy host 
[19–26], but an impact of the immunosuppressive regimen itself has not been dem-
onstrated definitively [26, 27]. Antibiotic therapy does seem to impact the load, 
composition, and structure of bacterial communities [18, 19, 28, 29]. Clinically 
stable patients with physiologic inflammation and preserved respiratory function 
tend to have prevalent Streptococcus, Prevotella, and Veillonella; these dominant 
genera are accompanied by Neisseria, Actinomyces, Rothia, Granulicatella, and 
Gemella [10, 11, 28]. Of note, these genera frequently co-occur in unsupervised 
clustering based on composition. BAL samples from these individuals with inter-
mediate alpha diversity, richness, and bacterial biomass have been shown to have 
culturable bacteria [28, 30, 31]. This profile mirrors that with supraglottic predomi-
nant taxa (pneumotypeSPT) from the studies of Segal et al. in healthy cohorts [3, 4]. 
These studies suggest that the major impact on microbes is due to graft-specific or 
alloimmunity-related factors, rather than the general context of immunosuppression 
or descending recolonization from the upper respiratory tract reservoir.

In post-transplant complications such as infection or acute rejection, the bal-
anced pneumotype shifts to either (1) a profile with decreased alpha diversity, rich-
ness, and an increase in bacterial load with a predominance of typical opportunistic 
pathogens such as Staphylococcus and Pseudomonas or (2) a profile with a sharp 
decrease in bacterial load [28, 29]. In subsequent sections, we discuss specific rela-
tionships between post-transplantation complications and the respiratory bacterial 
microbiome.

Although the identification of microbiota profiles has proven useful in advancing 
our understanding of the clinical impact of host-microbe interactions after trans-
plantation, the vast majority of compositional analyses performed to date have been 
based on 16S rRNA sequencing which lacks information on species and strain 
diversity. Studies that extend this approach through the use of culturomics, whole- 
genome sequencing, and phenotyping will make it possible to explore this diversity, 
notably the striking in the genus Streptococcus, where several different species typi-
cally coexist [28, 30, 31]. Shotgun sequencing of whole communities offers unique 
insights into understanding the microbiota and their functional impact on both the 
environment and the host. Using this technique, the acquisition of antibiotic resis-
tance genes, especially those conferring multidrug resistance, was shown to corre-
late positively with bacterial diversity in BAL samples from pediatric cystic fibrosis 
transplant recipients [18].

Though less studied, fungi and viruses are present in the respiratory tract micro-
biome in lung transplant recipients. Studying fungi in the lung is comparatively 
harder than bacteria, and special care must be taken to analyze and interpret the 
results of internal transcribed spacer (ITS) sequencing [32]. In one study, Candida 
was most frequently identified in both the lower and upper respiratory tract, fol-
lowed by Aspergillus which was seen in higher amounts in the lung [33]. Additionally, 
Cryptococcus was identified in a subset of samples. Impact of the fungal communi-
ties in lung transplantation is not well-understood.
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Viral members of the microbiome may also be important. In the BAL of lung 
transplant recipients, the balanced pneumotype is associated with a moderate load 
of Anelloviridae, compared to the other three microbiota profiles associated with 
either low or high load [28]. This virus family, virtually ubiquitous in immunocom-
promised individuals, has potential to serve as a biomarker of host immune compe-
tence and is associated with the bacterial microbiota [34, 35]. In addition to the 
known virome, there is a significant amount of viral “dark matter” in the lung 
because of the limitations in viral databases that map reads from shotgun metage-
nomic studies. Despite these bioinformatic limitations, there have been advances in 
understanding novel viruses in the respiratory tract, and one such viral family of 
small, circular DNA virus was identified – named the Redondoviridae [36]. With 
time, there will certainly be a better understanding of the viral landscape and how 
these viruses interact with the host and other members of the microbiota in the lung. 
Overall, these observations of cross-kingdom associations highlight the need to 
consider the respiratory tract as an ecosystem, whose equilibrium is a prerequisite 
for preserved respiratory function.

 HIV Respiratory Tract Microbiome

Given the increased susceptibility to pulmonary infections and the alterations in 
host immunity, HIV might be expected to impact the lung microbiome [37]. 
Somewhat surprisingly, the lung microbiome in people living with HIV (PLWH) is 
similar to healthy lungs when HIV is recently acquired or the disease is well- 
controlled on antiretroviral therapy (ART). In the largest cohort study to date, the 
Lung HIV Microbiome Project (LHMP) found that, in PLWH, there was no differ-
ence in BAL composition in either treatment-naive or those on ART compared to 
HIV-negative individuals [38]58. The study also found that T. whipplei was increased 
in PLWH on ART but not in treatment-naive PLWH. An earlier study found that this 
organism was present in newly diagnosed HIV and decreased with initiation of 
ART. The significance of T. whipplei in the lungs is still incompletely understood, 
but it has also been detected in a non-human primate model of HIV [39].

Most studies of PLWH have focused on those with well-controlled or early 
HIV. It is possible that the microbiome would differ in more advanced HIV disease. 
A study of PLWH with advanced infection with a median baseline CD4+ count of 
280 cells/uL found significant dysbiosis with reductions over time in richness (the 
number of taxa per sample) and their relative evenness (lower alpha diversity) com-
pared to the HIV-negative group [40]. In addition, significant compositional differ-
ences as measured by UniFrac distances (further distances indicate less phylogenetic 
relatedness of the constituent bacteria) and altered taxa existed compared to HIV- 
negative controls. At baseline, there was an increase in Streptococcus and decrease 
in Flavobacterium, whereas after 1 year on ART, the BAL in PLWH had a notable 
increase in Prevotella and Veillonella.
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Similar to lung transplantation, the fungal and viral components of the respira-
tory tract have been relatively understudied by culture-independent methods in 
PLWH.  In a cohort study comparing PLWH and HIV-negative controls [41], the 
mycobiome in the lungs of PLWH showed increased fungal diversity and an enrich-
ment in Pneumocystis jirovecii. When comparing oral washes to BAL, there was 
differential enrichment of Ceriporia lacerata, Saccharomyces cerevisiae, and 
Penicillium brevicompactum. Studies on the commensal virome using unbiased 
studies have been quite limited in PLWH.  A study primarily analyzing the lung 
virome in transplantation used 3 individuals with HIV as controls and found that 
Anelloviridae were dominant [42]. Investigations using DNA and RNA preps of 
both blood and BAL found prevalent bacteriophage and evidence of actively repli-
cating DNA viruses (such as Herpesviridae and Parvoviridae) as well as RNA 
viruses from the Picornaviridae and Flaviviridae families [43]. Interestingly, anel-
loviruses were found in blood but not lung samples.

 Oral-Lung and Gut-Lung Axes

There has been emerging evidence that the oropharynx and gastrointestinal tract 
influence the lung microbiome. There are direct effects from anatomical contiguity 
of the oropharynx to the airways [2, 4, 44–46] and potentially gut-lung translocation 
of bacteria (mostly described in the context of critical illness [47] and severe immu-
nosuppression [48]). There may also be indirect effects through shaping the micro-
biome via alterations in the inflammatory milieu and host response in the lung [49]. 
Given the alterations in the oral and gut microbiota composition and function in 
transplantation and HIV, it is important to consider the lung microbiome not in iso-
lation but in conversation with other niches.

 Lung Transplant, Aspiration, and Gut Dysbiosis

The oral microbiome may influence the lung microbiome in transplantation. Given 
that prior research indicates the main source of lung microbial communities is the 
oropharynx, the implication of this study is that before and after transplant the lung 
will be continually exposed to dysbiotic oropharyngeal communities. For example, 
lung transplant patients have suboptimal oral health [50] and also have a high inci-
dence of gastric and oropharyngeal aspiration [51, 52]. An investigation of the oral 
microbiome before and after lung transplant found significant oropharyngeal dys-
biosis in individuals with end-stage lung disease before transplantation [53]. They 
had a reduced diversity and increased facultative bacteria relative to aerobic bacteria 
and absent obligate aerobes in comparison to healthy controls. After transplantation, 
there was a partial normalization, but a return to dysbiosis by 6 months when the 
oral communities returned to the severe dysbiosis was seen in end-stage respiratory 
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disease. Other studies show that a subset of individuals after transplantation has an 
oral-type lung microbiome – i.e., the “balanced pneumotype.” This relatively rich 
and diverse microbiota profile is seen in predominantly healthy subjects and stable 
transplant recipients.

In other solid organ transplants, the gut microbiome has been shown to be altered, 
but a clear understanding of the causal relations between the gut microbiome and 
transplantation outcomes is still in early stages [54, 55]. In the pediatric lung trans-
plantation population, a study examined the oral, gastric, and lung bacterial com-
munities in the context of gastric dysmotility [56]. Similar to the adult study above, 
they found marked decreases in alpha diversity in the oral and gastric niches. This 
effect was accentuated in patients with proven gastric dysmotility and proton- pump 
inhibitor and antibiotic exposures. In this study only 5 of 23 patients had enough 
DNA isolated from BAL so inferences about the gastric-lung and oral-lung axes 
were limited. Little work has been done on the lower GI tract in transplantation, but 
it is likely these microbes are altered in lung transplantation and may have systemic 
impact. Understanding the role of the oral-lung and gut-lung axes may open up an 
avenue of microbiome therapeutics in prevention or adjuncts to treatment of lung 
transplant complications [57].

 The Relation Between the Oral and Gastrointestinal Tract 
with the Lung in HIV

In PLWH, there is evidence of a dysbiotic oral and gastrointestinal tract microbiome 
[58]. Key findings from multiple studies show that gut diversity is lower than healthy 
controls and that diversity correlates with peripheral CD4+ cell count. On a taxo-
nomic level, there tends to be an enrichment of Proteobacteria and a higher ratio of 
Prevotella to Bacteroides. This altered gut microbial composition also drives sys-
temic inflammation and even progression of HIV-related disease [58–61]. These 
studies show that in HIV with low CD4+ counts, the gut mucosal barrier becomes 
more permeable, and bacteria and/or bacterial components such as lipopolysaccha-
ride (LPS) are able to translocate and drive inflammation that could impact lung 
function.

The oral microbiome also appears to be altered in HIV, perhaps more than the 
lung. A multi-center study found that there were differences in the oral microbiome 
with increased Streptococcus and Actinomyces in treatment naive PLWH, more 
Rothia in PLWH on ART, and Atopobium in both groups of PWLH compared to 
HIV negative [38]. Oral communities also seem to affect inflammation and lung 
function in PLWH [62]. Interestingly, no association was seen between the gut 
microbiome and lung function, or oral microbiome and lung function in persons 
without HIV infection. In this study, oral taxa correlated with systemic inflamma-
tory markers TNF-alpha, MIP-1a, and endothelin-1; further, these systemic 
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inflammatory markers negatively correlated with the diffusing capacity for carbon 
monoxide (DLCO).

These data suggest both that the oropharyngeal microbiome is dysbiotic in 
PLWH and can therefore serve as a direct source to the lung and also that the oral 
microbiome sets systemic immune tone which can influence lung function. 
Therefore, in PLWH the oropharynx seems to have both direct and indirect effects 
on the host-microbiome relationship in the lung.

 Mucosal Defenses

 Tolerance, Immunity, and the Microbiome After 
Lung Transplantation

In immunocompetent individuals, the balance between host and microbes is based 
on the compartmentalization of the respiratory microbiota from the upper respira-
tory tract down to alveoli [63]. Along the respiratory tract, there are lymphoid tissue 
structures where complementary cellular and humoral responses are orchestrated. 
In particular, the production of type A and M immunoglobulins (Ig) plays an impor-
tant role in conducting airways, while alveolar macrophages are involved in the 
respiratory zone (Fig.  10.1a). Depending on the compartment, the production of 
saliva, mucus, or surfactant-containing antimicrobial peptides complements these 
defenses. The transplanted lung also contains distinct phenotypic subsets of imma-
ture myeloid cells, with a predominance of immunosuppressive cells in the proxi-
mal airways, as opposed to a higher abundance of pro-inflammatory cells in the 
distal airways [64] (Fig. 10.1a). This study combined microbiome analysis of differ-
ent fractions of BAL with flow cytometry to delineate the myeloid cells. They found 
the relative abundance of bacterial phyla associated with the two cell subsets was 
different.

