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Asthma is a highly heterogeneous disease characterized by inflammation of the airways, which invokes
symptoms such as wheeze, dyspnea, and chest tightness. Asthma is the product of multiple interconnected
immunological processes and represents a constellation of related, but distinct, disease phenotypes. The
prevalence of asthma has more than doubled since the 1980s, and efforts to understand this increase have
inspired consideration of the microbiome as a key player in the pathophysiology and regulation of this dis-
ease. While recent years have seen an explosion of new research in this area, researchers are only beginning
to untangle to mechanisms by which the microbiome may influence asthma. This review will focus on the
relationship between the microbiome and the immune system and how this influences development of
asthma. This review will also highlight evidence that may point the way toward new therapies and potential

cures for this ancient respiratory foe.

ASTHMA: PRE-HISTORY TO MODERN
MALADY

Descriptions of the condition known as asthma have
existed since the eighth century B.C., when the term was
first used in reference to Hector’s attempt to catch his
breath post battle (The Iliad, book XV, line 290). The
word ‘asthma’ has evolved much since originally de-
scribed by Homer, who simply meant it to refer to the
symptom of dyspnea (difficulty breathing) rather than the
disease itself. Yet it is no wonder that the condition
known as modern-day asthma is rooted in the Greek lan-
guage, having stemmed from the verb ‘aazein’ (to pant or
exhale with an open mouth).

Asthma is a chronic inflammatory disorder of the
airways characterized by recurrent symptoms of cough-
ing, wheezing, dyspnea, and chest tightness [1] and af-
fecting people of all ages, races, and sexes in every nation

worldwide. This inflammation promotes thickening of
the airway wall (Figure 1A) secondary to fibrotic re-
modeling and airway smooth muscle (ASMt) hypertro-
phy and hyperplasia [2]. Goblet cell hyperplasia and
increased mucus production augment wall thickening [3].
An overwhelming drive to expectorate this mucus con-
tributes to the development of asthma-associated cough
[3], while airway fibrosis, ASM thickening, and airway
hyper-reactivity (AHR, i.e. spasms) of the thickened
ASM layer impedes airflow secondary to reduced cross-
sectional area of the airway lumen [1]. This airflow re-
striction is largely responsible for the devastating
morbidity of the disorder.

Asthma may fundamentally be a disease of airway
inflammation, but this inflammation can manifest itself in
multiple ways. While commonly thought of as a child-
hood disease, asthma may appear throughout life [1]. The
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Figure 1. The Normal and Asthmatic Airway. The anatomy of a healthy, non-diseased airway (A, top) is similar to
that of a hose or pipe, with a patent and unobstructed luminal space permitting free flow of air with respiration. Sur-

rounding the airway lumen is a wall of connective tissue and
tom), the airway smooth muscle has undergone hypertrophy

airway smooth muscle. In an asthmatic airway (A, bot-
and hyperplasia, obstructing the lumen through an

increase in mass. Furthermore, asthmatic airway smooth muscle is classically hyperreactive to its triggering stimulus,

which leads to constriction and further obstruction of airflow.

Finally, heightened mucus production reduces the al-

ready diminished lumen, resulting in the sensations of dyspnea and chest tightness that are so characteristic of the
disease. From a cellular perspective, the normal and asthmatic airways are dramatically different. In a healthy airway
(B), a ciliated respiratory epithelium separates the airway lumen from the surrounding lung tissue. Alveolar
macrophages are the dominant cell type within the airway. Within lung tissue, many cell types are present, including

naive T cells and regulatory T cells (Tregs). A vigorous immu

ne response is not present. By contrast, the asthmatic

airway (C) is characterized by a robust immune response regardless of the asthma endotype. For Th2-driven,

eosinophilic asthma (C, left), the airway space becomes dominated by eosinophils and Th2 cells, with more of these
cells also present within the lung tissue. Plasma cells are also present and are responsible for production of allergen-
specific IgE. For Th17-driven, neutrophilic asthma (C, right), the dominant cell types are Th17 cells and the neu-
trophils they recruit, with eosinophils, Th2 cells, and IgE being absent. Other cell types, including B cells, mast cells,

and basophils, may be present depending on the endotype.

severity of symptoms, frequency of severe asthma attacks
(a sudden worsening of asthma symptoms), and response
to treatment vary between and within age groups [3].
Some children who acquire asthma grow out of it, while
others seem unable to shake the condition [4]. Today, the
concept of asthma is one of multiple endotypes [5-7], or
subtypes defined by “distinct pathophysiologic mecha-
nism[s]” [8].

While many specific features separate asthma endo-
types, one concept that has become central to this disorder
is the microbiome, i.e. the community of microorganisms
that dwell on and within its host. In this review, we will
highlight the immunologic mechanisms that contribute to
the pathogenesis and regulation of asthma and the means

by which interactions with the microbiome may influence
these mechanisms.

THE ACTORS ON ASTHMA’S IMMUNOLOGIC
STAGE

The cast of immunologic actors that put on the asthma
“show” is complex and variable [5,7]. The classic de-
scription of allergic asthma is an inappropriate immune
response against an otherwise innocuous environmental
antigen (i.e. allergen), leading to eosinophilia, AHR, and
IgE production [1]. Asthma may also be aggravated by
non-allergen triggers, ranging from tobacco smoke and
environmental pollution to emotional stress and viral or
bacterial respiratory infections. Regardless of cause, Th2
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cells commonly reside at the center of this process by pro-
viding cytokines that influence the function of both im-
mune cells (e.g. eosinophils, B cells) and
non-hematopoietic cells (e.g. goblet cells, fibroblasts)
(Figure 1B) [5,7].

