1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
IUBMB Life. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
IUBMB Life. 2019 February ; 71(2): 152-165. doi:10.1002/iub.1969.

Lung inflammation and disease: A perspective on microbial
homeostasis and metabolism.

Roberto Mendezl, Sulagna Banerjeel3, Sanjoy K. Bhattacharya?:3, and Santanu
Banerjeel 3"
1Surgery, Miller School of Medicine, University of Miami, Florida, USA.

2Bascom Palmer Eye Institute, University of Miami, Florida, USA.

3Miami Integrative Metabolomics Research Center, University of Miami, Florida, USA.

Summary

It is now well appreciated that the human microbiome plays a significant role in a number of
processes in the body, significantly affecting its metabolic, inflammatory and immune
homeostasis. Recent research has revealed that almost every mucosal surface in the human body is
associated with a resident commensal microbiome of its own. While the gut microbiome and its
role in regulation of host metabolism along with its alteration in a disease state has been well
studied, there is a lacuna in understanding the resident microbiota of other mucosal surfaces.
Among these, the scientific information on the role of lung microbiota in pulmonary diseases is
currently severely limited. Historically, lungs have been considered to be sterile and lung diseases
have only been studied in the context of bacterial pathogenesis. Recently however, studies have
revealed a resilient microbiome in the upper and lower respiratory tracts and there is increased
evidence on its central role in respiratory diseases.

Knowledge of lung microbiome and its metabolic fallout (local and systemic) is still in its nascent
stages and attracting immense interest in recent times. In this review, we will provide a perspective
on lung-associated metabolic disorders defined for lung diseases (e.g. COPD, Asthma, respiratory
depression due to infection) and correlate it with lung microbial perturbation. Such perturbations
may be due to altered biochemical or metabolic stress as well. Finally, we will draw evidence from
microbiome and classical microbiology literature to demonstrate how specific lung morbidities
associate with specific metabolic characteristics of the disease, and with the role of microbiome in
this context.
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Introduction

A multitude of microbes inhabit various mucosal surfaces in the human body, with a
majority residing in the gastrointestinal surface, followed by other mucosal surfaces,
including lungs [1]. One of the major roles of the microbial ecosystem is the maturation of
the host immune system in the postnatal period. In adults too, there is evidence of constant
“tutoring” of the host immune system by the microbial ecosystem residing in various
mucosal surfaces [2—4]. Hence, its perceivable that external factors influencing the
commensal microbial ecosystem, like lifestyle and/or dietary changes, infections, aging etc.
to name a few, would induce adaptive changes in the host immune system. Recent reports
indeed suggest that external infection of the gut, fosters host systemic inflammation by out-
competing the commensal flora and alternatively, systemic inflammation preferentially
depletes beneficial gut flora to promote otherwise dormant commensal bacteria with
potential pathogenic properties (pathobionts) [1,2,4-7]. Historically, lungs have been
considered to be sterile and lung diseases have only been studied in the context of bacterial
pathogenesis [8,9]. Recently, however, 16s ribosomal RNA (rRNA) and shotgun
metagenomics studies have revealed a resilient microbiome in the upper and lower
respiratory tracts and there is increased evidence of its central role in respiratory diseases
[4,9-12]. While the upper respiratory tracts (trachea, upper bronchus) have microbiota
resembling the oral cavity, lower respiratory tracts have unique microbial signatures.
Compared to the oral cavity, lung harbors a significantly diminished (50-fold less, in terms
of biomass) microbiome [13], and yet, the composition and homeostasis of both microbiota
is modulated by the host immune system and vice-versa [4].

While gut microbiome and its role in influencing a vast majority of diseases has gained
immense popularity over the last few years, there has not been much systematic study on the
lung microbiome [9,14]. Cystic fibrosis is one of the most researched lung complication vis-
a-vis microbial dysbiosis (see [15] and reviewed in [8]). Apart from that, several reports
have implicated lung microbiome in pathogenesis of asthma/allergic diseases [16—18] and
Chronic Obstructive Pulmonary Disease (COPD) [19-22]. In all these studies, microbial
dysbiosis, characterized by expansion of specific microbial communities, has been a center-
point for the disease type, accompanied by uncontrolled inflammation. However, evidence
has been gathered over the years which supports direct and indirect role of gut microbiota in
pulmonary diseases [23-26]. The specific composition of lung microbiome in healthy
individuals and an altered scenario in disease, has attracted a plethora of human studies to
define exact changes due to specific disease conditions, for example, in cystic fibrosis [27].
Clinical evidence suggest that restoration of gut microbiome has positive prognosis for lung
microbial homeostasis and by association, lung immune homeostasis [14,27,28].

Most of the microbiome studies rely on an amplicon analysis of 16S rRNA gene. Though
widely used, the limitations of the 16s rRNA sequencing technology prohibit exact
identification of bacterial species. Therefore, clustering of collected sequences is the
standard tactic of organizing 16s rRNA sequencing data [29-31]. The clusters represent
groups of genetically similar bacteria, which are called operational taxonomic units (OTUSs).
Analysis of 16s sequencing is often a function of diversity of bacterial OTUs within an
individual (alpha-diversity) and among individuals (beta-diversity)[32]. A microbiome that
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hosts a wide variety of bacterial species will have a high alpha-diversity. Alternatively, a
microbiome that is present in multiple individuals, but varies in species presence between
individuals will be have a high beta-diversity.

