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Regulation of lung immunity and host
defense by the intestinal microbiota
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Every year in the United States approximately 200,000 people die from pulmonary
infections, such as influenza and pneumonia, or from lung disease that is exacerbated by
pulmonary infection. In addition, respiratory diseases such as, asthma, affect 300 million
people worldwide. Therefore, understanding the mechanistic basis for host defense
against infection and regulation of immune processes involved in asthma are crucial for
the development of novel therapeutic strategies. The identification, characterization, and
manipulation of immune regulatory networks in the lung represents one of the biggest
challenges in treatment of lung associated disease. Recent evidence suggests that the
gastrointestinal (Gl) microbiota plays a key role in immune adaptation and initiation in the
Gl tract as well as at other distal mucosal sites, such as the lung. This review explores the
current research describing the role of the Gl microbiota in the regulation of pulmonary
immune responses. Specific focus is given to understanding how intestinal “dysbiosis”
affects lung health.

Keywords: Gut-Lung Axis, intestinal microbiota, immunology, pulmonary infections, pulmonary immunology,
dysbiosis

Introduction

Respiratory tract infectious diseases, such as influenza and pneumonia, result in the death of
3-2 million people annually worldwide (WHO, 2014). Most of the current therapies used in the
treatment and management of these diseases are suboptimal as antibiotic resistance, efficacy, and
toxicity have been difficult to overcome (Keely et al., 2011). Infection of the respiratory tract
represents a breakdown of the host’s immune defenses. In addition, non-infections respiratory
diseases are the third and fifth (infections respiratory diseases are the fourth) leading causes of death
worldwide (WHO, 2014). Understanding the mechanisms that mediate cross-talk between the
gastrointestinal (GI) tract and lung defenses and how this interaction facilitates optimal lung health
is of growing interest. More specifically, the role of the GI microbiota in mediating, maintaining,
and regulating this cross-talk represents an exciting area of research that is poised to aid in the
development of novel treatment and management strategies for lung disease.

The Human “Super-Organism”: The Role of the Gastrointestinal
Microbiota in Health

The importance of the homeostatic maintenance of human health by the intestinal microbiota
has become a topic of great interest (Noverr and Huffnagle, 2004; Lupp et al, 2007;
Maslowski et al., 2009; Garrett et al., 2010; Hooper et al., 2012; Bollrath and Powrie, 2013;
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Sansonetti, 2013). Evolution of an individual’s microbiota begins
shortly after birth cumulating in a stable adult microbiota by
the age of two (Foxx-Orenstein and Chey, 2012). This microbial
community includes autochthonous (permanent inhabitants)
and allochthonous (transient inhabitants) microorganisms.
Microbiota of the human GI tract contains bacterial (microbiota),
viral (virome), and fungal (mycobiota) species. Surprisingly,
approximately 60% of these organisms cannot be grown in
traditional culture (Noverr and Huffnagle, 2004; Hooper et al.,
2012). However, new methods known as “microbial culturomics,’
which utilize 212 different culture conditions have allowed for
a significant advancement in our ability to culture intestinal
microorganisms (Lagier et al, 2012). The average human
adult intestinal microbiota is composed of approximately 400
1000 species (Noverr and Huffnagle, 2004; McLoughlin and
Mills, 2011; Hooper et al, 2012). However, it is estimated
that roughly 30-40 species dominate this niche, with bacteria
from the genera Bacteroides, Bifidobacterium, Eubacterium,
Fusobacterium, Clostridium, and Lactobacillus highly represented
(McLoughlin and Mills, 2011). In addition, intestinal microbial
diversity and composition changes not only along the length of
the intestinal tract but is spatially distributed between the mucosa
and the lumen of the intestinal tract within each region (Hill
etal., 2010; Macpherson and McCoy, 2013). Many environmental
factors will drastically alter the normal intestinal microbiota
(Noverr and Hufnagle, 2004). Changes in diet, the use of
antibiotics, chemotherapy, GI tract infection, and host immune
status significantly alter, either transiently or permanently, the
intestinal ecosystem (Round and Mazmanian, 2009; Hooper
and Macpherson, 2010; Hooper et al., 2012). Alterations of
the microbiota that lead to intestinal dysbiosis (a microbial
imbalance within the intestinal tract) are characterized by a
loss or significant decrease in the amount of beneficial bacterial
species and/or an outgrowth or population shift of other species.
Intestinal dysbiosis can affect overall health in multiple ways
such as growth of opportunistic bacterial pathogens, alterations
in host’s metabolic profiles, and/or increased inflammation. This
review will focus on the microbiota as it affects pulmonary
immunity.

Maintenance of the Intestinal Microbiota

Alterations of the intestinal microbiota not only affect the growth
of opportunistic pathogens but can have a broad impact on
immune status and function within the host (Hooper et al., 2012).
The impact of the GI microbiota on host mucosal immunity
has been studied extensively in germ-free mice (mice without
any intestinal microbiota). Germ-free mice exhibit impaired
GI development characterized by smaller Peyer’s patches, fewer
CD8af intraepithelial lymphocytes, underdeveloped isolated
lymphoid follicles, and lower levels of the mucosal IgA antibodies
(Hooper et al, 2012). The specific microbial molecules or
components that inform host immune development are still
being discovered and characterized. These interactions are
crucial for the maintenance of host-microbial homeostasis. This
topic has been reviewed in several recent articles (Round and
Mazmanian, 2009; Hooper and Macpherson, 2010; Hooper et al.,

2012). Figure 1 highlights a current overview of understanding
of how the GI microbiota shape immune responses and how the
host immune system shapes the GI microbiota.

The Intestinal Microbiota and Systemic
Immunity

Commensal microorganisms modulate host immunity not only
in the intestinal tract but at distal sites as well (Kieper et al., 2005).
The intestinal microbiota affects systemic immune responses by
modulation of several key pathways; expansion of extra-intestinal
T cell populations, production of short-chain fatty acids,
development of oral tolerance, and control of inflammation.

Regulation of T Cell Populations

Expansion and differentiation of extra-intestinal T cell
populations are meditated by the intestinal microbiota (Kieper
et al., 2005). Several recent studies have shown that the intestinal
microbiota is critical for maintenance of T cell subsets that are
important for systemic immunity. The intestinal microbiota is
required for expansion of CD4+ T cells, regulatory T cells, Thl
or Th2 responses, and Th17 T cells. For example, colonization
of germ-free mice with Bacteroides fragilis that synthesize PSA
results in a higher number of circulating CD4+ T cells and
levels of circulating Th1 cells compared to mice colonized with
B. fragilis unable to produce PSA (Mazmanian et al.,, 2005).
While, colonization of gnotobiotic mice with a cocktail of mouse
derived Clostridial strains enhances anti-inflammatory signaling
by directing the expansion of lamina propria and systemic
regulatory T cells (Treg) with an associated increase in IL-10
secretion (Atarashi et al., 2011). The specific Clostridial strain
that drives this regulatory affect is not known. Further, mice with
high levels of Bacteroides vulgatus colonization exhibit a biased
T cell differentiation favoring a Th2 over a Thl phenotype, as
characterized by increased levels of IgE, IgG1, IL-4 and decreased
IFNy (Sudo et al., 2002) Finally, colonization of germ-free mice
with segmented filamentous bacteria (SFB) induces expansion
of the Th17 cell population and a slight increase in Thl cells
(Abraham and Cho, 2009; Wu et al., 2010; Lee et al., 2011).

Oral Tolerance

Development of oral tolerance occurs following oral
administration of antigen and represents a local and systemic
immunological state of immune unresponsiveness to a
subsequent antigen challenge. Low doses of antigen favor
active suppression, whereas higher doses favor clonal deletion
of antigen-specific T cells. Ingestion of oral antigen induces
expansion of Th2 and Th3 T cells and CD4+ CD25+ regulatory
cells and latency-associated peptide+ T cells (Faria and Weiner,
2005). Further, individuals with impaired intestinal permeability
often have dysfunctional oral tolerance. Impaired intestinal
permeability also leads to inadequate production of IgE and
recruitment of mast cells in the GI mucosa. Individuals suffering
from these conditions exhibit enhanced IgE-CD23-mediated
transport across the mucosa and increased levels of inflammatory
mediators, such as proteases and cytokines, which further affect
intestinal permeability. This leads to an increase in the leakage of
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FIGURE 1 | The intestinal microbiota and the host immune system. Interaction between the immune system and the intestinal microbiota. Multiple immune
effectors function together to minimize bacterial-epithelial invasion. These include the mucus layer, epithelial antibacterial proteins, and IgA secreted by lamina propria
plasma cells. Compartmentalization is accomplished by unique anatomic adaptations that limit commensal bacterial exposure to the immune system. Some microbes
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as well as systemic immunity. ILFs, isolated lymphoid follicles.

are sampled by intestinal DCs. The loaded DCs traffic to the mesenteric lymph nodes through the intestinal lymphatic but do not migrate to distal tissues. This
compartmentalizes live bacteria and induction of immune responses to the mucosal immune system. Induced B cells and T cell subsets recirculate through the
lymphatic and the bloodstream back to mucosal sites, where B cells differentiate into IgA-secreting plasma cells. Thus, the intestinal microbiota shapes host mucosal

allergens and hence contributes to perpetuate the inflammatory
reaction (Perrier and Corthésy, 2011). Further, Cassani and
colleagues recently observed defective oral tolerance in CCR9-
deficient mice (CCRY targets T cells to the small intestine) and
that defective oral tolerance in CCR9-deficieint mice could be
restored by transfer of wild-type T cells (Cassani et al., 2011).
However, Pabst and co-workers found that CCR9-deficient
mice developed normal oral tolerance to ovalbumin. Pabst and
co-workers suggest that these differences may be due to the
differences in individual strains of CCR9-deficient mice, or that
differences in the composition of the microbiota may influence
the impact of CCR9 on oral tolerance (Pabst and Mowat, 2012).
There are controversial reports on the capacity to induce oral
tolerance in germ-free mice devoid of live intestinal bacteria
(Walton et al., 2006; Ishikawa et al., 2008). Yet, numerous studies
have demonstrated that the intestinal microbiota has a profound
effects on the immune system. Therefore, it is conceivable that
differences in microbiota composition may also affect oral
tolerance.

