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Commensal microbiota has emerged as an essential biomarker and regulator of both tumorigenesis and response to cancer therapy. However, our current knowledge about microbiota in cancer has been largely limited to intestinal microbiota. As a mucosal organ harboring one of the largest surface areas in the body, the lung is exposed to a variety of microbes through inhalation and micro-aspiration, and is colonized by a diverse bacterial community in both physiological and pathological conditions. Importantly, increasing evidence has linked the lung microbiome to cancer development. Studies in lung cancer patients and mouse models have revealed tumor-associated dysregulation of the local microbiome in the lung, which in turn impacts cancer progression by shaping the tumor microenvironment and modulating the activity of tumor-infiltrating immune cells. These findings not only provide novel mechanistic insight into the biology of lung cancer but also shed light on new therapeutic targets and strategies for lung cancer prevention and treatment. The goal of this review is to discuss the key findings, remaining questions, and future directions in this new and exciting field.
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Introduction

Mucosal surfaces exposed to the external environment are colonized by a vast number of microbes consisting of bacteria, viruses, fungi and archaea, which are collectively referred to as the commensal microbiota (1, 2). While oral cavity, skin, respiratory tract, urogenital tract and gastrointestinal tract are major body sites that each harbor unique microbiota, the primary habitat of commensal bacteria is the gastrointestinal tract (3). Numerous studies in the past two decades have explored the interactions between the host and microbiome, and have demonstrated the critical role of microbiome in regulating diverse physiological and pathological processes of the host. For example, commensal microbiota was essential in maintaining host metabolic homeostasis, instructing the development of specific organ structures, and driving the maturation of the host immune system (4). On the other hand, dysregulation of the microbiota with altered bacterial composition, quantity, and diversity has been found to increase host susceptibility to various pathogen infections, exacerbate intestinal inflammation and autoimmunity, induce different forms of metabolic disorders, and promote the development of neurological diseases (5, 6). Importantly, the microbiome is increasingly being recognized for its role in multiple aspects of cancer development and treatment across different types of cancer (7).

Lung cancer is the second most common cancer and is the leading cause of cancer-related deaths in both men and women (8). While small cell lung cancer (SCLC) accounts for 10-15% of lung cancer cases, up to 85% of lung cancers are non-small cell lung cancer (NSCLC), of which the main subtypes are adenocarcinoma, squamous cell carcinoma, and large cell carcinoma. At the molecular level, both the genomic landscape and genetic heterogeneity of lung cancer have been extensively characterized, suggesting that it is a highly heterogeneous set of diseases. Despite the recent development of targeted therapies for some genetic subtypes of human lung cancer, overall survival rates for this disease remain very low. Cigarette smoking is the number one risk factor for lung cancer, while other established risk factors may include second-hand smoke, air pollution, exposure to radon, asbestos, and other occupational carcinogens (9, 10). However, the mechanisms by which these environmental risk factors and other tumor-extrinsic factors control lung carcinogenesis remain poorly understood. As the organ with the largest surface area in the human body and with gas exchange functions, the lung is inevitably exposed to various environmental microorganisms. Therefore, the critical questions are: does the lung have its own indigenous microbiota, and do the lung microbiota change with cancer? How do the microbiota impact lung carcinogenesis? What are the underlying mechanisms and any potential clinical implications? Focusing on these key questions, we hereby summarize the recent advances in this rising area of host-microbiome interaction in lung cancer.



Does the Lung Have Its Own Microbiota?

Lung, as an organ for gas exchange, harbors one of the largest interfaces between the human host and the external environment, and is therefore a unique mucosal site for host-microbiota interaction (11). Yet the healthy lung is traditionally believed to be sterile due to the failure to grow bacteria from lower airway samples using traditional culture-based microbiological approaches. However, it is now recognized that only 20~40% of bacteria in human feces can be cultivated (12). Until very recently, a substantial number of studies applying 16S-based culture-independent analysis have identified the presence of microbial communities containing a complex diversity of bacteria in the lung in both health and diseases (13–18). Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria are found to be the major phyla of the lung microbiome, while the genera including Prevotella, Veillonella, Streptococcus, Neisseria, Haemophilus, Fusobacterium, Sphingomonas, Pseudomonas, Acinetobacter, Megasphaera, Staphylococcus, and Corynebacterium have all been described in the airway microbiota (14, 16, 19). About 20% of OTUs observed by sequencing-based technology have been confirmed by culture-based studies (20). In general, the bacterial composition of the lung microbiota is distinct from the gut or skin microbiota, but shares considerable similarity with the upper respiratory tract and oral microbiome (13, 16).

