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The lung microbiome has recently emerged as a major mediator of host inflammation and pathogenesis.

Understanding how the lung microbiota exerts its effects on lung cancer and the tumor microenvironment will allow

for novel development of therapies.
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1. The Lung Microbiome in Health

For many decades it was believed the lung represented a sterile environment. With the advent of culture-

independent techniques and high-throughput sequencing of the 16S rRNA gene, a small highly conserved cistron

of the bacterial genome, it became possible to identify the presence of bacterial communities at the genus or

species-level phylogeny. In a landmark study in 2010, the authors published the first application of culture-

independent techniques to identify microbiota present within the lungs of healthy patients as well as patients with

asthma and chronic obstructive pulmonary disease (COPD) . To date, there are over 30 published studies

demonstrating the presence of bacterial communities in the lower respiratory tracts of healthy persons using

modern culture-independent techniques . In healthy lungs, the microbial composition is determined by the balance

between immigration and elimination of bacteria. Bacterial immigration occurs through inhalation of atmospheric air

which can contain upwards of 10 –10  bacterial cells per cubic meter as well as microaspiration. Microaspiration is

likely the primary source of immigration evidenced by overlap between the oral and lung microbiota. It is well

known that subclinical microaspirations occur in healthy persons. Elimination of microbes from the lungs is a

dynamic process that includes mechanical as well as immunological processes. Healthy airways contain ciliated

epithelia that help to propel microbes proximally while the act of coughing represents an additional mechanism to

expel microbes from the respiratory tract. It is well appreciated that the lung and airways contain specific innate

and adaptive immunological defenses that allow for recognition and clearance of microbes. Further, the healthy

lung is a heterogeneous environment with regional environmental variation that can influence bacterial

composition. These variations include oxygen tension, pH, relative blood perfusion, relative alveolar ventilation,

temperature, epithelial cell structure, deposition of inhaled particles and concentration and activity of inflammatory

cells. Dickson et al. proposed the adapted island model which postulates that in health the respiratory tract is one

continuous ecosystem that is dynamic and varies with microbes originating from the single source of the upper

respiratory tract and immigrating to the lower respiratory tract. The number of microbial species at a specific site in

the respiratory tract is a function of immigration and elimination factors. Dickson et al. validated this model,

demonstrating that community richness (the number of species in a specific ecological community) decreases with

increasing distance from the upper respiratory tract.
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In general, studies indicate that a relatively uniform microbiota composes the healthy lung with the presence of

certain dominant taxonomic groups. The most abundant phyla are Bacteroidetes and Firmicutes with prominent

genera including Prevotella, Veillonella and Streptococcus. In general, the microbiota of the healthy lung most

closely resembles that of the mouth, likely a result of microaspirations that occur during sleep when cough and

laryngeal reflexes are diminished. Within the lung of healthy persons there are considerable variations in

environmental factors (described above); however, there is a relative lack of variation in the lung microbiome

suggesting that the lung microbiota is in fact determined by the balance between immigration and elimination rather

than specific growth factors. It has not been determined if the lung microbiome of healthy subjects varies

geographically. One study assessed the lung microbiota from healthy subjects in eight US cities and found no

evidence of geographic clustering .

2. The Lung Microbiome and Lung Cancer

Previous studies have linked the microbiota to various malignancies. More recently, studies performed by the

Wargo group have correlated gut microbial composition to response to chemotherapy and immunotherapy in colon

cancer models and advanced stage melanoma patients . There have been a number of studies suggesting the

gut microbiome plays an important role in various cancers, including lung cancer [19]. Further studies showed that

the composition of the gut microbiota in lung cancer patients differed significantly from that of healthy control

patients . A systematic review of eight studies demonstrated that NSCLC patients treated with broad spectrum

antibiotics prior to or during treatment with immune checkpoint inhibitors (ICI) had poorer clinical outcomes .

Indeed, this suggests that disruption of the gut microbiome with antibiotics may have an effect on response to ICI in

NSCLC. It should be noted that antibiotic treatment would also have an effect on the lung microbiome as well.