Production of Short-chain Fatty Acids
Dietary fermentable fiber content changes the composition
of the GI microbiota, in particular by altering the ratio of

Firmicutes to Bacteroidetes. Alteration of the ratio of Firmicutes
to Bacteroidetes directly affect how the gut microbiota metabolize
fiber, consequently increasing or decreasing the concentration of
circulating short-chain fatty acids (SCFAs). Intestinal microbiota-
meditated production of various SCFAs have also been shown
to be important for host systemic immunity (Meijer et al,
2010; den Besten et al., 2013; Trompette et al.,, 2014). More
precisely, SCFAs, especially butyrate, seem to exert broad anti-
inflammatory activities by affecting immune cell migration,
adhesion, cytokine expression, as well as, cellular proliferation,
activation, and apoptosis through the activation of signaling
pathways (NF-kB) and inhibition of histone deacetylase. In
addition, histone deacetylase inhibitors enhance the numbers and
function of Treg cells (Meijer et al.,, 2010). Two recent studies
demonstrated that short-chain fatty acids directly regulate/prime
the size and function of Treg cell pool in the colon. Both studies
showed that mice are protected from colitis through butyrate
induced differentiation of Treg cells in a Ffar2-dependent manner
(Furusawa et al., 2013; Smith et al., 2013). Furusawa and colleges
also demonstrated that treatment of naive T cells under the
Treg-cell-polarizing conditions with butyrate enhanced histone
H3 acetylation in the promoter and conserved non-coding
sequence regions of the Foxp3 locus, which they proposed may
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be the possible mechanism for how microbial-derived butyrate
regulates the differentiation of Treg cells (Walton et al., 2006).
Increased levels of butyrate also induce the expression of IL-
10, which influence the balance between Thl, cytotoxic CD8+
T cells and Treg cells. Finally, SCFAs are also important in the
control of allergic inflammation. Trompette and colleagues found
that mice fed a high-fiber diet had increased circulating levels
of SCFAs and were protected against allergic inflammation in
the lung, whereas a low-fiber diet decreased levels of SCFAs
and increased allergic airway disease. Specifically, increased
levels of SFAs lead to enhanced generation of dendritic cell
precursors and subsequent seeding of the lungs by DCs with
high phagocytic capacity, which was accompanied by an impaired
ability to promote Th2 cell effector function (Trompette et al.,
2014).

Regulation of Systemic Inflammation

Several recent studies have provided insight into the role
that the commensal microbiota has on influencing systemic
inflammation (Noverr et al., 2004, 2005; Ichinohe et al., 2011).
Disease severity in animal models of colitis are all dependent
on the animal’s intestinal microbial communities (Abraham and
Cho, 2009; Wu et al., 2010; Lee et al., 2011). For example,
germ-free mice with chemically induced colitis exhibit markedly
attenuated pathological signs of colitis and restoration of the
intestinal microbiota prevents the attenuation. This suggests that
the intestinal microbiota is crucial for modulating the hosts
ability to control inflammation. Further, Verdam et al., found that
obese humans exhibit a reduced bacterial diversity, a decreased
Bacteroidetes/ Firmicutes ratio, and an increased abundance of
potential proinflammatory Proteobacteria (Verdam et al., 2013).
The shifts in the intestinal microbiota populations were also
accompanied by increased levels of fecal calprotectin and plasma
C-reactive protein, which suggest that the intestinal microbiota
alterations found in obese humans are associated with local and
systemic inflammation and that the obesity-related microbiota
has a proinflammatory effect (Verdam et al., 2013). Finally,
Biagi and co-workers found that by evaluating the correlation
between systemic inflammation and the fecal microbiota that
about 9% of the variable microbiota was related to the increased
levels of pro-inflammatory cytokines IL-6 and IL-8 (Biagi
et al., 2010). All of the taxa that showed a slightly positive
correlation with either IL-6 or IL-8 belonged to the phylum
Proteobacteria (Biagi et al., 2010). The intestinal microbiota also
has many inflammation-suppressing fractions, which function
to; counteract some of the inflammatory bacteria, decrease
the inflammatory tone of the system, improve the barrier
function of the GI mucosa, and prevent inflammation-inducing
components from translocating into the body (Hakansson
and Molin, 2011). Furthermore, Clostridium cluster XIVa and
Faecalibacterium prausnitzii has been demonstrated to possess
anti-inflammatory effects by inhibiting NF-kB activation and IL-
8 secretion and stimulation of peripheral blood mononuclear
cells, which ultimately led to an IL-10/IL-12 ratio that favors anti-
inflammatory conditions (Sokol et al., 2008). By far, the most
studied inflammation-suppressing taxa of the GI microbiota
are from the genera of Lactobacillus and Bifidobacterium.

Lactobacillus and Bifidobacterium will be discussed further in the
probiotics section.

While the all of the direct mechanistic contributions of the
GI microbiota on systemic immunity beyond the intestinal
mucosa remain to be determined, these studies demonstrate that
commensal bacteria can impact host immunity beyond the GI
tract. Table 1 summarizes our current understanding of the effect
of the intestinal microbiota on systemic immunity.

Effects of the Gl Microbiota on Pulmonary
Health

Priming of Intestinal and Lung Mucosal Immunity
It is important to understand the cross-talk and collaboration
between the GI tract and the respiratory tract at both an immune
and microbial level. Numerous studies have shown that fluids,
particles, or even microorganisms deposited into the nasal cavity
of mice can also be found in the GI tract a short time later
(Southam et al., 2002). In fact, as little as 2-5 .l of inoculum into
the nasal cavity can later be detected in the GI tract (Southam
et al,, 2002). Therefore, the GI tract will ultimately be exposed to
any pathogen or antigen that is introduced into the respiratory
system. This also suggests that the mucosal immune system of
the GI tract may serve as a primary sensor of foreign antigens
and organisms from the environment. Importantly, disturbances
in the intestinal homeostasis by either alterations in the host’s
genetics or alterations in the microflora could have drastic effects
on systemic (e.g., lung) immune responses (see Figure 2). We
have also provided a summary our current understanding of
the effect of the intestinal microbiota on pulmonary health in
Table 2.

Allergies and Asthma

Allergies are often associated with an abnormal Th2 T cell
response. Th2 cells are characterized by their ability to produce
IL-4, IL-5, IL-9, and IL-13 (McLoughlin and Mills, 2011).
The notion that the alterations of immune responses in the
gut can directly affect the development of allergic disease in
the lung is now widely accepted due to strong epidemiologic
(Bjorkstén et al, 2001) and experimental evidence (Noverr
et al.,, 2004, 2005; Maizels, 2009). A pivotal study reported by
Noverr et al. (2004) demonstrated that allergies can develop as
a consequence of an altered intestinal microbiota (Noverr et al.,
2004). Antibiotic treated mice were given a single oral dose of
Candida albicans. This significantly altered the composition of
the intestinal microbiota (Noverr et al., 2004). Treated animals
had more CD4 cell-mediated inflammation in the lung following
aerosol introduction of an allergen compared to mice with
a normal GI flora (Noverr et al, 2004). This suggests that
alterations in the GI flora can facilitate an immunological
state that is predisposed to respiratory allergies. There is a
growing interest in understanding other T cell subsets in the
development of allergy and asthma, specifically the role of
Th17 cells and Th9 cells, which may be impacted by GI
microbes (Forsythe, 2014). In addition, Vital and colleagues
examined the associations between the intestinal microbiota
and allergic airway disease in both young and old mice
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TABLE 1 | Current understanding of the effects of the intestinal microbiota on systemic immunity.

