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Abstract

The study of the airway microbiome in children is an area of emerging research, especially in
relation to the role microbial diversity may play in acute and chronic inflammation. Three such
pediatric airway diseases include cystic fibrosis, asthma, and chronic lung disease of prematurity.
In cystic fibrosis, the presence of Pseudomonas spp. is associated with decreased microbial
diversity. Decreasing microbial diversity is also associated with poor lung function. In asthma,
early viral infections appear to drive changes in bacterial diversity which may be associated with
asthma risk. Premature infants with Ureaplasma spp. are at higher risk for chronic lung disease
due to inflammation. Microbiome changes due to prematurity also appear to affect the
inflammatory response to viral infections post-natally. Importantly, microbial diversity can be
measured using metataxonomic (e.g., 16S rRNA sequencing) and metagenomic (e.g., shotgun
sequencing) approaches. A metagenomics approach may be preferable as it can provide further
granularity of the sample composition, identifying the bacterial species or strain, information on
additional microbial components, including fungal and viral components, information about
functional genomics of the microbiome, and information about antimicrobial resistance mutations.
Future studies of pediatric airway diseases incorporating these techniques may provide evidence
for new treatment approaches for these vulnerable patient populations.
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1. Introduction

The study of the airway microbiome in adults and children is an area of emerging research
(Huang et al., 2013). There has been an increased recognition of the diversity of bacteria,
fungi, and viruses within both healthy and diseased airways, and the role this diversity may
play in acute and chronic inflammation (Huang et al., 2013). Furthermore, characterizing the
role of the lung microbiome in chronic airway diseases is important to allow for the
development of improved approaches in the treatment of these conditions.

Three such chronic airway diseases are cystic fibrosis, asthma, and chronic lung disease of
prematurity. Cystic fibrosis is an autosomal recessive disease that affects more than 30,000
people in the United States (MacKenzie et al., 2014). Recurrent and chronic pulmonary
infections are associated with morbidity and mortality (Ramsey, 1996). Adolescents and
adults with the most severe genetic mutations often have at least one pulmonary
exacerbation per year, and three-quarters require hospitalization or intravenous antibiotics
for treatment (O’Sullivan et al., 2015). Furthermore, treatment load and other co-morbidities
contribute to overall psychological burden (Jamieson et al., 2014; Quittner et al., 2016).
Childhood asthma is a major public health problem in the US, currently affecting 9.6% of
US children, and prevalence continues to rise (Centers for Disease Control and Prevention,
2011). Twenty-six percent of all persons with asthma visited an emergency department in
2008, and 7% were hospitalized (Centers for Disease Control and Prevention, 2011).
Additionally, the total cost of asthma to society has been estimated to be as high as $56
billion in one year (Barnett & Nurmagambetov, 2011). Approximately one in ten infants per
year are born premature (< 37 weeks gestation) (Purisch & Gyamfi-Bannerman, 2017).
Prematurity is associated with many lifelong health problems, including bronchopulmonary
dysplasia (Purisch & Gyamfi-Bannerman, 2017). The cost of hospital readmission for
chronic respiratory illness in preterm infants in California was $45.4 million over 8 years
(Underwood et al., 2007).

In cystic fibrosis, the introduction of sequencing to identify bacteria beyond standard culture
based techniques led to the discovery of much more complex communities within the airway
(Harris et al., 2007; Carmody et al., 2013; Fodor et al., 2012, Lim et al., Tunney et al., 2008;
Zemanick et al., 2013, Zhao et al., 2012). This included the presence of many anaerobes,
such as, Gemella spp., Prevotella spp., and Veillonella spp. (Carmody et al., 2013; Fodor et
al., 2012; Zemanick et al., 2015). The presence of Pseudomonas aeruginosa has consistently
been associated with a decrease in overall microbial diversity (Carmody et al., 2013; Smith
etal., 2014; Zemanick et al., 2015). The impact of antibiotics on short-term diversity
remains mixed (Fodor et al., 2012; Price et al., 2013; Smith et al., 2014; Zemanick et al.,
2015), while long-term impact appears to be associated with decreasing microbial diversity
(Zhao et al., 2012). Decreasing microbial diversity has also consistently been associated
with increasing age and progressive lung disease (Cox et al., 2010; Coburn et al., 2012,
Flight et al., 2015).

The airway microbiome has also been studied for associations with the development of
asthma and asthma severity. The microbiome of children with asthma has been shown to
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have a different composition than healthy controls (Hilty et al., 2010). Early infections
which perturb the microbiome have been associated with subsequent persistent wheeze later
in childhood (Gern, 2009; Holt et al., 2010; Kusel et al., 2008, 2007). Additional external
environmental factors may also alter the microbiome and lead to changes in risk for asthma
development (Ege et al., 2011; Depner et al., 2015). It has also been suggested that there
may be differences in the airway microbiome related to asthma severity (Huang et al., 2015;
Zhang et al., 2016). The impact of treatments for severe asthma on the airway microbiome,
such as corticosteroids, requires further study (Marri et al., 2013; Zhang et al.; Hilty et al.,
2016). Similar to the findings in persons with cystic fibrosis, antibiotic use alters the airway
microbiome which may further affect asthma development and severity (Khalkhali et al.,
2014; Reiter et al., 2013; Stokholm et al., 2016).

