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Abstract: The gut microbiota (GM) is considered to constitute a powerful “organ” capable of in-
fluencing the majority of the metabolic, nutritional, physiological, and immunological processes
of the human body. To date, five microbial-mediated mechanisms have been revealed that either
endorse or inhibit tumorigenesis. Although the gastrointestinal and respiratory tracts are distant
physically, they have common embryonic origin and similarity in structure. The lung microbiota is
far less understood, and it is suggested that the crosslink between the human microbiome and lung
cancer is a complex, multifactorial relationship. Several pathways linking their respective microbiota
have reinforced the existence of a gut–lung axis (GLA). Regarding implications of specific GM in
lung cancer therapy, a few studies showed that the GM considerably affects immune checkpoint in-
hibitor (ICI) therapy by altering the differentiation of regulatory T cells and thus resulting in changes
in immunomodulation mechanisms, as discovered by assessing drug metabolism directly and by
assessing the host immune modulation response. Additionally, the GM may increase the efficacy
of chemotherapeutic treatment in lung cancer. The mechanism underlying the role of the GLA in
the pathogenesis and progression of lung cancer and its capability for diagnosis, manipulation, and
treatment need to be further explored.

Keywords: lung cancer; microbiome; gastrointestinal; respiratory; gut–lung axis; chemotherapy;
immunotherapy

1. Introduction

The leading cause of cancer-related deaths worldwide is lung cancer. It is associated
with the highest mortality among all cancer types [1].

The human microbiota incorporates all the microorganisms that reside in all surfaces
of the body that are exposed to the external environment. These include the skin, the
gastrointestinal tract, the genitourinary system, and the respiratory tract. Therefore, it can
be considered an environmental factor to which humans are continuously exposed in high
doses throughout their lives.

The microbiota have therefore been implicated as causal or preventing factors in
a variety of diseases, including cancer. This theory has been supported by rigorously
controlled experiments carried out in mouse models that have been colonized with one or
more specific bacteria. Moreover, there is emerging evidence that the microbiota can be
manipulated in such a way in order to treat various diseases, including cancer [2].

Although the gastrointestinal and the respiratory tracts are physically distant, they
have the same embryonic origin, and they have a high similarity in their structure [3].
Additionally, numerous pathways involving their respective microbiota have reinforced
the existence of a gut–lung axis (GLA) [4].
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In this review, we aim to focus on the role that the gut–lung axis plays in carcinogenesis
and also to explore how the gut microbiome influences lung cancer, as well as the effect of
the gut microbiota in the therapy response of lung cancer.

2. The Human Microbiome
2.1. Microbiota Glossary

Microbes are found on every surface of the body that is in contact with the external
environment. Areas include the skin, the gastrointestinal tract, the genitourinary system,
and the respiratory tract [5].

The microbiome comprises the community of symbiotic (i.e., promoting the host’s
health), commensal (neutral to the host’s health, with neither beneficial nor negative
effects), and pathogenic microorganisms that share our body [6]. Microbiota is the term
that comprises the sum of all the species that form microbial communities. Examples
include bacteria (bacteriobiota), fungi (mycobiota), viruses (virobiota), phages, archaea,
protists, and helminths [7]. When it is referred to a specific environment, then the term
is preceded by the respective location. Such an example is the “lung microbiota”, which
refers to the respiratory tract [8].

“Microbiome” is a term that is also used, and it refers to the microbiota. The study of
the genetic material deriving from all microbial DNA recovered directly from environmen-
tal samples, such as the lung, is termed metagenomics. The metagenome consists of the
collective genome of the microbiota and encompasses over 100 times the number of genes of
the human genome, containing approximately 10-times more genes in each microbiome [6].
“Shotgun metagenomics” is a term that can be used to describe the procedure of randomly
breaking down the total DNA of a sample, followed by next-generation sequencing. Thus,
primer-independent and unbiased sequencing data are generated, which thereafter can
be evaluated by various reference-based and/or reference-free procedures. Therefore,
shotgun metagenomics marks all the DNA material in a sample and produces abundant
information for all genes, functions, and organisms [5].

Eubiosis is the term given to the condition whereby the microbiota is in a stable
equilibrium, and in a healthy state. In this state, the microbiota either remains commensal
or symbiotic with their hosts. However, it is rather challenging to standardize a perfect
eubiosis. This is due to the large population variation. In one individual, what can be
considered an optimal eubiosis may be different in another. In contrast to eubiosis, an
altered microbiota structure and imbalance of the gut bacterial ecosystem is observed in
various diseases, often referred to as dysbiosis [9]. Dysbiosis can augment the numbers
of deleterious microbiota that generate harmful metabolites and antigens. This, in turn,
can lead to maladaptive immune responses. Such interruptions are especially relevant
to oncology, as they can lead to malignancies, taking into account that both decontrolled
metabolism and inflammation are considered cancer traits [10].

2.2. Gut Microbiota under Normal Conditions

The microbial composition appears to remain fairly constant, in adult humans, under
healthy conditions [11]. In the human body, the gut, the skin, and the oral cavity are the
areas where microbes are found at the highest concentrations [12]. From the aforemen-
tioned areas, the most abundantly colonized organ is the gastrointestinal tract (GIT). The
gut of a healthy subject is reported to contain around 1–1.5 kg of microbes. This corre-
sponds to approximately 1014 bacteria (10-times more than the number of body cells) [13].
Approximately, there are 1000 species of microbes colonizing the gut. Their microbial
density increases along the GI tract. In the stomach and duodenum, there can be found
101–104 microbes per gram; in the jejunum and ileum, 104–108 cells per gram; and in the
colon and feces, 1010–1012 cells per gram [6].

The stomach and the small intestine contain only a small number of microbes, due to
the presence of hydrochloric acid and nitric oxide, which have antimicrobial action and
are found in these two organs [14,15]. The large intestine, on the contrary to the aforemen-
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tioned structures, presents a better milieu for symbiotic microbes, as, after the previous
digestion/absorption occurring in the small intestine, better conditions are present to
retrieve energy and other essential elements from the large bowel lumen [16,17]. Although
a larger amount of live microbes can be found in the colon, due to its impermeable adherent
mucus layer, direct contact with the epithelium is prevented [18].

In the gut, it is estimated that there are approximately one thousand bacterial species.
These contain approximately 2000 genes per species, therefore approximately yielding
2 million genes. This amounts to 100 times the number of nearly 20,000 human genes. This
number is in agreement with the actual extent of microbial gene catalogues that can be
found in MetaHIT and the Human Microbiome Project [19].

The structure and function of the GM throughout the entire life is influenced by
many different factors, starting from birth (delivery), and with the continuation of the diet
throughout childhood and adulthood, as well as from the antibiotics usage [20]. An analysis
using metagenomic shotgun sequencing of the GM revealed multifactorial involvement
between the microbiome and a number of extrinsic as well as intrinsic factors. These
included 60 dietary factors, 31 intrinsic factors (such as blood cell counts, biochemical test,
lipid concentrations), 19 drug categories, 12 diseases, and 4 smoking categories, altogether
accounting for 18.7% of the inter-individual variation in the GM. Diet was found to play a
significant role in altering the GM [21]. Approximately 4.5% of the BMI is estimated to be
attributable to the GM [22].