A key triad in host immunity involved in the cross-talk with the microbiota for 
the maintenance of immune tolerance consists of innate lymphocytes (mainly 
gamma-delta (γδ) T cells, type 3 innate lymphoid cells (ILC3s), RORγt+ T-helper 
17 (Th17), and Foxp3+ regulatory T cells (Treg), all of which are necessary for the 
production of lymphoid tissue such as bronchial associated lymphoid tissue (BALT) 
and IgA) [65] (Fig. 10.1b). γδ T cells and ILC3s, which infiltrate lung allografts and 
are important for maintaining tolerance in experimental models, are potent produc-
ers of interleukin-22 (IL-22), a necessary component for B-cell recruitment and 
BALT induction [66]. In parallel, IL-22 induces the production of antimicrobial 
peptides and mucins contributing to epithelial integrity, and IL-22-deficient mice 
have altered colonic microbiota, which induces colitis when transferred to wild-type 
mice [67]. Although an impact of IL-22 on the microbiota in the transplanted lung 
has not yet been revealed, the potential of this factor in the respiratory tract has been 
demonstrated in the mouse where Candida albicans airway exposure induced IL-22 
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release by innate lymphocytes which were protected against Pseudomonas 
aeruginosa- induced lung injury [68].

There is also a close link between the respiratory microbiota and Th21 cells and 
their cytokines IL-21A, IL-21F, IL-21, and IL-26. The microbiota profile enriched 
in supraglottic taxa is associated with increased levels of several cytokines relevant 
for Th21 cell differentiation (e.g., IL-1β and IL-6) and chemotaxis (fractalkine) [4]. 
These associations suggest that some of these bacteria play a role in the respiratory 
tract similar to that of segmented filamentous bacteria (SFB) in the gut [69] and 
contribute to the maintenance of a tonic level of immune monitoring (Fig. 10.1b). In 
turn, Th21 cells protect the surfaces of the respiratory mucosa against infection by 
bacteria and fungi [70]. However, activation of Th21 and Th17 cells under pro- 
inflammatory conditions such as those associated with dysbiosis triggers a vicious 
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cycle of neutrophil recruitment and autoimmune responses [71–73], with adverse 
consequences related to tissue damage, which ultimately breaks tolerance and 
increases the risk of chronic lung allograft dysfunction (CLAD) [74]. CLAD is a 
clinical syndrome of the chronic and progressive loss of allograft function after the 
first post-transplantation year and is the main driver of late morbidity and mortality 
[75, 76]. In support of this theory, a positive correlation was found between IL-21 
levels in BAL and neutrophil counts on transbronchial biopsies during acute rejec-
tion, a significant risk factor for CLAD [77].

Similarly, CD4+ Foxp3+ regulatory T cells (Treg) lie at the interface between the 
microbiota and immune tolerance (Fig. 10.1b). Treg are primary cellular mediators 
of immune tolerance, and, accordingly, their abundance in the periphery is lower in 
CLAD versus stable recipients [72, 73]. Treg functions are altered by the main 
immunosuppressive drugs used in the context of lung transplantation, with an inhib-
itory effect by calcineurin inhibitors [74] and stimulation by corticosteroids [77]. 
No studies to date have demonstrated a direct impact of airway microbes on the 
expansion and differentiation of Treg, but there are converging indications that this 
may be the case. Prevotella histicola, a native commensal of mucosal surfaces, 
including in the mouth, nasopharynx, and gastrointestinal tract, induces the genera-
tion of Treg in the gut after enteral administration [78]. This bacterial species is 
taxonomically close to Prevotella melaninogenica, an important colonizer of the 
respiratory mucosa, most frequently present in a lung bacterial community associ-
ated with an anti-inflammatory profile after lung transplantation [28]. A remote 
effect of the microbiota was also observed in a mouse model of orthotopic lung 
transplantation, with the demonstration that the intestinal microbiota in the recipient 
plays a key role in controlling rejection [79]. Here, intestinal dysbiosis drastically 
altered the pulmonary and systemic levels of Treg, thereby increasing acute and 
chronic rejection [79]. A reverse impact of Treg on the microbiota has also been 
observed in the mouse gut, where Treg transfer by itself changes the composition of 
the microbiota and increases its diversity [80].

The formation of lymphoid tissue such as bronchus-associated lymphoid tissue 
(BALT) is an important node of convergence of innate lymphocytes, Th17 and Treg 
[66]. These cells stimulate production of polyreactive IgA that binds with low affin-
ity to numerous microbial antigens, promoting microbiota diversification and muco-
sal homeostasis [66, 80–82] (Fig.  10.1b). Accordingly, in a mouse model of 
retransplantation, the early formation of Treg-rich BALT after lung transplantation 
promotes long-term allograft tolerance [83]. In contrast, treatment of recipients with 
an anti-CD25 antibody that depletes Treg abrogates tolerance [83].

Although the evidence presented above linking immune monitoring, microbiota, 
and immune tolerance is based on associations demonstrated by observational stud-
ies or on data obtained from animal models that do not include the immunosuppres-
sion used in the context of human lung transplantation, it supports a link between 
balanced airway microbiota, with preserved diversity, and a clinically stable post- 
transplant state [28] (Fig. 10.1c). This association favorable to long-term graft sur-
vival differs from two other conditions linked to distinct types of dysbiosis and 
post-transplant complications related to infection and rejection [28]. As studies in 
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the transplanted lung have failed so far to show a direct link between the level of 
immunosuppressants administered and respiratory microbiota features, it appears 
that the net immunocompetence level of transplant recipients should be considered, 
which varies according to multiple parameters including immunosuppression and 
current alloimmunity status. In this respect, the monitoring of anellovirus levels in 
the peripheral blood or lung, where it is aligned with the bacterial microbiota profile 
and gene expression pattern of BAL cells, provides a useful tool for determining net 
host immunocompetence [28].

Overall, the respiratory tract microbiome is an essential factor in setting the 
immune setpoint in the lung through multipronged interactions after lung transplan-
tation. Further work needs to be done elucidating how these networks are operating 
in parallel, what are some of the feedback loops involved, what are the key elements 
of the microbiome that regulate immune responses, the evolution over time, and 
finally how the interactions promote alloimmunity or tolerance.

 HIV and Epithelial Function, T-Cell Exhaustion, 
and Trained Immunity

While persons undergoing lung transplantation and PLWH are both considered 
immunosuppressed, there are significant differences between them. Lung transplan-
tation disrupts physical barriers, results in repeated stimulation by pathogen- 
associated molecular patterns (PAMPs) and tissue damage-associated molecular 
patterns (DAMPs) that activate innate immunity and lead to anti-donor alloimmu-
nity, and leads to disrupted adaptive immunity [75, 84]. In addition, a multi-drug 
immunosuppressive regimen is necessary for induction and maintenance of immune 
tolerance of the allograft [85]. In contrast, HIV is primarily a viral-induced deple-
tion of helper T cells and a consequent state of non-specific immune activation, 
detailed below [86].

The lung is a known reservoir for HIV infection, and direct HIV infection of 
bronchial epithelial cells alters the critical functions of the airway epithelium [87–
89]. The HIV trans-activator of transcription (Tat) protein suppresses cystic fibrosis 
transmembrane receptor (CFTR) transcription via transforming growth factor 
(TGF)-beta signaling [89]. CFTR is dysregulated in other lung diseases such as 
COPD and may play a role in shaping the lung microbiome in HIV [90]. Bacterial 
sphingomyelinase, which is produced by Staphylococcus among other bacteria, 
inhibits the CFTR [91]. A study of untargeted metabolomics of exhaled breath con-
densate both before and after pulmonary exacerbations in CF found multiple metab-
olites of microbial origin [92]. Therefore, there appear to be two hits to CFTR 
function in PLWH through an altered microbiome and direct HIV infection which 
could be a pathogenic mechanism underlying impaired mucus physiology in the 
airways of PLWH. COPD pathogenesis in PLWH is discussed in further detail below.
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Another core function of epithelial cells (specifically the type II cell) is the pro-
duction of surfactants, and there is emerging data suggesting that surfactant physiol-
ogy is altered in HIV infection [37, 93]. These are lipid-protein complexes that, 
aside from their critical role in maintaining alveolar architecture, modulate the 
response to infection [94]. In addition, their lipid/protein complex structure allows 
them to act as a sink to prevent LPS or viruses from interacting with the epithelium 
and invoking an inflammatory response. They also have innate antimicrobial prop-
erties. Surfactants promote microbial aggregation and opsonization which improves 
immune clearance of potential pathogens in the lower respiratory tract. After lung 
injury, they help to promote tissue recovery by modulating apoptosis, efferocytosis, 
and promotion of regeneration.

Airway microbiota have bidirectional relationships with surfactant protein secre-
tion. Surfactant protein D (SP-D) promotes resistance to HIV infection [95, 96]. In 
a murine model of influenza infection, nasal pre-challenge with Bifidobacterium 
longum increased both SP-D and interferon-gamma which had a protective effect 
from subsequent influenza infection [97]. In the gut, SP-D that is produced in the 
gallbladder and secreted into the gut lumen influenced the composition of the com-
mensal microbiota [98]. Therefore, HIV leads to lung epithelial dysfunction through 
direct infection and may alter CFTR and surfactant biology, and there is evidence 
that microbes may influence this dynamic.

There has been a comprehensive recent review of the mucosal immunology of 
the HIV respiratory tract and the intersection with the microbiome [37]. Macrophage 
and natural killer (NK) cell function appear to be dysregulated by HIV. Direct infec-
tion of dendritic cells (DC) leads to chronic T-cell activation and T-cell exhaustion. 
Chronic antigenic stimulation and activation of T cells leads to exhaustion in which 
cells are less able to respond to an infectious insult [99]. These cells have upregu-
lated PD-1 and CTLA-4 receptors on the cell surface. In the lungs of PLWH with 
chronic, advanced disease, there is a lymphocytic alveolitis with low CD4/CD8 
ratios. In addition, there tends to be an altered cytokine profile skewing toward a 
Th2-predominant response. In B-cells, chronic HIV leads to chronic activation and 
non-specific hypergammaglobulinemia. More recently, the intersection of innate 
and adaptive immunity has been of interest as it has become clear that these two 
arms of the immune system are not so neatly divided. The γδ-T-cells and ILC3s 
described above function as intermediaries between the two canonical arms of the 
immune system.

Microbes may also influence trained immunity, whereby a microbial response 
induces functional and lasting innate immune memory, generally on the scale of 
months to years, that facilitates clearance of future pathogens and enhances 
responses to sterile insults [100]. Figure 10.2 summarizes the putative ways airway 
dysbiosis might influence trained immunity. In many ways, trained immunity is the 
opposite of tolerance. Whereby tolerance is the process of dampening the innate 
immune response to repeated antigenic exposure, which is central to allograft toler-
ance after transplantation, trained immunity is an enhanced and more efficient 
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innate immune response to a future challenge of the same or a heterologous 
pathogen- associated molecular pattern (PAMP). An example of trained immunity is 
from a murine preclinical model of adenovirus lung infection where the infection 
induced memory in alveolar macrophage. This memory function was dependent on 
IFN-gamma signaling from T-cells [101]. Subsequently, these mucosal memory 
alveolar macrophages conferred increased protection against bacterial pathogens 
such as Streptococcus pneumoniae. In HIV, trained immunity is seen in the resis-
tance to acquiring HIV infection based in part on vaginal microbiome composition 
that alters mucosal defenses [102]. In this setting, dysbiotic states (which interest-
ingly in the vaginal microbiome are higher diversity communities) are pro- 
inflammatory, recruit inflammatory cells including CD4+ cells, and increase risk of 
HIV acquisition. By contrast, communities dominated by the commensal 
Lactobacillus offer protection against HIV acquisition across the vaginal mucosa. 
Mechanistic work has pointed to lactic acid produced by lactobacilli as decreasing 
the production of pro-inflammatory cytokines interleukin-6 (IL-6), IL-8, tumor 
necrosis factor-alpha (TNFa), chemokine ligand 5 (CCL5 or RANTES), and 
macrophage- inflammatory protein 3a (MIP3a) from vaginal epithelial cells in 
response to TLR-agonists [103, 104]. Finally, there has been interest in harnessing 
trained immunity through vaccines to prevent HIV acquisition. A study of simian- 
human immunodeficiency virus (SHIV) challenge in macaques found that low 
ratios of Bacteroides/Prevotella and low Firmicutes led to high rectal CD4+ cells in 
the mucosa and greater susceptibility to infection [105].
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Fig. 10.2 Microbiome and trained immunity. Trained immunity is an augmented innate immune 
response to a subsequent exposure to a pathogen or a broad immune protection to a range of poten-
tial pathogens after an initial insult, leading to resolution of infection (black line) [100]. Microbial 
dysbiosis may disrupt this enhanced protection (red dotted line) through a number of mechanisms. 
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The above discussion highlights the complex impact of HIV and lung transplan-
tation on the interactions between the host and the microbiome. Despite the com-
plexity of understanding host-microbiome interactions at the mucosal interface in 
immunosuppressed states, dissecting these relationships and their underlying mech-
anisms is a promising frontier to understanding complications that arise from lung 
transplantation and HIV. Next, we explore how the intersection of immunity and 
metabolism helps to shed light on these relationships.

