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ABSTRACT The gut microbiota plays a crucial role in the development of the im-
mune system and confers benefits or disease susceptibility to the host. Emerging
studies have indicated the gut microbiota could affect pulmonary health and disease
through cross talk between the gut microbiota and the lungs. Gut microbiota dys-
biosis could lead to acute or chronic lung disease, such as asthma, tuberculosis, and
lung cancer. In addition, the composition of the gut microbiota may be associated
with different lung diseases, the prevalence of which also varies by age. Modulation
of the gut microbiota through short-chain fatty acids, probiotics, and micronutrients
may present potential therapeutic strategies to protect against lung diseases. In this
review, we will provide an overview of the cross-talk between the gut microbiota
and the lungs, as well as elucidate the underlying pathogenesis and/or potential
therapeutic strategies of some lung diseases from the point of view of the gut mi-
crobiota.
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The gut microbiota, which is considered the “second genome” and “forgotten organ”
of the human body, contains a metagenome that exceeds our own genome by 100

times and exerts a crucial role relevant for human health and disease (1). The compo-
sition and diversity of the gut microbiota are determined by the environment, genetics,
and immunity (2). In addition, the homeostasis of the gut microbiota is essential for
some physiologic functions, such as vitamin synthesis, maturation of the immune
system, and pathogen infection prevention (3). Besides, emerging evidence has re-
vealed that gut microbiota dysbiosis is related to some gastrointestinal diseases,
including inflammatory bowel disease (IBD), cirrhosis, and colorectal cancer (CRC) (4).
Interestingly, recent studies show that the gut microbiota is also an important mod-
erator of immune responses, inflammation, and the development of lung disease, such
as pneumonia, asthma, and lung cancer (5). The lungs are not sterile and are colonized
by different communities of microbiota because of exposure to environmental stimuli,
and the cross talk between the gut microbiota and lung microbiota may play an
important role in some common lung diseases (6). Given this, an increasing number of
studies are considering the potential mechanism of the gut microbiota in lung homeo-
stasis and diseases, which led to the coining of the gut-lung axis concept (Fig. 1) and
may potentially serve as a new direction for lung disease treatment (7). However, data
on this topic are scarce, and the mechanisms by which the gut microbiota affects lung
homeostasis and diseases are poorly understood and remain to be studied in detail. In
this review, we provide an overview of the bidirectional effect of the gut and the lung
and a recent understanding of the immunological interaction of the gut-lung axis, as
well as some potential therapeutic strategies for manipulation of the gut microbiota in
the treatment of lung diseases (Fig. 1; Fig. 2).
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GUT-LUNG AXIS

Recently, with the development of microbiological analysis, increasing evidence has
indicated that the gut microbiota could provide essential benefits to host health by
enhancing local defenses against enteral pathogens and regulating immune homeo-
stasis (8). Changes in the constituents of the gut microbiota are related to altered
immune responses and homeostasis in the respiratory system (9). An increasing num-
ber of epidemiological and experimental studies have highlighted an essential cross
talk between the gut microbiota and the lungs, termed the “gut-lung axis,” though the
underlying mechanisms and pathways are still unknown (6). This axis allows for the
passage of gut microbiota metabolites, endotoxins, and cytokines into the bloodstream
connecting the intestinal tissues with the lungs (10). Disturbances in the composition
and function of the gut microbiota, termed dysbiosis, play a crucial role in alterations
of immune responses and are associated with lung disorders and respiratory infections
(11) (Fig. 2).

Cross talk from the gut to the lung. Recent evidence has shown that local changes
in the gut microbiota could influence immunity in distal tissues, especially the respi-
ratory tract. For instance, clinical and experimental studies suggest that dysbiosis of gut
microbiota plays a critical role in the pathogenesis of IBD (12). Some patients with IBD
also present with respiratory tract changes, such as progressive airway involvement and
pulmonary vasculature alterations, which indicate immunological cross talk between
the gut and the lungs (13).

Emerging studies have shown that the gut microbiota plays a crucial role in the local
immune system by modulating the neutrophil response and proinflammatory signals
(14). In addition, fragments and metabolites of surviving gut microbiota can modulate
the lung immune response by translocating across the intestinal barrier and the
mesenteric lymphatic system, an essential pathway between the lungs and the gut (15).