Here, we present a perspective on the role of lung microbiome in several well-studied lung
morbidities, as compared to its homeostasis in health. We will discuss the considerations for
the analysis of lung microbiome and the challenges involved. Finally, we will discuss the
current state of knowledge in host metabolic perturbations due to lung microbial dysbiosis,
which itself is a nascent and upcoming field of study.

The Respiratory Microbiome in health

Source and replenishment

Current scientific literature divides the respiratory microbiome broadly into 3 major
anatomical regions—oral/nasal, upper and lower respiratory microbiome (Fig 1-A, B and C
respectively). Oral microbiome is heavily influenced by environmental factors, which in
turn, shapes the composition of upper respiratory tract microbiome. The lower respiratory
microbiome is unique, mildly influenced by microbiota from other mucosal surfaces, with
the exception of diseased lung, where each of these compartments influences each other in a
dysbiotic state. Major disparity pertains to the description of the source and resilience of
lower airway microbiome is described in the literature. Some reports describe it as an
independent unique community of microflora, relatively unperturbed due to fluctuations in
oral microbiome due to environmental influences [4,8,33]. While others describe it as
diminutive community requiring constant replenishment from upper airway and oral
communities, hence heavily influenced by perturbation in those communities [34-36]. Since
these reports are mostly based on clinical end-point studies, variability in collection methods
and diverse disease and medicinal background of the subjects make it impossible to
conclusively characterize the origin and sustainability of the lower airway microbiota. More
studies need to be performed, preferably with small animals, utilizing all acquisition
methods including lung tissues, in controlled environment, to obtain proof-of-concept in this
aspect of respiratory microbiome. In this regard, strict demarcation has to be made with
respect to the anatomical region from where the microbial sample is derived. As figure 1
describes, careful sampling from the disparate regions of the excised lung, especially in
murine studies, may provide an interesting perspective for the dynamics of upper and lower
airways in health and disease.

Sampling and analysis pipelines

Until recently, the lungs were thought to be a sterile site within the body [9,37]. This idea
was difficult to disprove due to the reliance of bacterial detection and identification on
culture-dependent studies. The advent of culture-independent studies has identified the lung
as having its own microbiome. In particular, the sequencing of 16s ribosomal RNA has been
a critical tool in the description of microbiomes [38,39].

Assessment of the lung microbiome presents its own unique challenges. Sample
contamination by bacteria from the upper respiratory tract presents a difficult hurdle in these
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studies [40]. Typically, these lung microbiome samples are collected via broncho-alveolar
lavage (BAL). While colonization by bacteria from the upper respiratory tract is a common
source of bacterial migration into the lung, not all bacteria that migrate this way can be
expected to replicate and survive in the lower airways. Additionally, the process by which
lung microbial samples are collected can introduce bacteria from the upper respiratory tract
that never migrated to the lung. These problems can be overcome by refined collection
methods to reduce contamination from the upper respiratory tract or analytical methods that
assume and adjust for this contamination [36,40,41]. Recently, Bassis et al. have suggested
that these sources of contamination may have less impact than previously understood [42].
In their study, bacterial population from an oral wash was compared to those of BAL taken
from separate lung lobes without fully removing the bronchoscope past the epiglottis.
Analysis of these samples showed that the BAL microbes did not differ significantly in their
overall variance from the oral wash microbial population.

In terms of analysis pipeline, some controversy exists between the choices of 16s versus
shotgun metagenomics. While discussions in the published reports mostly pertain to the
analysis of gut microbiome, the arguments are valid for the analysis of microbiota from
other mucosal surfaces, including the airways. Both 16s and shotgun metagenomics accord
high level of resolution and throughput to the investigators, however, sampling and
procedural bias for both methods have been reported [38,43]. Lung microbiome is several
orders of magnitude smaller than gut microbiome and hence, presents several technical
challenges. Major ways in which technical challenges can be mitigated are maintaining
consistency in methods and facilities in obtaining data. The choice of the 16s region being
amplified also plays a role in maintaining consistency (Figure 2). It is known that variable
region (V) 1-3 amplification has better taxonomic coverage, while V4-5 region has higher
specificity of detection [10,19]. As the field has advanced over years, preference for higher
specificity (hence, V4-V5 amplicon) has gained more popularity over higher taxonomic
coverage. With improvement in instrumentation, improvement in database curation and
better protocols, it is gradually becoming easier to have better taxonomic coverage with high
specificity. It is clear from the literature, that data emanating from various groups can be
further reconciled if methodological and analytical consistency is maintained and agreed
upon in the field. In this regard, the tools, methods and protocols in the Human Microbiome
Project portal, which includes lung as an important mucosal surface, might serve as an
exciting resource for researchers in the field.