One of the key features of lung microbiota is its low bacterial biomass, especially when compared to the gastrointestinal microbiome (21). Human lungs harbor 2,000 bacterial genomes per cm2 of surface area when estimated based on 16S rRNA analysis of bronchial brushings (16). Experimentally, this introduces technical challenges with sequencing, particularly when using techniques designed for high biomass samples, such as gut microbiome analyses. Low biomass can often result in increased erroneous read frequency as well as background 16s rRNA contamination from the environment or reagents used (22). To combat this, certain strategies with different strengths and weaknesses have been developed, such as the exclusion method and correlation analysis. The abundance and composition of the lung microbiome are mainly regulated by the balance of these three factors: bacterial immigration, elimination, and replication (23, 24). Regarding bacterial immigration, there are two major sources of lung microbiota while inhalation constantly exposes the lung to the air-borne bacteria and microbiota from the upper respiratory tract, micro-aspiration of oral fluids also seeds the lungs with oral bacteria. On the other hand, the known elimination pathways of the pulmonary microbes include cough, mucociliary clearance, and innate and adaptive host defenses (23, 24). Lastly, the bacterial replication rate is mostly determined by the regional growth conditions such as oxygen level, pH, nutrient availability, and anatomical location. Importantly, lung diseases can cause changes in the local environment, favoring the growth of certain bacterial species over others, thereby leading to the development of dysbiosis (24).

Emerging evidence has linked local dysbiosis with both acute and chronic pulmonary diseases (25). For example, although the lung microbiome varies across individuals, no spatial variation was observed within the healthy lung (23). In contrast, in patients with advanced chronic obstructive pulmonary disease (COPD), the marked micro-anatomic differences in bacterial communities within the lungs were identified even when there was no change in bronchiectasis by CT scan (14). Similar spatial heterogeneity was also discovered in the lung with cystic fibrosis (26). Besides microbial distribution, both the biomass and composition of the lung microbiome are altered in pathological conditions. In asthmatic patients, the bacterial burden is much higher than the healthy controls, and the relative abundance of specific bacterial families within the community is closely correlated to the severity of bronchial hyperresponsiveness (18). In patients with COPD, the overgrowth of certain pathogenic microorganisms and the appearance of new commensal strains in the lung are associated with disease exacerbation (27, 28).



Does the Lung Microbiota Play a Role in Lung Cancer?

Multiple lines of clinical evidence have suggested the link between lung microbiota dysbiosis and cancer. Early epidemiology data showed that bacterial infections are very common in lung cancer patients. Up to 50%-70% of lung cancer cases are complicated by pulmonary infections over the course of the disease (29), and post-obstructive pneumonia can negatively affect the efficacy of lung cancer therapy and overall survival of cancer patients (30). However, the microbiology of these pneumonias is generally poorly understood, making antibiotic therapies hard to direct. More recently, with the advent of high throughput sequencing techniques, an increasing number of studies have revealed the strong association between local dysbiosis and lung cancer. For example, in comparison to that of the non-malignant lung tissue samples, the microbiota of lung tumors was found to exhibit substantially lower taxonomic alpha diversity, while the bacterial compositions were correlated with epidemiologic exposures and cancer stages (31). Regarding the specific bacterial taxon, the genus Thermus was reported to be more abundant in tumor tissues from advanced-stage patients, and Legionella was higher in patients who developed metastases, implicating the role of these bacteria in cancer progression (31). Similarly, various other bacterial taxa have also been associated with lung cancer by a number of studies. Yan et al. showed that the oral microorganisms Veillonella and Capnocytophaga were significantly higher in the saliva samples of lung cancer patients and that they may be used as biomarkers for early detection of both small-cell carcinoma and adenocarcinoma (32); Lee et al. detected increased abundance of Veillonella and Megasphaera in bronchoalveolar lavage samples from lung cancer patients (33); Cameron et al. found that Granulicatella adiacens and six other opportunistic pathogens were more common in spontaneous sputum samples from lung cancer patients (34); Greathouse and colleagues demonstrated a correlation between Acidovorax genus and squamous cell carcinoma, and identified a specific group of taxa enriched in smokers with TP53 mutation (35); Gomes and colleagues described that Brevundimonas, Acinetobacter, and Propionibacterium were more enriched in lung adenocarcinoma while Enterobacter was relatively more enriched in squamous-cell carcinoma (19); it was also found that the lower airway samples from lung cancer individuals were enriched more supraglottic-predominant taxa including Streptococcus, Prevotella, Veillonella, and Rothia (36).