Additionally, many recent studies demonstrate the importance of the gut microbiome in modulating immune

responses and changes in the gut microbiota alter immune responses and homeostasis in the respiratory system

. It is surmised that this cross-talk occurs through the production of metabolites, endotoxins and cytokines by the

gut microbiota which travel to the respiratory mucosa through the bloodstream . Some more recent studies

suggest that this cross-talk is bidirectional, with the lung microbiota potentially mediating immunologic responses in

the gut . Given the abundance of data surrounding the gut-lung axis we chose to focus more fully on the effect

of the lung microbiota directly upon lung tumorigenesis.

Characterization of the lung microbiome and its influences on lung cancer and treatment is in its infancy.

Epidemiological studies have correlated Mycobacterium tuberculosis (TB) to lung cancer . A systematic

review of 41 studies demonstrated that a significantly increased lung cancer risk associated with pre-existing TB

independent of tobacco use and exposure . This suggests a direct link between TB and lung cancer and further

suggests that the composition of the lung microbiome may have effects on tumorigenesis. In recent years, studies

have demonstrated significant differences between the composition of the lung microbiome in lung cancer patients

compared to healthy subjects or patients with alternative lung pathologies. In general, alpha diversity, the number

(richness) and distribution (evenness) of taxa in a sample, is significantly higher in non-malignant lung tissues than

tumor tissues while beta diversity, that is diversity in the microbial composition between different samples, is not
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significantly different between malignant and non-malignant tissues . Other studies have determined specific

taxa that are enriched in the airways of lung cancer patients. A study analyzing 216 lung aspirates collected from

lung cancer patients demonstrated colonization of Gram negative bacteria such as Haemophilus influenza,

Enterobacter and Escherichia coli . It should be noted however, that the authors relied on culture-dependent

assays for their analysis. In another study, sputum and oral samples were collected from female, never smoker,

lung cancer patients (n = 8) as well as female, never smokers without cancer (n = 8). Samples taken from the lung

cancer cohort had enrichment of Granulicatella, Abiotrophia and Streptococcus genera compared to the non-

cancer cohort . In addition, a study demonstrated enrichment of Veillonella, Neisseria, Capnocytophaga and

Selenomonas in sputum collected from squamous cell and adenocarcinoma lung cancer patients (n = 20) as

compared to non-cancer control subjects (n = 10) . In a pilot study designed to identify potential bacterial

biomarkers in lung cancer, the authors collected sputum from lung cancer patients (n = 4) and non-lung cancer

subjects (n = 6) and found that seven specific bacterial species were present in all samples with significantly higher

levels of enrichment of Streptococcus viridans in lung cancer samples . More recently, bronchoalveolar lavage

fluid (BALF) has been used to characterize the lung microbiome of the lower airways. Lee et al. collected BALF

from 28 patients undergoing routine bronchoscopy for lung masses. Of the 28 patients, 20 were found to have lung

cancer and 8 were diagnosed with benign diseases. Using culture-independent techniques the authors found

increased relative abundance of the genera, Veillonella and Megasphaera, in lung cancer patients as well as

Firmicutes and TM7 phyla as compared to patients with benign pathology . Additionally, Tsay et al. collected

airway brushings from patients undergoing routine diagnostic bronchoscopy for lung nodules from both the affected

lung and contralateral unaffected lung. The authors report 39 subjects with lung cancer diagnoses, 36 subjects with

non-cancer diagnoses and the inclusion of 10 healthy control subjects. They found that the lower airways of the

lung cancer patients were enriched with oral tax (Streptococcus and Veillonella) as compared to non-cancer and

healthy subjects. Interestingly, the uninvolved cancer airway samples shared many similar findings as seen in the

involved cancer airway samples. It should be noted that this study included rigorous “control” specimens including

buccal samples and bronchoscopy scope washes prior to procedures [36]. Together these findings support the

presence of an altered lung microbiota in lung cancer patients and suggest enrichment with oral taxa likely a result

of oral microaspirations (Figure 1).

Figure 1. The lung microbiome in disease. Chronic exposure to either cigarette smoke, aerodigestive or both,

microaspiration over time leads to dysbiosis of health-associated lung microbiota (green) towards microbiota

enriched with upper respiratory tract bacterial species (brown). Respiratory dysbiosis potentially leads to

promotion/enhancement of tumorigenesis as well as alteration of the lung immune microenvironment.