FIG 1 The gut-lung axis. The cross talk between the gut microbiota and lungs can be mediated by the microbiota and its products
as well as immune cells, and the gut-lung axis can be divided in two directions. For instance, gut segmented filamentous bacteria
(SFBs), commensal gut microbiota constituents colonizing the ileum, can activate the Th17 signaling pathway, which modulates
memory B cells in the lungs and the response to lung autoimmune manifestations and pulmonary fungal infections. In addition,
metabolites from the gut microbiota, such as SCFAs, can stimulate and promote the differentiation of T cells, which supports
anti-inflammatory and immunomodulatory actions in the lungs. In addition, the gut microbiota enters the intestinal mucosa and may
be phagocytosed by antigen-presenting cells (APCs), such as DCs and macrophages. APCs transfer to the lungs, stimulate T cells, and
induce the immune response in the lungs. On the other hand, the lung microbiota exhibits similar effects and influences the immune
system and homeostasis of the gut through the gut-lung axis.
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For example, gut microbiota-mediated production of various short-chain fatty acids
(SCFAs), such as butyrate, exerts broad anti-inflammatory effects by modulating im-
mune cell migration and suppressing the activation of NF-�B pathways (16). The
increased levels of SCFAs enhance the generation of dendritic cell precursors, which
protect against allergic inflammation in the lungs (17). And some studies have reported
that SCFAs could stimulate Tregs to protect against airway inflammation by inhibiting
histone deacetylases (HDACs) or activating acetate and propionate (18). Propionate
could induce an enhanced generation of dendritic cell precursors and macrophages to
modulate the allergic inflammatory response in lung disease via free fatty acid recep-
tors (FFAR3) (19). In addition, epidemiological studies suggested that a diet rich in fiber
could stimulate beneficial bacteria to generate SCFAs and modulate innate immunity
and lung inflammation, which decreased the risk of chronic obstructive pulmonary
disease (COPD) and were beneficial for lung health (20). Furthermore, an increasing
amount of evidence has shown that butyrate, as an inducer of forkhead lineage-
transcription factor (FoxP3), could attenuate lung inflammation by suppressing Th2
responses and inducing regulatory T cells (17). On the other hand, a recent study found
a striking decrease in SCFA-producing bacteria in patients with active tuberculosis (TB),
which may indicate the important role of SCFAs in the pathogenesis of tuberculosis
(21).

In addition, some metabolites, such as lipoteichoic acid, peptidoglycan, and lipo-
polysaccharide, can initiate the Toll-like receptor (TLR) pathway and activate antigen-
specific CD4 and CD8 T cells, as well as pathogen-specific antibodies that induce lung
immune responses (22). Ichinohe et al. showed that a dose of lipopolysaccharide
delivered to influenza-infected mice activated the immune response in the lungs (23),
and Yang et al. supplemented lipopolysaccharide to mice, which induced E. coli
pneumonia and indicated that the gut microbiota could enhance bacterial clearance
during E. coli pneumonia through TLR4 (24). Furthermore, recent evidence suggests
that gut segmented filamentous bacteria (SFBs) colonizing the ileum could activate
CD4� T cell polarization into the Th17 pathway and protect against pulmonary fungal
infections, as well as induce autoimmune manifestations of lungs (25). On the other

FIG 2 The dysbiosis of the gut microbiota in some lung diseases. An increasing number of studies have suggested that
the composition of the gut microbiota and its products change in different lung diseases. For example, obvious decreases
in Akkermansia muciniphila, Faecalibacterium prausnitzii, and SCFA levels are observed in patients with asthma. Some
studies found that the abundances of Actinobacteria spp. and Bifidobacterium spp. decreased in patients with lung cancer.
However, the underlying mechanism and relationship between the gut microbiota and lung diseases are still unclear, and
additional animal studies and clinical trials are required to understand the complex interactions of the gut microbiota and
lung diseases.
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hand, gut lymphocytes can enter the systemic circulation and bind to some non-tissue-
specific receptors in lung tissues during intestinal inflammation, such as inflammatory
bowel disease (IBD), which might cause mishoming of these gut immune cells into the
lung tissues (24). In that case, the inflammatory response in the intestinal tract can be
mirrored in the lungs.