 Immunometabolism

There has been increased interest in understanding how host-microbe interactions 
help set basal immune tone, maintain epithelial barrier integrity, and also contribute 
to disease when disruptions in the balance occur. Metabolism sits squarely at these 
interfaces. Microbes elaborate metabolites such as short chain fatty acids, second-
ary bile acids, and nicotinic acid that influence both immune and epithelial function 
[106]. Therefore, studying the metabolome holds promise to understand microbial 
metabolites that influence immune function and changes in host metabolism that 
may precede disease and to identify predictive and prognostic biomarkers as well as 
putative therapeutic targets [107]. Figure 10.3 outlines the uses of metabolomics in 
understanding host-microbiome relationships in the context of lung health and 
disease.

 Lung Metabolome After Transplantation

The metabolome of the lung after transplantation may be influenced by the micro-
biome as well as by post-operative antibiotics and immunomodulators. In a study of 
six adults with interstitial lung disease who received a single lung transplant, BAL 
collected from the allograft and native lung was analyzed by liquid chromatography- 
high- resolution mass spectrometry [17]. Profiling of 16S rRNA and cytokine levels 
were determined in parallel. There were higher levels of the host-derived metabolite 
acetylated proline-glycine-proline (Ac-PGP) in the allograft compared to the native 
lung. This tripeptide is derived from collagen after multiple proteolysis steps, 
including the action of metalloproteinases (MMP)-8 and MMP-9, and acts as a 
strong neutrophil chemoattractant [108]. Correspondingly, the transplanted lung 
had higher bacterial biomass and higher relative abundance of the genera 
Pseudomonas and Acinetobacter [17], classical opportunistic bacteria whose prolif-
eration is associated with pulmonary neutrophilia, MMP activation, and impaired 
immune tolerance [10, 29, 109]. In addition, the allograft contained lower levels of 
sphingosine, a lipid capable of killing many bacterial species, including P. aerugi-
nosa, Staphylococcus aureus, and Acinetobacter baumannii [110], further strength-
ening the links between the respiratory microbiota and metabolome.
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 HIV Lung Metabolome

Metabolomics has similarly been used to functionally profile the lung in 
PLWH. There has been an interest in understanding why PLWH have an increased 
susceptibility to lung disease such as pneumonia, tuberculosis (TB), and COPD 
despite effective ART and low viral loads [111]. Cribbs et  al. investigated 
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untargeted metabolomics in BAL from asymptomatic PLWH (n  = 24) on ART 
with a median CD4+ count of 432 cell/uL and healthy controls (n = 24) [112]. 
They found that the metabolomic signature could effectively discriminate between 
individuals based on their respective HIV status suggesting that despite relatively 
normal CD4 counts, there are functional metabolic differences at baseline. 
Interestingly, many of the metabolites identified by a unique m/z mass-to-charge 
ratio did not map back to a known metabolite raising the prospect that they were 
microbially derived or perhaps novel metabolic pathways. One such metabolite 
increased in PLWH was a pseudomonal siderophore named pyochelin, a com-
pound that chelates iron.

A follow-up study analyzed the associations between CD4+ count, the lung 
microbiome by 16S rRNA sequencing, and the lung metabolome between PLHW 
and healthy volunteers [113]. Although the bacterial microbiome did not differ by 
HIV status, the metabolic profiles of the lungs distinguished PLWH from controls 
and were associated with particular bacteria. The metabolome correlated with the 
peripheral CD4 count, and four metabolites were enriched in the PLWH group – 
cystine, a tyrosine derivative, and two complex carbohydrates. Cystine is particu-
larly notable as it is the oxidized form of cysteine, and the lung after HIV is thought 
to be in an altered redox state. When the relationship between the lung microbiome 
and metabolome was analyzed, there were three bacterial families 
(Staphylococcaceae, Caulobacteraceae, and Nocardioidaceae) and one genus 
(Streptococcus) highly correlated with the metabolome. Lineolate, glycerophospho-
lipid, and fatty acid metabolism were the metabolic pathways most highly corre-
lated with the microbiome. This study suggests complex and relevant relationships 
between the microbial composition of the lung in HIV and the metabolic environ-
ment, but additional studies are needed to understand the implications of these 
findings.

The metabolome in HIV may also be altered during lung bacterial infection and 
tuberculosis. The specific disease associations are detailed in the next section. In the 
setting of PLWH with pneumonia in a Ugandan cohort, distinct lung microbial com-
munities are associated with local immune response and metabolomic signature in 
the circulation [114]. A separate study examining PLWH and tuberculosis found a 
relationship between Prevotella, short chain fatty acid (SCFA), and risk of tubercu-
losis [115].

Taken together, the body of work in lung transplantation and HIV show the close 
links between microbial communities, host physiology, and metabolism in the 
respiratory microenvironment. These interactions have important consequences for 
immune tolerance, long-term transplant outcomes, and lung disease following HIV 
despite adequate ART and involve cellular and humoral factors of host immunity. 
Specific examples of the dysregulated host-microbe interface are discussed in detail 
in the following section.
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 Microbiota-Mediated Diseases: PGD, CLAD, Lung Infection, 
and Emphysema

 Primary Graft Dysfunction (PGD)

PGD occurs within 72 hours after transplantation and results in severe lung injury. 
It is the leading early cause of death post-transplant and a predictor of late compli-
cations [116]. Independent studies have shown that an early increase in the load of 
alphatorquevirus (anellovirus family) through the first week after transplantation is 
associated with a lower risk of developing severe PGD [34, 117]. This finding sug-
gests that immune activation or tissue damage related to PGD influences the micro-
biota, notably restricting viral replication. Bacterial communities have not been 
examined in these studies, but correlations between anellovirus and bacterial com-
munities are known in the respiratory tract post-transplant, with abnormally low or 
high viral loads correlating with bacterial dysbiosis [28, 42] (Fig. 10.1c). The first 
months after transplantation represent the period most at risk for the development 
of infection. Infectious episodes, generally limited in time, are often due to an 
established member of the microbiota, for which the decrease in immune surveil-
lance opens the door to proliferation and acquisition of virulence factors. From a 
pulmonary ecology point of view, the disturbance due to infection is typically 
accompanied by additional perturbations from the prescription of antibiotics [118]. 
However, the pulmonary microbiota show a high resilience capacity during this 
period [28]. An examination of oropharyngeal lavage samples obtained 6 weeks, 
3  months, and 6  months after transplantation, or before transplantation, showed 
partial normalization of the microbiota during the first 3 months post-transplant, but 
the subsequent appearance of severe dysbiosis is similar to that of patients before 
transplantation [53].

 CLAD

CLAD is defined as a sustained 20% or more decrease in FEV1 or FVC. It has an 
obstructive form known as bronchiolitis obliterans syndrome (BOS) and a restric-
tive form known as the restrictive allograft syndrome (RAS). CLAD has complex 
and incompletely understood pathogenesis that has a final common pathway of air-
way fibroproliferation in BOS and peripheral and pleural fibrosis in RAS. The only 
treatment shown to slow the progression of disease has been azithromycin [119], 
and multiple clinically recognized potential pathogens such as cytomegalovirus 
[120], community-associated respiratory viruses [121], Pseudomonas [122–124], 
and potentially Aspergillus [125, 126] increase the risk of CLAD.  In addition, a 
body of work suggests those with chronic aspiration are at high risk of acute rejec-
tion and CLAD [127, 128].Therefore, the respiratory tract microbiome and its rela-
tion to CLAD has been an area of active investigation.
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Longitudinal analyses may shed light on the relationship of the microbiome to 
CLAD. The use of MetaLonDA, a bioinformatics tool dedicated to longitudinal dif-
ferential analysis [129], provided interesting lessons on the follow-up of 12 lung 
transplant recipients over 3  years, with 5 patients developing CLAD during the 
study period [18]. While bacterial diversity was comparable between the CLAD and 
stable groups in aggregate, consideration of post-transplant time revealed divergent 
patterns. The stable group had an increase in diversity between the time of trans-
plantation and the end of the study period, and, in contrast, bacterial diversity was 
significantly reduced in the CLAD group starting from 10 months post-transplant. 
Of note, this time point preceded the histopathological diagnosis of CLAD in 4 out 
of 5 patients, suggesting that bacterial diversity may serve as a predictive variable 
for CLAD development.

Other studies have sought to determine relationships between CLAD and the bac-
terial microbiome though significant differences in study design and methodology 
preclude any clear relationship between specific taxa or microbiome diversity met-
rics and CLAD. In CF, the presence of Pseudomonas spp. post-transplant was protec-
tive against bronchiolitis obliterans syndrome (BOS), the main cause of CLAD, 
particularly if the patient had Pseudomonas identified by culture pre- transplant [12]. 
In contrast, enrichment with Streptococcus and Veillonella and decreased diversity 
over time within an individual was associated with increased BOS incidence. These 
associations did not hold for non-CF patients. Adding further complexity, both time- 
and location specificity matter in changes in the microbiome associated with 
CLAD. One analysis found Actinobacteria dominance at 3 months post-transplant 
was associated with reduced rates of BOS, less inflammation in BAL, and lower rates 
of acute cellular rejection [130]. However, this association did not hold for later time 
points. In an examination of topographical features of the post-transplant lung micro-
biome [64], there were different associations between BOS and the microbiome that 
were dependent on the localization along the airway. The most recent study, which 
was prospective and rigorously done, analyzed BAL from 134 subjects 1 year after 
transplantation and analyzed predictors of subsequent composite outcome of death 
or CLAD that develops within 500 days after sampling [131]. They found that bacte-
rial biomass was positively correlated with the composite outcome, even when con-
trolling for demographic and clinical factors including immunosuppression.

Taken together, these observations suggest that after an initial period of a few 
months associated with a preserved state outside of episodes of acute disturbance, 
the microbiota of the transplanted lung tend toward dysbiosis preceding the histo-
pathological diagnosis of CLAD.  It is tempting to think that microbial dysbiosis 
contributes to the chronic inflammation, the consequent aberrant tissue remodeling, 
and fibrosis typical in CLAD [75]; however, it is difficult to disentangle cause and 
effect. Presumably, this is a feed-forward loop between an increasingly dysbiotic 
microbiota and reciprocal amplification of inflammation and tissue remodeling; the 
latter then pressures the evolution of microbiota composition. More experimental 
and translational research with a longitudinal and interventional design is needed to 
explore the causal links between immunosuppression, immune surveillance, alloim-
munity, airway microbiota dysbiosis, and CLAD.
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 Pneumonia and TB

Dysbiosis of the respiratory tract may result from or lead to acute pulmonary infec-
tions. A Ugandan cohort of PLWH (median CD4+ of 71 cells/uL) and pneumonia 
(n  =  182) had BAL 16S rRNA, BAL immune responses using qPCR on RNA 
extracts, and the serum metabolome examined [114]. The bacterial microbiome had 
three main clusters each with a different predicted metagenomic function using 
imputed metagenomic analysis (PICRUSt), and these clusters were associated with 
clinical outcomes. The cluster characterized by Pseudomonadaceae had the highest 
prevalence of positive mycobacterial cultures, the lowest 70-day mortality at 13% 
(though this mortality was not statistically different than the other 2 groups); the 
Streptococcaceae cluster had a 16% mortality; and Prevotellaceae had the most 
Aspergillus culture positivity and had the highest mortality at 22%. The 
Pseudomonadaceae cluster was associated with high T-cell immunoglobulin and 
mucin domain (TIM)-3 expression. This cluster was associated with the highest 
peripheral levels of tryptophan, arachidonic acid, and secondary bile acid metabo-
lites. The Streptococcaceae group had low TIM-3 and elevated protein-arginine 
deiminase type-4 (PADI4) and IL-10. The Prevotellaceae cluster had an induction 
of IFN-alpha and Th2 responses; however, they had lower serum inflammatory 
metabolites, but higher valine and leucine metabolites, purine products. Overall, 
this study showed that lung microbiome composition was linked to a unique serum 
metabolomic signature, and these correlated with clinical outcomes in pneumonia.

