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Abstract

The complexity and the mechanistic role of microbial communities at mucosal surfaces are only
now beginning to be understood. Their impact on host metabolism, development, and immune
responses to infectious and inert stimuli may be centrally linked to the metabolic functions of
these communities within the established microbiome. The structure and function of microbial
communities are influenced both early and throughout life by many environmental factors,
exposures, diet, and disease. Understanding how the microbiome influences the host during health
is likely just as important as understanding how it influences asthmatic disease predisposition and
severity.

Introduction

Asthma remains one of the most prevalent chronic respiratory diseases worldwide,

afflicting over 300 million children and adults. Asthma also is highly variable in terms

of susceptibility to the disease, pathophysiologic mechanisms, and phenotypes [1*°]. Despite
known risk factors (genetics, environmental exposures) and involvement of specific immune
pathways (e.g. type 2 inflammation), the development of asthma still cannot be predicted.
Moreover, the clinical spectrum of asthma is broad with individualized differences in
disease course and response to treatments. These aspects have long intrigued clinicians

and researchers alike and represent critical challenges to improve upon current asthma
management strategies.

Given the multifactorial nature of asthma, the potential influence of microbiota on the
pathogenesis of asthma and in shaping disease phenotype has attracted great attention.
Recent literature has built upon earlier evidence [2-8] of links between asthma and exposure
to or colonization by specific bacteria, both in the gut and airway, which suggested
mechanistic roles for particular species. Thinking beyond singular species, it is appreciated
now that microbiota (the collection of microbes existing together in a given niche) exert
both a constant and dynamic pressure on host immune tone and that this occurs not only
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in the intestinal tract but likely also the respiratory tract [9]. Although lower in overall
microbial burden compared to the colon, microbiota found in the respiratory system are
topographically distinct in composition and interface with different microenvironments
along the respiratory tract [10]. As such, interactions between microbiota and the immune
system differ in the two organ systems and likely shape asthma in several ways. Moreover,
the impact of these interactions on asthma likely differs by life stage and other external
factors. In this review we will highlight recent insights from translational and mechanistic
studies on microbiota—immune interactions in asthma that have laid further foundation for
the possible development of new treatment or prevention strategies.

Environmental microbial exposures: ‘setting the tone’ for asthma susceptibility

Much epidemiologic evidence supports the role of environmental exposures in shaping
risk for asthma in early childhood [11]. Population-based studies of individuals with
similar genetic backgrounds have clearly shown that differences in lifestyles and therefore
opportunities for microbial exposures [12,13,14°] are associated with differences in asthma
prevalence. A recently developed metric (FARMI index) attempts to quantitate whether
indoor microbiota mimic a farm-like/outdoor profile [14°]. Application of this index was
shown to be associated with protection against asthma among children living in non-farm
homes. Environmental microbes, however, vary by location and geography, and predictive
application of this index would likely need to be tested in specific population contexts, as
was pursued in this study. Environment-related differences in asthma risk have been linked
to altered innate immune response profiles and T-cell phenotypes [13,14*,15,16]. Among
U.S. Amish and Hutterite children, it was shown recently that T-cells profiled from blood
displayed different subset phenotypes between the two groups [16]. Activated regulatory
CD4+ T-cell phenotypes were increased in Amish children, along with lower levels of
co-stimulation and activation markers on conventional CD4 T cells. Amish children also
displayed a greater proportion of CD28null CD8 T cells than Hutterite children, which
correlated with T-cell IFN-y production and low serum IgE. Together these observations
further link differences in innate responses to altered adaptive immunity and the observed
difference in allergic disease between these populations. However, the specific mechanisms
by which exposure to an antigenically enriched environment results in these differences in
immune phenotype still have yet to be fully elucidated.

Modeling mechanisms of microbiota—immune interactions in asthma

The use of animal models has allowed the development of concepts and assessment

of mechanisms that can now be tested in patient populations. Earlier studies [17—

20] established that changing the microbiome can protect animals from development

of allergic disease. More recent studies have demonstrated that host control of the
microbial communities at the mucosal surfaces can alter susceptibility to development of
allergic disease, possibly by controlling the community composition that would otherwise
predispose hosts to disease phenotypes [21]. Use of an ozone model of pulmonary disease
has also demonstrated that even acute disease is regulated by changes in the microbiome
[22,23]. In particular, studies have linked different sources of the same inbred mice that
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exhibit different ozone responses, to the microbiome using passive conventionalization.
These latter studies indicated that neonatal male mice were more effectively altered by
microbiome conventionalization than female [22]. Other studies using ozone showed that
obesity-induced changes in pulmonary disease were abrogated using antibiotic treatment and
verified by transfer of obese microbiota to germ-free mice [23]. Probiotic supplementation
can alter the overall systemic metabolic profiles, blocking the development of pathogenic
immune responses and reducing pulmonary disease [24]. In addition, recent studies have
also shown that microbial metabolism of dietary fiber and subsequent increases in systemic
short chain fatty acids (SCFA) can lead to a reduction in the development of allergic
responses, indicating that diet can influence the microbiome and its products [25,26].