3. The Lung Microbiome and the Immune System

The lung sits at the interface between the outside environment and the internal host physiology and as such plays

a fundamental role in innate and initial adaptive immunity in order to protect the lung from pathogenic insults. This

is not unlike other tissues, such as the gut. Multiple studies in the gut have linked the gut microbiota to mucosal

immunity and modulation of host immunity. Studies have demonstrated that the gut commensal microbiota
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regulates the innate immune system [45,46]. It is then expected that alterations in the commensal microbiota could

potentially have significant effects on immune tone in the host. Indeed, studies have demonstrated that the

Gammaproteobacteria class utilizes inflammatory byproducts to survive and propagate under low oxygen

conditions. During conditions such as chronic inflammation, Gammaproteobacteria can outcompete bacteria that

are unable to metabolize inflammatory byproducts for survival . Gammaproteobacteria can use reactive nitrogen

species, a byproduct of many inflammatory cells, as a terminal electron acceptor to support growth under

conditions of inflammation . Therefore, the conditions of the microenvironment have the potential to enrich

for potentially pathogenic bacteria (i.e., Gammaproteobacteria) which in turn promote continued or chronic

inflammation. As discussed previously, the microbiota composition of the lower airways in healthy lung is

dominated by Bacteroidetes phylum that shifts towards Gammaproteobacteria (class which contains many lung-

associated “pathogens”) in diseased airways. It is likely that in the lung the same mechanism of bacterial

overgrowth occurs as it does in the gut with Gammaproteobacteria. This is evidenced in an number of studies in

humans and mice which demonstrated that increased levels of Gammaproteobacteria in the lungs is associated

with disease .

The lung has specialized alveolar macrophages (AM) and resident dendritic cells (DC) as well as other immune

cells that monitor the lower airway s for pathogenic insults. They are critical mediators of lung immune

homeostasis ensuring that inflammatory and immune responses are activated in response to a pathogenic insult

while dampening responses to harmless environmental stimuli. In general, the lung microenvironment is one of

high immune tolerance. Both AMs and DCs stimulate the proliferation of regulatory T cells (Treg) and release

prostaglandin E2 (PGE2), tumor growth factor-beta (TGF-B) and interleukin-10 (IL-10) which leads to a tolerogenic

state . Furthermore, it is now appreciated that commensal lung microbiota plays an important role in

promoting immune tolerance through its effect on resident lung immune cells. One fundamental question is how

commensal bacteria are recognized and tolerated by the lungs and immune microenvironment. Antigen presenting

cells (APCs) in the lung, namely AMs and DCs, and lung epithelial cells express pattern recognition receptors

(PRRs), such as Toll-like receptors (TLRs) as well as others, that recognize molecules of host and microbial origin.

Activation of PRRs induces expression of immune related genes encoding for inflammatory cytokines, type I

interferons and antimicrobial peptides and leads to the initiation of innate and adaptive immune responses .

PRR ligands are present on both commensal microbiota as well as pathogenic bacteria, however, commensal PRR

ligands are thought be less agonistic than pathogenic ligands . It is also appreciated that all innate immune

cells are able to decipher between pro-inflammatory or danger signals produced by a pathogenic insult versus

tolerogenic signals produced by non-damaged tissue, dietary components and commensal bacteria . There are

several mechanisms by which the commensal microbiota could allow for host tolerance. One way is through a

mechanism in which commensal microbiota protect itself from immune detection by preventing the outgrowth and

spread of potentially harmful microorganisms subsequently decreasing the risk of detection by the immune system

. It is also appreciated that the commensal microbiota is largely prevented from access to the host epithelium by

mucous production and therefore commensal microbiota cannot stimulate epithelial cell PRRs .

On the other hand, pathogenic bacteria with virulence factors can easily breach the mucous layer and infiltrate the

epithelium leading to an inflammatory response . Together, this supports a model in which the host epithelia and
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immune microenvironment subscribe to an “ignorance is bliss” type model in which commensal microbiota is

present but not detected. Furthermore, PRRs are not randomly distributed along mucosal surfaces and are

strategically sequestered in areas where commensal bacteria are limited in their access . To this point, the

host and immune cells have developed mechanisms to tolerate commensal microbiota. Certain studies have

shown that persistent PRR stimulation by microbiota derived signals preserve epithelial barrier integrity and TLR

tolerance is achieved after persistent TLR stimulation . Additionally, APCs continuously exposed to

endotoxins leads to tolerogenic AMs and DCs [65,66]. Finally, PRR activation is also dependent on expression of

dampening signals expressed by epithelial and immune cells, specificity for specific innate ligands and the cocktail

of cytokines that shape a response to a specific PRR agonist .