Microbial species or product

Effects on systemic immunity

EFFECT OF THE INTESTINAL MICROBIOTA ON SYSTEMIC IMMUNITY
e Bacteroidesfragitis PSA+ strains
o Clostridial cluster IV

o Higher levels of circulating CD4+T cells and Thl cells
eEnhances anti-inflammatory signaling

e Expansion of lamina propria and systemic regulatory T cells
e Increases IL-10 secretion

e Bacteroides vulgatus

eInfluences T cell differentiation favoring a Th2 over a Thl phenotype

o Increases levels of IgE, IgGl, IL-4 and decreased IFN-y

e Segmented Filamentous Bacteria

e Induces expansion of the Thi7 cell population

e Slight increase in Thi cells

e Lachnospiraceae
e Loss of Akkermansia, Ruminococcus, Pseudobutyrivibrio

elncreased production of butyric acid
eCorrelates with a decreased levels of RANKL

o RANKL is expressed by T helper cells and is involved in DC maturation.

e Parabacteroides distasonis (Membrane Fractions)

eDecreased levels of proinflammatory cytokines

o Stabilization of the intestinal microbial ecology

e Lactobacillus spp.

ePromote DC maturation and production of regulatory cytokines

o Expansion of CD4+ regulatory T cells

e Faecalibacterium

eInhibition of NF-«B activation through Butyrate production

e Interact with DCs promoting induction ofTregs
e Induce high amounts of IL-10 in antigen presenting cells
e May be able to block expansion of Thi7 cells

e Bacteroides thetaiotaomicron

eCan increase gut permeability in mice deplete of microflora.

e Increases metabolites involved in gluconeogenesis (succinate)

e Firmicutes to Bacteroidetes Ratio

eAffects development of Oral Tolerance

o Influences how the gut microbiota metabolized fiber
o Increased/decreased levels of SCFAs
o Increased/decreased levels of fecal calprotectin and plasma C-reactive protein

that were sensitized and challenged with house dust mite.
They found that the microbial community structure changed
with age and allergy development and interestingly that the
alterations in the intestinal microbiota from young to old mice
resembled the microbial structure of mice after house dust mite
challenge. The changes in the intestinal microbial communities
were also associated with increased levels of serum IL-17A.
Further, old mice developed a greater allergic airway response
compared to young mice. Vital and colleagues also suggest the
composition of the gut microbiota changes with pulmonary
allergy, indicating bidirectional gut-lung communications (Vital
et al., 2015).

Infectious Diseases

It is evident that the intestinal microbiota plays a crucial role
in the regulation and immune response to respiratory viral
infections such as influenza (Ichinohe et al., 2011). A recent
study from Ichinohe and co-workers demonstrated that the GI
microbiota directly influenced virus-specific CD4 and CD8 T cell
subsets in experimentally infected mice (Ichinohe et al., 2011).
Treatment of mice with different antibiotic regimens revealed
a population of neomycin-sensitive commensal organisms
associated with a protective immune response in the lung
following influenza infection. Furthermore, injection of TLR
ligands, either locally in the lung or at distal sites, rescued the
immune impairment in the antibiotic-treated mice. In addition,
an intact GI microbiota was required for expression of the

proinflammatory chemokines pro-IL-1p and pro-IL-18, which
are necessary for influenza clearance (Ichinohe et al., 2010). This
suggests that the intestinal microbiota provides microbial signals
or determinants that are critical for immune priming and shaping
the response to viral pneumonia.

Similar observations regarding the critical role of the intestinal
microbiota in the regulation and immune response to respiratory
bacterial infections have also been made (Fagundes et al., 2012).
Fagundes et al. (2012) employed germ-free mice to analyze the
ability of the host to resist bacterial infection. Germ-free mice
were highly susceptible to pulmonary infection with the bacterial
pathogen Klebsiella pneumonia. The enhanced susceptibility
to K. pneumoniae was associated with increased levels of
IL-10, which suppresses neutrophil recruitment, and permits
pathogen growth and dissemination. The administration of a
TLR agonist followed by LPS inoculation prevented pulmonary
K. pneumoniae infection, reduced IL-10 secretion, normalized
TNF-a and CXCLI1 levels, and neutrophil mobilization to
the lungs (Fagundes et al,, 2012). Germ-free mice that were
conventionalized (normal mouse intestinal flora has been
restored) had significantly less K. pneumoniae in the lungs
and blood (Fagundes et al., 2012). Conventionalization also
restored neutrophil influx, CXCL-1, TNF-a, and IL-10 to levels
found in wild-type mice (Fagundes et al., 2012). These findings
suggest that the commensal microbiota maintain host defenses to
infectious agents by facilitating a normal inflammatory response
to pulmonary pathogens.
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Gut-derived Sepsis and Acute Respiratory
Distress Syndrome

Gut-derived sepsis is the process during which gut-derived
proinflammatory microbial and non-microbial factors induce or
enhance a systemic inflammatory response syndrome (SIRS),
acute respiratory distress syndrome (ARDS), or multiple organ
dysfunction syndrome (MODS). Several mechanistic theories
of gut-derived sepsis leading to SIRS, ARDS, or MODS, have
been postulated (Deitch, 2002, 2012; Senthil et al., 2006; Clark
and Coopersmith, 2007; Deitch and Ulloa, 2010). The “gut-
lymph” theory proposes that macrophages and other immune
cells in the intestinal submucosa or the mesenteric lymph
nodes are sufficient to contain the majority of translocating
bacteria. However, any surviving bacteria, cell wall fragments, or
protein components of the dead bacteria that escape macrophage
containment together with cytokines and chemokines produced
in the gut, travel along the mesenteric lymphatics to the cisterna
chyli. These products then enter into the systemic circulation
through the left subclavian vein, via the thoracic duct. Access
to the pulmonary circulation leads to uncontrolled activation
of alveolar macrophages leading to acute lung injury or ARDS
and then MODS (Senthil et al., 2006). Several experimental
models support this theory. For example, experimental models
of endotoxinemia (Watkins et al., 2008) trauma-hemorrhagic
shock (Senthil et al,, 2007) or burn injury (Lee et al., 2008)

all support this theory. An additional theory put forward by
Clark and Coopersmith is the “intestinal crosstalk” theory (Clark
and Coopersmith, 2007). This theory assumes a three-way
partnership among the intestinal epithelium, immune tissues,
and the endogenous microflora of the gut. Within this three
dimensional relationship, each factor modifies the others through
crosstalk. During normal homeostasis all three components
interact normally, which facilitates intestinal crosstalk with extra-
intestinal tissues. However, in critically ill patients, loss of the
balance between these highly interrelated systems results in the
development of systemic manifestations of disease, specifically
SIRS, ARDS, or MODS (Clark and Coopersmith, 2007). The
mechanisms governing gut-derived sepsis and ARDS are poorly
understood and are actively being investigated.

Chronic Obstructive Pulmonary Disease

COPD is an inflammatory disorder characterized by incomplete
reversible airflow obstruction leading to increased mortality and
morbidity (Keely et al., 2012; Hui et al., 2013). It has been known
for several years that individuals who suffer from COPD have an
altered lung microbiome compared to healthy individuals. (Keely
et al., 2012; Hui et al., 2013). There is evidence that components
of the gastrointestinal microflora, specifically Gram negative
bacilli, may also make up a component of the lung microflora
and may be increased in individuals with COPD (Keely et al.,
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TABLE 2 | Current understanding of the effects of the intestinal microbiota on pulmonary immunity.

Pulmonary diseases

Changes to the intestinal microbiota

EFFECT OF THE INTESTINAL MICROBIOTA ON PULMONARY HEALTH

o Allergies and Asthma

o Antibiotic-depleted intestinal flora

o Significantly moreCD4Tcell-mediated inflammation in responsetoan allergen
elmmunological state that is predisposed to toward respiratory allergies

o Infectious Disease

o Antibiotic-depleted intestinal flora

e Impaired levels of virus-specific CD4 and CD8Tcell subsets
e Treatment with TLR ligands (lung or Intestine) rescued the immune impairment
e The normal Gl microbiota is required for expression of pro-IL-IB and pro-IL-18

o Germ-free mice

e Increased susceptibly to pulmonary infection with bacterial pathogens

e Increased levels of IL-10 during infection

e Suppressed neutrophil recruitment

o Increased pathogen growth and dissemination

e Treatment with TLR agonist followed restored normal immune responses to bacterial infection
e Conventionalized Germ-free mice exhibit normal immune responses to bacterial infection

e Gut-derived sepsis and ARDS

e The “gut-lymph” theory

e Macrophages and other immune cells in the intestinal kill the majority of translocating bacteria
e Surviving bacteria, cell wall fragments, or protein components may reach the lungs
e Increased activation of alveolar macrophages leading to acute lung injury
e The “intestinal crosstalk” theory
o A three-way partnership amongthe intestinal epithelium, immune tissues, and microflora of the gut
e Each factor modifies the others through crosstalk
o Normal homeostasis all three components interact normally
o Critically ill patients exhibit a loss of the balance between these systems

o COPD

o Cigarette smoke is known to selectively inhibit bacterial growth

e Favors a Gram negative bacilli population

2012; Hui et al., 2013). These bacteria are resistant to cigarette
smoke and may contribute to severe exacerbations of COPD
(Keelyetal., 2012; Hui et al., 2013). While no definitive studies on
the effect of smoking on the respiratory or intestinal microbiome
have been performed, it is possible that smoke-induced changes
to the intestinal microbiome may exacerbate COPD symptoms
(Keely et al., 2012; Hui et al., 2013).

Potential Mechanisms of Gl Mediated Lung
Immunity

The mechanisms by which the intestinal microbiota exert a
systemic immunomodulatory effect are not fully understood,
but several potential pathways may be involved. Highlighted
below are several potential mechanisms regulating gut-mediated
systemic immunity. Figure 3 provides a conceptual figure of our
current understanding to the potential mechanisms involved in
the immune regulation along the gut-lung axis.