Lastly, the airway microbiome may also provide insight into the post-natal problems faced
by premature infants. These infants are at an increased risk to develop chronic lung disease
of prematurity, also known as bronchopulmonary dysplasia (BPD). They are at risk of
having a prolonged need for oxygen therapy, frequent and severe pulmonary infections that
possibly require hospitalization, asthma, exercise intolerance, and pulmonary hypertension
(Jobe 2011; Northway et al., 1990). There are limited studies examining the role of the
airway microbiome in the chronic lung disease of prematurity.

Fully understanding the microbiome in these pediatric diseases, as well as others, could
provide an opportunity to further personalize therapies and improve patient outcomes. With
this review, we discuss the role of airway microbiome diversity in three pediatric diseases:
cystic fibrosis, asthma, and chronic lung disease of prematurity and point to areas where
further study is needed to take full advantage of microbiome information in developing
approaches to improve patient outcomes associated with these diseases.

2. Cystic Fibrosis

2.1 The airway microbiome in children with cystic fibrosis

Harris et al. (2007) were the first to capitalize on sequencing approaches to characterize
microbiome diversity in cystic fibrosis patients. Their group used Sanger sequencing to look
at the difference between standard culture techniques versus a sequence based molecular
approach to identify the pathogens within cystic fibrosis bronchoalveolar lavage samples and
within control bronchoalveoloar lavage samples in children. They found that molecular
based methods and culture based methods were similar in identifying conventional
pathogens, such as Staphylococcus aureus and Pseudomonas aeruginosa, which were present
in over 85% of their cohort. However, molecular based techniques also identified other
families and orders of bacteria, such as Coxiellaceae and Rickettsiales, that otherwise would
not have been detected in 46% of the samples. The establishment of sequencing as a viable
method to identify the diversity of microbes within the cystic fibrosis airway provided an
opportunity for hypothesis generation.

Subsequent studies of the cystic fibrosis lung microbiome have also identified traditionally
considered pathogens, specifically Pseudomonas spp., Staphylococcus spp., Haemophilus
spp., and Burkholderia spp. (Carmody et al., 2013; Fodor et al., 2012, Lim et al., Tunney et
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al., 2008; Zemanick et al., 2013, Zhao et al., 2012). These studies also further showed the
prevalence of anaerobic and facultative anaerobic bacteria, including Prevotella spp.,
Veillonella spp., and Gemella spp. (Carmody et al., 2013; Fodor et al., 2012, Lim et al.,
Tunney et al., 2008; Zemanick et al., 2015, Zhao et al., 2012). While some studies have
suggested that the presence of anaerobic bacteria, including Prevotella spp. and Veillonella
spp., was associated with lower rates of inflammation (Zemanick et al., 2013), others have
noted certain anaerobic organisms, such as Gemella spp., to be associated with onset of
pulmonary exacerbations (Carmody et al., 2013). In our own cohort of children with cystic
fibrosis, we also detected the presence of previously known pathogens (including
Pseudomonas spp., Staphylococcus spp., and Haemophilus spp.) and more recently
discovered anaerobes (including Prevotella spp. and Gemella spp.) using 16S rRNA NGS
(see Figure 1) (Hahn et al., 2016).

2.2 The airway microbiome during pulmonary exacerbation

As alluded to above, several studies built upon the capabilities of sequencing, including next
generation sequencing (NGS) to look at a particular area of interest within cystic fibrosis
disease, pulmonary exacerbations. One research center compared 68 paired baseline and
exacerbation sputum samples collected from 28 patients with cystic fibrosis between the
ages of 10 and 53 years (Carmody et al., 2013). Overall, they found that significant
differences in bacterial community diversity between baseline and exacerbation samples
were not observed. However, a subset of research subjects showed considerable changes
between baseline and exacerbation samples. The dominant taxa and initial level of diversity
were significant predictors of the magnitude of community structure changes between
baseline and exacerbation samples. Specifically, samples containing Pseudomonas
aeruginosa at baseline had a greater dissimilarity between baseline and exacerbation
samples. In addition, those samples with greater baseline diversity were more dissimilar
from their paired exacerbation sample than those with lower diversity at baseline.

A study that also incorporated the detection of inflammatory markers in 37 samples from 21
subjects found that the presence of Pseudomonas spp. and Staphylococcus spp. at the onset
of pulmonary exacerbation were associated with elevated neutrophil elastase and C- reactive
protein (Zemanick et al., 2013). They also similarly found that Pseudomonas spp. was
associated with lower microbial diversity. Further corroborating the impact of Pseudomonas
spp. on the composition of the airway microbiome in cystic fibrosis, Smith and colleagues
(2014) also found that the relative abundance of Pseudomonas spp. showed a strong negative
correlation with microbial diversity at the onset of a pulmonary exacerbation.