The human GIT comprises a varied community of bacteria, viruses, archaea, fungi,
and eukarya [23]. GM bacteria belong to two phyla. These are the Firmicutes (64% en-
compassing Gram-positive genera, e.g., Clostridium, Ruminococcus, Lactobacillus, Butyriv-
ibrio, Anaerostipes, Roseburia, and Faecalibacterium) and the Bacteriotides (23% containing
Gram-negative genera, e.g., Bacteroides, Porphyromonas, and Prevotella) [24]. The diges-
tive tract is also occupied by other phyla. Included are the Proteobacteria (8% includ-
ing Gram-negative genera, e.g., Helicobacter and Escherichia), the Actinobacteria (3% en-
compassing Gram-negative genera, e.g., Bifidobacterium), and less of the phyla Fusobac-
teria, Spirochaetes, Verrucomicrobia (Gram-negative species Akkermansia muciniphila), and
Lentisphaerae [25]. The most dominant archaeal groups are the methanogens (Methanobre-
vibacter and Methanosphaera) [26,27]. Finally, accounting for less than 1% in the GM are
the fungi and archaea. In the gut, the two most common fungal phyla that can be found
are Ascomycota (which includes the genera Candida and Saccharomyces) and Basidiomy-
cota [28,29]. Overall, the colon contains the highest density, with anaerobes accounting for
the majority of the bacteria, such as Bacteroides, Porphyromonas, Bifidobacterium, Lactobacillus,
and Clostridium (genera that belong to the most abundant phyla: Bacteroidetes, Actinobac-
teria, and Firmicutes) [30]. Two metrics are used to describe the complexity of microbiota:
α and β diversity. The first one describes the abundance in a given sample (i.e., the number
of the organisms and the symmetry of their distribution). The second (β diversity) defines
the extent of absolute or relative overlap in shared taxa between samples [31]. Usually,
a wide range of microbial β diversity exists among individuals that are enriched for a
particular species, which may be minimally apparent in others [2].

The GM has its own requirements in energy. It consumes energy from the luminal
contents, thereby augmenting the energy consumption [32].

Thus, the GM is considered to be the analogue of a strong “organ” capable of impact-
ing most metabolic, nutritional, physiological, and immunological procedures of the entire
human body [26,32]. The GM encompasses different genes that are involved in carbohy-
drate metabolism (glucose, galactose, fructose, arabinose, mannose, xylose, starch, and
sucrose), consequently producing important nutrients that cannot be synthesized otherwise.
Examples of these are short-chain fatty acids (SCFA) [33], vitamins (vitamin K, vitamin
B12, folic acid), certain amino acids [34,35], neurotransmitters [36], and the regulation of
gastrointestinal hormones [37,38]. Additionally, the GM produces specific enzymes capable
of provoking the fermentation of indigestible carbohydrates, with 10–30% approximately
of the ingested energy as other fermentation products, i.e., SCFAs (e.g., acetate, propionate,
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and butyrate), which are, at approximately 90–95%, absorbed in the colon and represent
around 6–10% of the energy needs of the human body [39]. Some authors perceive the GM
as an independent virtual organ by itself due to the abovementioned properties [40].

The human microbiome does not remain constant. It changes with age, the diet of the
organism, and with its health status. The GM interacts in several ways, both in healthy and
disease states in the host, and includes:

1. Modulating the inflammatory response in the host’s gut;
2. Synthesizing small molecules and proteins that are absorbed by the host;
3. Changing the quantity of obtainable energy within the diet.

In recent years, there has been an increase in research on the GI microbiota. This is
essentially thanks to the important progress in phylogenetic investigation and also the
quantification of GM through current high-throughput sequencing. The utilization of
cost-effective, culture-independent molecular techniques on fecal samples enabled, for the
first time, the accurate and reliable analysis of the dynamics of the host–GM relations. In
whole-genome shotgun sequencing, the complete DNA in a given sample is fragmented,
sequenced, and remapped into the original genome [41]. Then, these data are compared
with the preexisting databases in order to be able to identify the different species and genes.
An advantage of this method is that one is able to identify all the diverse species and all
the genes that are present. This method requires a considerable amount of bioinformatic
mapping, however, and is consequently considered to be computationally intensive [42,43].
In terms of the networks of genes and molecules, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) is a freely available knowledge base for the systematic analysis of gene
functions (http://www.genome.ad.jp/kegg/, accessed on 25 September 2021). Different
databases are used in order to assign functional meanings to genes and genomes. Thus,
the higher-level functional changes are predicted as KEGG pathway maps [44]. However,
basic research is based mostly on rodent models and cell cultures, and their significance
for human physiology and clinical conditions remains unknown as limited studies have
validated the interpretation of rodent-based data in an individual context in a “head-to-
head” fashion [45].

The GM additionally exhibits an important role in the defense against pathogens. This
is due to the fact that the large intestine poses a major challenge to the mucosal immune
system. More specifically, the intestinal mucosa must be able to tolerate commensal
microbiota as well as dietary antigens and eliminate pathogens successfully. The GM
products are critical in order to protect the host from various diseases [46] as well as shape
systemic immune homeostasis [47]. In a healthy state, the GM produces antimicrobial
compounds and therefore keeps the barrier intact, and it presents anti-inflammatory
action, which in turn protects the epithelial cells against pathogens [20,30]. This action
is mediated through toll-like receptors, which can induce the synthesis and delivery of
proinflammatory factors such as tumor necrosis factor alpha (TNFα) and interleukins 1
and 6 (IL1 and IL6) [30]. The exact mechanism of this anti-inflammatory action is not
well clarified. Several microbe components have been detected to increase their expansion
and function, including SCFAs (especially butyrate) and polysaccharide A of Bacteroides
fragilis [48].

The GM is both a producer and a consumer of vitamins: prototrophs (“producers”)
are microbes that are able to synthesize vitamins de novo, in contrast to other microbes
that require exogenous vitamin provision, called auxotrophs (”consumers”) [49]. Some
common microbes (i.e., Bacteroides, Enterococcus, Bifidobacterium) display auxotrophic behav-
ior, although they can produce most of the soluble vitamins of the B complex (cobalamin,
thiamine, pyridoxine, biotin, folate, nicotinic acid, panthotenic acid) and vitamin K2 [50]. It
must be noted, however, that the de novo biosynthesis of small micronutrient molecules
demands high consumption of energy and that bacteria prefer to uptake these molecules
from the environment when they are available [51].

http://www.genome.ad.jp/kegg/


Int. J. Mol. Sci. 2021, 22, 10429 5 of 17

To summarize, the GM has the capacity to satisfy the human metabolic needs, acting
as an energy supplier and as a provider of certain vitamins and micronutrients to the
host [49].

2.3. Lung Microbiota under Normal Conditions

Essential for host homeostasis and disease are the microbiotas of other sites, such as
the lungs. The lung microbiota is recognized as a cornerstone in the physiopathology of
numerous respiratory diseases [4].

Compared to the better-studied gut microbiota, the microbiota of the lung, considered
only in recent years, represents a more discreet part of the whole microbiota associated with
the human host [4]. The microbiota of the lung represents a significantly lower biomass
than the gut microbiota: around 10 to 100 bacteria per 1000 human cells [52]. The lungs are
heavily exposed to microorganisms due to contact with the external environment [53]. The
lungs have indeed a specific microbiota, even though they were thought to be sterile in
healthy individuals according to previous knowledge. The predominant bacterial phyla
in the lungs, in healthy subjects, are the same as those in the gut. These are mainly
Firmicutes (Staphylococcus, Streptococcus, and Lactobacillus) and Bacteroidetes, followed by
Proteobacteria and Actinobacteria, whereas lung tumor samples tend to contain increased
levels of Proteobacteria [54].