The metabolic products of the lung microbiome may also influence susceptibility 
to tuberculosis. It has been known that lung lymphocytes from HIV-infected indi-
viduals on ART release less IFN-gamma when challenged with TB antigen [132]. 
Additionally, the gut microbiome produces short chain fatty acids (SCFAs) through 
anaerobic fermentation, and SCFAs drive CD4+ cells toward an anti-inflammatory 
Treg phenotype [133]. This anti-inflammatory phenotype is beneficial in maintain-
ing mucosal homeostasis, but might compromise the ability to control TB. Therefore, 
Segal et al. sought to clarify this axis in a cohort of South African patients with HIV 
on ART who were at risk of TB disease [115]. They found that PLWH had higher 
levels of serum SCFAs compared to healthy controls. They also found that lower 
IFN-gamma, IL-17A, and higher butyrate and propionate (both SCFAs) in the 
serum at a baseline predicted development of TB disease. In the lung, the relative 
abundance of Prevotella was correlated with higher SCFA levels. The higher SCFA 
levels were positively correlated with TB antigen-induced Tregs and negatively cor-
related with IFN-gamma and IL-17a. These findings suggest that Prevotella-induced 
SCFA production leads to a hypo-inflammatory response and decreased ability to 
immunologically control TB in the lung.

 COPD and HIV

There have been numerous studies linking the composition of the microbiome to 
COPD in the HIV-uninfected population [134]. In early COPD and in smokers with 
mild disease, there is very little, if any difference, in the lung microbiome 
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composition compared to health [1, 135, 136]; however, there has been a link 
between oral taxa (such as Veillonella and Prevotella) and increased BAL lympho-
cytosis and neutrophilia. There is abnormal composition in more advanced disease 
and exacerbations with Proteobacteria dominance, most notably Haemophilus that 
correlated with neutrophilia and Moraxella that correlated with interferon signaling 
[137]. The sputum microbiome composition during an acute exacerbation with low 
alpha diversity and higher abundance of Staphylococcus predicted higher 1-year 
mortality [138].

Even in the era of effective ART, the risk of COPD appears to be elevated com-
pared to HIV-negative comparison groups, even after controlling for tobacco smok-
ing [139]. A low DLCO is the most characteristic finding in PLWH and associated 
with an emphysema phenotype, airway obstruction, and pulmonary vascular dis-
ease, suggesting that the decrease in DLCO in HIV may be multifactorial [140–
143]. The epidemiological findings suggest a unique phenotype of COPD in PLWH, 
and changes in the microbiome have been postulated to play a role in COPD in this 
population. In addition, accelerated aging, altered innate defenses, high systemic 
inflammation, abnormal alveolar macrophage function, altered redox state, and 
skewed protease/antiprotease ratios may all contribute to lung disease in this popu-
lation and may impact the microbiome [37, 93, 144].

Despite the hypothesized impact of the microbiome on HIV-related COPD, rela-
tively few differences have been detected using bacterial 16S rRNA sequencing in 
lung samples. One small, uncontrolled study of bronchial brushes in PLWH (n = 21) 
found only subtle differences in the bacterial microbiome between those with COPD 
by spirometry or radiographic criteria [145]. The authors did note that Firmicutes 
presence and low diversity tended to influence the bronchial cell transcriptome with 
a negative relationship with cilia-related genes and positive with immune response 
genes. A follow-up study by the same group included a control group and again 
used bronchial brushes to compare PLWH (n = 28) to HIV-negative controls (n = 48) 
[146]. While the study found differences in the microbiome alpha- and beta- 
diversity, as well as taxonomic composition between HIV+ and HIV- groups, it did 
not identify differences in diversity or composition based on COPD status both 
within and between groups. The detection of T. whipplei in the lung in HIV was 
postulated to play a role in HIV-associated COPD as it was detected more com-
monly in smokers [147]. T. whipplei has not been independently associated with 
lung function or with inflammation, making it unlikely that this bacteria plays a 
significant role in COPD [145, 146]. Additional studies with larger sample size and 
analyses of bacterial function and not just taxa may yet detect differences in the 
bacterial microbiome between COPD+ and COPD- groups in PLWH.

The oral and gut microbiota may also contribute to COPD in HIV. A study com-
paring saliva in PLWH and HIV-negative individuals found that the composition of 
the oral microbiome differed by both HIV status and smoking [62]. Alpha diversity 
was reduced in PLWH who were smokers. PLWH who had impaired DLCO had 
decreased alpha diversity and increases in relative abundance of Veillonella, 
Streptococcus, and Lactobacillus. This study did not find a relationship between gut 
microbiome and lung function in HIV.  In other studies, low diversity of the gut 
microbiome in PLWH was linked to low CD4+ counts, high monocyte activation, 
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impaired gut mucosal integrity [148], and high IL-6 [61]. In the study of Vujkovic- 
Cvijin et al., the dysbiotic gut microbiota dysregulated the kynurenine pathway of 
tryptophan metabolism and higher systemic IL-6. This finding suggests a potential 
link of the metabolic function of the gut microbiome with COPD in HIV as higher 
peripheral IL-6 levels are associated with lower FEV1, FVC, and diffusion [149].

Fungi in the respiratory tract may also play a role in COPD in PLWH. In one 
study, 37% of patients with advanced COPD (GOLD stage IV) had evidence of 
Pneumocystis colonization [150], and in an autopsy study, 46% of PLWH had evi-
dence of colonization in lung tissue [151]. In a non-human primate model of SIV 
infection, colonization with Pneumocystis jirovecii led to increased inflammation, 
bronchus-associated lymphoid tissue (BALT) formation, and subsequent emphy-
sema [152]. An analysis using culture-independent ITS and 18S amplicon sequenc-
ing of BAL again noted an overrepresentation of Pneumocystis in the BAL of PLWH 
and COPD [41]. However, despite consistent findings across species, time, and 
methodologies showing the presence of Pneumocystis in the lungs of individuals 
with HIV/SIV infection and COPD, an interventional study that treated SHIV- 
infected monkeys with Pneumocystis colonization with trimethoprim- 
sulfamethoxazole did not prevent progressive obstructive disease [153]. This lack of 
effect may result from the time-sensitivity of fungal colonization, with early expo-
sure leading to irreversible pathobiological changes that do not respond to later 
treatment.

A major limitation of studies in HIV and COPD is the focus on Western 
Populations [154]. Worldwide, the epidemiology of COPD has a notable influence 
from non-smoking causes  – namely biomass fuel smoke [155] and tuberculosis 
[156]. Biomass fuel smoke disproportionately affects women and children exposed 
to cooking without ventilation in enclosed spaces. PM2.5 exposure impairs lung 
host defenses, increases risk of pneumonia, and exacerbates chronic lung disease 
[157]. One study in China found interrelation between PM2.5 exposure, the airway 
microbiome, and lung function [158]. Other causes include pesticides which lead to 
an increased incidence of fixed airway obstruction among the world’s farming pop-
ulation [159]. These observations and early studies suggest a complex interaction 
between the place one resides, socioeconomic status, and the resultant environmen-
tal exposures that influence the microbiome and subsequently lung function.

 Inflammation and Aging

Many pulmonary complications in individuals with lung transplants or with HIV are 
associated with chronic inflammation and resemble diseases observed in a normal 
aging population. This section will focus on the role the microbiome may have in 
normal lung aging and diseases associated with aging.

One common thread frequently found in normal aging as well as in age- associated 
chronic diseases is low-level inflammation [160], an observation which has been 
extended into the lung compartment [161, 162]. This inflammation has been 
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associated with development and/or accelerated progression of age-related chronic 
diseases [163–165]. Sources of low-level inflammation in aging remain poorly 
understood but are likely to include an altered interplay between the aging immune 
system and environmental microorganisms over the lifespan. This interaction can 
result through interface of lung cells with microbes through PAMPs resulting in 
release of innate inflammatory mediators [166]. Alternatively, repeated stimulation 
of cellular immune responses can result in an “immunosenescent” state, character-
ized by an accumulation of highly differentiated effector lymphocytes which spon-
taneously secrete inflammatory mediators, especially IL-1, IL-6, and TNF-α 
[167–170]. Many chronic diseases have been associated with an increased fre-
quency of terminally differentiated lymphocytes, including chronic lung disease 
[171], cancer [169], and autoimmune diseases such as rheumatoid arthritis [172]. 
Lower airway microbes can also have significant effects on the lung metabolic pro-
file, shifting it toward a more inflammatory state [4, 113, 173]. Thus, the lung 
microbiome has significant potential to define the lower respiratory tract inflamma-
tory milieu.

There are many studies linking lung microbiome dysbiosis to lung diseases, 
many of which are found in an aging population. For example, advanced emphy-
sema has been linked to increased Proteobacteria in lung tissue [174]. Two separate 
studies found increased Veillonella in the lungs of patients with lung cancer [175, 
176]. In contrast, there are virtually no studies that directly address whether normal 
aging results in changes in the lung microbiome. The only study to date found 
increased Firmicutes and decreased Proteobacteria in sputum from an older Asian 
population compared to younger subjects and that this change was associated with 
increased peripheral arterial stiffness [177]. Studies on the changes in the lung 
microbiome with age are desperately needed.

Viruses, by their ability to establish latency, are thought to be the most likely 
cause of persistent antigenic stimulation [178, 179]. During the lifespan, older 
adults acquire numerous persistent infections that have the potential to repeatedly 
stimulate both innate and adaptive immunity and perpetrate inflammation. In addi-
tion to a lifetime of accumulating viral infections, the viral burden could be higher 
in older individuals due to a waning immunity with aging, creating a greater oppor-
tunity for latent viruses to reactivate.

Studies examining the virome in the normal lung are sparse, and the area is cur-
rently under intense investigation. The Twigg research group has recently com-
pleted a detailed virome analysis in PLWH and a control population (manuscript 
submitted). Using unbiased deep (average 60 million reads) shotgun sequencing on 
both host DNA and RNA from bronchoalveolar lavage cells, the study identified 
numerous viruses in the lower tract of healthy individuals. In addition to the bacte-
riophages and annelloviruses, multiple human endogenous retroviruses and various 
herpesviruses (especially HHV-4 and HHV-6) were found in 20–40% of healthy 
individuals. Herpesviruses were also detected in RNA preparations, implying low 
level replication was taking place since herpesviruses are DNA viruses.

The finding of herpesviruses in the lower respiratory tract has significant impli-
cations for the development of chronic lung disease. Numerous reports have linked 
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herpesviruses to chronic diseases of aging, including dementia [180, 181]. Both 
HHV-4 and HHV6 have been linked to pulmonary fibrosis, a common disease in the 
aging population [182]. Besides the known relationship of HHV-8 with Kaposi’s 
sarcoma [183], there are associations of HHV-6 with other lung cancers [184]. Even 
progression of chronic emphysema has been linked to multiple viruses independent 
of their ability to induce acute exacerbations [185]. These observations lead to spec-
ulation of whether we should be more aggressive in eliminating chronic viral infec-
tions, especially those associated with latency.

In summary, there is ample evidence that the lower respiratory microbiome (both 
bacteria and viruses) can influence the inflammatory milieu, either positively or 
negatively. Likewise, there is similar data to support the paradigm that most of the 
lung diseases seen with aging are associated with chronic inflammation. Whether 
there is a direct relationship between the lung microbial milieu and chronic lung 
disease warrants further intensive research, including whether the ability to alter the 
pulmonary microbial environmental can ameliorate the mortality and morbidity of 
lung disease seen in the aging population.

 Conclusion

In this chapter, we highlighted the complex relationships between the host and 
microbiome that exist in the immunocompromised states of HIV infection and lung 
transplantation. While there are emerging links between microbial diversity and 
composition, immune responses, and clinical outcomes, more work is needed to 
determine directionality and causality. Finally, although lung transplantation and 
HIV infection are both immunocompromised states, attention to the specifics of the 
immune deficits and the impact of concomitant treatments and exposures is needed 
to better understand the role of the microbiome in disease development and oppor-
tunities for new therapeutic directions.
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Chapter 11
The Microbiome in Acute Lung Injury 
and ARDS

Georgios D. Kitsios, Christopher Franz, and Bryan J. McVerry

 Acute Lung Injury and the Clinical Syndrome of ARDS

Originally described by Ashbaugh and colleagues in 1967 [1], the acute respiratory 
distress syndrome (ARDS) remains a serious threat to patients and a management 
challenge for critical care practitioners to this day. Defined as the acute onset of 
profound hypoxemia in the context of a predisposing insult and associated with 
bilateral opacities on radiographic imaging according to the Berlin definition [2], 
ARDS affects up to 10% of patients admitted to an intensive care unit (ICU), with a 
mortality of ~35% and long-term consequences in survivors [3]. In 2020, healthcare 
systems across the globe witnessed an unprecedented – in volume and time concen-
tration – presentation of patients with ARDS due to pneumonia caused by the novel 
pathogen severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [4]. 
Conservative estimates for the incidence of ARDS in the USA during 2020 due to 
the new coronavirus disease (COVID-19) predict that at least 600,000 patients were 
hospitalized with ARDS [5], more than tripling the annual incidence of ~190,000 
patients with ARDS prior to 2020 [3, 6].
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ARDS can develop as an inflammatory lung injury following insults directly 
impacting the lung epithelium, such as pneumonia, aspiration, and inhalational 
injury, or in response to systemic insults (indirect lung injury), such as sepsis, severe 
trauma, pancreatitis, and massive transfusion, among others [2, 3, 7]. The central 
pathogenetic feature of ARDS is disruption of the epithelial-endothelial interface 
and subsequent alveolar filling with permeability edema [8]. The corresponding 
histopathological features of acute lung injury (ALI) involve interstitial and alveolar 
edema with hyaline membrane deposition (diffuse alveolar damage – DAD), as well 
as alveolar hemorrhage, influx of neutrophils, fibrin deposition, alveolar collapse, 
and formation of microthrombi. Notably, only about half of patients clinically diag-
nosed with ARDS have been found to have DAD on post-mortem examinations [9], 
and the inter-provider reliability of ARDS diagnosis has been limited [10]. 
Therefore, ARDS is a clinically and biologically heterogeneous syndrome, encom-
passing a wide range of etiologies, severity of illness, and pathophysiologic 
mechanisms.