Overall, although the exact bacterial taxa identified in lung cancer may vary from one study to another depending on the sample type, sampling method, and patient cohort, the consistent findings are that lung cancer is associated with a dysregulated local microbiome, featured by increased total bacterial abundance, reduced alpha-diversity, and altered bacterial composition. While the specific consequences of altered bacterial diversity in lung cancer have yet to be elucidated, previous studies have shown that increased alpha diversity tends to be associated with better survival and treatment response outcomes in certain cancers, such as cervical cancer and resected pancreatic adenocarcinoma, potentially by influencing the host immune response (37, 38). Interestingly, there seems to an overall enrichment of oral bacteria in lung tumors as observed by multiple groups, and certain bacterial taxa are particularly over-represented in specific subtypes of lung cancer and are correlated with smoking status, and genetic mutations. Altogether, these recent studies suggest that the microbiome may soon become a critical diagnostic and preventive biomarker for lung cancer status, stage, host genotypes and risk factors (Table 1).


Table 1 | Lung microbiome and their association with lung cancer.





How Does the Microbiota Impact the Initiation and Progression of Lung Cancer?

Despite the established link between carcinogenesis and altered lung microbiota, it remains unclear whether the lung microbiome has a causal effect in lung cancer development, and whether it can be a therapeutic target for lung cancer treatment. To address this question, it is key is to elucidate the role of microbiota in lung carcinogenesis and to dissect the mechanisms by which microbiota regulate tumor initiation and progression. Similar to the findings in gut microbiota, it has been suggested that the lung microbiome may contribute to lung tumorigenesis either by directly acting on tumor cells or indirectly via modulation of the tumor-associated immune response (Figure 1).




Figure 1 | Host-Microbiome Interaction in Lung Cancer. Both local (lung) and distal (gut) microbiota play critical roles in lung cancer. Local microbiota derived metabolites may serve as signaling molecules that directly impact tumor cell intrinsic pathways. They can also reshape the local immune microenvironment by promoting inflammation and inducing immune-suppression. Distal gut microbiota may affect lung tumor development through the regulation of the systemic immune response.



Lung microbiota can regulate specific oncogenic pathways that directly drive carcinogenesis. As a number of bacterial metabolites have been implicated in the regulation of host metabolism and signaling pathways (41), it is possible that the alteration of bacteria-derived molecules resulting from dysbiosis in the tumor microenvironment can affect the metabolism and oncogenic signaling of lung cancer cells. Supporting this notion, it was reported that the local microbiota of lung cancer patients exhibited a decreased abundance of the KEGG modules of energy metabolism and ABC-type transport, with increased modules involved in amino acid metabolism, lipid metabolism, xenobiotic biodegradation and metabolism (31, 42). This altered microbial metabolic profile could further impact the gene expressions in airway epithelia cells. In vitro stimulation of the human lung adenocarcinoma cell line A549 with bacterial products isolated from lung cancer patient enriched bacteria was shown to upregulate the expression of genes involved in the PI3K and ERK1/2 signaling pathway, which was consistent with the transcriptomic changes observed in lung cancer patients compared with healthy individuals (36). Importantly, PI3K pathway upregulation has been considered as an early event in the process of lung tumorigenesis (43), suggesting a direct link between lung microbiota and oncogenesis.

Additionally, it has also been demonstrated that the microbiota shape the immune microenvironment in the lung to promote tumor growth. A network of lung-resident immune cells maintains pulmonary tissue homeostasis in the steady-state and provide immune defense in response to invading pathogens (44). The development of lung cancer is closely associated with chronic inflammation characterized by infiltration of inflammatory cells and accumulation of pro-inflammatory factors including cytokines, chemokines and prostaglandins that stimulate cell proliferation, angiogenesis, tissue remodeling, or metastasis (45). However, the source of inflammation has not been clearly defined, and the contribution of specific cellular and molecular components of the immune system remains to be determined. Using an autochthonous GEMM of lung adenocarcinoma driven by an activating point mutation of Kras and loss of p53, our previous study has demonstrated the critical role of microbiota-immune crosstalk in driving inflammation and lung tumorigenesis (46). Mechanistically, we found that lung tumor growth is associated with increased bacterial load and altered bacterial composition in the airway. This dysregulated local microbiota stimulated Myd88-dependent IL-1β and IL-23 production from myeloid cells, inducing proliferation and activation of lung-resident Vγ6+Vδ1+ γδ T cells. These γδ T cells then produced IL-17 to promote neutrophil infiltration and inflammation in the tumor microenvironment; they also expressed IL-22, amphiregulin, and other effector molecules to directly enhance tumor cell proliferation. Eliminating commensal bacteria by systemic antibiotic treatment or rederiving the mice to the germ-free (GF) condition, as well as blocking the γδ T or downstream IL-17 all significantly suppressed tumor growth in the lung. The tumor-promoting role of microbiota elucidated in our study is consistent with the findings from another study showing that treatment of aerosolized vancomycin and neomycin reduced lung tumor implantation. In this study, aerosolized antibiotic treatment led to decreased IL-10 producing Tregs and increased activation of the anti-tumoral NK and T cell response, thereby alleviating the immune suppression in the tumor microenvironment (9).