A crucial role of the lung microbiota in the maturation and homeostasis of lung
immunity has been described as major inflammation in the lungs, which can drastically
transform the lung microbiota composition [55].

An inter-kingdom crosstalk within the lung microbiota exists and it may involve
several pathways, such as physical interaction, quorum-sensing molecules, production
of antimicrobial agents, immunologic response modulation, and nutrient exchange. For
instance, synergistic interactions have been documented between Candida and Streptococcus,
such as the stimulation of Streptococcus growth by Candida, increasing biofilm formation,
or enhancement of the Candida pathogenicity by Streptococcus [56]. However, the lung
microbiota modulation is not limited to local inter-kingdom crosstalk and also depends on
inter-compartment crosstalk between the gut and lungs [4].

2.4. The Gut–Lung Axis (GLA)

Although the gastrointestinal and respiratory tracts are physically distant from each
other, they are of the same embryonic origin and they present a highly similar structure,
thus implying that these two tracts might interact in a multimodal manner. Thus, a new
and clear crosstalk between the respiratory and GI tracts, known as the gut–lung axis
(GLA), has been established. Among the existing different inter-organ connections, the
GLA remains less studied than the gut–brain axis. It has been reported that this crosstalk
of the GLA organs is mediated through microbial and immune functions to achieve this
two-way regulation.

Apart from gastroesophageal content inhalation and sputum swallowing, which can
partially explain this inter-organ connection, the GLA also involves indirect communica-
tions: gut and lung microbes show similar colonization characteristics in the early stages of
life, and the gut and lungs have a strong mucosal defense system against microbes [3]. It
is reported that short-chain fatty acids (SCFAs), which are the major metabolic products
of the GM from dietary fiber (especially in case of a high-fiber diet), act in the lungs as
signaling molecules on resident antigen-presenting cells to attenuate the inflammatory and
allergic responses [57].

The gut and lung microbiota are linked to each other by a complex dialogue between
two systems through the lymphatic and blood circulation systems. For instance, the
lung flora can affect the intestinal flora through the circulation of the blood [58], while
the gut microbiota induces numerous respiratory diseases, such as COPD, cystic fibrosis,
respiratory infection, and asthma [59]. Lately, it has been shown that intrinsic lymphoid
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cells, which are involved in tissue repair, are recruited from the intestine to the lungs in
response to inflammatory signals provoked by IL-25 [60].

In summary, the GLA immune interplay is a bidirectional two-way process resulting
from multifaceted interactions among the different microbial components of both the
gut and lung microbiota, together with local and distal immune effects. Changes in this
axis may lead to harmful outcomes, such as cancer development, pathogen colonization,
damage of tissue, and increased susceptibility to infections [3].

3. Gut Microbiota in Cancer
3.1. Association of Pathogenic Microbes with Cancer

A common observation in many studies is that cancer cases are associated with a
dysbiosis that manifests in a marked decrease in both microbial diversity and community
stability. The relationship between microbial dysbiosis of pathogenic microbes and the
human host appears to be considerably more complicated than initially assumed. Perhaps
the best example comes from Helicobacter pylori infection, where the induced gastritis is
strongly linked to gastric adenocarcinoma; on the other hand, H. pylori exhibits a protective
role against Barrett’s esophagus and esophageal adenocarcinoma, possibly by affecting the
stomach pH and improving gastric acid reflux [61,62].

Thus, not all subjects infected with oncogenic microbes develop cancer. The cancer
prevalence and severity greatly depend on the genetic heterogeneity of both the microbiota
and the host, combined with other predominant environmental parameters. For instance,
only H. pylori strains that carry the cagA virulence factor are able to efficiently cause
gastritis and gastric cancer. Additionally, another important determining factor of whether
an affected individual will develop cancer is the host genetics, which may influence the
immune response. Furthermore, diet and lifestyle factors such as alcohol, tobacco use,
chronic inflammation, etc., play important roles as well [2].

However, it must be noted that metagenomic sequencing studies present several
limitations as they cannot ascertain whether a particular microbiota change is the cause or
the result of cancer. Furthermore, current 16S rRNA-based techniques lack the resolution to
differentiate between commensal and pathogenic strains. Nevertheless, nowadays, whole-
genome shotgun sequencing coupled with rapidly evolving bioinformatics techniques is
able to resolve this limitation [63].

Very few longitudinal studies deal with the microbiota changes at different stages of
tumorigenesis [2]. Furthermore, many studies have analyzed the fecal microbiome only,
which is a different entity from the mucosal-associated microbiome and therefore less likely
to be relevant to disease [64].

Finally, it is important to realize that the microbiota might exert oncogenic action or,
in contrast, act as a tumor suppressor. Thus, a number of microbial-mediated mechanisms
have been suggested that either enhance or hinder tumorigenesis. For example, to reveal
the significance of the microbiota in promoting carcinogenesis, human Escherichia coli pks
(polyketide synthase) pathogenicity strains, either pks+ or ∆pks E. coli (containing and
with deleted pks, respectively), were treated with the pro-carcinogen azoxymethane (AOM)
to induce colorectal tumors. Although both E. coli strains stimulated inflammation to a
similar extent, all of the tumors in the pks+ group became malignant, while all the tumors
in the ∆pks group remained benign [65]. On the contrary, for example, butyrate-producing
bacteria are tumor-suppressive in vivo [66].

Five microbial-mediated mechanisms have been revealed that either promote or
inhibit tumorigenesis.

3.1.1. Inflammation and Immune System Alterations

It is important to recall that inflammation may present with two contradictive effects
regarding tumors: while chronic, widespread inflammation is generally tumor-promoting,
local inflammation restricted to the tumor microenvironment can suppress the tumor. Pre-
clinical studies in mouse models have revealed a strong association between inflammation
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and colorectal cancer (CRC) mediated by the GM. The possible mechanism lies in the fact
that a fiber-free diet results in increased amounts of two mucus-degrading bacteria (Akker-
mansia muciniphilia and Bacteroides caccae). In turn, mucus degradation leads to increased
susceptibility to a mucosal pathogen, Citrobacter rodentium, which causes colitis, a well-
known risk factor for CRC. On the other hand, researchers have observed the diminution
of butyrate-producing bacteria, which promote barrier function by strengthening tight
junctions between epithelial cells. Finally, it has been reported that a number of other
beneficial microbes used as probiotics, including Lactobacillus and Bifidobacterium, improve
barrier function and diminish permeability [67].

3.1.2. Diet and Microbiota Metabolites

Several dietary components, when entering the gut, are metabolized by bacteria, pro-
ducing alleged oncometabolites and/or tumor-suppressive metabolites [68]. For instance,
it has been shown that high dietary intake of proteins may result in increased protein levels
in the colon, where many types of bacteria, including some Firmicutes and Bacteroides sp.,
can ferment amino acids into N-nitroso compounds, which in turn induce DNA alkylation
and mutations to the host [69].

Butyrate, a bacterial product of dietary fiber fermentation, conveys its tumor-suppressive
action through diverse mechanisms. As an inhibitor of histone deacetylase, it epigenetically
controls the expression of genes that participate in cell proliferation and apoptosis [66].
Additionally, it is also a ligand for a variety of colon receptors (GPR109A) that have
also been implicated in tumor suppression [70]. Furthermore, butyrate plays a role in
the maintenance and function of the epithelial barrier, a function that is important for
preventing inflammation.