Toll Like Receptor (TLR) Activation

The intestinal immune system initiates immune signaling
events via the interactions of the gut microbiota with pattern
recognition receptors of the innate immune system (i.e., TLRs).
TLRs recognize microbial components and trigger inflammatory
responses (Abreu, 2010). Different bacterial products, such
as lipopolysaccharide, lipoteichoic acid, CpG, peptidoglycan,
and polyinosinic:polycytidylic acid, stimulate TLR signaling
(Abreu, 2010). One downstream effect of TLR signaling is the

activation of the transcription factor NF-kB, which is required
for expression of many genes regulating innate immunity
and inflammation (Abreu, 2010). The intestinal microbiota is
crucial for maintaining normal TLR signaling (Round et al,
2011; Fagundes et al,, 2012). Microbiota-mediated activation
of antigen-specific CD4 and CD8 T cells, pathogen specific-
antibodies, steady state expression of mRNA for pro-IL-1f and
pro-IL-18, inflammasome activation, and migration of dendritic
cells (DCs) from the tissue to the draining lymph node, which
leads to normal T cell priming, all occur in a TLR dependent
manner (Ichinohe et al., 2010). Further, intestinal initiated TLR
signaling has been shown to induce lung immune responses by
Ichinohe and colleagues, who showed that a single dose of LPS
delivered intrarectally, restored an immune response in the lung
of influenza infected mice (Ichinohe et al., 2010). The elucidation
of the major bacterial species or bacterial products necessary to
maintain normal microbiota-TLR signaling is an area primed for
investigation.

T and B Cell Homing

Tissue specific homing of lymphocytes is crucial for an
effective immune response and clearance of infection. The
localization and homing of lymphocytes is determined by
expression of integrin and chemokine receptors, such as CC-
chemokine receptor 9 (CCR9) (Christensen et al., 2002; Niess and
Reinecker, 2005; Meijerink and Wells, 2010). Specific adhesion
and chemokine receptors expressed by lymphocytes allow these
immune cells to target tissues that express their cognate ligands
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FIGURE 3 | Conceptual figure of the gut-lung axis. Proposed model for the regulatory influence of the gastrointestinal microbiota on the immunology of the lung.
Microbes in the intestine are sampled by DCs either directly from the lumen or following translocation through M cells to the GALT. A combination of signals from the
microbes results in phenotypic changes in the DCs and migration to the draining lymph node. DCs promote the activation of various T cell subsets within the MLN and
the production of various regulatory cytokines such as IL-10, TGF-B, INFy, and IL-6. T cell subsets then acquire immune homing molecules (i.e., CCR9, CCR4, and
CCR9). Following immune challenge in the airway, cells activated in the GALT and MLN traffic to the respiratory mucosa via CCR4 or CCR6 where they promote
protective and anti-inflammatory responses. In addition, bacterial derived products such as LPS can bind to TLR present on both intestinal epithelial cells and
macrophages, leading to the production of various cytokines and chemokines. TLR activation also includes the expression of NF-kB in macrophages. Production of
various bacterial metabolites (e.g., SCFAs) also affect the gut-lung axis, as these products are transported to the lung, where they can alter the levels of inflammation.
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and home to areas of high chemokine secretion (Christensen
etal,,2002). T cells acquire the capacity to home to non-lymphoid
tissues by direct interaction with mucosal DCs at the sites of
antigen acquisition. DC-mediated imprinting of T cells confers
selectivity for specific non-lymphoid tissues, such as the gut,
skin, and lung (Sigmundsdottir and Butcher, 2008; Hart et al.,
2010; Mikhak et al., 2013). Dendritic cells sense antigen in tissues
before migrating to draining lymph nodes, where they have the
ability to activate and influence the differentiation of naive T cells.
Gut DCs promote the expression of a4p7 and CCR9 on T cells,
and, in doing so, enable T cells to migrate to the small intestine
by homing to the intestinal ligand MAdCAM-1 and chemokine
CCL25 (Sigmundsdottir and Butcher, 2008). Alternatively, lung
DCs promote the expression of CCR4 on T cells, which allows
for activated T cells to traffic into the lung via increased levels of
CCL17 (Mikhak et al., 2013).

The ability to induce tissue-specific homing of lymphocytes
suggests that mucosal surfaces can not only induce homing back
to the site of antigen acquisition but may be able to target distal
mucosal sites as well via altered lymphocyte priming. In support
of this, Ruane et al. (2013), found that lung DCs can specifically

up-regulate the expression of the gut-homing integrin a4f7 on T
cells, which guided migration to the GI tract. Consistent with this,
intranasal immunization with Salmonella induced protective
immunity against enteric challenge with Salmonella and was
dependent on lung DCs (Ruane et al., 2013).

Additional mechanisms allow for lymphocytes to traffic to
multiple mucosal sites to combat infection at mucosal surfaces.
For example, CCR6 is expressed on immature DCs, most B cells,
subsets of CD4+ and CD8+ T cells, and Natural Killer T cells (Ito
et al, 2011). The cognate ligand of CCR6, CCL20, is expressed
by a variety of epithelial cell types including keratinocytes,
pulmonary epithelial cells, and intestinal epithelial cells (Ito et al.,
2011). The expression of CCL20 in these tissues remains at a low
steady-state level, but is strongly induced by pro-inflammatory
signals and TLR agonists originating from bacterial species
(Ito et al., 2011). These data suggest that pathogens/antigens
encountered in the gut or the lung can prime central and
effector memory T cells, which then home to sites of new
infection (i.e., sites of inflammation). Thus, CCR6 may be critical
for an effective immune response within the gut-pulmonary
axis.
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Targeting the Intestinal Microbiota in the
Prevention of Lung Related Infectious
Diseases

Prevention of Respiratory Infections with
Probiotics

The use of probiotics for the treatment of various diseases and
for the maintenance of health in general has become an intensely
studied area, with broad appeal. Probiotics are now used to
treat a variety of aliments including diarrhea, gas, cramping,
vaginal yeast infections, urinary tract infections, and to help
control inflammatory bowel disease (IBD). Studies are also
underway evaluating the benefits of probiotics in the treatment
of colon cancer, skin infections, irritable bowel syndrome (IBS),
liver disease, rhinoconjunctivitis/rhinosinusitis, and lung health
(Forsythe, 2011; Eslamparast et al., 2013; Kumar et al., 2013;
Baquerizo Nole et al., 2014; Kramer and Heath, 2014; Sandhu and
Paul, 2014). Table 3 describes the current research targeting the
intestinal microbiota for the prevention of lung related infectious
diseases.

The benefits of probiotics in the maintenance and regulation
of lung health has been described in several studies (Forsythe,
2011, 2014; Yoda et al., 2012; West, 2014). One of the first
studies indicating that intestinal microflora may influence lung
health came from the study of obese mice. Researchers found
that in obese mice the GI microbiota plays an important role in
controlling inflammation in the lungs (Yoda et al., 2012). Mice
fed heat-killed Lactobacillus gasseri had significant increases in
pulmonary mRNA expression of cytokines and other immune
molecules accompanying the changes in their GI bacterial
profiles (Yoda et al., 2012). These results suggest that Lactobacilli
may stimulate the respiratory immune responses of mice to
enhance host defenses against respiratory infection by increasing
inflammatory signaling.

Additionally, the probiotic bacteria Lactobacillus rhamnosus
displays immune stimulatory effects associated with increased
resistance to infection (Salva et al., 2010). L. rhamnosus feeding
not only attenuated infection with Salmonella Typhimurium, an
intestinal pathogen, but also conferred resistance to infection
with Streptococcus pneumoniae, a respiratory pathogen. Probiotic
treatment decreased the burden of S. pneumoniae in the lung,
prevented dissemination to the blood, and increased INFy, IL-6,
IL-4, and IL-10 in bronchoalveolar lavage (BAL) fluid (Salva et al.,
2010). Interestingly, while both of the tested L. rhamnosus strains
improved resistance to intestinal S. Typhimurium, only one
strain provided a beneficial protective effect against pulmonary
infection with S. pneumoniae (Salva et al., 2010). This suggests
differential probiotic effects and that different infectious diseases
may benefit from a specific and unique probiotic treatment
regime.

Furthermore, Alvarez et al. (2001) found that mice
administrated Lactobacillus casei prior to pulmonary challenge
with Pseudomonas aeruginosa exhibited increased pathogen
clearance, phagocytic activity of alveolar macrophages, and
IgA in BAL (Alvarez et al., 2001). Similarly, Hori et al. (2001)
observed parallel results in murine viral infection models.
Feeding mice L. casei for 4 months prior to challenge reduced
influenza viral titers in nasal washings, which was accompanied
by a significant increase in natural killer (NK) activity and IFNy
and TNF-a production (Hori et al., 2001).

Prevention of Respiratory Infections with Oral
Vaccines

Over the past two centuries the study and use of vaccines
has become increasingly sophisticated. However, even with
technological advances many infectious diseases have thwarted
the development of effective vaccines. While many routes of
vaccination exist, one emerging area of vaccinology is mucosal
immunization. This approach provides several benefits over

TABLE 3 | The current research targeting the intestinal microbiota for the prevention of lung related infectious diseases.