To date, treatment has mainly focused on supportive care while attempting to 
reverse the predisposing condition. Indeed, only the application of a lung protec-
tive ventilation strategy [11] and early prone positioning in severe cases have been 
demonstrated to improve mortality [12]. More recently, insights into biological 
endotypes of ARDS have been obtained, with the discovery of two distinct sub-
groups (so-called hyper- vs. hypo-inflammatory subphenotypes) that behave dif-
ferently with respect to outcomes and responses to therapeutic interventions 
[13–17]. While the features defining these subphenotypes are well-characterized, 
the pathophysiological mechanisms underlying their distinction remain poorly 
understood. Recent evidence suggests that lung microbial communities may con-
tribute to variability in host-responses and clinical outcomes in mechanically ven-
tilated patients with acute respiratory failure [18, 19]. In this chapter, we explore 
the pathophysiological role of the lung and gut microbiome in the broader context 
of ALI/ARDS with an eye toward potential therapeutic interventions to improve 
outcomes.

 The Microbiome Hypothesis in ARDS

The human microbiome in critical illness has been proposed as the “forgotten organ 
in multi-organ failure” [20]. Conceptualized as an internal organ, a disrupted micro-
biome can harm the critically ill host, similar to other “organ failures” in the ICU: 
damage that can be caused by both the “organ” function being lost as well as the 
aberrant physiology replacing the lost function [21].

Microbial Epidemiology Even before the dedicated study of microbiota with 
molecular, culture-independent techniques, accumulating epidemiologic observa-
tions have provided supportive evidence for the presence of microbial dysbiosis in 
patients with ARDS. First, the most common cause of ARDS is infectious pneumo-
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nia, with extra-pulmonary sepsis and aspiration of orogastric secretions comprising 
the top three etiologies [3]. Consequently, in up to 75% of ARDS cases, microbes 
are directly implicated in the injurious lung insult. Acute viral pneumonias leading 
to ARDS, such as influenza and more recently SARS-CoV-2, disrupt the homeosta-
sis of respiratory epithelia and innate immune mechanisms, leading to frequent bac-
terial or fungal co-infections at the time of ARDS presentation [22, 23]. Regardless 
of the nature of the initial insult (infectious or not), up to one-third of patients with 
established ARDS may develop ventilator-associated pneumonia (VAP) further 
complicating their hospital course [24].

Beyond the injured lungs, the oropharynx of critically ill patients with ARDS has 
been long shown to be colonized with pathogenic gram-negative rods involved in 
the development of VAP [25]. De-colonization interventions with antiseptics and 
antibiotics against oropharyngeal and/or gastrointestinal microbes have consistently 
shown benefit for VAP prevention in clinical trials [26]. Furthermore, nearly all 
patients with ARDS receive either microbiology-guided or empiric broad-spectrum 
antibiotics in the ICU [27], which explains, at least in part, the considerable risk for 
Clostridium difficile infection in mechanically ventilated patients [28]. As a proto-
typical example of a disrupted microbial community, Clostridium difficile colitis 
predisposes to subsequent systemic infections, given that immediately following 
hospital discharge for an episode of Clostridium difficile colitis, patients are at 70% 
increased risk for re-hospitalization with sepsis [29].

Taken together, the aforementioned epidemiologic observations have provided 
the basis for proposing a plausible microbiome hypothesis in ARDS pathogenesis 
[30]. In order to systematically analyze the potential role of microbiota in ARDS, 
we first need to consider the current ecological theories for the formation of the 
human microbiome, and especially the models that explain how lung and gut micro-
bial communities are shaped in critically ill patients receiving invasive mechanical 
ventilation.

Ecological Models for the Lung Microbiome of Critical Illness The most widely 
cited and accepted ecological theory for the formation of the lung microbiome in 
health is the adapted model of island biogeography [31–34]. According to this 
model, the high microbial biomass upper respiratory tract (URT) is considered the 
primary source of microbes for the lower respiratory tract (LRT). The LRT is con-
ceptualized as a microbial island whose members are influenced by the competing 
rates of microbial immigration from the URT “mainland” (through inhalation, 
micro-aspiration, or mucosal dispersion) and elimination from the LRT “island” 
(through mucociliary clearance, cough, and host defense) [31–35]. The net balance 
of these two opposing forces shapes a highly diverse, but low biomass, lung micro-
biome in health. The lung microbiome may also be impacted by regional environ-
mental conditions that dictate the reproductive rates of microbes, including nutrient 
availability, host innate immunity, and oxygen availability. Importantly, such condi-
tions in the healthy, well-aerated lungs are not conducive to bacterial proliferation, 
explaining the low microbial biomass in the healthy lung [32].
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Applying the adapted model of island biogeography for the respiratory tract 
ecology of a critically ill, mechanically ventilated patient with ARDS, it becomes 
apparent that both pathophysiological mechanisms of disease as well as critical care 
interventions may profoundly impact the microbial community (Fig. 11.1) [20, 21]. 
First, patients are exposed to higher rates of microbial immigration along the intu-
bated respiratory tract (Fig.  11.1a). Although the cuffed endotracheal tube is 
designed to protect the LRT from large volume macro-aspiration, constant micro-
aspiration around the tube is inevitable [36], often involving either oropharyngeal 
colonizers or gastric bacteria, which can proliferate due to prophylactic acid sup-
pression [36, 37]. Another potential source for immigrating bacteria into the lungs 
is through translocation from the gut, arriving in the lungs via the systemic or the 
lymphatic circulation (Fig. 11.1b), a biologically plausible phenomenon that has 
nonetheless been difficult to study and prove in vivo [38, 39].

On the other hand, microbial elimination from the intubated respiratory tract is 
overall diminished (Fig. 11.1c). Contributing factors include cough suppression due 
to encephalopathy and sedative medications, impaired secretion clearance through 
the endotracheal tube, routine head of the bed elevation leading to gravitational 

a c

d

b

Fig. 11.1 The ecological model for the formation of the lung microbiome in patients with acute 
lung injury on mechanical ventilation. According to the adapted model of island biogeography, the 
high biomass upper respiratory tract (URT) is conceptualized as a microbial “mainland” that rep-
resents the main source of microbiota for the lower respiratory tract (LRT- microbial “island”). (a) 
Increased immigration of microbes from the URT to the LRT tract occurs due to micro-aspiration 
of microbes pooling around the endotracheal tube or from proliferating microbes from the stom-
ach. (b) Translocation of intestinal microbiota may occur via the venous or lymphatic circulation. 
(c) Decreased microbial elimination can occur due to cough suppression, impaired mucociliary 
clearance, and altered host immunity. (d) Altered environmental growth conditions in the LRT due 
to alveolar edema rich in nutrients, abnormal oxygen/temperature gradients, etc
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disadvantage for airway clearance, and altered host immunity for microbial killing. 
The net balance of increased immigration and diminished elimination leads to an 
absolute increase of microbial load in the lungs of patients with ARDS.

The environmental growth conditions of the alveolar space are also drastically 
altered in ARDS (Fig. 11.1d), whereby the normally aerated and nutrient-poor alve-
olar sacs of healthy lungs are depleted of bactericidal surfactant [40, 41] and flooded 
with protein-rich edema and cellular debris, which represent microbial nutrients. 
The hallmark heterogeneous distribution of parenchymal injury in ARDS creates 
regions of aerated lungs exposed to supra-physiologic concentrations of oxygen (up 
to 100%) vs. completely consolidated, unaerated pockets allowing anaerobic bacte-
rial growth. Similar differences in humidity and temperature gradients can generate 
selective growth conditions for pre-existing low abundance bacteria or for newly 
immigrating microbes. The nearly ubiquitous exposure of patients with ARDS to 
systemic, broad-spectrum antibiotics [27] may lead to global reduction of sensitive 
bacteria in the lungs, with potential resistant bacteria or fungal overgrowth leading 
to secondary VAP development [42, 43].

Ecological Models for the Gut Microbiome of Critical Illness As with lung 
microbiota, the formation of gut microbial communities can be considered as the 
composite result of the forces of immigration, elimination, and regional growth in 
the gastro-intestinal tract [20]. However, in contrast to the low biomass lung micro-
biome in health, the healthy gastro-intestinal tract is abundant with commensal 
microbes, accounting for the majority of the estimated 39 trillion bacteria in the 
human body [44]. The large biomass of intestinal bacteria (~0.2 kg in an average 
size human) exerts key biological functions for the host, including nutrient and hor-
mone metabolism, modulation of immune responses, maintenance of mucosal bar-
rier homeostasis, and protection against invading pathogens [21, 45]. Therefore, gut 
microbiome disruption in critical illness needs to consider not only changes in abso-
lute biomass but also changes in community architecture and associated host meta-
bolic functions. Specifically for patients with ARDS, we consider the following 
mechanisms that can impact gut microbiota:

 (a) Systemic hypoxemia and hypoperfusion can impair intestinal mucosal barrier 
and immunity function.

 (b) Widespread use of antibiotics can indiscriminately ablate indigenous microbi-
ota and allow proliferation and expansion of resistant pathobionts.

 (c) Delayed or lack of enteral feeding can deplete commensal microbes from lumi-
nal nutrients.

 (d) Sedation or illness-related ileus can lead to regional bacterial overgrowth 
[20, 21].

The end-result of an altered, pathogen-enriched gut microbiome has been pro-
posed as a driver of critical illness [46, 47], leading to systemic pathogen invasion 
(microbial translocation) and mediating distal end-organ damage by release of 
inflammatory mediators (gut-lymph hypothesis) [38, 46].

Apart from the ecological models that predict the formation of the lung and gut 
microbial communities, we also need to consider the pathogenetic causal models that 
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would explain the involvement of microbiota in ARDS. Such causal modeling is nec-
essary in order to propose testable hypotheses and design appropriate studies. From a 
broader perspective, inclusion of the microbiome in ARDS causal models will allow 
us to expand from the traditional model predicting unidirectional development of 
ARDS following exposure to a direct or indirect injurious risk factor (Fig. 11.2 left 
panel). We thus need to take into account the potential interactions between expo-
sures, microbiota (lung or gut), and the injured lungs of ARDS (Fig. 11.2 right panel) 
[30]. Defining the directionality of these host-microbiome interactions will help then 
clarify the role of microbiota. First, we consider an exposure that directly alters the 
lung microbiome (e.g., viral or bacterial pneumonia), which in turn leads to lung 
inflammation and injury (Fig. 11.2, arrow a). Conversely, established lung injury by 
microbiota-unrelated factors (e.g., inhalational injury or trauma) can alter the respira-
tory ecosystem, thereby influencing the lung microbiome composition (Fig.  11.2, 
arrow b). In such a scenario, the perturbed lung microbiome would be a consequence 
of lung injury, i.e., a non-causal epiphenomenon. In perhaps a more plausible and 
complex scenario, following the establishment of lung dysbiosis and injury, these two 
factors can influence and perpetuate each other in a positive feedback loop (Fig. 11.2, 
arrow c). Such bidirectional host-microbiome interactions may explain the persistent 

a b c

Fig. 11.2 Traditional causal model (left) and expanded causal models (right) for the potential role 
of microbiota in acute lung injury (ALI). The traditional model considers a unidirectional develop-
ment of ALI following exposure to a risk factor (direct or indirect). The expanded model considers 
the impact of risk factors both on microbiota and the injured lungs, and the potential interactions 
between them (model adapted from [30]). Although this expanded model was proposed for lung 
microbiota, it can also be applied for the role of gut microbiota in ARDS
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lung injury observed in many patients with ARDS even when the initial trigger has 
resolved. To comprehensively address these three core hypotheses, complementary 
study designs are needed, including longitudinal human studies to examine temporal 
evolution of communities with appropriate modeling of exposures and confounders, 
as well as carefully conducted animal model experiments [48].