Despite any trends found of changes in diversity from baseline to onset of pulmonary
exacerbation, it is important to note that temporal variability in microbial composition still
exists. Carmody et al. (2015) followed daily changes in the lung microbiome during clinical
stability and through pulmonary exacerbations, collected daily sputum samples from four
adult subjects with cystic fibrosis for 20-27 days. They found that even when subjects were
clinically stable, there was day to day variation of the bacterial community structure.
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2.3 Impact of antibiotic exposure on microbial diversity

Further research has been done comparing changes in the airway microbiome during
treatment of acute exacerbations, and some conflicting results have been reported. Fodor et
al. (2012) followed 23 adult patients with cystic fibrosis and obtained sputum samples at
multiple time points, including at the onset of an acute exacerbation, after completing a
course of antibiotic treatment, and when they were stable. They found that the cystic fibrosis
microbiota remained stable over time and infection type, and were highly resilient to
antibiotic treatment of exacerbations. Antibiotic use was associated with a small decrease in
bacterial richness, but there was a minimal change in the overall community structure. The
community composition remained similar during an acute exacerbation and when the patient
was stable. They did, however, find a strong correlation between low species richness and
poor lung function.

Another study followed 17 patients with cystic fibrosis through an acute pulmonary
exacerbation, treatment, and recovery also found that the total and relative abundance of
bacterial genera at the population level were stable regardless of clinical status (Price et al,
2013). While they identified more than 170 bacterial genera, 12 of them accounted for more
than 90% of the bacterial load amongst all of the samples. A distinct microbial signature
associated with the different stages of disease was not identified in this cohort.

However, another study was performed that collected 37 sputum samples in 21 children and
adults at two time points: early treatment (day 1-3) and late treatment (day 7-14) (Zemanick
et al., 2013). They studied both inflammation and airway microbiota during pulmonary
exacerbations. With early treatment, they found that lower diversity was associated with a
high relative abundance of Pseudomonas aeruginosa, decreased pulmonary function (forced
expiratory volume in one second, FEV1), and increased inflammation (C reactive protein,
CRP). The presence of obligate and facultative anaerobes were associated with less
inflammation and a higher FEV1. During late treatment, they found that the amount of
Pseudomonas aeruginosa present in the samples decreased while anaerobic genera showed
marked variability. They also found that the change in the amount of Prevotella spp. present
was associated with more variability in FEV1 response to treatment.

An additional study of the short-term effects of antibiotics was performed in 23 adults who
experienced 24 exacerbations (Smith et al., 2014). They found a decrease in diversity of the
airway microbiome three days after initiating IV antibiotic therapy for pulmonary
exacerbation. However, diversity was again increased by day 8-10 of therapy. The authors
hypothesized that this might be due to selective killing of Pseudomonas spp. species with 1V
antibiotic in their cohort, which has been previously shown to have a strong association with
sample diversity.

The impact of repeated antibiotic use was explored in a study by Zhao et al. (2012) who
followed six patients with cystic fibrosis for 8-9 years. They found that antibiotic use, rather
than age or lung function, was most strongly associated with decreasing diversity. Bacterial
communities showed both short- and long-term resilience after antibiotic administration.
While the bacteria present within the airways showed decreasing diversity over time with
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disease progression, the total density of bacteria (measured by quantitative PCR) remained
stable.

More recent studies have focused on the microbiome within the nasopharynx of infants with
cystic fibrosis. In one cohort, antibiotic use over the first 6 months of life was associated
with increased colonization of gram negative bacteria (Preveas et al., 2016). Specifically,
they found increased colonization of Burkholderia spp. and members of the
Enterobacteriaceae family and decreased presence of other commensal organisms which
might be beneficial. Another study of infants with cystic fibrosis was performed by Mika
and colleagues (2016) also evaluated the effects of antibiotic administration. They found that
there was higher diversity and richness after the first antibiotic administration, possibly
related to transient colonizers. This change was also associated with a decrease in the
relative abundance of the Moralxellaceae family of bacteria and an increase in other
bacterial families.

Finally, a proof of principle study for disease monitoring was performed using metagenomic
sequencing of 10 sputum samples in three adult subjects with cystic fibrosis (Lim, et al.,
2014). They found that the relative abundances of bacterial species changed as clinical
treatment was altered. They also found that the bacteria present within all samples encoded a
diversity of mechanisms to resist antibiotic treatment. The metabolic potentials of the
bacteria differed by the health status and recovery route of each patient.

All of these studies suggest that there are certain core bacteria that remain stable during the
onset and treatment of pulmonary exacerbations in cystic fibrosis. They also suggest that
antibiotic exposure plays a role in the variability of the airway microbiome both between
patients and within patients over time.

2.4 Association of microbial diversity with age and disease severity in cystic fibrosis

In a cohort of 45 children age 2 to 16 years, oropharyngeal swabs were obtained and
analyzed to describe their microbial community profile using phylochip (Klepac-Ceraj, et
al., 2010). They found an inverse correlation between age and microbial richness (r?=0.61,
p<0.001). Another cohort of 20 pediatric patients was compared to a cohort of 23 adult
patients, each having respiratory samples obtained at multiple time-points (Boutin, et al.,
2015). They found that high inter-individual variation occurred in both pediatrics and adults,
and clustering of ecotypes appeared to be dependent upon the presence of Pseudomonas
spp., Streptococcus spp., and Burkholderia spp.