One particularly interesting development in asthma
pathogenesis has been the relatively recent realization that
pathways outside the traditional Th2 axis can also drive
asthmatic responses, particularly in adult-onset disease
[5,7]. One such alternative pathway drives a form of
asthma dominated by neutrophils and lacking eosinophilia
and other characteristics of Th2 immunity (Figure 1C).
This nonatopic, non-IgE dependent form of asthma has
been associated with increased levels of gamma interferon
(INF-y), interleukin 17 (IL-17), and Th17 cells, a subset of
helper T cells known for production of IL-17 [9]. Both
Th17 cells and the IL-17 they produce have been linked to
the recruitment of neutrophils to airways [10], increased
severity of airway inflammation [11], and the promotion
of AHR [12]. In humans, airway neutrophilia negatively
correlates with airway function [13], and asthmatic air-
ways on the whole tend to have more Th17 cells than con-
trols [14]. Intriguingly, Th17 cells in animal models have
been shown to be resistant to steroid therapy [11], and
human Th17 cells seem to share this property [15], po-
tentially explaining why human adults with severe asthma
are often resistant to traditional pharmacologic treatments
[16].

Of particular importance to asthma are mechanisms
of immune regulation, as asthma is at its heart an imbal-
ance of inflammation and regulation tilted in favor of in-
flammation. One of the most studied immune regulators is
the regulatory T cell (Treg), a class of T lymphocytes first
identified as being protective against autoimmune in-
flammation [17]. Since their initial identification, evidence
supporting the function of Tregs in protection against a
variety of human diseases including asthma has rapidly
expanded [18]. Tregs, which are often characterized by
constitutive expression of both CD25 and the transcrip-
tion factor forkhead box P3 (Foxp3), have been shown to
protect against experimental asthma by inducing toler-
ance, or lack of an immune response, to inhaled allergens
[19]. Tregs utilize multiple suppressor functions to regu-
late allergic inflammation, including secretion of in-
hibitory cytokines such as transforming growth factor beta
(TGF-B) and interleukin 10 (IL-10), cell-contact depend-
ent mechanisms, consumption of limiting growth factors,
and modulation of dentritic cell (DC) and Th17 activity
[20]. Decreased Treg levels or defective Treg function has
been associated with development of hyper IgE syndrome,
hypereosinophilia, and allergic airway inflammation in
Foxp3 mutant mice [21]. Several studies have also shown
that the suppression of experimental asthma is accompa-
nied by accumulation of Tregs in the lung and lung-drain-
ing lymph node [22,23].
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Tregs have been shown to be reduced in the blood of
asthmatic individuals relative to control subjects and also
possess diminished suppressive capability [24]. Interest-
ingly, studies of Treg numbers in asthmatic lungs have
been mixed. Some have shown that asthmatic patients har-
bor fewer Tregs in their airways [25,26] or a reduced ratio
of Tregs to Th2 cells as well as decreased expression of
Foxp3 in CD4+CD25+ T cells [27]. One pediatric study
also reported Tregs to be functionally impaired in asth-
matic children [28], and another investigation has linked
a genetic polymorphism in interleukin 33 (IL-33) that is
known to predispose to asthma to reduced Tregs [29].
However, earlier work in adult asthmatics reported in-
creased numbers of Tregs in asthmatic airways [30], al-
though they did not examine Treg function. One possible
explanation is that these studies assessed patients broadly
classified as having “asthma” but who may have exhib-
ited subtly different asthma phenotypes or frankly distinct
endotypes. More work comparing human Treg popula-
tions among various asthma classifications is required.

Beyond Tregs, many other cell types can regulate
asthma. Among these are a population of B cells known as
regulatory B cells (Bregs) [31]. Bregs have been found to
suppress symptoms of experimental asthma [32] through
various mechanisms including induction of Tregs [33].
This induction may occur in the lung-draining lymph
node, where Bregs have been shown to accumulate during
tolerance development [34]. Unfortunately, the role of
Bregs in human asthma is currently unclear. One recent
investigation reported that B cells from asthmatic patients
produced less IL-10 than those from controls, suggesting
that a qualitative difference in Bregs may exist in human
asthma [35].

A further cell type with regulatory activity is the DC.
A subset of DCs has been shown to be protective in ani-
mal models of asthma [36], with subsequent work ex-
tending this finding to report that this protection is
mediated through DC induction of Tregs [37] and prote-
olytic modification of DC surface markers [38]. Addi-
tionally, evidence has shown that mice lacking CD103+
DCs have diminished ability to resolve asthma-associated
inflammation [39]. However, the DC-asthma story is com-
plex, and there is equally good evidence that subsets of
DCs help promote Th2 inflammation [40]. Which role
DCs play may depend on their interactions with other im-
mune cell types, including Tregs [41].

ASTHMA: A GROWING EPIDEMIC

Asthma has been a scourge of humanity since ancient
times, but the disease truly became what has been dubbed
the “asthma epidemic” [42] only in the late 20th century.
Between the 1980s and 2009, childhood asthma rates
more than doubled [42-46]. While there is some recent ev-
idence that overall prevalence may be stabilizing, rates in
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certain populations, including poor children and adoles-
cents, continue to rise [46].