Consensus communities at homeostasis

Multiple studies have attempted to define the microbiome of the healthy lung. By comparing
BAL samples with oral wash samples from the same individual, a marked similarity has
been observed between the lung and oral microbiome [40]. This is likely due to micro
aspirations of bacteria-containing saliva into the lung [44,45]. The oral microbiome has thus
been identified as a major contributor to the lung microbiome [46]. There is a lack of
consensus on the basic composition of “healthy’ lung microbiome in human. On the phylum
level, there are varied reports of dominance described: A. Bacteroidetes and Firmicutes
dominated (BAL derived) [36]. B. Bacteroidetes and Proteobacteria dominated (Lung tissue
derived) [22] and C. Diverse/no dominance (BAL derived)[10,21]. Methodologically, the
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consensus seems to favor BAL as the cleanest source for lung microbiota and Bacteroidetes
and Firmicutes dominant composition [33].

Selection of resident microbial content on mucosal surfaces

Development of the microbiome is dependent on multiple factors. Exposure of a newborn to
the microbiome of the mother is the source of initial inoculation. The birthing process
exposes the newborn to vaginal, fecal, and skin microbiomes from the mother [47]. After
birth, the mother continues to transfer bacteria to the child via breastfeeding. Children
delivered vaginally have gut microbiomes that closely resemble that of their mother, while
those born by cesarean section do not bear the same similarities [48].

The maturing fetus, once thought to develop in a sterile environment, has been shown to be
exposed to maternal bacteria before birth [49-51]. Additionally, a recent study showed that
the airways of preterm newborns have colonized airways as early as 6 hours after birth,
including those born by cesarean section, and that those born by cesarean section have
microbiomes that do not differ from those born vaginally [52]. This may imply that
colonization of the lung microbiome may begin before birth, or lung colonization is
independent and more environmentally acquired phenomenon, rather than maternally
transferred one.

Microbiome status is adjusted and maintained by the host immune system, as well as
environmental factors. Maintenance balances the populations of commensal bacterial species
and discourages growth of pathogenic species. Hence, as a corollary, it is perceivable that
changes in the microbiome would modulate host immunity and metabolism; the premise for
all the interest and importance of the field.

Cross talk of resident microbial flora in mucosal surfaces

Cross talk between the microbial populations across different mucosal surfaces has been a
point of interest in the field recently. Inflammatory bowel disease (IBD) has long been
linked to pulmonary dysfunction and disease [53]. Lung dysfunction as a result of IBD has
been reported as early as 1976 [54]. This study described severe pulmonary disease in six
patients with IBD; four of which had no history of smoking. These patients demonstrated
chronic bronchitis, bronchiectasis, and obstructive pulmonary dysfunction.

In a study of ulcerative colitis patients, impaired lung function presented in 57.6% of
patients compared to healthy controls [55]. These manifested primarily as restrictive
dysfunctions. Unfortunately, this study was unable to determine carbon monoxide diffusion
capacity. Another study, however, did show a link between children with Crohn’s disease an
impaired carbon monoxide diffusion capacity [56]. Additionally, a study of 314 Crohn’s
disease patients demonstrated an increased risk of COPD [57]. Both IBD and COPD are
diseases linked to alterations in relative microbial abundance.

Smoking is a major risk factor for the development and exacerbation of COPD. It is also a
risk factor in the development of both ulcerative colitis and Crohn’s disease [58-60]. The
hypothetical link between smoking and COPD is simple enough to see, considering the
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direct exposure of the lung to inhaled smoke. However, the link between smoking and IBD
is less clear. When considering the potential of cigarette smoke to disrupt lung epithelium, a
possible link emerges between the two diseases in the immune response to common
commensal bacteria. This is supported by findings that smoking perturbs the gut microbiome
[61]. One of the most interesting, yet complex interaction was recently reported by
McFarlane et.al., [62] where they showed that intestinal helminth parasite infection and
resulting gut microbial changes have a protective effect on symptoms arising from
respiratory syncytial virus (RSV). Point to note here is that this study ensured that the
helminth and RSV infections were confined to the gut and lungs respectively. Hence, ample
evidence exists to suggest cross talk between the commensal flora in different isolated
mucosal surfaces, however, studies need to be done to understand the micro-dynamics, e.g.
whether the host immune system mediates this cross talk, or whether these are independent
effects of a systemic insult in patients.

Environmental factors of microbial status

Smoking

Yu et al. performed a study of lung microbiota taken from non-malignant tissues of lung
cancer patients. They found no correlation between lung microbiome and smoking intensity,
years of smoking, or cigarettes per day. They did, however, note that alpha diversity of the
lung microbiome increases with pack-years of tobacco smoking[63]. The authors
hypothesize that the overall apparent lack of relation between smoking and lung microbiome
status in this study may be explained by the lack of variability in smoking status between
study subjects.

Smoking has been shown to disrupt the lung epithelial layer responsible for preventing
migration of commensals from the lumen [64,65]. Previous studies on gut microbiome and
disruption of the gut barrier have shown that this may lead to bacterial translocation and
systemic immune activation [66]. This leads to the reasonable assumption that disruption of
the lung epithelial barrier could lead to translocation of members of the lung microbiome.