 Sampling Lung and Gut Microbiota in ARDS

Microbiota sampling strategies have been extensively reviewed in Chap. 1. However, 
some special practical considerations for sampling lung and gut microbiota from 
critically ill patients are necessary, given the associated procedural risks and sample 
availability issues.

Lung Microbiota Sampling Bronchoscopic (invasive) sampling is the reference 
standard methodology for microbiologic work-up in defining the specific etiology 
of a microbial pneumonia causing ARDS or when concerned for a VAP [24, 42]. By 
obtaining distal bronchial and alveolar space lavage fluid, bronchoscopic alveolar 
lavage (BAL) can capture up to 5% of the total alveolar surface [34] and bypasses 
potentially contaminating URT secretions when performed through the endotra-
cheal tube. Bronchoscopic protective specimen brushes may offer even more details 
for airway resident microbiota, yet they are not routinely utilized in the care of 
patients with ARDS. Given the ability to capture large areas of the bronchial tree 
and alveolar space, BAL samples are generally considered as the reference stan-
dards for lung microbiome studies. Nonetheless, bronchoscopic sampling in the 
critically ill hypoxemic patient with ARDS is not without risks. The transient break 
of the closed ventilatory circuit for the insertion of the bronchoscope and the partial 
obstruction of the endotracheal tube cross-sectional area can lead to alveolar de- 
recruitment and drop in minute ventilation, further compromising gas exchange 
[49]. The instillation of sterile saline, even if in small amounts (<200  ml), can 
worsen regional lung edema and hypoxemia in patients with marginal oxygenation. 
Furthermore, concerns for procedural aerosolization and healthcare personnel expo-
sure to infectious agents (especially SARS-CoV-2) have limited the wide use of 
BAL sampling for clinical care and research [50]. For these reasons, non-invasive 
sampling options for the LRT microbiome have been gaining popularity due their 
wider availability, favorable safety profile, and low cost. Non-bronchoscopic BAL 
(“mini” or “blind” BAL), performed with a telescoping catheter advanced blindly to 
a distal bronchus without direct visualization, and the even less invasive endotra-
cheal aspirate (ETA) conducted with simple suctioning of distal tracheal secretions 
with an in-line catheter available for routine mucus clearance [48] have shown simi-
lar outcomes for VAP diagnosis and antimicrobial therapy guidance compared to 
bronchoscopic sampling in clinical trials [51]. Such non-invasive samples are cur-
rently the recommended first-line approach for clinical microbiologic studies in 
mechanically ventilated patients [52, 53]. Limited comparative data from microbi-
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ome studies are available, but similar metagenomic sequencing profiles were 
obtained in a study of mini-BAL vs. ETA sampling in mechanically ventilated 
patients with bacterial pneumonia [54].

ARDS is characterized by a hallmark spatial heterogeneity in the prototypical 
patient ventilated in a supine position. With a gravitational (ventrodorsal) gradient 
of lung injury and deaeration, the corresponding radiographic heterogeneity is 
reflected by dorsal atelectasis, mid-zone ground glass opacities and airspace con-
solidations, and then spared parenchyma in non-dependent, ventral position (“baby 
lung”) [55]. Although invasive sampling techniques with bronchoscopy can be 
empirically directed toward radiographically abnormal areas to theoretically maxi-
mize yield of diagnostic sampling for conventional microbiologic testing, there is 
paucity of data for any differences in lung microbiota between different areas of 
heterogeneous lung injury in ARDS.  Data from healthy subjects suggest limited 
regional heterogeneity of microbiota in the normal lung [33]. In contrast, spatial 
heterogeneity of lung microbiota has been shown in chronic lung disease, including 
chronic obstructive pulmonary disease [56] or cystic fibrosis, in which phylogenetic 
and phenotypic differences of colonizing pathogens have been demonstrated 
between mildly and severely diseased lung regions [57]. In idiopathic pulmonary 
fibrosis (IPF), a progressive lung disease characterized by an apicobasal gradient of 
injury and fibrosis, no significant differences in microbiome profiles were found in 
a study of lung explants that examined apical and basal parenchymal tissue speci-
mens [58]. Nonetheless, higher microbial load was found in airway tissue vs. paren-
chymal tissue samples, highlighting the possibility of an airway resident microbiome 
in a chronic lung disease with advanced anatomical destruction of the airspaces by 
honeycombing [58–60]. Whether sampling more proximal airways via ETA sam-
ples vs. consolidated or collapsed airspaces of dorsal lung regions in ARDS would 
offer different representations of the lung microbiome in ARDS remains to be 
defined.

Gut Microbiota Sampling For most epidemiological studies of the gut microbi-
ome, stool samples have been utilized rather than invasive endoscopic biopsies for 
mucosal associated microbiota. Stool samples are noninvasive, inexpensive, and 
readily available and are widely considered to represent the distal gastrointestinal 
tract microbiota. However, obtaining stool samples from critically ill patients is not 
straightforward. Early in the ICU course, stool samples are often not available, 
either due to constipation or ileus [4] or due to delays in provision of enteral nutri-
tion [5]. Furthermore, standard decontamination practices [6] often result in stool 
disposal before samples are collected, thus making stool-based studies impractical. 
Rectal swabs have been proposed as a minimally invasive alternative method of 
stool sampling, as they can be performed on-demand and are routinely used to 
screen for colonization with vancomycin-resistant Enterococcus in clinical practice. 
Despite the potential practical advantages, caution is needed when rectal swabs are 
used for gut microbiota profiling in the ICU. Rectal swabs may offer discordant 
representations of gut microbiota compared to stool samples in terms of diversity 
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and composition, especially when performed early in the course of critical illness 
[61] or when swabs are not visibly soiled by stool [62].

 Respiratory Tract Microbiota in Patients with ARDS

A growing body of literature has examined respiratory microbiota in critically ill 
patients with or at-risk for ARDS.  In most studies, secondary analyses of pre- 
existing ICU cohorts were conducted, and given the practical limitations of obtain-
ing repeated LRT samples in patients with ARDS, mostly noninvasive cross-sectional 
samples have been utilized. In our review of the best available evidence, we con-
sider studies enrolling critically ill subjects receiving invasive mechanical ventila-
tion, with established ARDS or at risk for its development due to the temporal 
presence of lung injury risk factors. Our review is not exhaustive for all available 
studies in the field, which have been summarized elsewhere [20, 21]. Rather, we 
analyze important study design aspects of the highest impact articles to date and 
provide a graphical summary of study findings across the URT and LRT (Fig. 11.3). 
Importantly, the lung microbiota profiles provided from each study must be inter-
preted in the context of the available knowledge about the healthy lung microbiome, 
which has been characterized by the following four main features:

 1. Low biomass: BAL fluid from healthy subjects analyzed by 16S rRNA gene 
quantitative polymerase chain reaction (qPCR) has much lower bacterial burden 
(estimated bacterial density ~ 102–3 bacteria/ml of BAL fluid) [63–67] compared 
to oral wash fluid (density estimates ~105–6 bacteria/ml of oral wash) [63, 64, 67].

 2. High alpha diversity: Communities from healthy subjects are generally charac-
terized by higher alpha diversity indices compared to diseased states [68].

 3. Oral similarity: LRT communities exhibit compositional similarity to corre-
sponding oral (and not nasal) communities in adults [64, 67–70].

 4. Limited regional heterogeneity: Bronchoscopic sampling of multiple lung sites 
has shown greater between- than within-subjects differences, i.e., a given indi-
vidual’s right middle lobe community more closely resembles the same indi-
vidual’s left upper lobe than another individual’s right middle lobe [33]. 
Therefore, a single sample from each patient is considered to be representative 
of his or her lung microbiome.

 Studies Exclusively in Patients with ARDS or Examining ARDS 
as an Outcome

In the largest cohort with longitudinal sampling prior the development of ARDS, 
Panzer et al. enrolled 74 mechanically ventilated patients with blunt trauma and col-
lected paired baseline (0 hr) and follow-up (48 hrs) ETA and blood samples in an 
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Fig. 11.3 Visual summary of findings from human studies in acute lung injury for the microbial 
community of profiles of the upper and lower respiratory tract. The upper panel depicts the upper 
airway and the lower panel the lower respiratory tract (LRT) and the alveolar-capillary interface. 
The left side of the panel depicts homeostatic conditions in health, whereas the right side of the 
panel depicts the pathophysiologic derangements of acute lung injury (ALI) resulting in the clini-
cal manifestation of acute respiratory distress syndrome (ARDS). Important human (host) cells are 
highlighted. Bacterial cells are shown in sizes out of proportion relative to the human cells to allow 
visualization. (a) The upper respiratory tract (URT) comprises a high biomass, high diversity com-
munity of commensal microbiota (mainly Prevotella and Veillonella species) [68]. (b) The LRT 
comprises a low biomass, high diversity community of oral-origin bacteria (e.g., Prevotella and 
Veillonella species) [68, 70, 71]. (c) In mechanically ventilated patients with ARDS, up to 45% of 
patients have displacement of the typical oral-microbiota and altered composition of communities 
with enrichment for typical respiratory pathogens (e.g., Staphylococcus or Pseudomonas taxa) 
[18]. (d) By endotracheal aspirate (ETA) sampling of LRT secretions, low alpha diversity com-
munities have been associated with worse clinical outcomes [18, 72]. (e) High relative abundance 
of pathogenic taxa (e.g., Staphylococcus or Pseudomonas) strongly correlates with corresponding 
pathogenic species identification by microbiologic cultures [73–75]. A pathogen-enriched cluster 
in ETA samples has been independently associated with hyperinflammatory host-responses and 
worse clinical outcome [18]. (f) High bacterial burden by 16S rRNA gene quantitative PCR in 
bronchoscopic alveolar lavage samples has been independently associated with worse clinical out-
come [19, 75]. (g) Patients with ARDS are often enriched with gut-origin bacteria 
(Enterobacteriaceae and Bacteroides taxa) [19, 76, 77]
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effort to understand the role of lung microbiota in the development of ARDS fol-
lowing severe trauma [76]. They also examined for potential effect modification by 
smoking exposure (quantified via plasma cotinine levels) on the association between 
lung microbiota and indirect lung injury from severe trauma. ARDS development 
was significantly associated with relative enrichment of ETA communities for 
Enterobacteriaceae, a gut-origin taxon, as well as two taxa of oral origin (Prevotella 
and Fusobacterium Operational Taxonomic Units – OTUs) at 48 hrs based on 16S 
rRNA gene sequencing, both of which were enriched in smokers at baseline. 
Notably, baseline microbiota were not predictive of ARDS development. Instead, 
the evolution of communities by 48 hrs was significantly associated with ARDS, 
providing temporal evidence for a potential causal role for community enrichment 
with putative pathogens preceding lung injury. In further support of the role of lung 
microbiota, both baseline and 48 hr. taxonomic composition were associated with 
plasma biomarkers of epithelial (vascular endothelial growth factor, receptor for 
advanced glycation end-products) and endothelial (intercellular adhesion molecule-
 1, angiopoeitin-2) injury and inflammation (interleukin [IL]-6, IL-8 and pentraxin-
 3), which carry independent prognostic information in ARDS [15, 78].

In a secondary analysis of BAL samples from patients with ARDS enrolled in a 
previous clinical trial, Dickson et al. showed that lung communities were enriched 
with an uncultured, anaerobic member of the Bacteroides genus [77] in 33% of 
BAL samples from patients with ARDS, as opposed to only 3% of healthy subjects, 
confirming that the organism is not a normal community member of the healthy 
lung microbiome. The lung enrichment with gut-specific bacteria was not signifi-
cantly associated with the predisposing factor for ARDS or severity of illness but 
correlated significantly with systemic inflammation measured by serum tumor 
necrosis factor alpha (TNF-α) concentration. These findings underline the plausibil-
ity of a gut-lung translocation mechanism in critically ill patients that may explain 
the appearance of gut origin bacteria in the alveolar space.

Kyo et al. performed a case-control study of 40 patients with ARDS compared to 
seven mechanically ventilated controls, by profiling BAL microbiota with 16S 
sequencing and measuring plasma and BAL inflammatory cytokines [75]. A quarter 
of ARDS patients were diagnosed with bacterial pneumonia, with cultured patho-
gens corresponding to dominant taxa by sequencing. However, bacterial pneumonia 
diagnosis was not associated with higher culture-independent bacterial load in BAL 
samples by 16S qPCR, whereas ARDS patients appeared to have higher bacterial 
load compared to controls. Among ARDS non-survivors (n = 16), higher plasma 
IL-6 levels correlated with higher bacterial load by qPCR, as well as higher relative 
abundance for Staphylococcus, Streptococcus, and Enterobacteriaceae taxa.