Further studies of longitudinal samples from children to adults have established that
microbial diversity is also associated with disease progression (Cox et al., 2010). In a study
using phylochip that ranged in children 9 months to adults 72 years old, older patients with
decreased lung function have more uneven bacterial communities, and that this diversity was
lost over time. Pseudomonas aeruginosa and Stenotrophomonas maltophilia abundance was
greatest in older cystic fibrosis patients who also exhibited lower bacterial diversity.
Haemophilus influenzae was more commonly abundant in younger patients when
community diversity was at its peak.
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Additional studies of a broad range of age and disease stage of persons with cystic fibrosis
found similar results. Coburn and colleagues (2015) also studied a wide range of children as
young as 4 years of age through late adulthood. There was significant inter- individual
variability in bacterial community diversity and composition. They identified five core
genera (Actinomyces spp., Prevotella spp., Rothia spp., Streptococcus spp., and Veillonella
spp.) that seemed consistent amongst all patients. Pathogens typically associated with
pulmonary exacerbation (Achromobacter spp., Burkholderia spp., Pseudomonas spp., and
Stenotrophomonas spp.) were less common, but tended to be a large portion of the bacterial
community when present. Bacterial diversity and pulmonary function were greatest in
children younger than 10 years of age, appearing to plateau around 25 years of age.
Additionally, lower bacterial diversity correlated with worsening pulmonary function. The
relationship between microbial diversity and disease severity in cystic fibrosis was further
solidified in a study of 93 adults (Flight et al., 2015). Distinct microbial diversity profiles
clustered according to pathogen, with Achromobacter spp., Burkholderia spp., and
Pseudomonas spp. dominated samples all showing significant decreases in diversity
compared to samples not dominated by those pathogens (p<0.001). Furthermore, loss of
lung function (specifically FEV1) was also associated with decreasing diversity (p<0.05).

These studies thus suggest that high inter-individual variability exists in the airway
microbiome in both pediatric and adult patients, and pathogen dominance effectively drives
decreasing diversity no matter what the age of the patient. Decreasing pulmonary function
has also been associated with decreasing diversity in both children and adults with cystic
fibrosis.

New knowledge gained over the last decade about microbial dysbiosis is altering the
traditional understanding of the role of infection in progressive lung disease. Future studies
that explore the relationship between community diversity and advancing lung disease may
establish whether maintaining diverse communities might improve health and/or whether
more targeted anti-microbial therapy might positively impact the patient clinical course
(Huang & LiPuma, 2016).

3.1 Role of the airway microbiome on the development of asthma

The study by Hilty et al. (2010) challenged the traditional thought that the lower airways
were sterile and found that the lower airway microbiome differed between asthmatics and
controls. The composition of the airway microbiome is one of the many factors involved in
the development of asthma. A cohort study found that the early respiratory microbiota
composition at ten weeks of life correlated strongly to the stability of the microbiota over the
first two years of life, and these early microbiota profiles related to the overall respiratory
health of the child (Biesbroek et al., 2014). Those infants with early presence and high
abundance of Moraxella- and Corynebacterium/Dolosigranulum-dominated communities
had lower rates of respiratory infections in the first two years of life.

It is widely accepted that the frequency and severity of lower respiratory infections in early
life are associated with an increased risk of persistent wheeze later in childhood (Gern,
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2009; Holt et al., 2010; Kusel et al., 2008, 2007). A longitudinal birth cohort study of high
risk infants, with mothers with asthma, found an association between viral infections and
acute exacerbations in asthma (Bisgaard et al., 2010). The study found episodes of wheezing
to be associated with bacterial infection, from Haemophilus influenzae, Moraxella
catarrhalis, and Streptococcus pneumoniae, and independently associated with viral
infection. Though this study did not find direct causation between the presence of bacteria or
viruses and the exacerbation of asthma-like symptoms, it may have clinical implications if it
can be determined that treatment with antibiotics, for example, has an impact on episodes of
wheezing.

Another recent birth cohort study found that the bacterial pathogens present in the
nasopharyngeal microbiome in infants during upper respiratory viral infections were
significant determinants of the spread of the infection to lower airways and may increase the
risk of development of persistent asthma (Teo et al., 2015). Previous to this study, viral
infections, specifically rhinovirus infections, in early childhood have been associated with
the development of asthma later in childhood (Jackson et al., 2008). Another study by Hyde
et al. (2014) of infants and children < 2 years of age with viral bronchiolitis found an
association with the presence of Proteobacteria (specifically Haemophilus influenzae and
Moraxella catarrhalis) and respiratory syncytial virus (RSV) infection, RSV/rhinovirus(RV)
co-infection, and acute wheezing. This corroborates the findings in other studies that show
an association between Proteobacteria and asthma in older children (Hilty et al., 2010), and
suggests a possible link between the two life events. A more recent study found that specific
classes of lower respiratory infections, febrile lower respiratory infection and RVs-C positive
lower respiratory infections associated with wheezing, were associated with an increased
risk of later chronic wheeze by age 5, especially among atopic children (Teo et al., 2015).