Heterogeneity of asthma presentation and diagnosis
based largely on clinical features with lack of a gold-stan-
dard test to confirm or rule out disease have long made
estimates of asthma prevalence challenging for epidemi-
ologists [6,42]. To what degree prevalence numbers are
over- or underestimated is unknown, but that they are im-
precise is certain. For example, some types of asthma that
are not accompanied by a Th2 response may be missed by
surveys that utilize IgE or pinprick testing as key compo-
nents of diagnosis.

Regardless of whether prevalence has stabilized,
asthma continues to produce millions of missed school
and work days [44], representing a significant drain on the
national economy and a hindrance to learning. Asthma re-
mains the third leading cause of hospitalization in chil-
dren [47] and sends millions of victims of all ages to the
emergency room annually. From a health disparities per-
spective, asthma is a challenging disease for many minor-
ity populations in the United States. Both African
American and Puerto Rican children have significantly
higher prevalence of asthma than the general population;
the rate for Puerto Rican children is the highest of any
group, approaching 20 percent [46]. Unfortunately, efforts
to staunch the rising tide of asthma are hampered by a lack
of understanding of why certain populations are more
prone to asthma development than others [44].

CLEANER IS NOT ALWAYS BETTER: THE HY-
GIENE HYPOTHESIS

Many theories have been offered to explain the rise in
asthma rates in the decades since the upward trend in
asthma prevalence first became apparent. Among the most
compelling is the hygiene hypothesis of Strachan, origi-
nally raised in a study of hay fever [48]. The hypothesis
states that the increasingly clean and sterile environment
of modern life has promoted the development of many dis-
eases, including asthma, and evidence in support of this
has grown exponentially since Strachan’s initial proposal
[49].

What, then, is the driving force? Interestingly, the an-
swer may have been proposed over twenty years prior to
Strachan’s hygiene hypothesis by a Canadian team com-
paring native and white communities. In the 1970s, this
team observed that native communities suffered far less
from asthma and allergic disease than their white coun-
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terparts. Years ahead of their time, the researchers opined
that the higher frequency of asthma and allergy was
merely “the price paid by some members of the white
community for their relative freedom from diseases due
to viruses, bacteria and helminths” [50]. Microbes, or lack
thereof, could be the source of the asthma epidemic [51].

BRING ON THE BUGS: THE MICROBIOME

The term “microbiome”, popularized by Joshua
Lederberg in the beginning of this century [52], refers to
the microorganisms that live on and inside another living
organism and the interactions they share with their host
(for a discussion of the term microbiome and its conflict-
ing definitions, refer to footnote 1).

While recognition of the role of the microbiome has
grown primarily in the last two decades, the idea that hu-
mans co-exist with microorganisms is far from new. An-
tonie van Leeuwenhoek first described “animalcules” in
his own stool in a letter to Robert Hooke of the Royal So-
ciety in 1681 (Letter 34, [57,58]). The explosion in sci-
ence and knowledge related to the microbiome has
suggested that we may be able to harness the microbiome
to advance human health, reviving a concept first pro-
posed by Elie Metchnikoff over a century ago [59].

Unfortunately, this increased understanding has also
revealed a disturbing trend. Humans have likely coexisted
with their microbiomes since the dawn of the species, but
opportunities to acquire these microorganisms have dwin-
dled with increasing societal emphasis on cleanliness and
sterility, leading to the loss of loss of many so-called mi-
crobial friends [60]. According to this “old friends” hy-
pothesis [61], it is the loss of exposure to microorganisms,
many of whom humans co-evolved with, that underlies
the increasing prevalence of many diseases of the modern
age from diabetes and obesity to asthma and allergy.

THE BENEFITS OF DIRTY LIVING

The idea that microbial exposure can protect against
asthma has a long history, particularly with respect to farm
living. Residing on a farm (where microorganisms are
commonplace) has long been linked to protection from
asthma [62], with a veritable host of studies finding farm
living [63-68] and exposure to animals and dirt [69,70] to
be protective against the development of wheeze and
asthma. Suggestive of a role for microbes as a causative
factor for the aforementioned findings is the fact that ex-