An interesting piece of supporting evidence for this view was discovered by Jungnickel et al
[67]. This study used a lung carcinoma model in which lung carcinoma cells were injected
in mice. After exposure to both cigarette smoke and aerosolized nontypeable Haemophilus
influenza (NTHi) bacterial infection, mice showed increased level of metastatic growth
compared control counterparts that were only injected with lung carcinoma cells. Under this
combined treatment, bacterial translocation to lung cancer tumors also occurred. This
reinforces the previous findings of cigarette smoke-induced disruption of microbial barriers
in the lungs. Additionally, the study asserts that bacterial migration to the tumor sites links
inflammation caused by cigarette smoke to tumor proliferation.

Breast-Feeding

Breast milk plays two important roles in the establishment of the microbiome of a hewborn
[68]. First, the milk acts as a carrier of maternal bacteria. In fact, the human breast milk has
been described as having its own microbiome, boasting over 200 species of bacteria. This
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collection of bacteria includes commensal staphylococci, streptococci, and lactobacilli [69].
These commensals have been shown to inhibit colonization and growth of pathogenic
bacterial species in the host.

Second, the milk contains prebiotic oligosaccharides that nourish colonizing bacteria [70].
These oligosaccharides are resistant to digestion and absorption by the host and are available
for bacterial utilization in the gut. Specifically, members of the Bifidobacterium and
Bacteriodes bacterial genera are able to gain a competitive advantage from the presence of
milk oligosaccharides. Human milk oligosaccharides also demonstrate antimicrobial
properties, inhibiting adhesion and infection by pathogenic bacteria [71].

The above stated properties of breast milk have been demonstrated as influential in the
establishment of the gut microbiome in infants. Additionally, cross-contamination of the
lung microbiome from the gut has been hypothesized via micro-aspiration. It is conceivable
that breast-feeding plays a role in the development of the lung microbiome, as well. Indeed,
breast feeding has been shown to impact development of the nasopharygeal microbiome[68].
Breast feeding has been associated with microbial stability and early colonization of the
upper respiratory tract by Moraxella, Corynebacterium, and Dolosigranulum [72]. These
factors were also associated with reduced rates of respiratory infection.

Antibiotic usage is a major factor in microbial homeostasis and can greatly reduce its
diversity [73]. Antibiotics are often prescribed during pregnancy and can be found in both
newborn blood and mother’s breast milk after birth. The impact from this on the microbiome
is two-fold. First, bacteria are eliminated from the mother before they are passed on to the
offspring. Second, the antibiotic present in breast milk can interfere with establishment and
colonization by the microbes that escaped elimination in the mother and were passed down.
Studies have shown that exposure to antibiotics early in life may be a causal factor in the
development of asthma and chronic inflammation [44,47].

The effect of diet on lung microbiome has been a very scantily explored field. While there is
some literature on how the maternal diet can influence the microbiome in an infant and may
even be related to development of childhood asthma, there is not a lot of study to show that
there is a direct influence of diet on lung microbiome [74].

A recent study by Cait et al in 2017 showed that mice treated with vancomycin have an
altered microbiome and metabolite profile and exhibit exacerbated Th2 responses. These
animals also showed more susceptibility to allergic lung inflammation. This study further
showed that gut dysbiosis can aggravate allergic lung inflammation through both T cell- and
DC-dependent mechanisms that are inhibited by bacterial short-chain fatty acids (SCFAS).
However, even though this study showed that lung diseases may be affected by alteration of
gut microbiome (and hence diet), it did not highlight if the lung microbiota was influenced
[75]. 1t is evident from some studies that the gut microbiome has a profound influence on
lung inflammation and its pathology (asthma, COPD) however whether it is mediated via
change in the lung microbiome is not clear [76]. Further studies are required for the
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complete understanding of diet-induced lung microbial perturbations as exemplified in two
independent reports from Bou Ghanem et.al., where they have shown that dietary a-
tocopherol supplementation results in reversal of age-induced susceptibility to Strepfococcus
pneumoniae lung infection[77] and this is achieved through enhanced elastase activity of
PMNs in the lung[78]. Considering that S. pneumoniaeis a part of the lung commensal
flora, the role of microbial dysbiosis or homeostasis cannot be discounted. This is further
corroborated by the recent work by Brown et.al., where microbial role in controlling
pulmonary infection via IL17A and GM-CSF has been established[79]. The authors
demonstrate that microbiota-derived signals for controlling pulmonary infections, is not
confined to lungs alone and could come from the intestinal microbes as well. Hence, diet-
induced gut microbial changes can indeed translate into lung microbial perturbations and
vice-versa.

Pollutants in our environment have a direct effect on lung diseases like COPD and asthma.

In the developing world, exposure to smoke during cooking, burning coal, and other biomass
fuels have a direct consequence on lung health [80]. It is hypothesized that the respiratory
microbiome acts as a first line of defense against the environmental pollutants. However, it is
also equally likely that the members of the lung microbiome can be selectively killed or
injured by the toxins released from these pollutants leading to an altered compromising
microbiome. Disrupting the existing microbial community structure as a result of
environmental pollutants can alter the balance of pro-inflammatory and anti-oxidant
conditions leading to a diseased state [81].

Even though the lung microbiome research community firmly acknowledges the role of
pollution in altering microbial composition in context of disease, there is not a lot of
literature available in this field regarding the composition of the resident bacteria in the lung
microbiome or how they may change upon exposure to environmental pollutants [82].