Schmitt et al. conducted a case-control study of 15 patients with ARDS from 
indirect lung injury (major abdominal surgery for sepsis) compared to 15 mechani-
cally ventilated controls post esophageal surgery [79]. With 16S sequencing of BAL 
samples, ARDS patients had significantly lower alpha diversity compared to con-
trols (lower richness, higher dominance), and this low alpha diversity at baseline 
predicted worse clinical outcomes, including length of ICU stay and duration of 
mechanical ventilation. Patients with ARDS had distinct taxonomic composition 
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from controls, with decrease in typical oral taxa abundance (mainly Prevotella and 
Veillonella taxa).

Finally, Walsh et al. conducted a case-control study of patients who developed 
ARDS compared to those who did not following burn and inhalational injury [80]. 
All patients underwent diagnostic bronchoscopy for inhalational injury confirma-
tion and were subjected to therapeutic washes. By 16S sequencing of bronchial 
washings, patients with hypoxemia (PaO2/FiO2 ratio < 300) had differences only in 
low abundance taxa compared to patients with PaO2/FiO2 ratio > 300, with higher 
relative abundance of Prevotella melaninogenica in hypoxemic patients being the 
most robust finding in this study.

 Studies in Mechanically Ventilated Patients with or at-Risk 
for ARDS

Lamarche et al. prospectively followed 34 mechanically ventilated patients at-risk 
for ARDS, in a cohort enriched for pneumonia and sepsis, nested within a random-
ized clinical trial of a Lactobacillus-based probiotic [72]. The investigators col-
lected 29 ETA and 26 gastric aspirates. Notable findings included considerable 
compositional overlap between ETA and gastric aspirate samples, as well as the loss 
of specific bacterial taxa from ETA samples compared to healthy controls, including 
lower abundance for Neisseria, Veillonella, Streptococcus, Staphylococcus, and 
Corynebacterium taxa. Lower ETA alpha diversity correlated with severity of ill-
ness by APACHE-II scores and was associated with increased risk of death. In con-
trast, alpha diversity was not associated with diagnosis of pneumonia or concomitant 
antimicrobial exposure. Overall, in this cohort, pathogen expansion appeared to be 
a patient-specific process, whereas loss of commensal bacteria from body sites was 
a more generalized phenomenon.

Kelly et al. enrolled a cohort of 15 mechanically ventilated patients and collected 
matched oropharyngeal swab and ETA samples within 24 hrs of intubation and then 
serially every 72 hrs thereafter [74]. In contrast to healthy controls, URT and LRT 
samples form critically ill subjects demonstrated decreased alpha diversity by 16S 
sequencing, which declined further over time while on ventilatory support. Many 
communities were dominated by a single taxon, which correlated with culture data 
in patients with microbiologically confirmed pneumonia.

Dickson et al. conducted a secondary analysis of mini-BAL specimens collected 
within 24 hrs of ICU admission from 91 critically ill patients (19% with ARDS) that 
had been enrolled in the Molecular Diagnosis and Risk Stratification of Sepsis proj-
ect [19]. By 16S qPCR, patients with ARDS had significantly higher bacterial load 
compared to patients without ARDS (p  =  0.01), and by 16S sequencing, the 
Enterobacteriaceae taxonomic group was the most discriminating feature between 
ARDS and non-ARDS specimens. Strikingly, the most prominent Enterobacteriaceae 
OTU was 96% aligned with the Enterobacteriaceae OTU associated with ARDS in 
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the study by Panzer et al. [76]. Of the baseline microbiome profile features (bacte-
rial load, diversity, and community composition), higher bacterial burden and com-
munity composition enriched for gut-associated taxa were significantly associated 
with worse ICU outcomes.

Our group has recently published the results of the largest cohort study of respi-
ratory microbiota in mechanically ventilated patients to date [18]. We enrolled 301 
critically ill patients with acute respiratory failure (24% with ARDS) and performed 
matched sampling of the URT and LRT with oropharyngeal swabs and ETA sam-
ples, respectively. By 16S sequencing, critically ill patients had markedly different 
profiles than corresponding healthy controls and exhibited substantial heterogeneity 
in alpha- and beta-diversity. To agnostically uncover informative subsets of micro-
bial profiles, we performed unsupervised clustering with Dirichlet Multinomial 
Models (DMM), which revealed a cluster with low alpha-diversity and enrichment 
for pathogens (e.g., high Staphylococcus or Pseudomonadaceae relative abundance) 
in 35% of ETA samples, associated with a hyperinflammatory subphenotype of 
host-responses, worse 30-day survival and longer time-to-liberation from mechani-
cal ventilation (all adjusted p  <  0.05), compared to patients with higher alpha- 
diversity and relative abundance of typical oral microbiota. A similar 
pathogen-enriched cluster emerged in the oral communities, also significantly asso-
ciated with worse clinical outcomes. Patients with evidence of dysbiosis (low alpha 
diversity and low relative abundance of “protective” oral-origin commensal bacte-
ria) in both URT and LRT communities (17%, combined dysbiosis) had signifi-
cantly worse 30-day survival and time-to-liberation compared to patients without 
dysbiosis (55%, adjusted p < 0.05).

The available evidence from the study of respiratory microbiota in ARDS and 
acute respiratory failure offers the following take-home messages:

 – LRT communities in patients who develop ARDS are often enriched with gut- 
origin bacteria (especially Enterobacteriaceae taxa) [19, 76, 77], and such 
enrichment may precede the onset of ARDS [76].

 – Lung microbial dysbiosis is associated with systemic host inflammatory 
responses [18, 75–77].

 – Low community diversity in ETA samples [18, 72] and high bacterial burden in 
BAL samples are predictive of adverse clinical outcomes [19, 75].

 – Paired analyses of URT and LRT samples have revealed predictive patterns of 
dysbiosis along the respiratory tract [18, 74].

 The Gut Microbiome in Patients with ARDS

Limited evidence from human studies is available for the role of gut microbiota in 
ARDS.  The gut microbiome has been more thoroughly studied in patients with 
sepsis in the ICU, in accordance with the gut-origin theory of sepsis [21, 46, 47]. 
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Several studies have also examined the gut microbiome as a potential pathogen 
reservoir for subsequent hospital-acquired infections [81–84]. No study of gut 
microbiota has specifically focused on patients with ARDS, albeit a number of stud-
ies have enrolled patients receiving invasive mechanical ventilation, which we 
review below. Interpretation of the gut microbiome profiles identified in ICU studies 
has to consider the extensive knowledge about the healthy gut microbiome, estab-
lished as a high biomass and highly diverse community, with high abundance of 
obligate anaerobes from the phyla Firmicutes and Bacteroidetes [85].

McDonald et al. enrolled 115 mechanically ventilated patients from four ICUs and 
collected stool samples at two time points for 16S sequencing, within 48  hrs of 
admission and at ICU discharge or day 10 [86]. Alpha diversity at discharge was 
lower than at admission. When compared to healthy control samples from the 
American Gut Project, stool samples from ICU patients had lower relative abundance 
of taxa from the Firmicutes and Bacteroidetes phyla and increased abundance of 
Proteobacteria. Organisms previously thought to confer anti-inflammatory benefits, 
such as Faecalibacterium, were largely depleted, whereas “inflammatory” taxa, as, 
for example, members of the Enterobacteriaceae family, were increased in abundance.

Burmeister et al. collected rectal swabs at the time of admission from 67 patients 
who suffered severe trauma and were admitted to a level I trauma center [87]. By 
16S sequencing, patients who developed ARDS and non-survivors had significantly 
different taxonomic composition compared to their counterparts. Non-survivors 
(n = 8) had increased abundance of specific taxa, including Eubacterium biforme, 
Ruminococcus flavefaciens, Akkermansia muciniphila, and Oxalobacter formigenes.

Shimizu et al. conducted a randomized clinical trial in mechanically ventilated 
patients with sepsis by administering a synbiotic cocktail (including Bifidobacterium 
breve, Lactobacillus casei, and galacto-oligosaccharides) upon initiation of enteral 
nutrition vs. standard of care [88]. Patients treated with synbiotics had much lower 
incidence of VAP compared to the control group (14.3% vs 48.6%, p  <  0.05). 
Sequencing analysis of fecal bacteria revealed that probiotics Bifidobacterium and 
Lactobacillus had successfully engrafted, with higher abundance than in the control 
group, as well as higher concentration of the beneficial short-chain fatty acid (SCFA) 
acetate. Thus, synbiotic modulation of gut microbiota may protect patients from the 
complication of VAP while on mechanical ventilation.

In a prospective cohort of mechanically ventilated patients at risk for ARDS fol-
lowing cardiothoracic surgery, Aardema et al. collected fecal samples before sur-
gery, post-operatively in the ICU and then at outpatient follow-up [89]. 16S 
sequencing revealed reduction of alpha diversity during ICU admission, which was 
further associated with longer hospital stay. Strictly anaerobic bacteria that produce 
SCFA were depleted, with a corresponding increase in pathobionts. For patients 
with available post-discharge samples, their gut microbiota profiles had reversed to 
pre-admission status, indicating the transient nature of microbiota shift during brief 
critical illness.

Despite the limited and mainly circumstantial evidence available for gut micro-
biota in ARDS from human studies, the following take-home messages can be 
deducted:
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• Alpha diversity is decreased in the gut communities of critically ill mechanically 
ventilated patients.

• Critical illness is associated with loss of Firmicutes and Bacteroidetes taxa with 
converse increase in Proteobacteria in the gut.

• Increase in potential pathogens in gut communities is associated with future risk 
of infection.

• Gut microbiota can be modulated with synbiotics for the prevention of VAP.

 Animal Model Studies for the Role of Microbiota in Acute 
Lung Injury

Animal modeling is a powerful tool for mechanistic interrogation of microbiota in 
respiratory disease [77, 90–92] allowing for control of microbial exposure in ways 
that are not possible for human studies. The animal microbiome can be manipulated 
with the use of germ-free animals, microbiota depletion with intensive antibiotic 
treatments, introduction of specific bacteria (e.g., gnotobiotic animals) [93], or even 
complete microbial replacement (e.g., with fecal transplant or oral gavage) [48]. 
Combination of these tools can help dissect causality in microbiome-outcome asso-
ciations and allow for testing of therapeutic interventions targeting the microbiome. 
Murine modeling has been the predominant format in the microbiome literature, 
and of note, LRT sampling in mice is most reproducibly achieved by utilizing whole 
lung homogenate instead of BAL [94, 95].

Despite the strengths of animal models, there are important caveats in the study 
of the ALI microbiome that need to be taken into account in interpreting published 
studies:

 (a) Difficulties reproducing the pathological substrate of ALI: the pathological fea-
tures of human ARDS in the initial exudative phase (~7 days) involve DAD, 
influx of neutrophils, and formation of microthrombi [8]. Although many ani-
mal models of direct and indirect lung injury have been developed, there is no 
single ALI model that truly reproduces all features of human ARDS [96, 97]. 
Therefore, it is important to note that each ALI model may be only partially 
testing the underlying pathobiology of human ARDS, and the model of choice 
depends on the specific question to be addressed.

 (b) Difficulties modeling the intensive care provided in ARDS: ARDS is a multiple- 
hit process with resultant multi-organ dysfunction, necessitating a bundle of 
life-saving interventions including respiratory and hemodynamic support. The 
complexity makes it difficult to disentangle the interactions between the lung 
injury etiology and the concurrently administered interventions, which them-
selves can further exacerbate ALI (e.g., with ventilator-associated lung injury or 
hyperoxia) [8]. Most animal models induce ALI by delivering a single noxious 
agent in genetically similar animals and do not capture the complex network of 
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interactions occurring from the provision of critical care in patients with 
ARDS [98].

 (c) Confounders on animal microbiota: Despite genetic similarity and control of 
exposures in a given animal experiment, such studies are not free from con-
founding [48]. Accumulating empirical evidence has shown the influences of 
cage, bedding, temperature, and co-housing on murine microbiota [94]. Mice 
are coprophagic and when co-housed, they demonstrate a time-dependent con-
vergence of their lung microbiota. Animal sex may also influence lung and gut 
microbiota, but this is rarely considered in experiments owing to cohousing 
concerns. Guidance for careful control of confounders when studying the 
microbiome in animal models has been proposed [99].

 (d) Murine vs. large animal models: although mice are the most commonly used 
animals in the ALI literature and the murine lung microbiome has been well 
catalogued, there are important anatomical and ecological differences between 
the murine and human respiratory tracts [48]. Therefore, inferences drawn on 
the clinical relevance of murine microbiome studies in ALI need to be cautious. 
Larger animals such as pigs, sheep, and rabbits are better suited for more com-
plex physiologic measurements in ALI but are much more expensive, and their 
microbiota have not been as well studied.