Cross talk from the lung to the gut. With the development of culture-independent
techniques of microbial identification, Hilty et al. have indicated the presence of a lung
microbiota in humans (26). Recent studies suggested that the lung microbiota could
promote the turnover of the lung immune system and inhibit an excessive immune
response in acute infection of the lungs (27). Evolving evidence on the microbiota
indicates that the gut-lung axis is bidirectional, implying the possibility of communi-
cation from the lung to the gut (17). Although the influence of the lung microbiota on
intestinal immunity and the intestinal microbiota is poorly understood, some studies
have demonstrated that lung inflammation could affect the intestinal microbiota and
lead to some diseases, such as irritable bowel syndrome (IBS) (28).

Wang et al. found that the CCL25/CCR9 axis could induce the recruitment of
lung-derived CD4� T cells into the intestinal tract, which mediated the disturbance of
the intestinal microbiota and caused damage to the intestinal immune system (29). In
addition, a preclinical study indicated that influenza infection of the lung induced
dysbiosis of the gut microbiota, which increased the proportion of Enterobacteriaceae
as well as decreasing the abundances of lactococci and lactobacilli in the intestinal tract
(30). Furthermore, some patients with chronic lung disorders, such as COPD, exhibit not
only lung microbiota dysbiosis but also gut microbiota disturbance, leading to IBS (31).
Vital et al. also indicated that the local pulmonary allergic response of asthma patients
could affect the composition of the gut microbiota and cause intestinal immune injury
(32).

According to traditional Chinese medicine, the lung and the intestine are a pair of
related organ systems, named “biao-li” (32). Many studies have suggested that the
trachea-lung tree and the gastrointestinal tract share an embryological origin of the
primitive gut, which activates the maturity of some similar submucosal lymphoid
tissues and plays an important role in both acquired and innate immunity. The
disturbance of lung homeostasis could affect the homeostasis of the gut (33). For
instance, some studies have shown that the inhalation of LPS into mouse lungs through
the airway significantly increased the number of bacteria in the gut, and it has been
shown that pneumonia could decrease gut epithelial proliferation and induce intestinal
injury (34).

Overall, the gut and lung exhibit many common features, and the cross talk
between the gut and lung is affected by internal and external relationships. Further
studies are required to elucidate the mechanism of epithelium-mediated immune
events in the lung and gut, as well as to support a better understanding of the cross
talk among distant organs, which may help in exploring potential therapeutic strategies
for mucosal inflammatory diseases in both the gut and lung.

ROLE OF THE GUT MICROBIOTA IN LUNG HOMEOSTASIS AT DIFFERENT AGES

An increasing number of studies have suggested that the composition of the gut
microbiota varies by race, sex, and age (35). Emerging evidence indicates that people
of different ages are prone to different lung diseases, which might be attributed to the
composition of the gut microbiota, such as asthma in teenagers and COPD or lung
cancer in elderly people (36). Understanding the effects of the gut microbiota on lung
homeostasis at different ages may support potential therapeutic strategies for these
complicated lung diseases.

Neonatal period. The neonatal period is a critical developmental window of the
lung immune system, and it may be modulated by genetic and environmental factors
(37). Recent studies suggest that the gut microbiota plays an important role in the both
the early development of lung immunity and the late establishment of a stable adult
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gut microbiota. Aberrations and alterations in the composition of the gut microbiota
may lead to pediatric disorders and a series of diseases later in life (38).

The gut microbiota of neonates originates from the mother and is affected by the
mode of delivery, medical factors, and feeding (39). Fredrik et al. suggested that,
compared to that of infants delivered by Caesarean section, the gut microbiota of
vaginally delivered infants showed significantly more resemblance to that of their
mothers, and breastfeeding plays a critical role in the shaping and maturation of the
gut microbiota during the first year of life (40). Prevotella and Lactobacillus spp. are
more prevalent in infants born by vaginal delivery, while more Staphylococcus spp. are
observed in those born by Caesarean section (41). In addition, a study showed the gut
microbiota shaped the repertoires of immune cells and directed the postnatal ontog-
eny of type 3 innate lymphoid cells (ILC3s) in the lungs, which maintain homeostasis at
mucosal barrier sites and promote resistance to pneumonia in newborns (42). In
addition, Penders et al. suggested that Cesarean deliveries and abuse of antibiotics in
early life might not only induce gut microbiota dysbiosis but also increase the risk of
pneumonia and sepsis (43). A recent study showed that vancomycin exerted significant
selective effects on the gut microbiota and altered the susceptibility of newborn mice
to Th2- or Th1/Th17-driven lung inflammatory disease, indicating the importance of the
gut microbiota to lung homeostasis (44). Furthermore, aberrant gastrointestinal colo-
nization has been found in preterm infants with bronchopulmonary dysplasia (BPD).
The anaerobic colonization of these preterm newborns has been delayed, and higher
levels of Enterobacteriaceae, Enterococcus spp., and opportunistic pathogens are ob-
served in their feces compared with those in the feces of term newborns (45).