Lung microbiome and disease

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a highly morbid and potentially fatal lung
disease. It presents a major burden of disease currently and has been projected to increase in
this regard [83]. COPD development is marked by sudden, temporary worsening of the
condition, called exacerbations [84], which typically cause significant, but temporary
decrease in pulmonary function, with baseline lung function returning in roughly a month.
However, rarely, baseline lung function is impaired longer or permanently[85].

Disease progression in COPD has been described by the vicious circle hypothesis [86].
According to this hypothesis, impaired innate immune response allows for bacterial
infection. After initial infection, pathogenic bacteria induce inflammation and increased
mucus production. This leads to insult of the respiratory epithelium, which impairs innate
immune response. The impaired immune response leaves the lung vulnerable to subsequent
infection by pathogenic bacteria, closing the vicious circle.
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COPD is characterized by H. influenzae colonization and exacerbations of the disease are
marked by its presence in the patient sputum [87]. Presence of the H. influenzae membrane
protein, P6, has been shown to induce mucin production in COPD mice and cultured human
epithelial cells [88]. During periods between exacerbations, H. influenzae is not present [87].
Interestingly, sputum samples from different exacerbation periods contain the same strain of
H. influenzae. This may indicate that, even though the bacteria reach an undetectable level
between exacerbations, the pathogens remain within the host and expand in population
during or before exacerbations.

Cystic Fibrosis

Asthma

Cystic Fibrosis (CF) is a genetic disease that is primarily linked to a mutation in the CFTR
gene [89]. CF manifests symptoms in multiple organs throughout the body, but the most
pronounced effects are localized to the lung. The hallmarks of the disease are the presence of
secretions within the lung and increased rate of pulmonary bacterial infection.
Unsurprisingly, these alterations to lung function have a significant impact on the lung
microbiome.

It has long been understood that CF patients suffer from pulmonary infections of S. aureus,
H. influenzae, B. cepacia, and P. aeruginosa [90]. More recently, S. maltophilia, MRSA, M.
abscessus, and S. millerihas been identified as members of the CF lung microbiome. Lung
tissue damage from bacterial infection often necessitates lung transplantation. A recent study
showed that, post-transplant, P. aeruginosa rapidly invades the transplanted tissue [91]. The
invading bacteria are suspected to have originated in the sinuses and adapted to the non-CF
donor lung.

Cox et al. studied the differences in airway microbiota and lung function in young and old
CF patients [92] and found that increasing age is associated with loss of pulmonary function,
as well as, decreasing microbiotic richness, diversity, and evenness.

The hygiene hypothesis states that exposure to microbes in early life can impact the
development of asthma and similar diseases [93]. Development of asthma has been linked to
early exposure to antibiotics. As previously stated, the use of antibiotics in pregnant mothers
can reduce bacterial colonization [73]. Studies have shown that early exposure to the
bacterial endotoxin, lipopolysaccharide (LPS), is protective against development of asthma.
Studies in mice have shown that LPS exposure confers protection via expression of the A20
protein, which attenuates NF-kB activation.

The lung microbiomes of asthmatic individuals were compared to those of healthy controls
and found to have increased levels of Proteobacteria, but decreased levels of Bacteriodetes
[37]. Asthmatics were also found to have greater microbial abundance and diversity
compared to healthy controls. This may be indicative of the lack of early life immune cell
“tutoring” as mentioned earlier.
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Pneumonia (idiopathic or ventilator)

With research on lung microbiome gaining impetus, the understanding of the pathology of
pneumonia has changed from its conventional understanding. It is now believed that the
dysbiosis of the lung microbial flora, not merely introduction of pathogenic bacteria, is the
underlying cause of the disease [22,37,94].

Ventilator Associated Pneumonia (VAP): Children under mechanical ventilation are at
risk for a number of nosocomial infection like VAP. This leads to increased risk of mortality,
prolonged hospitalization and extensive rehabilitation [94]. Recent research has shed light
on how microbial organisms interact with each other and their environmental elements and
the contribution of this to development of infection. VAP has been associated with viral
lower respiratory tract infection along with bacterial infection. Among bacterial species,
Staphylococcus aureus is the most prevalent. Airway samples collected from ventilated
children exhibit a fairly diverse bacterial community. The studies also show that the diversity
decreases in subsequent days and airways become rapidly dominated by pathogenic bacteria
before diagnosis of VVAP. In this study, Streptococcus flora was visibly increased in children
with VAP compared to subjects without VAP [95].

Idiopathic pneumonia: Analysis of the airway microbiome showed that the most
important causative bacterial pathogen for lower respiratory tract infection like pneumonia
was Streptococcus pneumoniae [96]. This is a common pathogen in the upper respiratory
tract that exists asymptomatically with other bacterial community of pathogenic and
commensal species. Exposure to environmental stimuli as well as immunological changes
upset the “equilibrium” within the community, leading to dysbiosis and eventually infection
[97]. A study comparing elderly pneumonia (to healthy elderly control subject) and adult
pneumonia (to heathy adult subjects) is one of the very few, that have performed an in-depth
study on the changes in microbial composition during the disease. The investigators
observed a decrease in gram negative population like Prevotella, Veillonellaand Leptotrichia
and gram-positive genus Parascardovia in pneumonia patients [98]. Further, another study
showed a strong correlation between the tongue microbiome with mortality associated with
pneumonia in nursing home patients [99].