"Microbiome, Microbiota, or Metagenome? The field of microbiome research utilizes many specific terms, and unfortunately some of these have no uni-
versally accepted definition, particularly microbiome [53]. Some researchers consider the word “microbiome” to be derived from a joining of the word
“microbe” and suffix “ome”, implying all the genomes of all the microorganisms in a community. A second definition is broader, pairing the prefix “micro”
with the word “biome” and implying the sum of all organisms, their activity, and their genes. As originally popularized by Joshua Lederberg, microbiome
was closer to the latter, defined as “the ecological community of commensal, symbiotic, and pathogenic microorganisms that literally share our body
space” [52]. Such a definition seemingly encompasses the organisms, their interactions with each other, and their interactions with the host. Further-
more, this definition fits with classic use of the term. In work dating to 1988 [54], 1952 [55], and even 1949 [56], the microbiome referred to the entire
ecological community of microorganisms and their interactions with their environment. The authors prefer to use microbiome in its classical sense, to
refer to the sum of all the organisms, their genomes, and their environmental interactions. When discussing only the organisms, the authors shall use
the term microbiota. To speak of the genomes of the microorganisms, the authors shall use the term metagenome.
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Figure 2: Inmune-Microbiome Interactions in Asthma. The immune system is influenced by the microbiome in a
myriad of ways, many of which we are only beginning to understand. With respect to asthma, four key areas of micro-
biome-immune interactions are particularly relevant. Regulatory T cells (Tregs) play a critical role in regulating
asthma pathogenesis and preventing asthma in healthy individuals. The microbiome has a large role in the genera-
tion and maintenance of Tregs. Microbial products, particularly short-chain fatty acids (SCFAs); microbe-microbe in-
teractions; and microbial sensing by elements of the immune system (such as through TLRs) all contribute to Treg
formation and function. Dendritic cells (DCs) can also play key regulatory roles in the context of asthma. Multiple mi-
crobiome-related mechanisms drive regulatory DC formation, including sensing of bacterial products such as flagellin
and production of SCFAs by certain microorganisms. Regulatory DCs may also promote the formation of Tregs. The
role of the microbiome in generating Regulatory B cells (Bregs) is less clear, but similar mechanisms (e.g. sensing
of microbes by TLRs) seem to play a role in this process. Specific microbial products which can induce Bregs are less
understood, particularly when compared to Tregs. Tregs, Bregs, and regulatory DCs all act to inhibit asthma patho-
genesis. However, pathogenic Th2 and Th17 immune responses can also be driven by the microbiome. An absence
of microorganisms, particularly early in life, can drive a Th2 response to allergen, as in a germ free (GF) mouse. Simi-
larly, early-life antibiotic use can promote Th2 responses. Proteobacteria, particularly Haemophilus influenzae, can in-
duce either a Th2 or Th17 response depending on the timing of infection. Other specific organisms can either inhibit
or promote Th17 responses. It is likely that many more such relationships will be discovered for both Th2 and Th17
responses as the science of the microbiome advances.

posure to endotoxin, a component of gram negative bac-
terial cell walls, negatively correlated with the develop-
ment of asthma in children on farms [71]. More recently,
the association has extended beyond bacterial endotoxin to
encompass a number of bacterial and even fungal prod-

ucts, which together may provide protection from asthma
development [72]. Interestingly, this study found the
greatest protection came in the middle of the range of ex-
posure levels, with those exposed to the highest levels of
microbial products actually at higher risk of developing
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asthma. As is often true, too much of a good thing can
prove problematic.

However, assessing exposure to microbial products
does not indicate which specific organisms may be re-
sponsible. A growing number of studies have sought to
change that, and today researchers know of multiple spe-
cific microbial populations that may protect from or pre-
dispose to asthma [73-83]. One of the best studied has
been the Gram positive phylum Firmicutes. Increased con-
tact with Firmicutes conveys asthma protection
[75,77,80,81,84], although at least one Firmicutes species,
the enteric pathogen Clostridium difficile, may predispose
to asthma [83]. The importance of Firmicutes is illustra-
tive of the need to identify specific microorganisms rather
than just microbial products such as endotoxin. Gram pos-
itive bacteria, including Firmicutes, lack the endotoxin-
containing outer membrane characteristic of Gram
negative bacteria, and the influence of such organisms
would have escaped notice in earlier studies solely as-
sessing endotoxin.

Perhaps unsurprisingly, there appears to be no single
microorganism or group of microorganisms common
amongst all studies, suggesting that it is the presence of
many different microorganisms that is protective. Indeed,
several of the aforementioned microbiome assessments
have found that the greater the diversity of microorgan-
isms that one encounters as a child, the lower the lifetime
risk of asthma [75,78]. However, other studies have shown
no link between overall microbial diversity and asthma
development [76,79-81] or even a tendency toward
asthma development with increased microbial diversity
[82]. The inconsistency may have multiple roots, includ-
ing varying sources of microbial DNA and the use of both
differing methods of microbial DNA extraction and mul-
tiple microbial DNA assessment technologies between
studies. Overall understanding of how microbial diversity
can impact asthma is clearly incomplete, and whether
more or less exposure is protective remains to be deter-
mined.

Several studies have pointed to fungi as opposed to
bacteria as being responsible for protection against
asthma. Individual fungal genera, such as Eurotium [75]
and Cryptococcus [79], as well as overall fungal diversity
[79] have been linked to protection from asthma. There is
a relative paucity of information available on the fungal
microbiome, particularly in its relationship to asthma, and
more study in this area is needed to determine which host-
fungal relationships drive asthma protection.

THE DANGERS OF VERY CLEAN LIVING:
EARLY-LIFE ANTIBIOTICS

Antibiotics have saved countless lives, and one need
only look to growing panic over rising antibiotic resist-
ance to understand the necessity of antibiotic use [85]. Un-
fortunately, antibiotics may affect the development of
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asthma even as they protect us from truly deadly patho-
genic microorganisms. The microbiome changes rapidly
in early life [86-88], and antibiotic treatment can have last-
ing effects on both the microbiome and the host
[87,89,90]. Many studies have linked early-life antibiotic
exposure, particularly in the first year of life, to the de-
velopment of asthma [91-95], including one meta-analy-
sis of 20 studies that found antibiotic use in the first year
of life was associated with greater than 50 percent higher
odds of asthma development [96]. However, there are
some caveats. In the aforementioned meta-analysis,
prospective studies tended to show no or minimal associ-
ation between asthma and antibiotic use, while retrospec-
tive studies tended to show a clear association [96]. The
discrepancy may center on childhood infections, as several
groups have suggested that it may be the infections the an-
tibiotics are prescribed to treat rather than the antibiotics
themselves that predisposes to asthma [97,98]. The asso-
ciation is likely further complicated, particularly for meta-
analyses, by the lack of a gold-standard diagnostic test,
with some tests potentially identifying only one or a few
asthma endotypes [6,42].