Additionally, microbe-host interactions are predicted to play a major role in the development
of complex diseases, such as asthma. Dual transcriptomic profiling has been used to examine
the interaction between host gene expression and the microbiome in regards to the immune
response in asthma (Pérez-Losada et al., 2015). Their analysis showed that functional and
compositional changes in the microbiome modulate host mucosal inflammation and immune
response during asthma (Pérez-Losada et al., 2015). Similarly, a more recent study examined
the host-viral interaction and found that viruses greatly altered the host transcriptome
through the down-regulation of ciliated gene cell expression, modulation of Th2 and other
asthma associated gene patterns (Wesolowska-Andersen et al., 2017). In another study, the
throat microbiota was not found to have a significant association to the development of
asthma; while the nasal microbiota composition was associated with asthma and was more
susceptible to environmental influences (Depner et al., 2015). Additional infant cohort
studies are needed to assess further the role of the airway microbiota in asthma development.

There are many different additional variables that have been found to perturb the
composition of the airway microbiome and the associated risk of asthma development,
including antibiotic use in early childhood, home environment, older siblings, and pets. The
study by Depner et al. (2015) found that the development of asthma was associated
decreasing microbial diversity and an increase in Moraxella spp. colonization for non-farm
children, but the same relationship was not found in farm children. Children who grow up on
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a farm are exposed to a greater variety of environmental microorganisms compared to
children who do not grow up on farms, and are also found to have less occurrences of
asthma (Ege et al., 2011). Infants with older siblings are typically another group less likely
to have asthma, but Hasegawa et al. (2016), found infants with older siblings to have a
Moraxella-dominated nasal microbiota. The findings of this study suggest that the presence
of older siblings in the home and a Moraxella spp.- dominant airway microbiota overall lead
to a lower risk of developing asthma, potentially due to fewer lower respiratory infections
during the critical window of lung development in early life, though the molecular
mechanism behind this remains unknown. Additionally, it has been found that exposure to
other children in general, whether through siblings or day care, leads to a Moraxella spp.-
dominated nasopharyngeal microbiome (Teo et al., 2015). In their study, Teo et al. (2015)
did not find Moraxella spp. to be associated with the risk for asthma development. However,
in a cohort of asthma patients at our own institution, we found their nasopharyngeal
microbiomes to be dominated by Moraxella spp. compared to controls (Pérez-Losada et al,
2017). Thus, the role of Moraxella spp. specifically still remains unclear; it is possible the
impact is species or strain specific.

The role of the airway microbiome in the development of asthma is complicated, and we still
do not fully understand the role it plays. Asthma is multi-factorial disease; more research
needs to be done to better understand the role the airway microbiome plays in the
development of asthma in order to propose better treatments, and possibly prevent the
development of this chronic disease. Furthermore, microbial composition and function have
been consistently neglected in the inference of asthma phenotypes (i.e., asthma groups
defined by a list of clinically observable characteristics) and asthma endotypes (i.e., subtypes
of asthma driven by a distinct functional or pathophysiological mechanism). Similarly, host-
microbe interactions during pediatric asthma have only recently begun to be studied and
inter-relations proposed (Goleva et al., 2013; Perez-Losada et al., 2015). These are topics
that should be further investigated.

3.2 Relationship between microbial diversity and asthma severity

It is known that the composition of the airway microbiome of asthmatics is inherently
different from non-asthmatics both in pediatric and adult cases (Hilty et al., 2010). Some
adult studies have also shown a differing microbial composition between cases of asthma of
differing severities (Huang et al., 2015), but similar studies have not yet been published for
children.

A recent study found significant differences in the bronchial microbiome between cases of
healthy adults, adults with mild-moderate asthma, and adults with severe asthma (Huang et
al., 2015). Severe asthmatics were enriched in certain taxa compared to healthy controls and
compared to mild-moderate cases, with the largest fold-difference for the Klebsiella spp.
Their findings suggest that airway dyshiosis may be specific to cases of severe asthma and
that response to treatments, such as corticosteroids may be affected by airway microbial
composition and diversity.

An additional study found clear differences in the distributions of phyla between healthy
adults, non-severe asthmatic adults and severe asthmatic adults (Zhang et al., 2016). They
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examined the lower airway microbiota and found that Bacteroidetes and Fusobacteria phyla
were reduced in non-severe and severe asthmatic groups compared to healthy controls. In
severe asthmatics only, Firmicutes phyla were significantly increased compared to non-
severe asthmatics and controls. Proteobacteria phyla levels were more common in non-
severe asthmatics compared to healthy controls.

The two studies had discrepancies in the specific differences among the three groups, which
may be due to the region of the lung from which the samples were taken. The first study
sampled the bronchial microbiome using bronchial brushings while the second sampled the
lower airway using induced sputum. It is thought that the respiratory microbiome has
complex biogeography, and, therefore, further study needs to be done to investigate within
lung microgeographic differences in microbial diversity (Dickson et al., 2015).