Lung cancer

Microbiome contributions to the development of different cancers have been previously
studied[100]. Recently, studies describing the link between pulmonary microbiome and lung
cancer have come to light [63,101]. In a recent study comparing patients diagnosed with
lung cancer to those diagnosed with a benign lung mass, BAL was collected and microbiota
were examined [101]. Compared to those with benign lesions, cancerous lungs had increased
prevalence of the Fermicutes and TM7 phyla, as well as, the Veillonellaand Megasphaera
genera. The authors hypothesize that the microbiota of lung cancer patients may be altering
the lung microenvironment.

A study using non-malignant lung tissue samples from 165 lung cancer patients described
microbiota profiles associated with the disease [63]. In this study, the authors found that
Proteobacteria was the dominant phylum. In patients with stage 3 or stage 4 cancers, the
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Thermus genus was relatively abundant. In patients who developed metastases, the
Proteobacteria genus, Legionella, was relatively abundant. Both of these studies present an
exciting possibility of alterations to the microbiome as a novel biomarker in lung cancer.

Human Immunodeficiency Virus (HIV) and AIDS

HIV has been shown to have a major effect on the condition of gut microbial status due to its
interference with immune response and disruption of gut epithelium[102]. The literature
available of the role of HIV infection in alteration of lung microbiome is less clear. A study
of BAL from HIV-infected patients undergoing antiretroviral therapy and HIV-uninfected
individuals found no clear difference between their microbiomes[34]. In patients with
advanced HIV, decreased alpha diversity but greater beta diversity was observed in the lung
microbial species[103]. After one year of treatment with antiretroviral therapy, these patients
displayed increased abundance of Prevotellaand Veillonella, which have been associated
with lung inflammation. While abundant, yet inconclusive data is available from HIV
patients vis-a-vis lung microbiome, this field would benefit from controlled prospective
study, preferably on newly developed murine models, e.g. Humanized mice with human
microbial engraftments. Outcomes from these controlled experiments could then be verified
from patients, thereby furthering our knowledge with potentially therapeutic and non-
invasive ways to control co-morbidities associated with HIV and lung inflammation.

Viral Infections of the Lung

Viruses are mainly responsible for acute respiratory infections (ARIs), which is common in
children and adults[104]. Approximately 40% of healthcare-associated lung infections in
children have been attributed to some form of ARI[105]. The main perpetrators of most viral
ARIs include Influenza A virus (IAV), Respiratory syncytial virus (RSV), Metapneumovirus
(MPV) and rhinoviruses (RV). From the perspective of ARI pathophysiology and the role of
microbial homeostasis in the lungs, this presents a unique opportunity to study cross-
kingdom interactions and whether respiratory microbiome can influence ARI for better or
worse. In this context, AV and RSV have recently been studied in detail. In a recent report,
it has been shown that sublethal infection with a low-pathogenic variant of HSN1 IAV can
change microbial composition in the lower respiratory tract (LRT)[106]. The authors show a
Bacillusto Lactobacillus shift in the lung microbiome, and interestingly, gut microbiome
depletion and disruption of gut barrier integrity and Type-1 interferon (IFN-1) response due
to lung 1AV infection. Another study also shows subtle changes in the microbiome, with
enriched Streptococcus and depleted Pseudomonas within the respiratory microbiome[107].
This has significant implication not only in the context of pathophysiology of AV infection,
but also whether microbial changes contribute to the exacerbation of disease phenotype.
Indeed, Bartley et.al.’s work has indicated that age-related microbial changes contribute to
poor prognosis and IFN-1 responses due to 1AV infection and this can be prevented to a
large extent by maintaining the host’s microbial composition, in this case, by caloric
restriction[108]. Most of the symptoms in ARIs are a result of excessive inflammation and
hence, it is understandable that modulation in the microbiome due to viral infections can
feed into this vicious cycle of inflammation and aberrant immune responses, leading to
enhanced viral load[104]. For other ARI perpetrators, namely RV and RSV, distinct
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microbial signatures have been associated for each viral infection[62]. Here, the authors
show a shift from a Staphylococcus dominated microbiome in uninfected infants to a
Moraxella, Streptococcus, Corynebacterium, Haemophilus and Dolosigranulum dominated
respiratory microbiome in RV and RSV infected patients. The predominance of
Haemophilus in RSV infected lung has been corroborated by an independent study by
Edervine ef.af109]. There are interesting points to be taken from these studies. It is apparent
that respiratory microbial changes due to AV infection is distinct from that due to RV or
RSV infection. Presuming that these changes are early onset, there is an opportunity to use
this information for early diagnosis in patients. Additionally, lung and/or gut microbial
restoration could be potentially used as a therapeutic tool to modulate systemic immune
response against viral perpetrators of ARI.