Microbial species or product

Effects on pulmonary health

CURRENT METHODS FOR TARGETING THE INTESTINAL MICROBIAL FOR TREATMENT OF RESPIRATORY DISEASES

e Probiotics (Commonly used probiotics)
e Lactobacillus gasseri
e Lactobacillus rhamnosus
e Lactobacillus casei
e Lactobacillus acidophilus
o Bifidobacterium lactis
e Lactobacillus delbruckii subsp. Bulgaricus
o Streptococcus thermophiles
e Bifidobacterium bifidum
o Bifidobacterium breve

o Oral vaccines against Respiratory Pathogens
e Mycobacterium spp.
o Francisella tularensis
o Brucella melitensis
e Mycobacterium tuberculosis
o Probiotic coupled vaccines (Probiotics commonly used as adjuvants)
e Lactococcus lactis
e Lactobacillus rhamnosus
o Bifidobacterium animalis
e Lactobacillus paracasei

e Enhanced phagocytosis level during normal conditions

e Suppressed levels of phagocytosis during allergic conditions

e Enhance the production of antigen-specific IgG and IgAantibodies

e Suppressed the proliferation of mononuclear cells during inflammation
e Reduced burden of pathogens in the lung

o Prevents dissemination to the blood

e Increased INFy,IL-6, IL-4,TNF-a and IL-10 levels in BAL

o Increased natural killer cell activity

e Increased levels of serum antibodies

e Increased production of IL-2 and INFy from splenocytes

e Increased levels of antigen-specific antibodies in BAL fluid

e Enhanced proliferation of antigen-specific INFy producing cells
 Significant reduction in pathogen burden in the lung following infection
o Increased antigen-specific IgM, 1gG (IgGl and 1gG2), and IgAantibodies
e Serum, BAL, and intestinal lavage fluids.

o Stimulation of both Thl and Th2 responses

e Increased production of both INFy and IL-4.

e Induces a cross-protective immunity to multiple serotypes

e Can be enhanced by a prime-boostvaccination strategy
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conventional systemic vaccination, including higher levels of
antibodies and protection at the mucosal surface. In addition,
mucosal vaccines can target specific mucosal surfaces such as
the respiratory, genital, or intestinal mucosa. Noteworthy is that
vaccination at one mucosal surface often confers resistance at
other sites (Ryan et al., 2001; Pasetti et al., 2011). Thus, it is
possible to immunize against respiratory pathogens using a gut
vaccination strategy.

Several studies have addressed the potential of gut-mediated
lung immunity (Doherty et al, 2002; Izadjoo et al, 2004;
Aldwell et al, 2006; KuoLee et al, 2007). For example,
Doherty et al. (2002) sought to protect the lung against
infection with Mycobacterium tuberculosis by targeting the gut
mucosa. Comparing subcutaneous immunization of mice with
oral immunization using a subunit vaccine carrying two M.
tuberculosis immunodominant proteins, they found that oral
vaccination was relatively less effective. However, by using a
heterologous priming and boosting strategy, oral immunization
induced significant systemic type 1 responses, which were
comparable to, or better than, those obtained following standard
subcutaneous immunization protocols. Moreover, the immune
responses correlated with protection against subsequent aerosol
infection with virulent M. tuberculosis similar to or greater than
that obtained by repeated subcutaneous vaccinations (Doherty
et al., 2002).

Evaluating the ability of orally administered live attenuated
Brucella melitensis to elicit cellular and humoral immune
responses and to protect mice against intranasal challenge with
virulent B. melitensis, I1zadjoo and colleges found increases
in serum antibodies directed against lipopolysaccharide and
non-O-polysaccharide antigens. Additionally, orally delivered
B. melitensis elicited a systemic response as characterized by
increased production of IL-2 and IFNy from splenocytes. Oral
immunization of mice with live attenuated B. melitensis protected
against disseminated infection and enhanced clearance of the
challenge inoculum from the lungs. Optimal protection following
inoculation with live bacteria was dose dependent and enhanced
by a booster vaccine inoculation. These data suggest that oral
immunization may provide protection from pneumonia due to
Brucella (Izadjoo et al., 2004).

Two additional studies utilizing oral vaccination
demonstrated  protective = immune  responses  against
Mpycobacterium spp. and Francisella tularensis (Aldwell

et al,, 2006; Kuolee et al., 2007). Both studies showed an
induction of antigen-specific antibody responses in the serum
and bronchoalveolar lavage fluids, proliferation of antigen-
specific IFN-y producing cells, and an overall reduction in
pathogen burden in the lung (Aldwell et al., 2006; KuoLee et al.,
2007). These studies demonstrate the potential of GI mucosal
vaccination to prevent lung infections. Furthermore, these
data suggest that oral vaccination may represent an attractive
alternative strategy for the prevention of infection with these two
pathogens.

Prevention of Respiratory Infections with
Probiotic Coupled Vaccines

Preclinical data suggests that vaccine responses may be improved
by modulation of the gut microbiota. Several animal studies

and human clinical trials have been performed. Mice orally
immunized with a recombinant Lactococcus lactis modified
to express the pneumococcal protective protein A (PppA) in
the cell wall were protected from subsequent lung infection
with Streptococcus pneumoniae. Oral immunization with L.
lactis expressing PppA increased anti-PppA IgM, IgG, and IgA
antibodies in serum, in bronchoalveolar, and in intestinal lavage
fluids. A mixture of Thl and Th2 responses were observed,
characterized by the presence of both IgG1 and IgG2a anti-PppA
antibodies in serum and BAL and by the production of both IFNy
and IL-4. Furthermore, oral immunization was enhanced by a
prime-boost strategy, which induced cross-protective immunity
to all S. pneumoniae serotypes tested (Villena et al., 2008).
Another animal study evaluated a recombinant oral L. lactis
vaccine against the influenza H5N1 strain. Immunization with
L. lactis expressing the H5N1 HA antigen induced HA-specific
serum IgG and fecal IgA antibody production and mice were
completely protected against a lethal challenge of the H5N1 virus
(Lei et al., 2010).

Several human clinical trials have been completed in this
area. Highlighted below are probiotic-coupled respiratory
vaccine human clinical trials. Lactobacillus rhamnosus GG
pretreatment for 28 days enhanced seroprotection against
H3N2 influenza following nasal vaccination with the trivalent
live attenuated influenza vaccine containing HINI-like,
H3N2-like, and B-like strains. However, no improvement
in protection against the HIN1 and B strains was observed
at 28 days and no seroprotection was found at 56 days
for any strain (Davidson et al., 2011). An additional study
examined the effects of 6 wks. of daily Bifidobacterium animalis
and Lactobacillus paracasei probiotics administration as an
immune primer prior to intramuscular influenza vaccination
containing HIN1-like, H3N1-like, and B strains. Individuals
given probiotic-coupled vaccination had significantly higher
vaccine-specific IgG (IgG1 and IgG3), as well as, significantly
higher salivary IgA (Rizzardini et al., 2012). However, another
study reported no significant difference between the probiotics
and placebo groups when evaluating innate immune response
to infection (Akatsu et al, 2013). Taken together animal
studies and human clinical trial data suggest that coupling
vaccines with probiotics may increase the effectiveness of
vaccines. However, the data are conflicting. It is clear that
optimization of the dosing strategy, as well as, the type of
probiotic used will be critical to achieve maximal vaccine
effectiveness.

Conclusions

While we are now beginning to understand the effect of the
GI microbiota on lung immunity, characterization of the lung
microbiota may also provide valuable insight into lung-mediated
immune regulation in response to influenza and pneumonia, as
well as, cystic fibrosis, COPD, allergies, and asthma. This review
has focused on the mechanisms that govern the effects of the
GI microbiota on immune effector and regulatory functions.
While there have been significant advancements made in the
past 10 years in our understanding of the global impacts of
the GI microbiota on human immune function, many questions
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TABLE 4 | Current understanding of the Gl microbiota and future questions.

What is known What is unknown

THE INTESTINAL MICROBIOTA AND HOST IMMUNITY

e The intestinal mucosa is an immune-privileged site e What is the precise composition of a healthy microbiota required for maximum
immune-mediated protection?

e The intestinal microbiota plays an integral part in the development of o How can we to establish and maintain a healthy microbiota throughout life?
the immune system
e Peyer’s patches
o CD8ap intraepithelial lymphocytes
e Isolated lymphoid follicles
e Mucosal IgA
o Vascularization

e The intestinal flora is required for normal expansion of T cell subsets o What are the direct mechanisms by which gut acquired immunity is translated to
and induction of anti-inflammatory cytokines protective systemic immunity?
o T regulatory cells
e Thi7 cells
e Thilv. Th2 responses
e The Gl microbiota directly participates in protection against allergic, o To what extent does the immune system influence other microbiomes [i.e., lung, skin, or
autoimmune, and infectious diseases urogenital tract)?
e Commensal species of bacteria or bacterial derived products can be o Is immune dysfunction a cause or consequence of alterations in the Gl microbiome
used as novel therapeutics forthe treatment of diseases associated with disease?
e The intestinal microbiota is important for normal systemic immune e Where do the microbial signals regulate immune function and immune function
response regulating microbial composition operate?
e Immune responses generated in the intestinal mucosa are often e How are regulatory cells that develop in the gut directly targeted to distal sites such as,
protective at distal mucosal sites the skin orthe lung?

o How do we manipulate an unhealthy microbiota to reestablish its positive effects on
health?

o Can we targetthe gut-lung axis forthe treatment of respiratory illness?

still remain. Table 4 describes our current understanding of GI Author Contributions

regulation of the immune system and areas that remain to be
explored. DS, DW, and JS conceived of and designed the review. DS and

DW did the literature searches. DS, DW, and JS designed and
compiled the figures. DS wrote the review.