In experimental models of asthma, the relationship
between antibiotic use and asthma is decidedly less con-
troversial. Antibiotic administration heightens severity of
experimental asthma in mice [99-103], and two studies
have reported that neonatal, but not adult, antibiotic ex-
posure produces more severe allergic airway inflamma-
tion [101,103]. Determining the link between early
antibiotic exposure and asthma development is critical to
the reversal of the asthma epidemic, and the answer to this
question is likely to be tied to how the microbiome inter-
acts with the host immune system.

THE MICROBIOME GOVERNS THE IMMUNE
SYSTEM

The intricate relationship between the microbiome
and the host immune system is one of the most important
revelations of microbiome research. Todayi, it is clear that
the microbiome touches all aspects of immunity, from de-
velopment of specific immune cell types to formation of
immune organs and tissues [104-108]. Importantly, most
of what is known about microbiome-immune interactions
comes from work in mouse models of asthma; unless oth-
erwise indicated, all reported relationships in the follow-
ing section are from studies of laboratory mice. Figure 2
summarizes many of these relationships.

Immune Regulation: Tregs and DCs

The ability of the microbiome to influence regulatory
arms of the immune system, particularly Tregs, has fun-
damentally changed our view of what the microbiome
means for asthma control. Multiple studies have shown
that increased severity of experimental asthma is associ-
ated with a loss of colonic Tregs [99,101,103], and the
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links between the microbiome and Tregs are increasingly
well-described. One of the earliest specific links was made
to Bacteroides fragilis, which is able to induce Tregs in
the mouse gut [109] through a mechanism mediated by
toll-like receptor 2 (TLR2) detection of B. fragilis poly-
saccharide A (PSA) [110]. Interestingly, loss of PSA leads
to a Th17 rather than a Treg response to B. fragilis [111],
potentially indicating that loss of Tregs may contribute to
the development of Th17-dominated, neutrophilic asthma.

Five years ago, another group demonstrated that a
mixture of organisms in the class Clostridia was also ca-
pable of inducing Tregs not only in the gut but systemi-
cally [112]. Shortly thereafter, the mechanism was
elucidated: Clostridial metabolism of dietary fiber leads
to production of short chain fatty acids (SCFAs), includ-
ing butyric acid and propionic acid, which then act
through the receptor GPR43 to induce Tregs [113-115].
Further work narrowed down the responsible Clostridia to
a specific group of 17 organisms within clusters [V, XIVa,
and XVIII [116]. Interestingly, this is one instance where
mechanism preceded organism, as the role of SCFAs and
GPR43 in Treg induction was identified in an earlier re-
port demonstrating more severe asthma in mice lacking
GPR43 [117]. Since these initial reports, the importance of
SCFA production to asthma has become increasingly ev-
ident, with multiple reports showing that a high fiber diet
[118,119] or directly feeding mice SCFAs [119] is pro-
tective against experimental asthma. One of these studies
provided important insight into how gut microbial metab-
olism can impact the lung, demonstrating that SCFAs
travel to the bone marrow and promote the development of
DCs that are highly phagocytic but poor inducers of Th2
responses [118]. This represents a similar phenotype to
that of tolerogenic DCs, known Tregs inducers [37].

Other bacteria linked to Treg induction include Bifi-
dobacterium infantis [120], Helicobacter pylori [121-
123], and Lactobacillus johnsonii [124]. Interestingly, the
protective mechanism of both H. pylori and L. johnsonii
also appears to impact induction of Treg-promoting regu-
latory DCs [121-124]. L. johnsonii’s protective effects
may depend on other microorganisms, as the lactic acid
they produce may promote beneficial SCFA production
by other bacteria [125].

Over the past decade, there has been an explosion of
research showing that parasitic infection can influence
Treg development [126]. Parasites including Heligmoso-
moides polygyrus [127-131], Schistosoma mansoni [132],
and Strongyloides ratti [133] are all known inducers of
Tregs. H. polygyrus infection has also been shown to at-
tenuate the severity of asthma development, possibly
through parasite-induced Treg induction [127,128,131].
The mechanism by which H. polygyrus induces Tregs is
indirect, as H. polygyrus promotes growth of Lactobacil-
lus species [130] and increases SCFA production by the
overall gut microbiome [131]. The rationale behind para-
site-mediated Treg induction appears to be entirely evo-
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lutionary in nature: without Tregs, parasites such as S. ratti
are quickly killed by the host immune system [133].

Unfortunately, the available human data on micro-
biome Treg induction are mixed. One study lends support
to the regulatory DC axis, as human blood DCs cultured
with two Lactobacillus species switch phenotype to one
that drives development of Tregs [134]. However, B. frag-
ilis and Clostridial species in cluster XIVa represent a
more complicated story, as one clinical study linked abun-
dance of these microorganisms at infancy to increased
asthma at age three [84]. However, these data may not be
as discordant as they first appear. In a study of the effect
of day care on asthma development, children in day care
had more severe wheeze as toddlers but less asthma by
age six [135], suggesting that early promotion of asthma
may belie later protection.