Lung Microbiome and the immune modulation of the host

It is well known the GI microbial flora plays a major role in modulating the host
inflammatory status, specifically in the maturation of Th17 response in the mucosal immune
system [110,111]. In lungs, the changes in the microbiome of healthy individuals are
associated with a low-level inflammation [112]. In asthma patients, the microbial signatures
associated with a Th17 phenotypes have been reported [113]. In the study by Huang et al,
members of the Proteobactertaxa like Pasteurellaceae, Enterobacteraceae and Bacillaceae
have been found to be associated with Th17 associated gene signature. This Th17
inflammatory phenotype may represent another pathway that is independent of Th2 response
in asthma patients [113].

Furthermore, in a study by Yadava et. a/., using an experimental mouse model, it was found
that exposure to LPS and elastase led to a dysbiotic lung microbiome that resulted in an
increase of IL-17A expression. This was due to an increase in y&+ T cell phenotype [114].
This murine inflammatory phenotype is associated with airway abnormalities that was
similar to human COPD. BAL obtained from these mice challenged with LPS and elastase
demonstrated a decrease in a diversity and an increase of relative abundances of
Lactobacillus, Pseudomonas and Chryseobacterium [114]. The researchers found that
microbiota enhanced the production of IL-17A by y6+ T-cells by using microbiota-depleted
mice. Upon transferring the enriched microbiome from LPS/Elastase treated animals and
concurrent challenge with LPS/Elastase in antibiotic treated mice, the authors were able to
show an upregulation of 1L-17A immunological phenotype. This study thus showed that the
lung microbiome has a functional role on an immunological phenotype.

Th17 inflammatory pathway and IL-17 upregulation are not the only ones that may be
upregulated in a host with lung dysbiosis. In a recent study, Richmond et al demonstrated
that in plgR deficient mice loss of mucosal immunity results in microorganism invasion into
the epithelium [115]. Since the percentage of bacteria present in the lumen of the airways
did not differ between the wild-type mice and plgR deficient mice, the study showed that the
effects were due to invasion of microorganisms alone. Mice with plgR deficiency also had
activation of the NF-xB pathway with associated NF-xB-dependent chemokine keratinocyte
chemoattractant in BAL fluid. This mouse model of mucosal immunodeficiency is thus
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another pathway that is activated by the interaction between innate microorganisms in the
lower airway [115].

Even though literature is scant in lung microbiome, the above studies indicate that the lung
microbiome has a profound effect in modulating the immune system and the inflammatory
pathways in the host.

The Respiratory Microbiome and Metabolism

The role of the gut microbiome in host metabolism is well-studied [116-118]. Despite this
focus, we are still learning about the full role that both commensal and pathogenic bacteria
play in modifying metabolism in the gut. Gut microbiota perform vital functions in bile acid,
choline, and phenol metabolism [119-121]. The role of bacteria in metabolism within the
lung has yet to be studied in depth, but there is some indication that pathogenic bacteria may
play a role in host metabolism. £. coliand S. aureus are pathogenic bacteria in the context of
the lung microbiome. They have also been linked to the episodic increases in proteases and
protease inhibitors that play a role in infection and immune response [122].

A recent study, found metabolomic differences in BAL of HIV-infected individuals
compared to healthy controls and hypothesized that these differences could originate from
microbiome alterations [123]. A follow-up study by the same group identified a correlation
between altered metabolite levels and the presence of pathogenic bacteria species in the
lungs [124]. This study identified Caulobacteraceae, Staphylococcaceae, and
Nocardioidaceae as the main contributors to altered metabolite levels. These bacteria are
noteworthy for their roles in the pathogenesis of pneumonia in HIV patients. Bacterial
metabolism by itself is known to modulate host pulmonary immunity. In a seminal study;, it
was shown that constant enrichment of lung microbiota with oral taxa (called supraglottic
predominant taxa) creates an unique metabolic milieu, which promotes a Th17 and
neutrophil mediated inflammation and suppresses innate responses[125]. Conversely,
metabolites from activated immune cells, e.g. reactive nitrogen species have been shown to
preferentially promote growth of facultative anaerobes (mostly Proteobacteria) on mucosal
surfaces, thereby altering the microbial composition[13].

A number of different approaches are being explored to study the effect of the lung
microbiome on the host metabolome. In a study by Garg et. al., the authors created a
methodology in order to visualize human lung in 3D and applied this to mapping 16S rRNA
sequencing and metabolomics data to patient specific reference space. This allowed a better
visualization for correlation between microbial and molecular penetration. These visuals
also revealed that local environments within the lung vary in terms of pathogen abundance,
which can affect the metabolome in unique ways [126].

Microbial manipulations

The microbiome residing on various mucosal surfaces plays a central role in health and
disease [1,58,127]. While much is known about gut microbiome, fecal microbial transplant
(FMT) has been used only in the context of difficult gut infections like C. difficile, and that
too in an effective, yet simple approach, where ‘normal’ microbiota is obtained from an
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identified and monitored cohort of individuals and cryopreserved for future FMT
applications [128-132]. Only recently, identified species or communities of commensal
bacteria are being considered for remedy in gut complications [133,134]. Consensus is
gradually building on the concept that constant ‘tutoring” of the host immune system,
important for homeostasis, is not the function of the whole microbiome. Rather, this
responsibility falls upon a few members of the community, where the majority of other
microbes provide ‘buffering’ effect to keep these so called “pathobionts’ in check (For
significantly changing bacteria, implicated in environmental and disease conditions, see
Table 1). Disease is a state, where these pathobionts are able to overcome this buffering, and
trigger a full-scale activation of host immune system-starting a vicious cycle, feeding into
each other and manifesting the aforementioned morbidities and inflammation [4,134-137].
Hence, there is a huge potential in microbial restoration in the lungs, in the context of
management of lung co-morbidities associated with different disease conditions as discussed
in the previous sections.