The changes in systemic metabolic profiles appear to have impact on hematopoiesis and
bone marrow progenitor cells, therefore having long term effects on subsequent immune
responses. Together, these recent studies add to previous work and help frame how the
microbiome changes can lead to altered innate and acquired immune responses, resulting in
long term immunologic effects that are regulated by microbial-derived metabolic factors.

Clinical studies: microbiota—immune interactions in asthma pathogenesis and phenotype

Several birth cohort studies have demonstrated consistent associations between an altered
gut microbiome and risk for childhood allergy or asthma [27-30]. Particular members of
the gut microbiota and functional products (e.g. short-chain fatty acids) [26,27] have been
mechanistically implicated as mediating the effect, the specifics of which differ between
reports and thus suggest several possible avenues of involvement. For example, elevated
fecal levels in neonates of the lipokine 12,13-diHOME are associated with increased risk
of childhood atopy and asthma [30] with gut bacteria serving as a potential source of

it based on metagenomic sequence analysis. It was further shown that administration of
12,13-diHOME to mice or human dendritic cells increased lung inflammation, decreased the
number of Treg cells, and altered expression of PPAR~y-regulated genes [31]. Thus, similar
to protective responses with fiber with SCFA, microbial-derived metabolites may have a
primary role in determining detrimental outcomes of the developing immune response.

Outside the gut, alterations in the nasopharyngeal microbiome also have been implicated
in risk for allergic asthma in children [32,33°,34]. In an Australian infant cohort [33°],
longitudinal analysis of nasopharyngeal swabs collected from birth onward showed

that development of a nasal microbiota dominated by Moraxella, Streptococcus or
Haemophilus was associated with greater probability of having ‘persistent wheeze’ (pre-
asthma phenotype) by age five years. Interestingly, this association was seen only in
children who demonstrated evidence of allergic sensitization by age two, but not in

those without early allergic sensitization, suggesting an interaction with a primed immune
environment. In a Danish cohort [32] differences in nasal microbiota profiles associated
with asthma were further linked to differences in mucosal immune mediators measured
from nasal epithelial lining fluid. Lastly, looking beyond the preschool years, established
nasal microbiota patterns may also be relevant in older children with persistent asthma
[35,36]. Among U.S. school-aged children participating in a clinical trial of escalating
inhaled corticosteroid use at the first indication of loss of asthma control, children with
nasal microbiota high in Corynebacteriuml Dolosigranulum experienced a significantly lower
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rate of these events, compared to those whose nasal microbiota was characterized by other
bacterial profiles including Moraxella or Streptococcus-dominant profiles [35]. Together
data may be converging on particular bacteria that appear to correlate to the development
and/or severity of pulmonary disease.

A growing number of studies focused on adults with asthma have indicated that interactions
between the microbiota and immune system also may play a role in different phenotypes
of asthma and are associated with measures reflective of such [37,38°,39,40°,41"°]. Severe
asthma represents a minority of the asthmatic patient population but confers the greatest
patient morbidity, costs and health care utilization. Differences in the airway microbiome
of asthma patients with moderate to severe disease have been linked to co-morbid obesity,
as well as differences in airway immune response patterns [37,38°,39,41°°]. A secondary
analysis of subjects who participated in an interventional trial of azithromycin for severe
asthma found that those with a neutrophilic sputum inflammatory cell phenotype displayed
decreased diversity of sputum bacterial microbiota, compared to other inflammatory
phenotypes [38°]. This finding was consistent with observations from an earlier smaller
study that noted an inverse relationship between type 2-airway inflammation and airway
bacterial burden [37]. It also has been demonstrated that airway microbiota differences
related to type 2-low inflammatory state are seen in mild asthmatics [40°] and further

may involve differences in fungal microbiota [39]. These complex interactions of multiple
organisms, including bacteria and fungi, which may be further compounded by different
viral infections over the lifespan, will likely all have an impact on the development and
severity of asthmatic responses through immune regulation.

Summary and future directions

Evidence is accumulating linking mucosal microbial communities and their products with
the nature of the immune responses that regulate the development and severity of asthma.
Ongoing and future studies will be able to better understand these links through both
improved disease models and rapidly evolving molecular and analytic tools to interrogate the
interactions between host and microbiota. The latter include metagenomic-based analyses
and their integration with other ‘omics’ data to obtain more comprehensive functional
insights. It seems likely that the relationships uncovered will differ by life stage and asthma
phenotype (Figure 1), which varies greatly between patients. Critical knowledge has been
gained in recent years, but additional mechanistic links remain elusive. Despite similar
known risk factors or exposures in a given group of individuals, it is difficult to predict with
certainty who will develop asthma or will exhibit a more treatable versus severe clinical
course. Related questions include what mechanisms drive adult-onset asthma and does this
differ in those with or without a history of atopy. Likewise, sex is an important variable with
males having more susceptibility early in life and females with increasing asthma incidence
post-puberty. How the microbiome contributes to these sex-associated differences in asthma
prevalence is unclear. Importantly, whether targeting of specific microbes that predominate
during asthma development, or manipulation of dietary intake or supplements [42,43], has
any therapeutic potential will be interesting to determine. Despite the numerous questions
that remain, many dynamic factors have been identified that contribute to differences in
asthma incidence and phenotype. These have plausible mechanistic links to differences in
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microbiome functions both in the intestinal and respiratory tract, which may prove to have a
significant role in the heterogeneity of asthma.
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