For SCFAs, human clinical data are supportive of a
protective role. Maternal intake of acetic acid but not bu-
tyric or propionic acid was associated with less wheeze
and physician office visits in the first 12 months of infant
life [119]. The SCFA discrepancy with respect to mice
may simply reflect that the SCFAs that drive mouse Treg
development differ from those in humans. This area of mi-
crobiome research is constantly advancing, and it is likely
that answers to some of these open questions will be
yielded in the near future.

The Balance Between Th2 and Th17 Responses

The microbiome may also play a role in driving
asthma endotype polarization. Germ-free (GF) mice, born
and raised without a microbiome, develop immune sys-
tems primed to produce Th2 responses that cannot be sup-
pressed [136], and similar Th2-skewing results have been
reported with early-life antibiotic exposure [84,99,102].
This immunologic shift results in more severe disease if
experimental asthma is induced [99,102,137]. Together,
these studies suggest that the rise in asthma seen with a
poorly-diverse microbiome may arise from polarization
of the human immune system in a Th2 direction.

As previously noted, removing PSA from B. fragilis
turns a Treg inducer into a Th17 driver [111], and similar
species which lack PSA may be drivers of Th17 them-
selves. Indeed, in 2008, it was reported that certain mi-
croorganisms were required for induction of Th17 cells in
the mouse gut [138], with the culprit later identified as
segmented filamentous bacteria (SFB), a member of class
Clostridia, family Clostridiaceae [139].

While the evidence for SFB influencing asthma phe-
notype remains minimal, there is evidence of a role for
other organisms. Haemophilus influenzae, a common res-
piratory pathogen, has been found in the lungs of patients
with severe neutrophilic asthma [140]. Infecting mice with
H. influenzae during the induction of experimental asthma
shifts the phenotype of disease, reducing markers of Th2
immunity and driving accumulation of neutrophils and
production of IL-17 [141]. However, if H. influenzae is
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introduced very early in life, prior to asthma induction, it
can result in increased severity of disease through elevated
Th2 immunity (e.g. IL-5) and reduced Tregs [142]. Fi-
nally, one enteric pathogen, an Enterococcus faecalis sub-
species, can suppress Th17 immunity and symptoms of
allergic airway disease simultaneously [143], although
specifically Th2-driven features of asthma (eosinophils,
IgE) were not explored in that study. E. faecalis represents
an organism worth evaluating to develop a therapeutic that
targets both asthma and Th17 immunity.

B Cells and Immunoglobulin

Unlike for Tregs, the Breg-microbiome relationship
remains very poorly understood, despite the first evidence
in support of such a relationship predating similar Treg
findings. In 1996, a pioneering study reported that B10
cells, a population of Bregs characterized by production of
the anti-inflammatory cytokine IL-10, are induced by the
parasite S. mansoni, although the authors did not examine
the phenotype of those Bregs much beyond IL-10 pro-
duction [144]. Later work confirmed this link in patients
suffering from the autoimmune disease multiple sclerosis,
showing that B10 cell induction accompanied either 7ry-
panosoma cruzi or Paracoccidioides brasiliensis infection
[145]. More recently, two studies have shown that recog-
nition of microbial antigens through TLRs [146] and the
TLR signal mediator MyD88 [147] produces B cells
which can suppress inflammation during microbial infec-
tion. One experimental study demonstrated that S. man-
soni can induce B10 cells (together with Tregs) and that
transfer of these B10 cells can protect the recipient against
experimental asthma [132]. While more work remains be-
fore this parasite-B10 axis can be targeted for asthma ther-
apies, it is an exciting area of research and one further
potential explanation for why a “dirty” childhood full of
infections can protect against asthma.

WHAT ABOUT THE LUNG MICROBIOME?

While discussion has thus far centered on the gut mi-
crobiome, it is critical to consider the role of the micro-
biome most “proximal” to asthma, the lung microbiome.
Despite the obvious potential relevance of the lung mi-
crobiome to asthma, this relationship, as with so many
things related to the lung microbiome, remains poorly un-
derstood. This deficit is, to a large extent, an accident of
history. While humans have known for well over three
centuries of the existence of gut microorganisms [57,58],
the lung microbiome was long considered to be sterile in
the absence of active disease [148-152] and was corre-
spondingly excluded from the sites explored in the first
Human Microbiome Project [153]. Today, it is widely ac-
cepted that even healthy lungs harbor a microbiome, al-
though how it interacts with the pulmonary immune
system and what constitutes a “healthy” lung microbiome
remain matters of great debate [154,155].
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Despite our limited understanding of the lung micro-
biome, some patterns are beginning to emerge with respect
to asthma. Phylum Proteobacteria has been linked to in-
creased severity of asthma in human asthmatics [156-159],
with the explanation possibly returning to Th17 cells, as
one of these studies reported that Th17-related genes were
upregulated in individuals harboring abundant Proteobac-
teria [159]. It may also return to H. influenzae, as that mi-
croorganism is a Proteobacteria. While one recent study
has somewhat contradicted this evidence by suggesting
that Proteobacteria are associated with less severe asthma,
this report did not comment on non-Th2 forms of asthma
[160]. When it comes to diversity of the lung microbiome,
limited evidence suggests that lung microbiome diversity
may have the opposite effect as in the gut, with at least
one large clinical study reporting higher diversity and bac-
terial burden in asthmatic lungs when compared to con-
trols [157].