Finally, it should be emphasized that the diet dictates whether the microbiota will
produce metabolites that may aggravate or ameliorate the progression of a tumor. Thus,
Clostridium scindens produces secondary bile acids as a reaction to dietary fat, but, being
also a member of Clostridium cluster XIVa, it generates butyrate production in response to
fiber [2].

3.1.3. Cell Signaling Pathways

Several signaling pathways have been described in different types of cancer. For
instance, the APC tumor-suppressor gene is mutated in CRC more frequently than any
other gene [71]. Enterotoxigenic Bacteroides fragilis (ETBF), an opportunistic pathogen
associated with poor prognosis of CRC, constitutively activates STAT3 via phosphorylation
and nuclear translocation in colorectal tumors [72]. Some Salmonella typhi strains secrete
AvrA to activate β-catenin and are associated with hepatobiliary cancers [73].

Cellular signaling pathways may also modify different bacterial virulence factors.
Thus, the H. pylori cagA, being an important virulence factor, is extensively phosphorylated
by cellular Src and Abl kinases. Unphosphorylated and phosphorylated CagA have
different interactions with a broad repertoire of cellular signaling proteins, many of which
are involved in regulating cellular proliferation pathways [74].

3.1.4. DNA Damage

It is well known that DNA damage is a major factor causing carcinogenesis. The
mechanisms of action by which the genotoxins directly exert their damaging effects on host
cell DNA involve either forming adducts or initiating double-stranded breaks in DNA,
which, when unresolved by normal DNA repair processes, may lead to mutations, inser-
tions, deletions, or chromosomal inversions and translocations. The cytolethal distending
toxin (CDT) produced by certain proteobacteria also provokes similar DNA damage [75].
The metabolites produced from the GM can also exert an indirect genotoxic action, by
producing free radicals and affecting reactive oxygen species (ROS). Additionally, it has
been shown that bile acids precipitously induce ROS as well as reactive nitrogen species
(RNS) together, which can then damage host cell DNA [76].
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3.1.5. Distant Sites

The GM, metabolites, and immune cells that reside in the intestine can escape from it
through the circulation and thus impact tumorigenesis in distant sites of the body. Before
entering the systemic circulation, they arrive through the enterohepatic circulation and
hepatic portal vein, reaching the liver. Therefore, the liver plays the role of gatekeeper
for the identification of potentially harmful endobiotic and xenobiotic compounds and
thus exercises an important role in normal body physiology as well as in gut and extra-
intestinal diseases.

Other GM-derived byproducts associated with cancer prevention, such as equol, have
been identified in a range of tissues (e.g., breast) as well as in several biological fluids, such
as blood, urine, and prostatic fluid [77]. Furthermore, since it has been found that the GM
participates in the metabolism of endogenous estrogens, it is thus associated with breast
cancer [78]. Additionally, the gut response to inflammation has been shown to affect breast
cancer progression [79].

Lastly, it is necessary to emphasize the synergistic action that each of the above
mechanisms exhibits with the others. For instance, the chronic inflammation of IL-10
knockout mice apparently increases pks oncogenesis. Such combined action mechanisms
might promote oncogenesis after an initiating event that otherwise may not be sufficient to
drive transformation in isolation.

4. Gut Microbiota in Lung Cancer

Lung cancer (LC), with two types, namely small-cell lung cancer (SCLC) and non-
small-cell lung cancer (NSCLC), is one of the deadliest malignancies in the world [80]. As
NSCLC represents the majority of LC cases, knowledge of the mechanisms by which the
microbiome may affect its progression is vital to improve patients’ survival and treatment
responses. Compared to the GI tract, the lung microbiota is poorly understood and it is
suggested that the crosslink between human microbiome and lung cancer is a complex
multifactorial relationship [81].

Usually, LC patients are infected with Firmicutes, Bacteroidetes, and Proteobacte-
ria [82], including genera such as Granulicitella, Streptococcus, Veillonella, and Mycoplasma [83].
It has been reported that Gram-negative bacteria such as Haemophilus influenzae, Enterobacter
spp., and Escherichia coli also tend to inhabit LC [84]. Regarding the gut microbiota, it is
worth noting that a lower concentration of Firmicutes and Proteobacteria, combined with
relatively higher levels of Bacteroidetes and Fusobacteria, has been detected in LC patients
as compared to healthy individuals [85]. It appears that these phyla are consistently found,
irrespectively of microbial changes in cancer. A summary of published articles regarding
microbiota changes in lung cancer patients is presented in Table 1.

Table 1. Relationship between microbiota and lung cancer.

Ref Phylum Genus Species Sample Type Amount in
Control Samples

Amount in Cancer
Samples

[86] Firmicutes Staphylococcus S. epidermidis LC tissue
biopsies N/A 25%

[86] Firmicutes Streptococcus S. mitis LC tissue
biopsies N/A 21.87%

[87] Firmicutes Streptococcus S. pneumoniae BAL 7.30% 15.17%
[88] Firmicutes Streptococcus Not specified BWF N/A 12%

[89] Firmicutes Veillonella Not specified

BAL of LC
patients (vs.

patients with
benign
masses)

4% 11.4%

[88] Firmicutes Veillonella Not specified BWF N/A 8%
[90] Actinobacteria Enterococcus Various Stool 0.23% 4.26%
[90] Actinobacteria Bifidobacterium Various Stool 4.7% 1.51%
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Table 1. Cont.

Ref Phylum Genus Species Sample Type Amount in
Control Samples

Amount in Cancer
Samples

[85]

Bacteroidetes,
Fusobacteria,

Cyanobacteria,
Spirochaetes,

Lentisphaerae

Not specified Stool N/A Statistically higher

[85] Firmicutes,
Proteobacteria

Escherichia-Shigella,
Kluyvera,

Faecalibacterium,
Enterobacter, Dialister

Not specified Stool N/A Statistically lower

[91]
Butyrate-

producing
bacteria

Faecalibacterium
prausnitzii,

Clostridium leptum,
Ruminococcus,
Roseburia spp.

Clostridial
cluster,

Clostridial
cluster XIVa

Stool Various From p < 0.0001 to
p = 0.035

[92] Bacteroides,
Proteobacteria

Enterobacteriaceae,
Akkermansia
muciniphila

Ruminococcus Stool N/A Statistically higher

[93]

Bacteroidetes,
Firmicutes,

Proteobacteria,
Actinobacteria

15 species Stool N/A Somehow higher

[94]
Firmicutes,

Bacteroidetes,
Proteobacteria

Enterobacteriaceae,
Streptococcus,

Prevotella
Not specified Stool N/A Statistically higher

[95] Bacteroidetes,
Proteobacteria

Rikenellaceae,
Prevotella,

Streptococcus,
Lactobacillus,

Bacteroides plebeius,
Oscillospira,

Enterobacteriaceae

Not specified Stool N/A Statistically higher

LC: Lung cancer, BAL: Bronchoalveolar lavage, BWF: Bronchial washing fluid, N/A: Not available.

Chronic infection of the lungs may be the initiating cause of cancer when microbiota
dysbiosis results in a more hypoxic, tumor-promoting environment [54]. Furthermore, an
increase in anaerobic respiration is observed in LC, due to the elective anaerobic qualities of
the bacteria that preferentially colonize tumors. As LC progresses, these bacteria increase
in number, further enhancing the hypoxic, and proinflammatory tumor environment [54].
Additionally, besides tumor involvement, the impact of cancer therapy on the pathogenic
microbiome is also increasing [96].