Strong similarities have been found between the adult and pediatric asthmatics and controls,
despite different sampling methods (Hilty et al., 2010). Thus, examination of adult airway
microbiome diversity in relation to asthma severity may hold some merit in pediatric cases.
That being said, the relationships found between airway microbial diversity and asthma
severity in adults may not hold true in pediatric cases; therefore, it should also be examined
in pediatric cases of asthma.

3.3 Effects of asthma treatments on the airway microbiome

The effect of current asthma treatments, such as corticosteroids, on the airway microbiota
remains unclear; more study needs to be done to better understand how traditional asthma
treatments affect the composition of the airway microbiota. Meta-analysis of data from Hilty
et al. (2016) and Marri et al. (2013) indicated that there were no major differences between
patients on corticosteroids and controls (Zhang et al., 2016). Further study is required to
better understand the airway microbiota’s possible role in corticosteroid treatment resistant
cases of asthma.

In addition to understanding the effectiveness of current treatments such as steroids based on
the airway microbiome, there is also the possibility of new treatments being developed from
new insights. One such area is using antibiotics to alter the airway microbiome in the hopes
of affecting the development and/or severity of asthma. Macrolides are a specific class of
antibiotics thought to have a potential role in the treatment of asthma. Meta-analysis of
different studies found that extended treatment with macrolides led to significant
improvement of various clinical asthma outcomes (Reiter et al., 2013). A more recent
clinical study found that treatment with azithromycin significantly reduced the duration of
asthma-like symptoms in 1-3 year old children with a history of recurrent asthma-like
symptoms and that azithromycin had no significant effect on the long-term risk of future
episodes of asthma-like symptoms (Stokholm et al., 2016). The effects of macrolides
specifically on the airway microbiome have not yet been examined. Current pediatric
guidelines do not recommend the use of antibiotics for asthma-like symptoms, though these
studies shed light on the possibility of their use for these types of symptoms in the future.
However, the use of macrolides for the treatment of asthma and other lung diseases remains
controversial (Stokholm et al., 2016). Another potential treatment for asthma often discussed
is the use of probiotics to increase the patient’s microbial diversity with the expectation that
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this will reduce asthmatic episodes. Meta-analysis of studies that administered probiotics
prenatally, postnatally or both pre- and postnatally revealed that the administration of
probiotics did not significantly reduce asthma/wheeze in children (Elazab et al., 2013).
While they did not find a significant reduction in asthma symptoms with the administration
of probiotics, they recommended that future trials consider specific strains of probiotics
used, use longer follow-up times, and consider associations with oligosaccharides when
examining the effects of probiotics on the reduction of asthma risk. While antibiotics or
probiotics may be effective in manipulating the microbiome, many caution its use in that
role as it is not a complete solution and we have, at best, only a basic understanding behind
the mechanisms at work (Robinson & Van Asperen, 2013).

Manipulation of the viral portion of the microbiome has also been theorized as a possible
treatment or prevention of asthma in high-risk children and, in theory, sounds promising.
Prevention of viral respiratory infections in high-risk children, through use of vaccinations
or immunoprophylaxis, have been proposed to prevent the development, or limit
exacerbations, of asthma (Gern, 2009; Wu & Hartert, 2011). However, based on a recent
study and the absence of effective antiviral therapies, targeting specific pathogenic bacteria
in the nasopharyngeal microbiome of high-risk infants could be a more effective way of
preventing the development of asthma (Teo et al., 2015).

Pediatric cases of asthma offer a unique opportunity to possibly manipulate the microbiome
and prevent the development and exacerbation of the disease (Robinson & Van Asperen,
2013). The potential effects of such manipulation of the airway microbiome by antibiotics or
probiotics remain widely unknown (Edwards et al., 2017). Further analysis into the specific
modulations of the microbiome resulting from treatment with antibiotics or probiotics will
help to improve treatment of pediatric asthma. An improved understanding of the role of the
airway microbiome in the development and phenotyping of asthma could lead to the
discovery of better treatments for this patient population.

4. Prematurity

4.1 The role of the microbiome in chronic lung disease of prematurity

The early studies regarding the role of the airway microbiome and BPD were severely
limited in size and scope. A study of eight intubated preterm infants used terminal restriction
fragment length polymorphism (T-RFLP) to characterize the airway bacterial composition
and found a diverse array of bacteria in the lower respiratory tract within the first week of
life (Stressmann et al., 2010). The limited size of this study prevents further determination of
whether these bacteria are transient or more permanently colonized. Another study examined
the bacterial composition of the respiratory tract using pyrosequencing over the first 21 days
of life for ten intubated preterm infants (Mourani et al., 2011). They found that in the first 72
hours after birth, the majority of tracheal aspirates had an undetectable bacterial load. Within
the first week of life, bacterial colonization of the airway occurred with nearly all tracheal
aspiration samples having a dominant organism, most frequently either Staphylococus spp.
or Ureaplasma spp. The presence of Ureaplasma spp. is important, as Ureaplasma spp. has
been found to be associated with a pro-inflammatory response by the immune system and an
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increased risk for BPD when detected by PCR or culture in humans and in experimental
animal models as outlined in a review by Viscardi & Hasday) (2009).