Elderly period. Many studies have suggested that the function of the lung immune
system declines in elderly people, which increases the risk of infections and chronic
inflammatory diseases and increases the mortality of elderly people (46). On the other
hand, recent evidence has indicated that the structure of the gut microbiota also
changes with age and may affect the immune response of the lungs (47). Marius et al.
showed that a decrease in the Bacteroidetes-to-Firmicutes ratio and increasing abun-
dances of taxa such as Ruminococcaceae, Lachnospiraceae, and Rikenellaceae occurred
in old mice, which exaggerated the pulmonary inflammatory response and enhanced
susceptibility to allergic airway disease (48). In addition, Chen et al. suggested that the
abuse of antibiotics could disturb the composition of the gut microbiota community
and increase pneumonia susceptibility in elderly people (49). Furthermore, Charlson et
al. observed an increase in Proteobacteria, such as Eggerthella, Proteus, and Salmonella
spp., in elderly patients with COPD compared to that in control subjects, and exposure
to cigarette smoke induced dysbiosis of the gut microbiota and dysfunctional changes
in the intestinal mucosal barrier, which aggravated the inflammatory responses of the
lungs (50). Also, some studies have suggested that the composition of gut microbiota
fluctuates with severity of COPD during an acute exacerbation of COPD or with the use
of steroids (51).

In summary, the composition of the gut microbiota changes with different stages of
life, which significantly influences the immune system and homeostasis of the lungs.
However, the mechanisms by which the gut microbiota impacts lung homeostasis have
not yet been fully identified, and additional animal studies and clinical trials are
urgently required to elucidate the roles of the gut microbiota in the lungs at different
ages, which may help us to understand the mechanism of some complicated lung
diseases.

ROLE OF THE GUT MICROBIOTA IN LUNG DISEASES

Until now, studies of lung microbiota are poor and data on the gut-lung axis are
mostly supported in only one direction: from the gut to the lung. Recent studies have
suggested that alterations in the gut microbiota and metabolites are associated with
changes in immune responses and inflammation of the lungs, which play an important
role in lung diseases, such as asthma, pneumonia, and lung cancer (52). Some evidence
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indicated that dysbiosis of the gut microbiota might affect the incidence rate of lung
disease, the response to drugs, and prognosis (42).

Asthma. Asthma is the most common chronic lower respiratory tract condition in
childhood, involving severe respiratory symptoms of shortness of breath, wheezing,
and coughing (53), and the prevalence of asthma has increased to more than 300
million people worldwide and is anticipated to increase to 400 million by 2025 (54). The
pathogenesis of asthma is still not well understood, and some studies have suggested
it might be associated with hyperactivation of the T helper 2 (Th2) arm of adaptive
immunity and genetic, infectious, and nutritional factors (55).

Currently, animal models and clinical trials have suggested that the gut microbiota
plays a crucial role in the pathogenesis of asthma (56). Long-term stability of the gut
microbiota begins at approximately 2 years of age and is affected by the mode of
childbirth, breastfeeding, and antibiotic use (57). Studies suggest that one-year-old
children suffer an increased risk of asthma with an immature gut microbiota compo-
sition (58). Stiemsma et al. observed dysbiosis of the gut microbiota in a population of
children diagnosed with asthma, including an increase in Streptococcus pneumoniae
and Haemophilus influenzae and a decrease in Veillonella, Faecalibacterium, and Rothia
abundances (59). In addition, Faecalibacterium prausnitzii and Akkermansia muciniphila
abundances decreased in the intestinal tract of the asthma group compared to those
in the control group, where these relative abundances play a critical role in modulating
secreted metabolites to suppress inflammation of the lung, such as increased interleu-
kin 10 (IL-10) and decreased IL-12 levels (60). Furthermore, in addition to the altered
composition of the gut microbiota, disturbances in metabolite levels have also been
observed (43). Some evidence has shown that the bile acids generated by the gut
microbiota might lead to Th2-type inflammation and mediate the development of
asthma (61). A significant decrease in SCFAs (acetate, butyrate, and isoacids), which
could generate an extrathymic Treg pool and thereby modulate the immune system
and inhibit the development of asthma, was observed in the feces of asthma patients
compared to those in the healthy group (17). On the other hand, deficiency of vitamin
D in childhood may directly influence the abundance or diversity of the gut microbiota
as well as antigen processing by dendritic cells, which may disrupt the mucosal barrier
and promote the sensitization or abnormal tolerization of some allergens (62).