The GLA is considered a bidirectional connection that connects the GI tract microbiome
with that of the lungs, with changes in one tissue affecting the other, a key regulator being
the translocation of the gut microbiota and its products across the epithelial barrier and
then into the bloodstream [59]. Additionally, translocation stimulates a toll-like receptor
(TLR) response and subsequent T cell expansion in distant tissues [97]. Translocation of
bacteria from the GI tract can enhance tumor-specific responses through TLRs, or through
the induction of memory responses, as observed for relations between Enterococcus hirae
and small-cell lung cancer (SCLC) [98].

5. Gut Microbiota in Lung Cancer Therapy
5.1. Gut Microbiota in Cancer Treatment

Several preclinical and clinical studies in humans have shown that the GM can modify
the host response to a plethora of anticancer regimens, mainly through immunomodulation.
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It appears that dysbiosis is not only the consequence but often also the reason for the
observed variance in responses to therapy.

5.1.1. Chemotherapy

Eliminating the microbiota by the administration of broad-spectrum antibiotics sub-
stantially alters the host gene expression: genes promoting cancer metabolism and progres-
sion become upregulated, with a simultaneous downregulation in inflammatory, phago-
cytic, and antigen-presenting paths. Nevertheless, broad-spectrum antibiotics administra-
tion can eradicate a large amount of GI commensals and thus provide opportunities for
pathogens such as Clostridium difficile to flourish. Furthermore, treatment with antibiotics
decreases the recruitment of immune cells, which are of importance for intermediating
tumor regression through a corresponding decrease in their proinflammatory action [2].

It is evident that chemotherapy modifies the patients’ microbiota composition, al-
though the impact of this alteration regarding prognosis remains unclear [99]. Additionally,
and more importantly, the specific microbial composition can affect the response of a
variety of conventional chemotherapeutic agents, as has been shown in studies conducted
in mouse models [45].

For instance, cyclophosphamide (CP), a widely used chemotherapy agent, diminishes
the villus height in the small intestine and interrupts the intestinal barrier, thus translocating
the commensals towards secondary lymphoid organs, and, at the same time, it causes
the accumulation of inflammatory cells. Moreover, it has been shown that antibiotics that
selectively target Gram-positive bacteria, when compared to Gram-negative antibiotic
therapy, significantly reduce CP’s effectiveness. Therefore, specific Gram-positive bacteria
(Lactobacillus johnsonii, L. murinus, Enterococcus hirae, and segmented filamentous bacteria)
have been found to be essential to mediate CP’s antitumor action [100].

Oxaliplatin induces its tumor retardation action through a microbiota-dependent path,
as its efficacy depends on the intratumoral production of reactive oxygen species (ROS),
which in turn become reduced with reduced intratumoral DNA damage [101]. This suggests
that the microbiota-mediated immunomodulatory effects in response to chemotherapy
compounds blur the distinction between chemotherapy and immunotherapy.

It has also been reported that the prevalence, severity, and treatment of cancer can
be altered by the number of specific bacteria present or absent. For example, patients
undergoing immunotherapy may benefit from B. intestinihominis or E. hirae species to
improve the efficacy [102], while patients receiving irinotecan may benefit from bacterial
β-glucuronidase-targeting drugs [103].

Interestingly, in patients with advanced lung and ovarian cancer with increased levels
of E. hirae and B. intestinihominis, specific Th1 cell memory responses were predicted to
have lengthened progression-free survival. Following this evidence, it has been suggested
to add particular Enterococcus and Barnesiella species into an optimized microbiota cock-
tail concurrently administered with CP as well as with other alkylating agents. In the
future, these bacteria or their specific immunomodulatory products/metabolites could be
incorporated as adjuvants to increase the effectiveness of existing chemotherapeutics [45].

5.1.2. Immunotherapy

It has been shown that commensal microorganisms are required for the maturation,
function, and adjustment of the immune system. Additionally, a close and continuous
interaction of immune cells with microorganisms allows for an exploration of the difference
between commensal and pathogenic bacteria [2]. Numerous studies have already shown
that the GM regulates the potential of immunotherapy to stimulate the anticancer immune
response [45].

Monoclonal antibodies against CTLA-4 (ipilimumab), PD-1 (nivolumab), and PD-
L1 (pembrolizumab) are immune checkpoint inhibitors (ICIs) that induce the individual
immune response of a patient against a tumor. It has been shown that these monoclonal
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antibodies are highly effective for treating different types of cancer (melanomas, Hodgkin’s
lymphoma, lung, kidney, bladder cancer, etc.).

It appears that the effectiveness of immune checkpoint inhibitors is dependent on the
patient’s GM, which in turn closely interacts with the patient’s immune system. Thus, this
interaction between the GM and ICI may explain the reported interindividual variation in
patients’ responses to ICIs [104].

ICI administration usually has gastrointestinal and hepatic complications, such as
hepatitis, diarrhea, and enterocolitis, as a result of a complicated interchange mechanism
between host genetics, immune responses, the environment, and the microbiota [105].

5.1.3. Microbial Drug Targets in Oncology

Microbial drug targets may possess the capacity to enhance the side effects of many
chemotherapeutic regimens. Certain side effects, such as those provoked by irinotecan
(camptothecin), may so severe that it is necessary to constrain the dose or the therapy
duration [45]. Irinotecan is metabolized into an active chemotherapeutic agent (SN38)
and blocks DNA replication by rapidly dividing cells and therefore is used for colorectal
and pancreatic cancer treatment. The microbiota provokes increased SN38 levels in the
intestine, which may trigger severe diarrhea. Furthermore, it has been shown that germfree
mice exhibit less GI damage and therefore tolerate higher doses of irinotecan compared to
conventional mice with an intact microbiota [106].

Furthermore, some chemotherapeutics, such as doxorubicin, have action that is similar
to that of irinotecan agents and therefore can cause adverse effects in the gastrointestinal
and the respiratory tract [107]. Therefore, it is suggested that targeting the microbiota may
diminish the toxicity of many chemotherapeutic agents.

5.2. Gut Microbiota in Lung Cancer Treatment

The various effects of the gut microbiota on cancer therapy for NSCLC are presented
in Table 2.

Table 2. Potentiating or inhibitory effects of microbiota on cancer therapy for NSCLC.

Treatment Bacteria Enhancing or
Inhibiting Effects Ref

Cisplatin Lactobacillus Bifidobacterium Enhancing Decrease in oncogenic VEGF and Ras levels. [108]

Gemcitabine
Mycoplasma

Gammaproteobacteria
(E. coli)

Inhibiting Bacterial CDA metabolizes nucleoside analogues
and reduces efficacy. [109,110]

Ipilimumab B. fragilis Enhancing Aid in tumor-specific cytotoxic T cell expansion
to promote tumor-specific response. [98]

Anti-PD-1 B. fragilis
A. muciniphila Enhancing Aid in tumor-specific cytotoxic T cell expansion

to promote tumor-specific response. [97]

The characteristics of the GM in lung cancer patients vary widely, suggesting that the
gut microbiota may affect lung cancer prognosis and therapy [3].

The implications of the specific GM in cancer therapy have been discovered by assess-
ing drug metabolism directly and by assessing the host immune modulation response [111].
It has been shown that the GM significantly affects immune checkpoint inhibitor (ICI) ther-
apy by altering the differentiation of regulatory T cells and thus resulting in changes in im-
munomodulation mechanisms [112]. The same authors found that Akkermansia muciniphila
positively responds to ICI treatment. Supplementation with Akkermansia muciniphila in-
creased the response to ICI, whereas an abnormal composition of the GM is associated with
resistance to ICI treatment [112]. The GM in lung cancer patients responding to treatment
with ICIs significantly differs when compared with that of patients who do not respond
to immunotherapy. Furthermore, it was found that a significantly higher response to
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anti-PD1 therapy in lung cancer patients was positively correlated with the abundance of
Akkermansia muciniphila species [3].