It is also becoming clear that the specific bacterial composition of the lung is key to regulating lung inflammation, especially in the context of cancer. Interestingly, de-repression of the anti-tumor immunity was found to be associated with a shift from Firmicutes to Proteobacteria or other Gram-positive microbes rather than specific species after antibiotic treatment (9). Therefore, the balance between different bacterial taxa in the lung seems to be critical for maintaining the local immune homeostasis. Further supporting this, Segal and colleagues found that enrichment of oral bacterial taxa in the lung, such as Prevotella and Veillonella, was associated with an inflammatory phenotype, including an increased level of Th17 lymphocytes, enhanced expression of inflammatory cytokines, and a blunted alveolar macrophage TLR4 response (39). In addition, a previous study showed that immediately following birth, a shift from a predominance of Gammaproteobacteria and Firmicutes towards Bacteroidetes promoted transient PD-L1 expression in lung CD11b+ CD103- dendritic cells, regulating regulatory T cell activation and the general aeroallergen response in a two-week window after birth (47). Although this specific study did not discuss this effect in cancer, it is likely that shifting bacterial diversity may be able to regulate key molecules like PD-L1 as well as various innate and adaptive immune populations. Altogether, these studies not only provide mechanistic insight into the host-microbiome interaction in lung cancer, but also define novel targets for lung cancer prevention and treatment.



Does the Gut Microbiota Play a Role in Lung Cancer?

The gastrointestinal tract harbors 99% of the commensal bacterial mass of the human microbiome. The bi-directional crosstalk between the gut and the lung has been well established, and the gut microbiota was previously found to regulate the lung immune response in allergic airway diseases and pulmonary viral infection (48–50). Gut microbiota has also emerged as a biomarker and regulator of both tumorigenesis and host response to cancer therapy. Interestingly, while the gut microbiota is found to promote local inflammation and development of gastrointestinal cancers (7, 51), it seems to exert an opposing effect on transplanted tumors at distal sites by priming the host immune system and enhancing the systemic anti-tumor immune response (52). Using a transplanted mouse model, previous studies showed that oral antibiotic treatment could increase the susceptibility to Lewis lung carcinoma (53), and reduced the anti-cancer response of the chemotherapeutic agent cisplatin (54). In a landmark study by Routy et al., it was shown that the patients with advanced non-small cell lung cancer who took ATB orally shortly before or after the first administration of PD-1/PD-L1 mAb have significantly decreased progression-free survival and overall survival (55). A similar conclusion was also drawn by many other studies (56–58). Given that the intestinal microbiome is the main target of oral antibiotic treatment, these findings suggest that distal intestinal microbiota may indirectly regulate lung cancer development and the therapeutic efficacy of chemotherapy or immunotherapy through regulation of the systemic immune response.

However, these studies mainly focused on load and diversity in the intestinal microbiome and did not specifically study changes in the lung microbiome. Recently, new work has come out specifically describing how lower airway dysbiosis leads to worse NSCLC progression and decreased survival. Tsay et al. showed that Veillonella parvula was the most abundant taxon driving this dysbiotic association, leading to upregulation of the IL17, PI3K, MAPK, and ERK pathways in the airway transcriptome. They then used V. parvula in the murine KP lung cancer model, characterizing the mechanistic effects on lower airway CD4+ and CD8+, neutrophils, and Th17 recruitment (59). Also, Peters et al. recently demonstrated through 16s rRNA gene sequencing of lung samples from NSCLC patients that lung tumor tissue was correlated with significantly lower bacterial richness and diversity, and that alterations in the relative abundance of families such as Koribacteraceae, Bacteroidaceae, Lachnospiraceae, and Ruminococcaceae were associated with increased or decreased recurrence-free and disease-free survival (60). It is clear that particularly in lung cancer patients, it may be necessary to conduct deeper analysis specifically into the role of lung bacteria and seek to isolate these effects from the gut.