Just as early life gut microbiome exposures and per-
turbations appear to affect lifelong asthma risk, so too
goes the lung. Two cohort studies of the human infant res-
piratory microbiome reported that the infant lung micro-
biome, like the gut microbiome, changes rapidly
[161,162], but that colonization with Streptococcal or-
ganisms was a strong predictor of wheeze or asthma
[161,162]. One of these studies also mirrored results from
adult asthmatics, reporting an association between two
Proteobacteria, Moraxella catarrhalis and H. influenzae,
and development of wheeze and asthma at five years of
age [161].

The lung microbiome is one area where the body of
experimental work is even more limited than the clinical
evidence. However, available experimental evidence does
support some clinical findings, particularly the relevance
of Proteobacteria. In one recent study, newborn mice
tended to produce exaggerated Th2 responses in an ex-
perimental asthma model, even in the face of high num-
bers of thymically-derived Tregs [163]. However, as the
lung microbiome bacterial load increased, Gammapro-
teobacteria were replaced by Bacteroidetes, and inducible
Tregs (iTregs), the very Treg population also generated
by gut Treg inducers, increased, evidently driven by in-
teractions involving the cell surface receptor PD-LI1.
When challenged with allergen after this shift, mice were
more resistant, and the exaggerated Th2 response disap-
peared [163]. Perhaps a lack of Bacteroidetes or persist-
ence of Proteobacteria in asthmatic lungs drives human
disease.

In the past year, two elegant studies have shown that
the lung immune system can be manipulated through ap-
plication of inhaled bacterial products. In one, endotoxin
or endotoxin- and microbial product-containing farm dust
was administered intranasally to mice, and either treat-
ment suppressed subsequent experimental asthma through
a mechanism mediated by the immunosuppressive protein
A20 [164]. Interestingly, this result conflicts with at least
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Figure 3. The Environmental-Microbiome-Immune Axis and Asthma. The relationships between the environment,
the microbiome, the immune system, and asthma are extremely complex. Key points discussed in this review are
highlighted in Figure 3. The exposures humans encounter in the Environment are particularly important in shaping
the microbiome. Antibiotics can eliminate some microorganisms from the microbiome, while the setting in which hu-
mans live, such as on a farm as compared to a city apartment, can determine which microorganisms are acquired in
childhood. These exposures influence and impact the Microbiome and can determine which microbial products,
such as short-chain fatty acids (SCFAs) or polysaccharide A (PSA), are produced. Two SCFAs, butyric acid and pro-
pionic acid, are represented here. Factors which affect the microbiome can broadly influence microbiome diversity
and composition, including down to the specific organismal level (e.g. antibiotic elimination of Helicobacter pylori).
The microbiome can in turn influence the Immune System, which may also be altered by the environment. Many
cells responsible for regulating immune activity (from regulatory T cells to dendritic cells, or DCs) and producing ef-
fector immune responses (Th2 cells, Th17 cells, eosinophils, and so on) are induced by or otherwise influenced
through interaction with the microbiome and its products. This influence can impact the type of immune response
generated in the context of asthma, promoting Th2-driven responses, Th17-driven responses, or even a combination
thereof. Activity of the immune system is also capable of feeding back on the microbiome through, for example, pro-
duction of antimicrobial proteins. The activity of the immune system, in conjunction with Genetic influences (which
may also impact the microbiome), then determines Asthma pathophysiology, including the specific endotype present,
steroid resistance, and how susceptible an individual is to developing asthma in the first place. All of these factors

one published clinical study, where higher levels of endo-  found to provide protection from experimental asthma in-
toxin were noted in broncho-alveolar lavage (BAL) fluid  duced by either ovalbumin (OVA) or the common human
of asthmatics [158], although it could simply be that en- allergen house dust mite (HDM) when administered con-
dotoxin burden in the human asthmatics was beyond that  currently with the allergen [165]. The mechanisms of ac-
level at which it was capable of providing benefit. In the  tion, while not fully defined, may rely on regulatory DCs
second study, a different bacterial product, flagellin, was  and Tregs, as administration of flagellin to human DCs
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polarized them toward a regulatory, Treg-inducing phe-
notype [165].

THE CHANGING LANDSCAPE OF ASTHMA
THERAPY

The increasing prevalence and soaring cost of asthma
has inspired a search for cures through therapies with im-
munomodulatory potential. The critical role of Th2 cy-
tokines in asthma has led to the development of several
immunobiologic agents for the disease, although results
from clinical trials have been largely disappointing. De-
spite experimental evidence that IL-4 blockade reduces al-
lergic inflammation, phase 2 trials have found no efficacy
of anti-IL-4 therapy [166]. Similarly, clinical trials of
blockade of either IL-5 [167,168] or IL-13 [169] demon-
strated promising reductions in some aspects of asthma
pathophysiology but ultimately no meaningful disease
symptom improvement. Such studies raise doubts about
the efficacy of treating such a complex disorder by tar-
geting single molecules and illustrate the need for more
effective immunologic strategies for managing asthma.
One unusual proposed therapy is the macrolide class of
antibiotics, which were hypothesized to be beneficial due
to their polymodal anti-inflammatory functions, including
reduction of mucus hypersecretion [170], as opposed to
their bacteriostatic effects. However, clinical trials have
been contentious to say the least, with no current recom-
mendations supporting the use of macrolides for patients
with asthma [171,172]. At present, allergen-specific im-
munotherapy (ASIT), recognized for more than a century,
is the only etiologic therapy for asthma [173]. While
human trials largely support the benefits of ASIT for treat-
ment of atopic asthma [174-178], variable safety and ef-
ficacy profiles of ASIT regimens [179-182] has limited
widespread clinical application. Importantly, the potential
for substantial side effects including life-threatening ana-
phylaxic reactions [183] has led to practice guidelines rec-
ommending administration of ASIT only in supervised
medical facilities with thirty minutes of post-injection
monitoring [179,184,185]. These significant impediments
to widespread adoption of ASIT emphasize the need for
new therapies with improved safety profiles.