A recent work showed that the diversity of the gut microbiota in fecal (Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria) bacteria increased the response to anti-PD-1
immunotherapy [93]. Furthermore, a previous study stated that, in NSCLC patients who
responded to nivolumab, the GM composition was relatively stable and higher diversity
was noted. Moreover, extended progression-free survival (PFS) has been shown in patients
with high microbiome diversity as compared to those presenting low diversity [113].

A retrospective evaluation study of 118 patients suffering from advanced NSCLC
and receiving immune checkpoint blockage showed that adding supplementary therapy
with Clostridium butyricum (CBT) before and/or after the immune checkpoint blockade
therapy resulted in significantly prolonged progression-free survival and overall patient
survival [114].

In addition to the observed improvement of the response to ICI therapy, the GM also
affects the efficacy of chemotherapeutic treatment in lung cancer. For instance, it was
shown that the per os intake of Lactobacillus acidophilus during cisplatin treatment in lung
cancer mouse models enhanced cisplatin’s antitumor efficacy, reduced the tumor size, and
improved the survival rate. These findings suggest that the coadministration of probiotics
improves the anti-growth and pro-apoptotic effects of cisplatin [115]. Additionally, patients
with end-stage lung cancer and undergoing chemo-immunotherapy, who additionally
received Enterococcus hirae and Barnesiella intestinihominis, showed a longer PFS [102].
Therefore, the increased survival of these patients may be attributed to the improvement of
the immunomodulatory effect.

Additionally, studies have shown that high consumption of yogurt is beneficial as it
has been shown to cause a significant reduction in lung cancer risk by 30%, implying that
prebiotics and probiotics might have a protective effect in lung carcinogenesis [116].

Finally, it has been shown that a change in gut diversity could potentially be used as
an indicative biomarker for the diagnosis and treatment of lung cancer [117]. However,
the role of the GM in the development and progression of lung cancer needs further explo-
ration. Furthermore, the potential actions of the microbiome in the effective modulation of
anticancer treatment should be further explored and evaluated.

6. Conclusions

The GLA has recently emerged as an intensive two-way dialogue between the lungs
and the gut, involving both in a bidirectional process, with microbial and immune in-
teractions. Each organ and each kingdom compartment play an important role in this
two-way dialogue and thus influence the host’s health. The mechanism underlying the
role of the GLA in the pathogenesis and progression of lung cancer, and its capability for
the diagnosis, manipulation, and treatment of lung cancer, need to be further explored.

To achieve this, randomized controlled clinical trials should be conducted with im-
proved methodologies to determine the clinical value of the microbiota–cancer relationship
and illuminate the mechanisms involved in how lung cancer is affected by the microbiome
in order to discover new diagnostic and therapeutic approaches. There is also the potential
to use lung and gut microbes as biomarkers for the assessment of the progression and
the efficacy of the treatment of lung cancer, as well as to discover alternative methods for
cancer prevention. It can also be anticipated that “design probiotics” and other methods
capable of flora regulation and management could enhance the beneficial, curative action
as well as the prognosis of lung cancer patients.

Author Contributions: K.G. and M.G. wrote the original draft and edited and reviewed the final
version of the manuscript. B.M. and A.A.F. edited and reviewed the final version of the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Int. J. Mol. Sci. 2021, 22, 10429 13 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wu, Z.; Tian, Y.; Yu, Q.; Li, H.; Tian, Z.; Jiang, H.; Tian, D.; Yang, X. The Expression and Correlation between Chemokine CCL7

and ABCE1 in Non-small Cell Lung Cancer. Exp. Ther. Med. 2018, 16, 3004–3010. [CrossRef] [PubMed]
2. Bhatt, A.P.; Redinbo, M.R.; Bultman, S.J. The Role of the Microbiome in Cancer Development and Therapy. CA Cancer J. Clin.

2017, 67, 326–344. [CrossRef] [PubMed]
3. Zhao, Y.; Liu, Y.; Li, S.; Peng, Z.; Liu, X.; Chen, J.; Zheng, X. Role of Lung and Gut Microbiota on Lung Cancer Pathogenesis. J.

Cancer Res. Clin. Oncol. 2021, 147, 2177–2186. [CrossRef] [PubMed]
4. Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; Wieërs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health and Respiratory

Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell. Infect. Microbiol. 2020, 10, 9. [CrossRef] [PubMed]
5. Chen, E.B.; Cason, C.; Gilbert, J.A.; Ho, K.J. Current State of Knowledge on Implications of Gut Microbiome for Surgical

Conditions. J. Gastrointest. Surg. 2018, 22, 1112–1123. [CrossRef] [PubMed]
6. Thomas, S.; Izard, J.; Walsh, E.; Batich, K.; Chongsathidkiet, P.; Clarke, G.; Sela, D.A.; Muller, A.J.; Mullin, J.M.; Albert, K.; et al.

The Host Microbiome Regulates and Maintains Human Health: A Primer and Perspective for Non-Microbiologists. Cancer Res.
2017, 77, 1783–1812. [CrossRef] [PubMed]

7. Cho, I.; Blaser, M.J. The Human Microbiome: At the Interface of Health and Disease. Nat. Rev. Genet. 2012, 13, 260–270. [CrossRef]
8. Knight, R.; Callewaert, C.; Marotz, C.; Hyde, E.R.; Debelius, J.W.; McDonald, D.; Sogin, M.L. The Microbiome and Human Biology.

Annu. Rev. Genom. Hum. Genet. 2017, 18, 65–86. [CrossRef] [PubMed]
9. Aron-Wisnewsky, J.; Doré, J.; Clement, K. The Importance of the Gut Microbiota after Bariatric Surgery. Nat. Rev. Gastroenterol.

Hepatol. 2012, 9, 590–598. [CrossRef]
10. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef]
11. Li, S.S.; Zhu, A.; Benes, V.; Costea, P.I.; Hercog, R.; Hildebrand, F.; Huerta-Cepas, J.; Nieuwdorp, M.; Salojärvi, J.; Voigt, A.Y.; et al.

Durable Coexistence of Donor and Recipient Strains after Fecal Microbiota Transplantation. Science 2016, 352, 586–589. [CrossRef]
12. Sender, R.; Fuchs, S.; Milo, R. Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host Cells in Humans. Cell

2016, 164, 337–340. [CrossRef]
13. Fändriks, L. Roles of the Gut in the Metabolic Syndrome: An Overview. J. Intern. Med. 2017, 281, 319–336. [CrossRef]
14. Lundberg, J.O.; Weitzberg, E. Biology of Nitrogen Oxides in the Gastrointestinal Tract. Gut 2013, 62, 616–629. [CrossRef]
15. Nardone, G.; Compare, D. The Human Gastric Microbiota: Is It Time to Rethink the Pathogenesis of Stomach Diseases? United

Eur. Gastroenterol. J. 2015, 3, 255–260. [CrossRef]
16. Mowat, A.M.; Agace, W.W. Regional Specialization within the Intestinal Immune System. Nat. Rev. Immunol. 2014, 14, 667–685.