As suggested, the lung microbiota is thought to play a role in immune tolerance by influencing APCs and Treg

recruitment. Gollwitzer et al. found that a progressive shift from Gammaproteobacteria and Firmcutes towards

Bacteroidetes in neonates induces increased expression of programmed-death ligand 1 (PD-L1) on dendritic cells

which lead to necessary Treg development after birth . Another study demonstrated that germ free (GF) mice

sensitized and challenged with ovalbumin demonstrated increased airway reactivity and inflammation as compared

with specific pathogen free (SPF) mice. Furthermore, when GF mice were reconstituted with commensal bacteria

from the lungs of SPF mice there was decreased airway reactivity and inflammation. Additionally, GF mice were

noted to have dysregulated DCs and AMs as compared to SPF mice, likely a result of the commensal lung

microbiota’s ability to educate lung immune cells . Further evidence of the lung microbiota’s ability to regulate

host immune response is demonstrated in recent studies exploring the effect of viral insults and oral taxa on

immune tone. Wang et al. examined the role of Staphylococcus aureus, an upper respiratory tract (URT) colonizer,

and found that it was essential for augmenting resistance to lethal inflammatory responses to influenza viral

challenges. SPF mice were found to have less S. aureus as compared to mice living in the natural environment

and subsequently succumbed to death at higher rates due to induction of acute inflammation after influenza viral

challenges. Furthermore, it was shown that S. aureus recruits monocytes into alveoli and induces polarization of

AMs to an M2 phenotype leading to suppression of lethal inflammatory responses through release of anti-

inflammatory molecules in response to influenza insult . This study suggests that specific airway microbiota taxa

can act as potential defenders against viral insults. In the age of Sars-Cov2 infection it would be interesting to

analyze the lung microbiome from COVID-19 patients with hyper-inflammatory responses versus those with

attenuated responses. Enrichment of specific bacterial taxa may be protective in those with attenuated

inflammatory responses against Sars-Cov2 insult. Finally, Segal et al. demonstrated the presence of two distinct

lower airway microbiota signatures in healthy subjects that correlated to differences in immune tone . The

authors found two distinct “pneumotypes”, one which is enriched with Prevotella and Veillonella (upper respiratory

tract (URT) colonizers) termed supraglottic predominant taxa (SPT) and another population of persons termed

background predominant taxa (BPT) characterized by low bacterial copy number whose BALF resembled

background taxa environmental microbiota. Subjects with pneumotype SPT demonstrated increased numbers of

lymphocytes in BALF, increased Th17 cells, IL-1α, IL-1β, fractalkine, IL-17, free fatty acids, inflammatory pathway

mRNA and blunted TLR4 response. There was also decreased β-diversity and increased bacterial abundance .

Interestingly, the authors found that 45% of the healthy subjects are of pneumotype SPT which correlates to the
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percentage of microaspirators in the general population  again suggesting that microaspiration allows for the

translocation of upper airway colonizers to the lower airway which affects lower airway inflammation and immune

responses. This study suggests the importance of URT bacteria (Prevotella and Veillonella) in regulating the level

of airway inflammation and Th17 immune activation in the lower airways. Additionally, co-culture experiments in

which Prevotella and Haemophilus species were cultured with human DCs led to the observation that Prevotella

could suppress Haemophilus induction of IL-12p70 in DCs leading to modulation of the immune response .

Another study demonstrated Prevotella-dominant airway microbiota was associated with development of more

inflammatory prone macrophages . This suggests that certain species of bacteria could actually modulate host

immune response to other commensal or pathogenic bacteria. Given the microbiota’s effects on modulating lung

inflammation, especially Th17 responses, it would not be surprising if these same upper respiratory commensals

were playing a role in modulating tumor immunity. For example, a Prevotella-predominant microbiota in the lower

airways could generate an immune microenvironment enriched with Th17 cell populations and IL-17 production

which could support tumorigenesis. Indeed, IL-17A T cells have been linked to tumor invasion and metastasis in

lung adenocarcinoma .
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