A slightly larger cohort of 25 premature infants, with 10 eventually developing BPD, was
the first to characterize the airway microbiome of premature infants and examine its
relationship to bacterially mediated inflammation and the development of BPD using 16S
rRNA sequencing (Lohmann et al., 2014). Infants with BPD had significant differences in
microbiome diversity compared to infants without BPD. At the time of intubation, neonates
who eventually developed BPD had lower bacterial diversity that those who did not develop
BPD. Analysis at the phylum- level showed that the evolution of the microbiome differed
between infants with BPD and infants without BPD; the airway microbiome of infants with
BPD showed an increased in Firmicutes phyla and a decrease in Proteobacteria phyla,
whereas, infants without BPD had a relatively diverse and more stable microbiome.

Another recent study compared the nasopharyngeal microbiome of premature versus term
infants using 16S rRNA sequencing (Perez et al., 2017). In their study of 13 infants (7 born
<32 weeks gestation), they found a contrasting profile from Lohmann and colleagues (2014),
detecting increased Proteobacteria phyla and decreased Firmicutes phyla in the premature
infants. These infants were followed longitudinally up to 2 years of age, and the microbiome
changes associated with prematurity persisted during subsequent rhinovirus infection. This
might suggest the microbiome changes due to prematurity may modulate the airway
inflammatory response to viral infections past the neonatal period.

Recent research also examined the relationship between the airway microbiome and the
severity of BPD in ventilated preterm infants using 16S rRNA sequencing (Wagner et al.,
2017). At seven days, no relationship was found between microbiome composition and later
severity of BPD. Examination of the airway microbiome composition over time revealed that
infants who developed more severe BPD had greater bacterial community turnover,
increasing from birth, and acquired less Staphylococcus spp. in the first days after birth, and
had higher initial levels of Ureaplasma spp. These findings reveal the possibility of using the
patterns and evolution of the airway microbiome as a predictor of BPD severity.

A better understanding of the role of the airway microbiome in BPD and lung development
in premature infants is important to be able to develop better, more directed, therapies that
can lead to better prognoses and late respiratory outcomes of preterm infants. Early
respiratory infection and inflammation have been shown to impair alveolar development and
contribute to the development of BPD (Kallapur & Jobe, 2006; Speer, 2009). Transgenic
mouse modes have been used to show that abnormal alveolarization occurs when TNF-
alpha, TGF-alpha, IL-11 and IL-6 are over-expressed, which are cytokines typically
expressed as part of the host immune response to an infection (Jobe & Bancalari, 2001).

The development of BPD is a severe risk in premature infants, and a better understanding of
the role the airway microbiome plays in the development of BPD may lead to a better
prognosis for these premature infants. More research needs to be done to examine and
understand the role the airway microbiome plays in BPD.
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5.1 Insights

5.2 Commonalities
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Cystic Fibrosis

©)
©)

Asthma

Pseudomonas aeruginosa is associated with lower microbial diversity.

While antibiotic use is associated with decreasing bacterial richness, it
produces minimal changes in overall community structure over time.

There is a strong correlation between decreasing bacterial diversity and
richness and poor lung function.

High inter-individual variability exists in the airway microbiome in
both pediatric and adult patients, and pathogen dominance is associated
with decreasing diversity at all patient ages.

The frequency and severity of lower respiratory infections in early life
are associated with an increased risk of persistent wheeze later in
childhood.

Bacterial pathogens present in the nasopharyngeal microbiome in
infants during upper respiratory viral infections may increase the risk
of development of persistent asthma.

Higher microbial diversity appears to be associated with a lower risk of
developing asthma, which is driven through exposure to older children
(such as siblings or daycare) or to the environment (such as farms).

The role of Moraxella spp. appears important but remains unclear, as
some studies have noted increased asthma risk, while others have found
it to be protective.

Prematurity

©)

©)

The presence of Ureaplasma spp. may increase the risk for BPD, likely
due to its stimulation of a pro-inflammatory response.

Airway microbiome changes due to prematurity may modulate the
airway inflammatory response to viral infections past the neonatal
period.

In cystic fibrosis, asthma, and BPD, studies of the airway microbiome have suggested that
children with these chronic lung diseases might have different microbial communities than
their healthy counterparts. A wider variety of bacteria are present than previously thought,
and this knowledge has expanded the opportunities for hypothesis driven research, including
potential alterations in treatment. Haemophilus influenzae is a bacterial pathogen common
in children with either cystic fibrosis or asthma early in the disease process. In cystic fibrosis
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and BPD, the presence or absence of certain bacteria appear to have a role in either
promoting or protecting from airway inflammation.