Search Strategy and Selection Criteria
Acknowledgments

References for this review were identified through searches of

PubMed and Google Scholar for articles published from January, ~ The authors thank Nick de la Rua, Tysheena Charles, and Sanbao
1990, to January, 2015, by use of the terms “Gut-Lung Axis;  Ruan for review of this manuscript. This work was supported
“microbiota” “microbiome.” “oral vaccines” “oral vaccines + by The National Institutes of Health Public Health Service
microbiota,” and “microbiota + respiratory infection.” Articles ~ (PHS) Grant #P01-HL076100, The National Institute of General
resulting from these searches and relevant references cited in ~ Medical Sciences grant #UG54-GM104940, and The National

those articles were reviewed. Articles published in English were  Institute on Alcohol Abuse and Alcoholism grant numbers P60

included. AA009803 and R24 AA019661.

References Aldwell, F. E., Cross, M. L., Fitzpatrick, C. E., Lambeth, M. R., de Lisle, G. W.,

and Buddle, B. M. (2006). Oral delivery of lipid-encapsulated Mycobacterium

Abraham, C., and Cho, J. H. (2009). IL-23 and autoimmunity: new insights into bovis BCG extends survival of the bacillus in vivo and induces a long-term
the pathogenesis of inflammatory bowel disease. Annu. Rev. Med. 60, 97-110. protective immune response against tuberculosis. Vaccine 24, 2071-2078. doi:
doi: 10.1146/annurev.med.60.051407.123757 10.1016/j.vaccine.2005.11.017

Abreu, M. T. (2010). Toll-like receptor signalling in the intestinal epithelium: Alvarez, S., Herrero, C., Bru, E., and Perdigon, G. (2001). Effect of Lactobacillus
how bacterial recognition shapes intestinal function. Nat. Rev. Immunol. 10, casei and yogurt administration on prevention of Pseudomonas aeruginosa
131-144. doi: 10.1038/nri2707 infection in young mice. J. Food Prot. 64, 1768-1774.

Akatsu, H., Arakawa, K., Yamamoto, T., Kanematsu, T., Matsukawa, N., Ohara, H., Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose,
et al. (2013). Lactobacillus in jelly enhances the effect of influenza vaccination Y., et al. (2011). Induction of colonic regulatory T cells by indigenous
in elderly individuals. J. Am. Geriatr. Soc. 61, 1828-1830. doi: 10.1111/jgs. Clostridium  species. ~ Science 331, 337-341. doi: 10.1126/science.
12474 1198469

Frontiers in Microbiology | www.frontiersin.org 11 October 2015 | Volume 6 | Article 1085


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Samuelson et al.

Intestinal microbiota and lung immunity

Baquerizo Nole, K. L, Yim, E., and Keri, J. E. (2014). Probiotics and
prebiotics in dermatology. J. Am. Acad. Dermatol. 71, 814-821. doi:
10.1016/j.jaad.2014.04.050

Biagi, E., Nylund, L. Candela, M., Ostan, R, Bucci, L, Pini, E,
et al. (2010). Through ageing, and beyond: gut microbiota and
inflammatory status in seniors and centenarians. PLoS ONE 5:¢10667.
doi: 10.1371/journal.pone.0010667

Bjorkstén, B., Sepp, E., Julge, K., Voor, T., and Mikelsaar, M. (2001). Allergy
development and the intestinal microflora during the first year of life. J. Allergy
Clin. Immunol. 108, 516-520. doi: 10.1067/mai.2001.118130

Bollrath, J., and Powrie, F. M. (2013). Controlling the frontier: regulatory
T-cells and intestinal homeostasis. Semin. Immunol. 25, 352-357. doi:
10.1016/j.smim.2013.09.002

Cassani, B., Villablanca, E. J., Quintana, F. J., Love, P. E,, Lacy-Hulbert, A,
Blaner, W. S, et al. (2011). Gut-tropic T cells that express integrin alpha4beta7
and CCRY are required for induction of oral immune tolerance in mice.
Gastroenterology 141, 2109-2118. doi: 10.1053/j.gastro.2011.09.015

Christensen, H. R., Frokiaer, H., and Pestka, J. J. (2002). Lactobacilli differentially
modulate expression of cytokines and maturation surface markers in murine
dendritic cells. J. Immunol. 168, 171-178. doi: 10.4049/jimmunol.168.1.171

Clark, J. A., and Coopersmith, C. M. (2007). Intestinal crosstalk: a new paradigm
for understanding the gut as the “motor” of critical illness. Shock 28, 384-393.
doi: 10.1097/shk.0b013e31805569df

Davidson, L. E., Fiorino, A. M., Snydman, D. R., and Hibberd, P. L. (2011).
Lactobacillus GG as an immune adjuvant for live-attenuated influenza vaccine
in healthy adults: a randomized double-blind placebo-controlled trial. Eur. J.
Clin. Nutr. 65, 501-507. doi: 10.1038/ejcn.2010.289

Deitch, E. A. (2002). Bacterial translocation or lymphatic drainage of toxic
products from the gut: what is important in human beings? Surgery 131,
241-244. doi: 10.1067/msy.2002.116408

Deitch, E. A. (2012). Gut-origin sepsis: evolution of a concept. Surgeon 10,
350-356. doi: 10.1016/j.surge.2012.03.003

Deitch, E. A., and Ulloa, L. (2010). Fat and the gut: more than empty calories. Crit
Care Med. 38, 1608-1609. doi: 10.1097/CCM.0b013e3181e4baea

den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D. J., and
Bakker, B. M. (2013). The role of short-chain fatty acids in the interplay between
diet, gut microbiota, and host energy metabolism. J. Lipid Res. 54, 2325-2340.
doi: 10.1194/jlr.R036012

Doherty, T. M., Olsen, A. W., van Pinxteren, L., and Andersen, P. (2002).
Oral vaccination with subunit vaccines protects animals against aerosol
infection with Mycobacterium tuberculosis. Infect. Immun. 70, 3111-3121. doi:
10.1128/1AIL.70.6.3111-3121.2002

Eslamparast, T., Eghtesad, S., Hekmatdoost, A., and Poustchi, H. (2013). Probiotics
and nonalcoholic fatty liver disease. Middle East ]. Dig. Dis. 5, 129-136.

Fagundes, C. T., Amaral, F. A,, Vieira, A. T., Soares, A. C., Pinho, V., Nicoli, J.
R, et al. (2012). Transient TLR activation restores inflammatory response and
ability to control pulmonary bacterial infection in germfree mice. J. Immunol.
188, 1411-1420. doi: 10.4049/jimmunol.1101682

Faria, A. M., and Weiner, H. L. (2005). Oral tolerance. Immunol. Rev. 206, 232-259.
doi: 10.1111/§.0105-2896.2005.00280.x

Forsythe, P. (2011). Probiotics and lung diseases. Chest J. 139, 901-908. doi:
10.1378/chest.10-1861

Forsythe, P. (2014). Probiotics and lung immune responses. Ann. Am. Thorac.
Soc. 11, $33-S37. doi: 10.1513/AnnalsATS.201306-156MG. Available online
at:  http://www.atsjournals.org/doi/abs/10.1513/AnnalsATS.201306- 156 MG?
url_ver=739.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%3
Dpubmed&

Foxx-Orenstein, A. E., and Chey, W. D. (2012). Manipulation of the gut microbiota
as a novel treatment strategy for gastrointestinal disorders. Am. J. Gastroenterol.
Suppl. 1, 41-46. doi: 10.1038/ajgsup.2012.8

Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A, Nakato, G., Takahashi,
D, et al. (2013). Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells. Nature 504, 446-450. doi: 10.1038/
naturel2721

Garrett, W. S., Gallini, C. A., Yatsunenko, T., Michaud, M., DuBois, A., Delaney,
M. L, et al. (2010). Enterobacteriaceae act in concert with the gut microbiota
to induce spontaneous and maternally transmitted colitis. Cell Host Microbe 8,
292-300. doi: 10.1016/j.chom.2010.08.004

Hakansson, A., and Molin, G. (2011). Gut microbiota and inflammation. Nutrients
3, 637-682. doi: 10.3390/nu3060637

Hart, A. L, Ng, S. C,, Mann, E,, Al-Hassi, H. O., Bernardo, D., and Knight,
S. C. (2010). Homing of immune cells: role in homeostasis and intestinal
inflammation. Inflamm. Bowel Dis. 16, 1969-1977. doi: 10.1002/ibd.21304

Hill, D. A., Hoffmann, C., Abt, M. C,, Du, Y., Kobuley, D., Kirn, T. J., et al. (2010).
Metagenomic analyses reveal antibiotic-induced temporal and spatial changes
in intestinal microbiota with associated alterations in immune cell homeostasis.
Mucosal Immunol. 3, 148-158. doi: 10.1038/mi.2009.132

Hooper, L. V., Littman, D. R., and Macpherson, A. J. (2012). Interactions
between the microbiota and the immune system. Science 336, 1268-1273. doi:
10.1126/Science.1223490

Hooper, L. V., and Macpherson, A. J. (2010). Immune adaptations that maintain
homeostasis with the intestinal microbiota. Nat. Rev. Immunol. 10, 159-169.
doi: 10.1038/nri2710