[CrossRef]
17. Woting, A.; Blaut, M. The Intestinal Microbiota in Metabolic Disease. Nutrients 2016, 8, 202. [CrossRef]
18. Johansson, M.E.V.; Phillipson, M.; Petersson, J.; Velcich, A.; Holm, L.; Hansson, G.C. The Inner of the Two Muc2 Mucin-Dependent

Mucus Layers in Colon Is Devoid of Bacteria. Proc. Natl. Acad. Sci. USA 2008, 105, 15064–15069. [CrossRef]
19. Gilbert, J.A.; Blaser, M.J.; Caporaso, J.G.; Jansson, J.K.; Lynch, S.V.; Knight, R. Current Understanding of the Human Microbiome.

Nat. Med. 2018, 24, 392–400. [CrossRef]
20. Compare, D.; Rocco, A.; Sanduzzi Zamparelli, M.; Nardone, G. The Gut Bacteria-Driven Obesity Development. Dig. Dis. 2016, 34,

221–229. [CrossRef]
21. Zhernakova, A.; Kurilshikov, A.; Bonder, M.J.; Tigchelaar, E.F.; Schirmer, M.; Vatanen, T.; Mujagic, Z.; Vila, A.V.; Falony, G.;

Vieira-Silva, S.; et al. Population-Based Metagenomics Analysis Reveals Markers for Gut Microbiome Composition and Diversity.
Science 2016, 352, 565–569. [CrossRef]

22. Mohajeri, M.H.; Brummer, R.J.M.; Rastall, R.A.; Weersma, R.K.; Harmsen, H.J.M.; Faas, M.; Eggersdorfer, M. The Role of the
Microbiome for Human Health: From Basic Science to Clinical Applications. Eur. J. Nutr. 2018, 57, 1–14. [CrossRef]

23. Ejtahed, H.-S.; Angoorani, P.; Hasani-Ranjbar, S.; Siadat, S.-D.; Ghasemi, N.; Larijani, B.; Soroush, A.-R. Adaptation of Human Gut
Microbiota to Bariatric Surgeries in Morbidly Obese Patients: A Systematic Review. Microbial. Pathog. 2018, 116, 13–21. [CrossRef]

24. Mariat, D.; Firmesse, O.; Levenez, F.; Guimarăes, V.; Sokol, H.; Doré, J.; Corthier, G.; Furet, J.-P. The Firmicutes/Bacteroidetes
Ratio of the Human Microbiota Changes with Age. BMC Microbiol. 2009, 9, 123. [CrossRef] [PubMed]

25. Zoetendal, E.G.; Rajilic-Stojanovic, M.; de Vos, W.M. High-Throughput Diversity and Functionality Analysis of the Gastrointestinal
Tract Microbiota. Gut 2008, 57, 1605–1615. [CrossRef] [PubMed]

26. Gill, S.R.; Pop, M.; DeBoy, R.T.; Eckburg, P.B.; Turnbaugh, P.J.; Samuel, B.S.; Gordon, J.I.; Relman, D.A.; Fraser-Liggett, C.M.;
Nelson, K.E. Metagenomic Analysis of the Human Distal Gut Microbiome. Science 2006, 312, 1355–1359. [CrossRef] [PubMed]

27. Mihajlovski, A.; Alric, M.; Brugère, J.-F. A Putative New Order of Methanogenic Archaea Inhabiting the Human Gut, as Revealed
by Molecular Analyses of the McrA Gene. Res. Microbiol. 2008, 159, 516–521. [CrossRef] [PubMed]

28. Scanlan, P.D.; Marchesi, J.R. Micro-Eukaryotic Diversity of the Human Distal Gut Microbiota: Qualitative Assessment Using
Culture-Dependent and -Independent Analysis of Faeces. ISME J. 2008, 2, 1183–1193. [CrossRef] [PubMed]

http://doi.org/10.3892/etm.2018.6568
http://www.ncbi.nlm.nih.gov/pubmed/30214518
http://doi.org/10.3322/caac.21398
http://www.ncbi.nlm.nih.gov/pubmed/28481406
http://doi.org/10.1007/s00432-021-03644-0
http://www.ncbi.nlm.nih.gov/pubmed/34018055
http://doi.org/10.3389/fcimb.2020.00009
http://www.ncbi.nlm.nih.gov/pubmed/32140452
http://doi.org/10.1007/s11605-018-3755-4
http://www.ncbi.nlm.nih.gov/pubmed/29623674
http://doi.org/10.1158/0008-5472.CAN-16-2929
http://www.ncbi.nlm.nih.gov/pubmed/28292977
http://doi.org/10.1038/nrg3182
http://doi.org/10.1146/annurev-genom-083115-022438
http://www.ncbi.nlm.nih.gov/pubmed/28375652
http://doi.org/10.1038/nrgastro.2012.161
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1126/science.aad8852
http://doi.org/10.1016/j.cell.2016.01.013
http://doi.org/10.1111/joim.12584
http://doi.org/10.1136/gutjnl-2011-301649
http://doi.org/10.1177/2050640614566846
http://doi.org/10.1038/nri3738
http://doi.org/10.3390/nu8040202
http://doi.org/10.1073/pnas.0803124105
http://doi.org/10.1038/nm.4517
http://doi.org/10.1159/000443356
http://doi.org/10.1126/science.aad3369
http://doi.org/10.1007/s00394-018-1703-4
http://doi.org/10.1016/j.micpath.2017.12.074
http://doi.org/10.1186/1471-2180-9-123
http://www.ncbi.nlm.nih.gov/pubmed/19508720
http://doi.org/10.1136/gut.2007.133603
http://www.ncbi.nlm.nih.gov/pubmed/18941009
http://doi.org/10.1126/science.1124234
http://www.ncbi.nlm.nih.gov/pubmed/16741115
http://doi.org/10.1016/j.resmic.2008.06.007
http://www.ncbi.nlm.nih.gov/pubmed/18644435
http://doi.org/10.1038/ismej.2008.76
http://www.ncbi.nlm.nih.gov/pubmed/18670396


Int. J. Mol. Sci. 2021, 22, 10429 14 of 17

29. Ott, S.J.; Kühbacher, T.; Musfeldt, M.; Rosenstiel, P.; Hellmig, S.; Rehman, A.; Drews, O.; Weichert, W.; Timmis, K.N.; Schreiber, S.
Fungi and Inflammatory Bowel Diseases: Alterations of Composition and Diversity. Scand. J. Gastroenterol. 2008, 43, 831–841.
[CrossRef] [PubMed]

30. Villanueva-Millán, M.J.; Pérez-Matute, P.; Oteo, J.A. Gut Microbiota: A Key Player in Health and Disease. A Review Focused on
Obesity. J. Physiol. Biochem. 2015, 71, 509–525. [CrossRef]

31. Morgan, X.C.; Huttenhower, C. Chapter 12: Human Microbiome Analysis. PLoS Comput. Biol. 2012, 8, e1002808. [CrossRef]
32. Tremaroli, V.; Bäckhed, F. Functional Interactions between the Gut Microbiota and Host Metabolism. Nature 2012, 489, 242–249.

[CrossRef]
33. Macfarlane, G.T.; Macfarlane, S. Bacteria, Colonic Fermentation, and Gastrointestinal Health. J. AOAC Int. 2012, 95, 50–60.

[CrossRef]
34. Gerritsen, J.; Smidt, H.; Rijkers, G.T.; de Vos, W.M. Intestinal Microbiota in Human Health and Disease: The Impact of Probiotics.