In conclusion, dysbiosis of the gut microbiota might result in chronic inflammatory
respiratory disorders, such as asthma. These findings indicate an association of the gut
microbiota with the host immune response and the development of asthma. However,
the underlying mechanisms of how the gut microbiota modulates the lung immune
response and inflammation remain complex and elusive. Further investigations are re-
quired to improve our understanding of the role of the gut microbiota in the patho-
genesis of asthma. Improved understanding of these mechanisms raises the potential
of therapies to improve or prevent asthma by targeting the gut microbiota.

Tuberculosis. TB is a worldwide health concern that has been extensively studied
both experimentally and clinically, and it has been reported that almost one-third of the
world’s population has TB (63). The gut microbiota plays a crucial role in the develop-
ment of host immunity and defense, and some studies observed alterations in the gut
microbiota in TB patients and indicated that dysbiosis of the gut microbiota is essential
for the pathogenesis of TB (64).

Recent studies have shown disturbances in bacterial species abundance and rich-
ness in the gastrointestinal tract of mice and patients with TB. Luo et al. found that
Actinobacteria and Proteobacteria were significantly enriched, while the Bacteroidetes
abundance was decreased in the intestinal tract of TB patients compared to those in
healthy controls (65). In addition, the abundance of SCFA-producing bacteria was
significantly decreased in TB patients, which led to the loss of SCFA producers and
associated pathways and induced systemic inflammation and impairment of the lung
immune system (66). On the other hand, the increase in Actinobacteria abundance was
associated with enhanced T cell responses to vaccination in infants (67). Interestingly,
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Perry et al. showed that TB patients with Helicobacter pylori infection had more Th1-like
cytokines and gamma interferon (IFN-�) than TB patients without H. pylori and were less
likely to develop active or drug-resistant TB, which indicates the bystander effects of H.
pylori that modify the risk of TB and contribute to the control of TB infection (68).
Furthermore, Liu et al. suggested that changes in the gut microbiota could be regarded
as a biomarker to identify the difference between tuberculosis patients and healthy
controls or the difference between new and recurrent tuberculosis patients (65).

However, only a few studies have demonstrated the interaction between the gut
microbiota and TB, and the distinct relationship between them still needs to be
determined. These studies indicate that dysbiosis of the gut microbiota may contribute
to the pathogenesis of TB and the underlying beneficial role of the gut microbiota in
therapeutic and immunization strategies for TB.

Lung cancer. Lung cancer is one of the deadliest malignancies, with growing
mortality as well as morbidity, and a leading cause of cancer-related death worldwide,
posing a great threat to human health (69). Recently, an increasing number of studies
have suggested the crucial role of the gut microbiota in various cancers, such as
colorectal cancer (CRC), hepatocellular carcinoma (HCC), and lung cancer (70). The
interactions between lung cancer and the gut microbiota attracted much attention in
efforts to understand the complex characteristics of the gut microbiota and possible
mechanisms of the gut microbiota in the prevention, carcinogenesis, and therapy of
lung cancer.