Hori, T., Kiyoshima, J., Shida, K., and Yasui, H. (2001). Effect of intranasal
administration of Lactobacillus casei Shirota on influenza virus infection of
upper respiratory tract in mice. Clin. Diagn. Lab. Immunol. 8, 593-597. doi:
10.1128/cdli.8.3.593-597.2001

Hui, A. W. H,, Lau, H. W., Chan, T. H. T., and Tsui, S. K. W. (2013). The human
microbiota: a new direction in the investigation of thoracic diseases. J. Thorac.
Dis. 5(Suppl. 2), S$127-S131. doi: 10.3978/j.issn.2072-1439.2013.07.41

Ichinohe, T., Pang, I. K., and Iwasaki, A. (2010). Influenza virus activates
inflammasomes via its intracellular M2 ion channel. Nat. Immunol. 11,
404-410. doi: 10.1038/ni.1861

Ichinohe, T., Pang, I. K., Kumamoto, Y., Peaper, D. R., Ho, J. H., Murray, T. S.,
et al. (2011). Microbiota regulates immune defense against respiratory tract
influenza A virus infection. Proc. Nat. Aca. Sci. U.S.A. 108, 5354-5359. doi:
10.1073/pnas.1019378108

Ishikawa, H., Tanaka, K., Maeda, Y., Aiba, Y., Hata, A., Tsuji, N. M., et al. (2008).
Effect of intestinal microbiota on the induction of regulatory CD25+ CD4+ T
cells. Clin. Exp. Immunol. 153, 127-135. doi: 10.1111/j.1365-2249.2008.03668.x

Ito, T., Carson, W. F., Cavassani, K. A., Connett, J]. M., and Kunkel, S. L. (2011).
CCR6 as a mediator of immunity in the lung and gut. Exp. Cell Res. 317,
613-619. doi: 10.1016/j.yexcr.2010.12.018

Izadjoo, M. J., Bhattacharjee, A. K., Paranavitana, C. M., Hadfield, T. L., and
Hoover, D. L. (2004). Oral vaccination with Brucella melitensis WR201 protects
mice against intranasal challenge with virulent Brucella melitensis 16M. Infect.
Immun. 72, 4031-4039. doi: 10.1128/IA1.72.7.4031-4039.2004

Keely, S., Talley, N. J., and Hansbro, P. M. (2011). Pulmonary-intestinal cross-
talk in mucosal inflammatory disease. Mucosal Immunol. 5, 7-18. doi:
10.1038/mi.2011.55

Keely, S., Talley, N. J., and Hansbro, P. M. (2012). Pulmonary-intestinal cross-
talk in mucosal inflammatory disease. Mucosal Immunol. 5, 7-18. doi:
10.1038/mi.2011.55

Kieper, W. C., Troy, A., Burghardt, J. T., Ramsey, C., Lee, J. Y., Jiang, H.
Q., et al. (2005). Recent immune status determines the source of antigens
that drive homeostatic T cell expansion. J. Immunol. 174, 3158-3163. doi:
10.4049/jimmunol.174.6.3158

Kramer, M. F., and Heath, M. D. (2014). Probiotics in the treatment of chronic
rhinoconjunctivitis and chronic rhinosinusitis. J. Allergy (Cairo). 2014:983635.
doi: 10.1155/2014/983635

Kumar, M., Nagpal, R., Verma, V., Kumar, A., Kaur, N., Hemalatha, R,, et al. (2013).
Probiotic metabolites as epigenetic targets in the prevention of colon cancer.
Nutr. Rev. 71, 23-34. doi: 10.1111/j.1753-4887.2012.00542.x

KuoLee, R., Harris, G., Conlan, J]. W., and Chen, W. (2007). Oral immunization of
mice with the live vaccine strain (LVS) of Francisella tularensis protects mice
against respiratory challenge with virulent type A F. tularensis. Vaccine 25,
3781-3791. doi: 10.1016/j.vaccine.2007.02.014

Lagier, J. C., Armougom, F., Million, M., Hugon, P., Pagnier, I, Robert, C,, et al.
(2012). Microbial culturomics: paradigm shift in the human gut microbiome
study. Clin. Microbiol. Infect. 18, 1185-1193. doi: 10.1111/1469-0691.
12023

Lee, M. A, Yatani, A., Sambol, J. T., and Deitch, E. A. (2008). Role of gut-lymph
factors in the induction of burn-induced and trauma-shock-induced acute
heart failure. Int. J. Clin. Exp. Med. 1, 171-180.

Lee, Y. K., Menezes, J. S., Umesaki, Y., and Mazmanian, S. K. (2011).
Proinflammatory T-cell responses to gut microbiota promote experimental

Frontiers in Microbiology | www.frontiersin.org

12

October 2015 | Volume 6 | Article 1085


http://www.atsjournals.org/doi/abs/10.1513/AnnalsATS.201306-156MG?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%3Dpubmed&
http://www.atsjournals.org/doi/abs/10.1513/AnnalsATS.201306-156MG?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%3Dpubmed&
http://www.atsjournals.org/doi/abs/10.1513/AnnalsATS.201306-156MG?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%3Dpubmed&
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Samuelson et al.

Intestinal microbiota and lung immunity

autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. U.S.A. 108(Suppl. 1),
4615-4622. doi: 10.1073/pnas.1000082107

Lei, H., Xu, Y., Chen, J., Wei, X., and Lam, D. M. (2010). Immunoprotection
against influenza H5N1 virus by oral administration of enteric-coated
recombinant Lactococcus lactis mini-capsules. Virology 407, 319-324. doi:
10.1016/j.virol.2010.08.007

Lupp, C., Robertson, M. L., Wickham, M. E., Sekirov, L, Champion, O. L.,
Gaynor, E. C,, et al. (2007). Host-mediated inflammation disrupts the intestinal
microbiota and promotes the overgrowth of Enterobacteriaceae. Cell Host
Microbe 2, 204. doi: 10.1016/j.chom.2007.06.010

Macpherson, A. J, and McCoy, K. D. (2013).
compartmentalisation of immunoglobulin responses to commensal intestinal
microbes. Semin. Immunol. 25, 358-363. doi: 10.1016/j.smim.2013.09.004

Maizels, R. M. (2009). Exploring the immunology of parasitism-from surface
antigens to the hygiene hypothesis. Parasitology 136, 1549-1564. doi:
10.1017/5S0031182009006106

Maslowski, K. M., Vieira, A. T., Ng, A., Kranich, J., Sierro, F., Yu, D, et al. (2009).
Regulation of inflammatory responses by gut microbiota and chemoattractant
receptor GPR43. Nature 461, 1282-1286. doi: 10.1038/nature08530

Mazmanian, S. K., Liu, C. H., Tzianabos, A. O., and Kasper, D. L. (2005). An
immunomodulatory molecule of symbiotic bacteria directs maturation of the
host immune system. Cell 122, 107-118. doi: 10.1016/j.cell.2005.05.007

McLoughlin, R. M., and Mills, K. H. G. (2011). Influence of gastrointestinal
commensal bacteria on the immune responses that mediate allergy and asthma.
J. Allergy Clin. Immunol. 127, 1097-1107. doi: 10.1016/j.jaci.2011.02.012

Meijer, K., de Vos, P., and Priebe, M. G. (2010). Butyrate and other short-chain
fatty acids as modulators of immunity: what relevance for health? Curr. Opin.
Clin. Nutr. Metab. Care 13, 715-721. doi: 10.1097/MCO.0b013¢32833eebe5

Meijerink, M., and Wells, J. M. (2010). Probiotic modulation of dendritic
cells and T cell responses in the intestine. Benef. Microbes 1, 317-326. doi:
10.3920/BM2010.0029

Mikhak, Z., Strassner, J. P., and Luster, A. D. (2013). Lung dendritic cells imprint T
cell lung homing and promote lung immunity through the chemokine receptor
CCRA4. J. Exp. Med. 210, 1855-1869. doi: 10.1084/jem.20130091

Niess, J. H., and Reinecker, H. C. (2005). Lamina propria dendritic cells
in the physiology and pathology of the gastrointestinal tract. Curr. Opin.
Gastroenterol. 21, 687-691. doi: 10.1097/01.mo0g.0000181710.96904.58

Noverr, M. C,, Falkowski, N. R., McDonald, R. A., McKenzie, A. N., and Huffnagle,
G. B. (2005). Development of allergic airway disease in mice following
antibiotic therapy and fungal microbiota increase: role of host genetics, antigen,
and interleukin-13. Infect. Immun. 73, 30-38. doi: 10.1128/IA1.73.1.30-38.2005

Noverr, M. C., and Huffnagle, G. B. (2004). Does the microbiota regulate
immune responses outside the gut? Trends Microbiol. 12, 562-568. doi:
10.1016/j.tim.2004.10.008

Noverr, M. C., Noggle, R. M., Toews, G. B, and Huffnagle, G. B. (2004). Role
of antibiotics and fungal microbiota in driving pulmonary allergic responses.
Infect. Immun. 72, 4996-5003. doi: 10.1128/IA1.72.9.4996-5003.2004

Pabst, O., and Mowat, A. M. (2012). Oral tolerance to food protein. Mucosal
Immunol. 5,232-239. doi: 10.1038/mi.2012.4