Given the long recognition of the relationship be-
tween asthma and the microbiome, it is perhaps surprising
that no effective microbiome-based therapies exist to treat
or prevent asthma. This paucity of therapies is not for lack
of effort. Consider probiotics, or live microorganisms ad-
ministered to provide a health benefit [186]. A number of
experimental studies have fed mice probiotic microor-
ganisms or their products, particularly Lactobacillus
species, and found protection from experimental asthma
[187-192]. This protection has been variously attributed
to increased TLR signaling [187], increased systemic reg-
ulatory T cell numbers [189,191], and increased
macrophage production of anti-inflammatory substances
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including IL-10 and TGF-p [190]. However, a meta-analy-
sis of 25 clinical trials of probiotics failed to show any
beneficial effect of probiotics on asthma development
[193]. While the reasons for the lack of translation from
the mouse to the human remain unclear, one possibility is
that the effect of adding a single microorganism or prod-
uct is too small. It is worth noting that the only clinical
microbiome therapy in widespread use today is fecal mi-
crobiota transplantation (FMT), which involves treatment
with an entire microbial community and represents the
new gold-standard therapy for antibiotic-resistant C. dif-
ficile colitis [194-196]. Successful microbiome asthma
therapy may need to look beyond the addition of just one
or even a few organisms at a time.

That said, perhaps live organisms are not the answer.
Consider the deep pool of evidence reviewed herein that
endotoxin exposure prevents asthma development. Ad-
ministration of endotoxin, or even a cocktail of microbial
products including but not limited to endotoxin, may pro-
vide protection from asthma development. One active
clinical trial is investigating this very therapeutic strategy
[197]. Unfortunately, such efforts may correct one prob-
lem and cause another, as at least one study has shown
that endotoxin and beta glucan shift the profile of asthma
from Th2 to Th17 [198].

Another potential option is the prebiotic, or a sub-
stance that is not alive but which modifies the microbiome
or is utilized by the microbiome to produce a health effect
[199]. Dietary fiber is a potent modulator of both the mi-
crobiome and (through microbial metabolism) the immune
system. At least one active clinical trial is assessing
whether increased intake of dietary fiber can modulate
asthma pathology [200]. Several studies have looked at
another prebiotic, oligosaccharides [201-203], by admin-
istering them to infants and assessing asthma symptoms
later in life. Unfortunately, results are mixed, with one
study reporting that wheeze was reduced later in life [201]
and others reporting no effect on wheeze [202,203]. All
three studies administered prebiotics during the first six
months of life, although the means of administration dif-
fered (formula supplementation [201,202] versus probi-
otic and prebiotic pills [203]). Interestingly, two of these
studies assessed the same cohort at different times, two
years [201] and five years of age [202], suggesting that a
relatively short course of prebiotics very early in life pro-
vides protection only for a limited time. Indeed, the sec-
ond study showing no benefit also looked at asthma and
allergy at five years of age [203].

A final point to consider is the relationship between
early-life antibiotics and asthma. Avoiding all antibiotics
in childhood is illogical, as they are a necessary cure for
many childhood illnesses. However, physicians should
carefully consider use of antibiotics in all patients and only
administer them if truly deemed necessary. Administer-
ing antibiotics for an infection that is likely to be viral, for
example, is a costly, unnecessary, and potentially harmful
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endeavor [85]. However, if an antibiotic is absolutely re-
quired, it may be reasonable to restore the microbiome to
a “healthier” state after the pathogenic organism has been
eradicated (i.e. via FMT or similar strategies), as this may
reduce the ill effects of antibiotics on rates of asthma.

CONCLUSION

Although more is learned about the association be-
tween asthma and the microbiome on a daily basis, the
precise details of this relationship require continued in-
vestigation. Advances in the realm of microbiome-im-
mune interactions have fundamentally changed our view
of how microorganisms can regulate asthma (Figure 3),
but a host of questions remains to be answered. Can mi-
crobial modulation of Tregs be harnessed to control
asthma? Is the microbiome responsible for the switch
from Th2-driven, eosinophilic asthma to the severe, Th17-
driven endotype? Although observations from epidemio-
logical studies that have examined the influences of early
life exposures (e.g. farming, antibiotic use) on asthma de-
velopment have certainly been fundamental to our current
understanding of the pathophysiological links between
asthma and the microbiome, this knowledge has yet to be
translated into improved therapeutic strategies. The rapid
increase in our understanding of the microbiome suggests
that these mysteries may not remain unsolved for long,
and the day may soon come when asthma guidelines in-
clude one or more microbiome-derived therapies for the
prevention or treatment of this widespread and disabling
disorder.
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