Future Directions in the Field

One of the many challenges in understanding the lung microbiome in context of diseases is
the consensus among researchers regarding sample collection and analysis. Most of the
reported studies on lung microbiome include from samples collected from upper respiratory
tract, lower respiratory tract, bronchial lavage as well as lung lobectomy. This is a wide
range. The upper respiratory tract bacteria often cross-talks with the oral microbiome
thereby resulting in confounding results. On a positive note, the researchers in the field
realize this. There has been an effort by National Institutes of Health to start a human
microbiome project (https://hmpdacc.org/hmp/)). This portal acts as a repository for the
existing data and streamlines protocols and analysis tools.

Improvement of our understanding of the lung microbiome will also require agreeing to
common commensal bacterial species in the lung. Doing so will afford researchers with
novel lines of inquiry by allowing them to target known commensals for study. It may also
identify commensals that the lung microbiome shares with other microbial pools and help to
clarify the relationships between host microbiome in different mucosal surfaces.

The limitations of lung as a microbiome reservoir reside in the fact that the bacterial species
are not as abundant as in the gut. However, understanding the composition of this is more
likely to have a profound effect on the host inflammatory status as the highly vascular nature
of the lungs will expose the microbial components directly to the blood stream, eliciting a
more immediate response from the immune system.

Given the importance of gut microbiota in host metabolism, role of commensal bacteria in
the biochemical processes of the lung is another topic of future interest. Understanding the
metabolic significance of commensal presence, or lack thereof, in disease states could be
valuable in development of novel disease treatments. If these links are indeed established,
the use of FMT as a treatment method, limited as it may be, could serve as a basis for similar
treatments in lung disease using BAL-derived lung microbiome from healthy donors. Recent
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breakthroughs in the study of the gut microbiome and potential treatments derived from such
studies hint at a wealth of opportunities in discovery within the lung microbiome.
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Figure 1: Different anatomical regions of the lung, representing unique microbial signatures.
The environment heavily influences oral/nasal microbiome (i), which in turn, influences the

upper respiratory microbiota (ii). The resilience and uniqueness of the lower respiratory
microbiome (iii) has been controversial due to challenges in sampling techniques and
analysis pipelines.
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Figure 2: 16srRNA with V1-V3 and V4-V5 hyper variable regions.
16s rRNA has been extensively used for building molecular phylogeny of different bacterial

species. Among the 9 hyper variable regions (V1-V9), V1-V3 and V4-V5 regions have
remained a popular choice for constructing phylogeny of commensal bacteria in mammals.
While VV1-V3 region has wider taxonomic coverage, the V4-V5 region is known to provide
better identification of bacterial genera.
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Table 1:
Summary of documented lung microbial changes due to environmental factors and diseases.
Disease or Alterationsto diversity Increasein relative Decreasein Key genera Reference
Environmental factor abundance (Phyla/ relative
class/ genera) abundance
(Phyla/ class/
genera)
Asthma Not reported Proteobacteria Bacteroidetes Haemophilus 28
Moraxella
Neisseria
Prevotella
Veillonella
Breast Feeding Not reported Proteobacteria Not reported Moraxella 65
Actinobacteria Corynebacterium
Firmicutes Dolosigranulum
Diet Decreased alpha diversity Streptococcus All other phyla S. pneumoniae 77-79
Klebsiella K. pneumoniae
Smoking Increased alpha diversity Not reported Not reported Not reported 56
Pollutants Not reported Firmicutes Bacteroidetes Not reported 82
Verrucomicrobia
COPD Not reported Proteobacteria Bacteroidetes Haemophilus 28,71
Bacterfodetes Pseudomonas
Actinobacteria Prevotella
Firmicutes Streptococcus
Moraxella
Acinetobacter
Fusobacterium
Neisseria
Cystic Fibrosis Decreased Diversity and Firmicutes Not reported Streptococcus 74,76
Richness Proteobacteria Staphylococcus
Actinobacteria Mycobacterium
Hemophilus
Burkholderia
Pseudomonas
Stenotrophomonas
HIV Decreased alpha diversity Proteobacteria Not reported Prevotella 81, 87
Firmicutes Veillonella
Actinobacteria
Lung Cancer Not reported Proteobacteria Not reported Thermus 52,79
Firmicutes TM7 Legionella
Veillonella
Megasphaera
Influenza A virus Decreased alpha diversity Lactobacillus Bacillus Lactobacillus 106,107
Streptococcus Pseudomonas Streptococcus
Bacillus
Pseudomonas
Rhinovirus and SRV Not reported Moraxella Staphylococcus Moraxella 62, 109
Streptococcus Streptococcus
Corynebacterium Corynebacterium
Hemophilus Hemophilus
Dolosigranulum Dolosigranulum
Staphylococcus
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