With the aforementioned caveats of animal modeling in mind, the expanding 
experimental literature has offered novel insights for the role of microbiota in 
ALI. In Table 11.1, we provide a detailed summary of the most relevant aspects of 
study design and findings for key animal studies published to date. The take-home 
messages from this body of literature include:

 – There is an interplay between the host’s environment and lung microbiota in the 
pathogenesis of ALI. Recent animal experiments demonstrated that exposure to 
hyperoxia reduced the abundance of anaerobic taxa and increased abundance of 
oxygen-tolerant taxa (e.g., Staphylococcus) but failed to induce ALI in germ-free 
mice [100].

 – Microbiota can mediate ALI from additional iatrogenic causes beyond hyperoxia 
[100], such as from high tidal volume ventilation or blood product transfusion 
[101, 102].

 – The role of the microbiome is heavily context-dependent: microbiota can harm 
[102] or protect [101] from ALI depending on the mechanism of injury and 
experimental setting.

 – Microbiota can translocate from the gut to the lungs in the case of an indirect 
ALI insult [77] but also in the opposite direction in the case of a direct ALI 
insult [103].

 – The lung microbiome is altered following ALI, and the altered ALI microbiome 
can further intensify lung inflammatory injury [91].
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 Putting Everything Together: The Microbiome 
Matters in ARDS

The observational findings from human studies and the experimental data from 
murine ALI models provide clear-cut evidence that the microbiome is relevant in 
ARDS. Mainly focused on the respiratory tract, human studies have revealed that 
the LRT microbiota are reproducibly altered in ARDS or in the presence of inflam-
matory risk factors, with higher bacterial burden, lower alpha diversity, loss of com-
mensal oral bacteria, and enrichment for putative pathogens. Dysbiotic communities 
are associated with systemic host inflammation and predict worse patient-centered 
clinical outcomes [18, 19, 75, 77]. Although human studies cannot establish causal-
ity or direction of effects, the reproducible signal, biological plausibility, and tem-
porality of observed associations (i.e., baseline microbiota predicting ICU outcomes) 
are strongly supportive of an important and pathogenetic role of microbiota in 
ARDS. The murine studies have confirmed the causal role of microbiota in specific 
contexts of ALI generation, evolution, and response to therapy. Therefore, the total-
ity of evidence suggests that the microbiome is not an innocent bystander (Fig. 11.2b 
hypothesis) but can act both as an instigator (Fig. 11.2a) as well as a perpetuator of 
ALI (Fig. 11.2c).

The precise mechanisms by which the lung microbiome influences ARDS patho-
genesis remain unclear. Given the heterogeneous nature of ARDS etiology, severity, 
response to treatment, and outcomes, lung or gut microbiota may be involved by 
several mechanisms and in different stages of ARDS evolution. The temporal rela-
tionship of dysbiosis preceding ALI in animal models of direct lung injury insults 
[e.g., hyperoxia [100] or bleomycin [92]] support a direct causal role of perturbed 
lung microbiota in precipitation of ALI. Possible mechanisms include:

• Stimulation of innate immune cells by microbiota through pattern recognition 
receptor (PRR) signaling [104]

• Inflammatory damage from chemokine-driven neutrophilic influx in the alveolar 
space [e.g., by CCL2/CCL7 [105, 106]]

• Direct damage or invasion of pneumocytes by viruses or intracellular bacteria 
[107, 108]

• Excretion of molecules and metabolites that can propagate inflammation [109] 
or induce apoptosis in lung epithelial cells [110]

• Depletion of beneficial metabolites (e.g., short-chain fatty acids) produced by 
gut commensal bacteria that influence lung immune defenses [111–113]

• Translocation of microbes (or their cellular fragments) in the systemic circula-
tion [114] and remote end-organ damage via PRR activation of distal inflamma-
tory responses.

How such mechanisms are involved in the context of different pathogens, host- 
genomics, and concurrent therapeutic applications remains to be defined.

Despite the limitations of individual studies, the available taxonomic profiles for 
the human LRT in ARDS have informed the proposed ecological model (Fig. 11.1) 
with valuable empirical data. Patients with pneumonia-induced ARDS have 
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collapsed lung communities dominated by the causative pathogen [73–75], micro- 
aspiration from the URT is a major shaping force of LRT communities [18, 72, 74], 
and microbiota translocation across the gut-lung axis is a plausible explanation for 
the observed enrichment of gut-associated bacteria in many patients with ARDS 
[19, 76, 77]. Animal studies have offered novel insights on the impact of the altered 
lung microenvironment, including the effects of hyperoxia [100], antibiotics [77, 
103], and bacterial toxins [77, 91, 103] on lung microbiota. Given the heteroge-
neous nature of ARDS and the complex array of critical care interventions, we 
expect patient-level and time-dependent variability in the contributions of various 
ecological forces on LRT microbiota. Such variability can make microbiome profile 
predictions unreliable, underlying the need for direct LRT sampling for microbiome 
studies.

 Unanswered Questions and Future Research

With the widely shared goal of improving patient-centered outcomes in ARDS, 
microbiome-based investigations have to address key priorities and challenges in 
ARDS care [115]. How can we prevent the development of ARDS? How can we save 
more lives among those who develop this devastating syndrome? How can we 
improve long-term functional outcomes in survivors? ARDS results from a hetero-
geneous assemblage of different processes and manifests in various clinical presen-
tations, and thus, the central premise for personalized care requires deeper 
understanding of the sources of clinical and biological heterogeneity [116].

Given that a LRT infection is often involved in the etiology of ARDS or compli-
cates its course, culture-independent profiling of lung microbiota can have immedi-
ate implications for diagnosis and guidance of antimicrobial therapies. Rapid 
metagenomic sequencing performed directly in respiratory specimens (and not in 
isolated organisms from cultures) has been shown to be feasible and clinically valid, 
under different sampling, processing, and analytical protocols [54, 73, 117–121]. 
Although the clinical utility of metagenomics remains to be demonstrated by pro-
spective investigations [120], the projected improvements in accuracy and timeli-
ness of pneumonia diagnosis have tremendous implications for tailoring 
antimicrobials for individual patients and for strengthening antibiotic stewardship 
efforts in healthcare systems.

Linking microbiome profiles with host responses offers further opportunity for 
precision medicine approaches in ARDS. Langelier et al. have provided proof-of- 
concept evidence that simultaneous meta-transcriptomics of host and microbial 
RNA from the same respiratory specimen can help classify patients into those with 
or without a LRT infection [119]. Our group has recently shown that a simple index 
of dysbiosis (based on abundance of oral-origin bacteria and the alpha diversity of 
microbial community) is associated with the adverse hyperinflammatory subpheno-
type of systemic host-response [18], which may derive more benefit from immuno-
suppressive therapies such as glucocorticoids [122]. Such integrative approaches 
that tie microbiota and host immune responses can be harvested for identifying 
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which subsets of patients (and at what time points) may benefit from microbiome-
targeted and/or immunomodulatory interventions.

Overall, the available evidence highlights the microbiome as a probable source 
of ARDS heterogeneity and a potentially modifiable risk factor to outcomes. With 
the proposed “expanded model of ARDS pathogenesis” (Fig. 11.2), we ought to 
consider the study of microbiota for mechanistic, diagnostic, predictive, and thera-
peutic implications in ARDS.  In this context, we propose the following research 
questions as a broad scope set of 10 priorities for microbiome study in ARDS:

 1. What are the mechanisms involved in host-microbiota interactions in the alveo-
lar and gut mucosal epithelial interfaces that lead to innate immune activation 
and injury [123]? Can we prevent ARDS or reduce its severity by intervening in 
such pathways?

 2. How are microbiota impacted by our standard practices and investigational 
interventions in ARDS care (e.g., airway hyperoxia, lung-protective ventilation, 
chlorhexidine mouth rinses, empiric antibiotics, etc.) [20, 21]? Is there prevent-
able iatrogenic harm that we have not been considering and measuring?

 3. Can culture-independent microbial sequencing technologies help us better 
diagnose infections in ARDS [117, 118, 120, 124]? Can microbiome studies 
help us improve antibiotic targeting and mitigate the antibiotic resistance crisis?

 4. Can we use microbial warfare (e.g., bacteriocins or bacteriophages) as novel 
therapeutic options for VAP complicating ARDS [125]?

 5. Can microbiome profiles help us distinguish responders from non-responders to 
specific interventions (i.e., predictive enrichment) [126]?

 6. Can we safely and effectively modulate microbial communities in the lungs and 
gut of patients with ARDS to reverse harmful dysbiosis, eradicate pathogen 
colonization, or promote the survival of beneficial commensal organisms?

 7. Is ICU dysbiosis preventable? How can we promote host-microbe homeostasis 
in the face of critical illness?

 8. Once dysbiosis is established, what are the critical elements of commensal 
community homeostasis that are lost? How can we replace/restore the lost func-
tion even if we do not restore community structure?

 9. Beyond bacteria, what is the role of proliferating fungi or viruses in the LRT 
during ARDS [127]?

 10. Can we detect gut translocation in patients with ARDS? Is it harmful? Is it 
preventable?

In summary, the microbiome represents a new frontier in ARDS research. Lung 
and gut microbiota are emerging as important, modifiable contributors to the out-
come of critical illness. Across many disciplines, personalized medicine is being 
redefined to include the inseparable microbial side of the human body [128]. With 
substantial clinical and experimental evidence supporting the role of microbiota in 
ARDS pathogenesis and outcome, the field is ripe for mechanistic and interven-
tional studies that can translate discovery into measured benefits in clinical care 
of ARDS.
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These are exciting times for lung microbiome research. As the chapters of this book 
have made evident, there is now a substantial body of literature supporting a central 
role for the lung microbiome in the maintenance of lung homeostasis and the devel-
opment of lung disease. As we take stock of the significant new insights that we 
have gained in the past few years, we need to also consider persistent knowledge 
gaps and opportunities for further research that will translate these insights into 
tangible human health gains.

First, the majority of existing research into the lung microbiome has addressed 
bacterial species. However, we now know that other elements of the microbiome 
can play a role in host biology – viruses and fungi are perhaps less appreciated but 
are no less an important part of the microbiome meriting more attention. Second, 
host-microbiome interactions will need to be more closely scrutinized. It is no lon-
ger sufficient to characterize associations of microbiome with outcomes. Future 
research also will need to become more mechanistic and demonstrate the ways in 
which the microbiome interacts with the host immune system. This will enable us 
to establish basic principles that transcend organisms. It is well established that 
murine microbiomes differ between institutions [1], and we may expect regional 
variability in humans as well [2]. It is therefore perhaps unrealistic to expect 
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experimental replication on the species or genus level between research groups. It 
seems unlikely that a specific genus solely promotes a chronic disease process, but 
rather that changes in ecological interactions among microbiota and with the host 
contribute to activation of specific immune pathways.

Host-microbiome interactions may run deeper than we think. Recent research 
has suggested that the mammalian host may co-opt signaling pathways from retro-
viruses in order to modulate its response to the microbiome [3]. Furthermore, bac-
teriophages may interact with both host and bacterial elements and influence the 
clearance of infections [4, 5]. Such (host × microbiome)-by-(microbiome × micro-
biome) interactions demonstrate the inherent complexity of cis- and trans- effects 
that will need to be elucidated in the future. This also highlights the analytical chal-
lenge that faces us, as we progress deeper into this field. Microbiome research is 
team science par excellence. Beyond the prerequisite experimental planning and 
sampling expertise, it requires specialized processing and measurement techniques 
(due to low lung microbiome biomass), innovative biostatistical analyses, as well as 
chemistry, metabolomic, and genetic skillsets. It is therefore probable that future 
microbiome research will cluster around institutions or groups that feature a high 
Shannon Index of infrastructure and skills.

All this is not to say that further observational data do not have immense value. 
On the contrary, we still do not understand a lot about the lung microbiome. Most 
studies are cross-sectional and based in a few locations. We do not understand 
whether, or to what extent, the respiratory microbiome is affected by environmental 
exposures: is environmental microbiome transferred to the airways [6]? If so, is it 
directly or via a relay station in the oropharynx? How do environmental exposures 
(e.g., pollution) modulate the microbiome? Is the airway microbiome the same in 
residents of North Carolina in the (hot, humid) summer and Michigan in the (cold, 
dry) winter? These are merely examples of the still outstanding questions that need 
observational data to answer them.

In summary, this book has exemplified the vast progress that has been accom-
plished in respiratory microbiome research and also highlighted the broad opportu-
nities for future research that can be realized in the coming years. We hope that this 
book will provide the impetus for further research and entice researchers from 
across complementary fields to push forward this momentum.
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