A large number of studies have indicated that the composition of the gut microbiota
in patients with lung cancer exhibited significant differences from that in healthy
controls. Increased levels of Enterococcus spp. and decreased levels of Actinobacteria
spp. and Bifidobacterium spp. are observed in the feces of patients with lung cancer
(71). In addition, Zhuang et al. showed that normal controls had a significantly higher
functional spectrum of their gut microbiota, while patients with lung cancer showed
decreased levels of various metabolites and enhanced cancer susceptibility via multiple
pathways (72). Furthermore, the normal tumor biomarkers for the early diagnosis,
tumor staging, and metastasis of lung cancer include cytokeratin 19 fragment
(CYFRA21-1), carcinoembryonic antigen (CEA), and neuron-specific enolase (NSE). Some
studies have suggested that changes in the components and species of the gut
microbiota may serve as a more convenient and efficient biomarker of the lung cancer
system (73). On the other hand, dysbiosis of the gut microbiota is associated with the
risk of immune-related diarrhea after treatment with anti-programmed cell death
protein 1 (anti-PD-1) antibodies in lung cancer patients (74).

However, the causality between lung cancer and the gut microbiota is still under-
explored, and further mechanistic insight into the interactions and pathways is ex-
pected, which might provide new insight into the pathogenesis of the lung cancer
system. The gut microbiota may serve as a potential target for the prevention and
treatment of lung cancer.

Other lung diseases. In addition, emerging studies have shown the role of the gut
microbiota in other lung diseases. For instance, some evidence indicated an intimate
link between the gut microbiota and pathogenesis of cystic fibrosis in the lungs (75).
The richness, abundance, and diversity of the gut microbiota significantly change in
children with cystic fibrosis, such as the decreases in Firmicutes spp., Bifidobacterium
adolescentis, and Eubacterium rectale and the increase in Streptococcus spp., Clostridium
difficile, and Escherichia coli (76). In addition, dysbiosis of the gut microbiota and
dysfunctional changes of the intestinal mucosal barrier were observed in patients with
COPD, and a diet rich in fiber could decrease the risk of COPD by enhancing the activity
of beneficial bacteria in the intestinal tract (77). Furthermore, Hanada et al. indicated
that acute viral infection of the lung, such as influenza, may induce dysbiosis of the gut
microbiota and induce the development of postviral bacterial pneumonia (78).

In conclusion, the vital cross talk between the gut microbiota and lung may
contribute to the pathogenesis of lung diseases, and additional animal experiments
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and clinical trials are required to understand the underlying mechanisms of the gut
microbiota in lung diseases.

POTENTIAL THERAPEUTIC STRATEGIES FOR LUNG DISEASES BY MODULATING
THE GUT MICROBIOTA

Because of the crucial role of the gut microbiota in lung health and diseases,
whether modulation of the gut microbiota represents a potential therapeutic strategy
for lung diseases has been investigated by an increasing number of clinical and
experimental studies. Interventions, including SCFA, probiotics, and modulation of
immunotherapy, have been attempted in subjects with lung diseases (Fig. 3).

Probiotics. The World Health Organization defined probiotics as “live microorgan-
isms which, when administered in adequate amounts, confer a health benefit on the
host,” including Lactobacillus, Saccharomyces, and Bifidobacterium spp., which lead to
changes in the composition of the intestinal microbiota and improve microbial balance
in the gut (79). Numerous studies have shown the immunomodulatory and anti-
inflammatory effects of probiotics in lung diseases (80–82).

Recently, some evidence suggested that probiotics could decrease the number of
pulmonary exacerbations and improve the quality of life in patients with cystic fibrosis.
A randomized clinical trial indicated that Lactobacillus rhamnosus could restore the gut
microbiota and reduce microbial richness and lung inflammation in children with cystic
fibrosis (83). In addition, Khailova et al. found that the administration of L. rhamnosus
modulated the inflammatory response and homeostasis of the lung by improving gut
permeability in mouse models of Pseudomonas aeruginosa pneumonia (84). Further-
more, some probiotics have been confirmed to protect against tumor cells or elevate
the efficacy of antitumor medicines. For instance, Zhu et al. indicated that Bifidobac-
terium infantis could increase the necrosis rate of lung cancer and prolong the survival
time of C57BL/6 mice with lung cancer (85). Gui et al. suggested that Lactobacillus
acidophilus could increase the antitumor effect of cisplatin and the survival rates of
model mice (86). On the other hand, a randomized synbiotic trial suggested that one
third of the lower respiratory tract infections in developing countries (India) could be
effectively prevented using an oral synbiotic containing Lactobacillus plantarum (87).
Therefore, the use of probiotics represents a novel approach for the prevention and
treatment of lung diseases, and further animal experiments and clinical trials are
required to elucidate the underlying mechanisms of probiotics to treat lung diseases.