Pasetti, M. F., Simon, J. K., Sztein, M. B., and Levine, M. M. (2011). Immunology
of gut mucosal vaccines. Immunol. Rev. 239, 125-148. doi: 10.1111/§.1600-
065X.2010.00970.x

Perrier, C., and Corthésy, B. (2011). Gut permeability and food allergies. Clin. Exp.
Allergy 41, 20-28. doi: 10.1111/§.1365-2222.2010.03639.x

Rizzardini, G., Eskesen, D., Calder, P. C., Capetti, A., Jespersen, L., and Clerici,
M. (2012). Evaluation of the immune benefits of two probiotic strains
Bifidobacterium animalis ssp. lactis, BB-12(R) and Lactobacillus paracasei ssp.
paracasei, L. casei 431(R) in an influenza vaccination model: a randomised,
double-blind, placebo-controlled study. Br. J. Nutr. 107, 876-884. doi:
10.1017/S000711451100420X

Round, J. L., Lee, S. M., Li, J., Tran, G., Jabri, B., Chatila, T. A., et al. (2011). The
Toll-like receptor 2 pathway establishes colonization by a commensal of the
human microbiota. Science 332, 974-977. doi: 10.1126/science.1206095

Round, J. L., and Mazmanian, S. K. (2009). The gut microbiota shapes intestinal
immune responses during health and disease. Nat. Rev. Immunol. 9, 313-323.
doi: 10.1038/nri2515

Ruane, D., Brane, L., Reis, B. S., Cheong, C., Poles, J., Do, Y. et al
(2013). Lung dendritic cells induce migration of protective T cells to the

Stratification and

gastrointestinal tract. J. Exp. Med. 210, 1871-1888. doi: 10.1084/jem.201
22762

Ryan, E. J., Daly, L. M., and Mills, K. H. (2001). Inmunomodulators and delivery
systems for vaccination by mucosal routes. Trends Biotechnol. 19, 293-304. doi:
10.1016/S0167-7799(01)01670-5

Salva, S., Villena, J., and Alvarez, S. (2010). Immunomodulatory activity
of Lactobacillus rhamnosus strains isolated from goat milk: impact on
intestinal and respiratory infections. Int. J. Food Microbiol. 141, 82-89. doi:
10.1016/j.ijfoodmicro.2010.03.013

Sandhu, B. K., and Paul, S. P. (2014). Irritable bowel syndrome in children:
pathogenesis, diagnosis and evidence-based treatment. World J. Gastroenterol.
20, 6013-6023. doi: 10.3748/wjg.v20.i20.6013

Sansonetti, P. J. (2013). Microbiota and the immune system, an amazing
mutualism forged by co-evolution. Semin. Immunol. 25, 321-322. doi:
10.1016/j.smim.2013.10.003

Senthil, M., Brown, M., Xu, D. Z., Lu, Q., Feketeova, E., and Deitch, E. A. (2006).
Gut-lymph hypothesis of systemic inflammatory response syndrome/multiple-
organ dysfunction syndrome: validating studies in a porcine model. J. Trauma
60, 958-965. discussion: 65-67. doi: 10.1097/01.ta.0000215500.00018.47

Senthil, M., Watkins, A., Barlos, D., Xu, D. Z,, Lu, Q., Abungu, B., et al.
(2007). Intravenous injection of trauma-hemorrhagic shock mesenteric
lymph causes lung injury that is dependent upon activation of the
inducible nitric oxide synthase pathway. Amn. Surg. 246, 822-830. doi:
10.1097/SLA.0b013e3180caa3af

Sigmundsdottir, H., and Butcher, E. C. (2008). Environmental cues, dendritic cells
and the programming of tissue-selective lymphocyte trafficking. Nat. Immunol.
9, 981-987. doi: 10.1038/ni.f.208

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A,
Bohlooly, Y. M., et al. (2013). The microbial metabolites, short-chain fatty
acids, regulate colonic Treg cell homeostasis. Science 341, 569-573. doi:
10.1126/science.1241165

Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermudez-Humaran, L.
G., Gratadoux, J. J., et al. (2008). Faecalibacterium prausnitzii is an anti-
inflammatory commensal bacterium identified by gut microbiota analysis of
Crohn disease patients. Proc. Natl. Acad. Sci. U.S.A. 105, 16731-16736. doi:
10.1073/pnas.0804812105

Southam, D. S., Dolovich, M., O’Byrne, P. M., and Inman, M. D. (2002).
Distribution of intranasal instillations in mice: effects of volume, time,
body position, and anesthesia. Am. J. Physiol. Lung Cell. Mol. Physiol. 282,
1.833-1839. doi: 10.1152/ajplung.00173.2001

Sudo, N, Yu, X. N, Aiba, Y., Oyama, N., Sonoda, J., Koga, Y., et al. (2002).
An oral introduction of intestinal bacteria prevents the development of a
long-term Th2-skewed immunological memory induced by neonatal antibiotic
treatment in mice. Clin. Exp. Allergy 32, 1112-1116. doi: 10.1046/j.1365-
2222.2002.01430.x

Trompette, A., Gollwitzer, E. S., Yadava, K., Sichelstiel, A. K., Sprenger, N,,
Ngom-Bru, C., et al. (2014). Gut microbiota metabolism of dietary fiber
influences allergic airway disease and hematopoiesis. Nat. Med. 20, 159-166.
doi: 10.1038/nm.3444

Verdam, F. J., Fuentes, S., de Jonge, C., Zoetendal, E. G., Erbil, R., Greve, J.
W., et al. (2013). Human intestinal microbiota composition is associated
with local and systemic inflammation in obesity. Obesity 21, E607-E615. doi:
10.1002/0by.20466

Villena, J., Medina, M., Raya, R, and Alvarez, S. (2008). Oral immunization
with recombinant Lactococcus lactis confers protection against respiratory
pneumococcal infection. Can. J. Microbiol. 54, 845-853. doi: 10.1139/W08-077

Vital, M., Harkema, J. R., Rizzo, M., Tiedje, J., and Brandenberger, C. (2015).
Alterations of the murine gut microbiome with age and allergic airway disease.
J. Immunol. Res. 2015:892568. doi: 10.1155/2015/892568

Walton, K. L., Galanko, J. A., Balfour Sartor, R., and Fisher, N. C. (2006). T cell-
mediated oral tolerance is intact in germ-free mice. Clin. Exp. Immunol. 143,
503-512. doi: 10.1111/j.1365-2249.2006.03019.x

Watkins, A. C., Caputo, F. J., Badami, C., Barlos, D., Xu da, Z., Lu, Q., et al. (2008).
Mesenteric lymph duct ligation attenuates lung injury and neutrophil activation
after intraperitoneal injection of endotoxin in rats. J. Trauma 64, 126-130. doi:
10.1097/TA.0b013e3181574a8a

West, C. E. (2014). Gut microbiota and allergic disease: new findings. Curr. Opin.
Clin. Nutr. Metab. Care 17, 261-266. doi: 10.1097/MC0O.0000000000000044

Frontiers in Microbiology | www.frontiersin.org

13

October 2015 | Volume 6 | Article 1085


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Samuelson et al.

Intestinal microbiota and lung immunity

WHO. (2014). World Health Organization. Available online at: http://www.who.
int/en/

Wu, H. J., Ivanov, 1. I, Darce, J., Hattori, K., Shima, T. Umesaki, Y.,
et al. (2010). Gut-residing segmented filamentous bacteria drive autoimmune
arthritis via T helper 17 cells. Immunity 32, 815-827. doi: 10.1016/j.immuni.
2010.06.001

Yoda, K., He, F., Miyazawa, K., Kawase, M., Kubota, A., and Hiramatsu, M.
(2012). Orally administered heat-killed Lactobacillus gasseri TMC0356 alters
respiratory immune responses and intestinal microbiota of diet-induced obese
mice. J. Appl. Microbiol. 113, 155-162. doi: 10.1111/j.1365-2672.2012.05316.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Samuelson, Welsh and Shellito. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

14

October 2015 | Volume 6 | Article 1085


http://www.who.int/en/
http://www.who.int/en/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

	Regulation of lung immunity and host defense by the intestinal microbiota
	Introduction
	The Human ``Super-Organism'': The Role of the Gastrointestinal Microbiota in Health
	Maintenance of the Intestinal Microbiota
	The Intestinal Microbiota and Systemic Immunity
	Regulation of T Cell Populations
	Oral Tolerance
	Production of Short-chain Fatty Acids
	Regulation of Systemic Inflammation

	Effects of the GI Microbiota on Pulmonary Health
	Priming of Intestinal and Lung Mucosal Immunity
	Allergies and Asthma
	Infectious Diseases
	Gut-derived Sepsis and Acute Respiratory Distress Syndrome
	Chronic Obstructive Pulmonary Disease

	Potential Mechanisms of GI Mediated Lung Immunity
	Toll Like Receptor (TLR) Activation
	T and B Cell Homing

	Targeting the Intestinal Microbiota in the Prevention of Lung Related Infectious Diseases
	Prevention of Respiratory Infections with Probiotics
	Prevention of Respiratory Infections with Oral Vaccines
	Prevention of Respiratory Infections with Probiotic Coupled Vaccines

	Conclusions
	Search Strategy and Selection Criteria
	Author Contributions
	Acknowledgments
	References