Another commonality in all respiratory microbiome studies is the impact of the site of
sample collection on research findings. Studies in CF have shown differences and
similarities between the microbiome characteristics of oropharyngeal swab and sputum
samples (Zemanick et al., 2015). Another study of an explanted CF lung showed spatial
variability of the microbiome (Brown et al., 2014). While there are no specific studies of
asthma or BPD, studies of healthy lung have also shown that the respiratory microbiome has
complex biogeography (Dickson et al., 2015). Regional variability is also not unique to the
airway microbiome, as it has been shown in other applications and other lung disease states
such as the transcriptome in emphysema (Steiling et al., 2013). Thus, this geographic
variability needs to be considered when comparing findings across research studies of lung
diseases.

5.3 Differences

In cystic fibrosis, it has been shown that Pseudomonas spp., a long known pathogen
associated with more severe lung disease, is also associated with microbial diversity.
Furthermore, this diversity is associated with the presence of anaerobic organisms. It
remains to be shown if anaerobes have positive or negative influences on disease
progression, and how antibiotic treatment might be altered to address this. Decreasing
microbial diversity in cystic fibrosis has also been associated with age and disease
progression, again providing opportunities for further research.

Moraxella spp. is a bacterial pathogen that appears to have opposite effects in children with
cystic fibrosis and asthma. The Moraxellacae family of bacteria has been associated with
higher levels of microbial diversity in children with cystic fibrosis. Conversely, in healthy
children Moraxella spp. has been associated with lower diversity. It seems to have an
important role in asthma development, but what that role is remains unclear. In children with
asthma, it appears that viral infections play a role in altering the microbiome and thereby
affect the development of asthma. The role of antibiotics in asthma development and severity
remains unclear.

In premature infants, Ureaplasma spp. may increase the risk for developing BPD.
Conversely from asthma, where viruses drive microbiome changes, in prematurity it appears
the altered microbiome impacts the inflammatory response to viral infection.

5.4 Recommendations and future directions

Microbial diversity can be measured using metataxonomic and metagenomic approaches
(Hilton, et al., 2016). Metataxonomic approaches use 16S rRNA targeted sequencing (e.g.,
Figure 1) and are able to describe the composition of the microbial community down to the
genus or species level. A metagenomics approach, however, uses shotgun sequencing and
thus can provide further granularity of the sample composition, identifying the bacterial
species or strains, and is also able to provide information about antimicrobial resistance
mutations (Hilton, et al., 2016) (see Table 2 and Figure 2). RNA metagenomic profiling
could provide even more information about microbial activity and the metabolism of the
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microbiomes (Castro-Nallar et al., 2015; Pérez-Losada, et al., 2015) (see Figure 3). Future
studies of pediatric airway diseases, such as cystic fibrosis, asthma, and BPD that
incorporated these techniques would provide further evidence that could be garnered in
improving treatment approaches for these vulnerable patient populations.
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Highlights

. Microbial diversity may play a role in inflammatory pediatric airway diseases.

. In cystic fibrosis, decreasing bacterial diversity correlates with poor lung
function.

. Higher microbial diversity is associated with a lower risk of developing
asthma.

. Microbiome changes due to prematurity modulate the response to viral
infections.
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Figure 1. Taxonomic profiles based on 16S targeted amplicon data of a cohort of eight children
with cystic fibrosis

Only genera with a minimum total observation count of 0.1% per subject are shown.
Pseudomonas, Staphylococcus, Haemophilus, Streptococcus, Prevotella, Gemella,
Bacteroides, Fusobacterium, and Enterobacteraiaceae_unclassified were identified at relative
abundances of at least 10% in one or more of the eight subjects.
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Figure 2. Metagenomic profiles comparing cohorts of asthma (AS) and control (CN) subjects
Only species with a minimum total observation count of 0.1% are shown. Asthma patients

have a dominance of Moraxella catarrhalis within their microbiomes. In addition to being
able to report bacteria at the species level, fungi such as Aspergillus nigerand Aspergillus
fumigatus, and yeast such as Candlida dublinensis are also reported as part of the microbial

composition using this approach.
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Figure 3. Functional profiles and functional properties mapped to 171 SEED metabolic pathways
comparing cohorts of asthma and control subjects

Panel A. Each color in the functional profile represents different SEED functions that were
identified in the cohort, demonstrating the similarities and differences between asthmatics
and healthy controls. Panel B. This extended error bar plot shows functional properties
differing significantly between asthmatics (AS) and healthy controls (CL) with an effect size
of one percent. Several pathways are significant, including one involved in virulence
functions (adhesion).
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Table 1

Airway Microbiome Insights

Page 24

Frequent Bacterial Species

Diversity Trends

Cystic Fibrosis

Pseudomonas spp., Staphylococcus spp., Haemophilus
spp., Burkholderia spp., Prevotella spp., Veillonella spp.,
and Gemella spp.

Lower diversity is associated with Pseudomonas spp. and
decreased pulmonary function

Asthma

Moraxella spp. and Haemophilus spp.

Higher diversity is associated with a lower risk of developing
asthma

Prematurity

Staphylococcus spp. and Ureaplasma spp.

Increasing bacterial turnover over time is associated with the
development of more severe bronchopulmonary dysplasia
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