On the other hand, lung cancer development is also associated with changes in the gut microbiome. A recent study found a significant difference in the beta-diversity but not the alpha diversity of the gut microbiota between lung cancer patients and healthy control individuals, with a particular over-representation of Enterococcus in the fecal material from lung cancer patients (61). Similarly, several other bacteria tax, including Streptococcus, Prevotella, Blautia, Coprococcus, Bifidobacterium, and Lachnospiraceae were found to be enriched in the gut microbiota of lung cancer patients (42). Additionally, Ming et al. showed that the gut microbiome in lung cancer patients have a lower abundance of Prevotella but a higher level of Actinomyces and Streptococcus. Interestingly, the alteration of the gut microbiome in lung cancer patients seems to be dependent on the different lung cancer subtypes: lower alpha diversity of the gut microbiome was only observed in patients with small cell lung cancer but not adenocarcinoma or squamous cell carcinoma; in terms of the taxonomical composition, gut microbiota in adenocarcinoma patients was characterized by the dominant phylotypes including Bifidobacterium, Clostridium, and Prevotella, squamous cell carcinoma patients exhibited a high abundance of Ruminococcus, Lachnospira, and Lactobacillus in their gut, and Streptococcus, Anaerotruncus, and Bacillus were enriched in small cell lung cancer (62). Taken together, these observations indicate that the distal gut microbiome may also serve as a robust biomarker for lung cancer.



Future Directions

Based on our current knowledge about the host-microbiome interaction in lung cancer, the research in this area is progressing towards these two main directions: first is to understand how the microbiota co-evolves with tumors during cancer initiation and progression to identify the changes in bacterial composition, quantity, diversity and metabolic activity that can be used as reliable biomarkers for lung cancer diagnosis; second is to further elucidate the cellular and molecular mediators of host-microbiota interaction that can be therapeutically targeted for lung cancer treatment.

Supporting the idea that specific bacterial species may serve as unique biomarkers for lung cancer subtypes and tumor stages, Greathouse et al. showed the higher abundance of Acidovorax among the subset of squamous cell carcinoma cases with TP53 mutations, but this association was not present in adenocarcinomas. Another study analyzed the lower airway microbiota in patients undergoing diagnostic bronchoscopy for suspected lung cancer and found that malignancy could be determined with an accuracy of 70% by isolating Enterococcus, Capnocytophaga, or Actinomyces, whereas benign diseases can be indicated by Microbispora with a sensitivity of 55%, specificity of 88%, and accuracy of 78% (63). Similarly, enrichment of Capnocytophaga and Veillonella were observed in both small cell lung cancer and lung adenocarcinoma, and the combination of these two bacterial biomarkers succeeded in distinguishing patients with small cell lung cancer or lung adenocarcinoma from healthy individuals (32).

It is worth mentioning that in one of the latest studies, Nejman and colleagues performed a comprehensive analysis of the tumor microbiome across seven cancer types, including lung cancer (64). Importantly, bacterial components were detected within lung tumors as measured by 16S qPCR, IHC for LPS, and in situ hybridization of 16S rRNA. While each tumor type was shown to have distinct microbial compositions, it was found that bacterial taxa that can degrade chemicals in cigarette smoke were significantly enriched in lung tumors compared with other tumor types, suggesting that high levels of these metabolites create a preferred niche for bacteria that can use these molecules. This enrichment was even more apparent in lung tumors from current smokers in comparison to never-smokers. Moreover, bacterial pathways involved in the biosynthesis of plant metabolites present in cigarette tobacco were also enriched in the lung tumors of smokers, further reflecting the impact of environmental exposure on the lung microbiome. Specifically, with regards to smoking, many different studies have observed significant changes to the lung microbiome in different smoking condition. While some have specifically shown a positive correlation between smoking and alpha diversity, others have shown specific enhancement or reduction in key populations such as Pseudomonas, Streptococcus, and Granulicatella (14, 31, 65). This suggests that in addition to the direct effects of smoking and other environmental factors on tumor cells, the smoking-microbiome-immune axis also likely plays an important role in regulating overall tumor progression.

Moving forward, we think the critical questions in this field that require further investigations are (1) How do tumors shape the local microbial community in the lung? (2) What are the specific tumor-promoting component(s) in lung microbiota? To this end, it is critical to interrogate the interactions between the microbiome and host genes, as well as the interactions between the microbiome and environmental exposure such as cigarette smoking. Furthermore, given the potent impact of gut microbiome on the efficacy of various anti-cancer therapies including the lung cancer response to cisplatin and immune checkpoint blockade, it is also essential to further delineate the specific roles of the local lung microbiome vs. the distal gut microbiome in tumor growth and tumor-associated immune responses. It is possible that selectively targeting these two compartments may exert distinct effects on lung cancer progression and treatment, thereby shedding light on new strategies for future lung cancer therapies.
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