Modulation of immunotherapy. The recent clinical success of immune checkpoint
inhibitors has become a turning point in the treatment of lung cancer (88). Immune
checkpoint inhibitors (ICIs), including anti-PD-1/programmed cell death 1 ligand 1

FIG 3 Potential therapeutic strategies for lung diseases by modulating the gut microbiota. Increasingly,
clinical and experimental studies have validated some promising therapeutic strategies for common lung
diseases, such as SCFAs, probiotics, minerals, and modulation of immunotherapy by targeting the gut
microbiota, which regulate inflammation and the immune response in the lungs and may be regarded
as potential therapeutic approaches for lung diseases in the future.
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(PD-L1) and anti-cytotoxic T lymphocyte-associated protein 4 (anti-CTLA-4) antibodies,
have significantly expanded the horizons of therapeutic strategies in lung cancer (89).

Accumulating studies have suggested that the gut microbiota can affect the efficacy
of immunotherapy on lung cancer (90). For instance, a recent clinical trial indicated that
the level of gut microbiome diversity influenced the anti-PD-1 efficacy in advanced
non-small-cell lung carcinoma (NSCLC) patients. An increase in memory T and NK cells
was observed in the peripheral blood samples of NSCLC patients with high gut
microbiota diversity, which may be attributed to the differentiation of Th1 lymphocytes
and M1 macrophages, upregulation of PD-1 expression on lymphocytes, and activation
of helper/cytotoxic T cells (91). In addition, some studies have shown that germfree
animal models exhibit a reduction in T helper 17 (pTh17) cells and low efficacy of
cyclophosphamide in patients with lung cancer, which may be attributed to the
deficiency of Gram-positive bacteria and nonstimulation of the memory Th1 immune
response (92). Furthermore, an increasing number of studies indicate that abuse of
antibiotics could reduce the diversity of the gut microbiota, which significantly de-
creases the antitumor effects of ICIs and leads to a poor response to immunotherapy
in mouse models of lung cancer (93). On the other hand, the immunostimulatory effects
of CTLA-4 blockade by Bacteroides fragilis have been observed in NSCLC mice (94).
These results indicate the critical role of the gut microbiota in immunotherapy of
patients with lung cancer and highlight the potential of gut microbiota manipulation
in immunotherapy of lung cancer.

Other potential therapeutic strategies. In addition, vitamin D can maintain the
homeostasis of the gut microbiota and reduce proinflammatory cytokine levels, which
has been attempted as a therapeutic approach to modulate the gut microbiota in cystic
fibrosis (95). Moreover, emerging studies have shown that a diet enriched with acidic
oligosaccharides could enrich the species of the gut microbiota such as Sutterella
wadsworthensis and Bifidobacterium species that are involved in the generation of
butyrate and propionate, which limit the number and severity of pulmonary exacer-
bations after P. aeruginosa infection (96). A recent study of Chinese herbal medicines
indicated that a pentaherbs formula could suppress a variety of immune effector cells
and alleviate symptoms of allergic asthma by altering the composition of the gut
microbiota and metabolites (97). On the other hand, fiber-enriched diet and exercise
attribute to the releases of SCFAs (acetate, butyrate, and hexanoate) by gut microbiota
and upregulation of anti-inflammatory cytokines and antioxidant enzymes, which
benefits human health (98, 99).

In summary, modulation of the gut microbiota represents a promising therapeutic
strategy for lung diseases, and additional clinical and experimental studies are required
to understand the effects and mechanisms of these therapeutic approaches properly in
the future.

Conclusion. Increasing evidence indicates an intimate relationship between the gut
microbiota and lung health and disease. The gut microbiota plays a crucial role in the
development of the lung immune system, and alterations in the composition of the gut
microbiota may lead to immune responses and disease development in the lungs.
Manipulation of the gut microbiota and metabolites may serve as potential strategies
for lung diseases. However, it is not clear whether dysbiosis of the gut microbiota is a
cause or a consequence of disease initiation or progression, and the underlying
mechanisms and effects of the gut-lung axis are still poorly understood. With the
development of culture-independent techniques and microbial science, we may un-
derstand the role of the gut microbiota in lung health and disease as well as prevent
lung disease by modulating the gut microbiota.
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