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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-4Ra 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
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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
Jjohnsonii 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. Forexample, Kalliomakietal. [111] observed areduced 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
I-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
RTTIs. 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-o and IL-1f 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
fromthe 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 10'* 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 Thl 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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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

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, 11-23, TNF-a, 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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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-1f, IL-6, and TNF-a 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-a 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-1p 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 Alfernaria 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 Thl7-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 1gG, 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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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-naive 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 B-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 NFkB [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/l 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-a, 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 Gl 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.!

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.

'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 Strepfococcus 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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Fig. 5.3 (a) Ecological interactions shape both host biology and their microbiomes. The human
body is a complex ecosystem that experiences concurrent microbial and nonmicrobial exposures
from external/built environments, other animals, diet, medication, occupational exposures, and
pollutants. The human ecosystem is also impacted by concomitant inflammatory and/or immune
disorders An ecological framework is necessary to advance mechanistic insights into these multi-
directional interactions and how they shape asthma. Adapted from reference (396) with permis-
sion. (b) The longitudinal nature of ecological interactions from prior to birth to adulthood that
shape asthma risk, development, and clinical outcomes, with reference to the microbiomes and the
relationships of microbiota to the immune system and key environmental influences. Adapted from
reference (397) with permission

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-1L-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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