Genes Nutr. 2011, 6, 209–240. [CrossRef] [PubMed]
35. Hamer, H.M.; Jonkers, D.M.A.E.; Bast, A.; Vanhoutvin, S.A.L.W.; Fischer, M.A.J.G.; Kodde, A.; Troost, F.J.; Venema, K.; Brummer,

R.-J.M. Butyrate Modulates Oxidative Stress in the Colonic Mucosa of Healthy Humans. Clin. Nutr. 2009, 28, 88–93. [CrossRef]
[PubMed]

36. Cryan, J.F.; Dinan, T.G. Mind-Altering Microorganisms: The Impact of the Gut Microbiota on Brain and Behaviour. Nat. Rev.
Neurosci. 2012, 13, 701–712. [CrossRef]

37. Dockray, G.J. Gastrointestinal Hormones and the Dialogue between Gut and Brain: Gut-Brain Signalling. J. Physiol. 2014, 592,
2927–2941. [CrossRef]

38. Holzer, P.; Reichmann, F.; Farzi, A. Neuropeptide Y, Peptide YY and Pancreatic Polypeptide in the Gut–Brain Axis. Neuropeptides
2012, 46, 261–274. [CrossRef] [PubMed]

39. Young, V.B. The Role of the Microbiome in Human Health and Disease: An Introduction for Clinicians. BMJ 2017, 356, j831.
[CrossRef] [PubMed]

40. Al-Najim, W.; Docherty, N.G.; le Roux, C.W. Food Intake and Eating Behavior after Bariatric Surgery. Physiol. Rev. 2018, 98,
1113–1141. [CrossRef]

41. Sweeney, T.E.; Morton, J.M. The Human Gut Microbiome: A Review of the Effect of Obesity and Surgically Induced Weight Loss.
JAMA Surg. 2013, 148, 563. [CrossRef] [PubMed]

42. Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A
Human Gut Microbial Gene Catalogue Established by Metagenomic Sequencing. Nature 2010, 464, 59–65. [CrossRef] [PubMed]

43. The Human Microbiome Project Consortium Structure, Function and Diversity of the Healthy Human Microbiome. Nature 2012,
486, 207–214. [CrossRef] [PubMed]

44. Ogata, H.; Goto, S.; Sato, K.; Fujibuchi, W.; Bono, H.; Kanehisa, M. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic
Acids Res. 1999, 27, 29–34. [CrossRef] [PubMed]

45. Georgiou, K. Gut Microbiota in Obesity and Bariatric Surgery: Where Do We Stand? In Gut Microbiome-Related Diseases and
Therapies; Gazouli, M., Theodoropoulos, G., Eds.; The Microbiomes of Humans, Animals, Plants, and The Environment; Springer
International Publishing: Cham, Switzerland, 2021; Volume 1, pp. 183–227, ISBN 978-3-030-59641-5.

46. Zaneveld, J.; Turnbaugh, P.J.; Lozupone, C.; Ley, R.E.; Hamady, M.; Gordon, J.I.; Knight, R. Host-Bacterial Coevolution and the
Search for New Drug Targets. Curr. Opin. Chem. Biol. 2008, 12, 109–114. [CrossRef]

47. Dzutsev, A.; Goldszmid, R.S.; Viaud, S.; Zitvogel, L.; Trinchieri, G. The Role of the Microbiota in Inflammation, Carcinogenesis,
and Cancer Therapy. Eur. J. Immunol. 2015, 45, 17–31. [CrossRef]

48. Hoeppli, R.E.; Wu, D.; Cook, L.; Levings, M.K. The Environment of Regulatory T Cell Biology: Cytokines, Metabolites, and the
Microbiome. Front. Immunol. 2015, 6, 61. [CrossRef]

49. Kim, D.; Zeng, M.Y.; Núñez, G. The Interplay between Host Immune Cells and Gut Microbiota in Chronic Inflammatory Diseases.
Exp. Mol. Med. 2017, 49, e339. [CrossRef]

50. Das, P.; Babaei, P.; Nielsen, J. Metagenomic Analysis of Microbe-Mediated Vitamin Metabolism in the Human Gut Microbiome.
BMC Genom. 2019, 20, 208. [CrossRef]

51. LeBlanc, J.G.; Milani, C.; de Giori, G.S.; Sesma, F.; van Sinderen, D.; Ventura, M. Bacteria as Vitamin Suppliers to Their Host: A
Gut Microbiota Perspective. Curr. Opin. Biotechnol. 2013, 24, 160–168. [CrossRef]

52. Sze, M.A.; Dimitriu, P.A.; Hayashi, S.; Elliott, W.M.; McDonough, J.E.; Gosselink, J.V.; Cooper, J.; Sin, D.D.; Mohn, W.W.; Hogg,
J.C. The Lung Tissue Microbiome in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2012, 185, 1073–1080.
[CrossRef]

53. Maddi, A.; Sabharwal, A.; Violante, T.; Manuballa, S.; Genco, R.; Patnaik, S.; Yendamuri, S. The Microbiome and Lung Cancer. J.
Thorac. Dis. 2019, 11, 280–291. [CrossRef] [PubMed]

54. Mur, L.A.; Huws, S.A.; Cameron, S.J.; Lewis, P.D.; Lewis, K.E. Lung Cancer: A New Frontier for Microbiome Research and
Clinical Translation. eCancer 2018, 12, 866. [CrossRef] [PubMed]

55. Molyneaux, P.L.; Mallia, P.; Cox, M.J.; Footitt, J.; Willis-Owen, S.A.G.; Homola, D.; Trujillo-Torralbo, M.-B.; Elkin, S.; Kon, O.M.;
Cookson, W.O.C.; et al. Outgrowth of the Bacterial Airway Microbiome after Rhinovirus Exacerbation of Chronic Obstructive
Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2013, 188, 1224–1231. [CrossRef]

http://doi.org/10.1080/00365520801935434
http://www.ncbi.nlm.nih.gov/pubmed/18584522
http://doi.org/10.1007/s13105-015-0390-3
http://doi.org/10.1371/journal.pcbi.1002808
http://doi.org/10.1038/nature11552
http://doi.org/10.5740/jaoacint.SGE_Macfarlane
http://doi.org/10.1007/s12263-011-0229-7
http://www.ncbi.nlm.nih.gov/pubmed/21617937
http://doi.org/10.1016/j.clnu.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19108937
http://doi.org/10.1038/nrn3346
http://doi.org/10.1113/jphysiol.2014.270850
http://doi.org/10.1016/j.npep.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/22979996
http://doi.org/10.1136/bmj.j831
http://www.ncbi.nlm.nih.gov/pubmed/28298355
http://doi.org/10.1152/physrev.00021.2017
http://doi.org/10.1001/jamasurg.2013.5
http://www.ncbi.nlm.nih.gov/pubmed/23571517
http://doi.org/10.1038/nature08821
http://www.ncbi.nlm.nih.gov/pubmed/20203603
http://doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
http://doi.org/10.1093/nar/27.1.29
http://www.ncbi.nlm.nih.gov/pubmed/9847135
http://doi.org/10.1016/j.cbpa.2008.01.015
http://doi.org/10.1002/eji.201444972
http://doi.org/10.3389/fimmu.2015.00061
http://doi.org/10.1038/emm.2017.24
http://doi.org/10.1186/s12864-019-5591-7
http://doi.org/10.1016/j.copbio.2012.08.005
http://doi.org/10.1164/rccm.201111-2075OC
http://doi.org/10.21037/jtd.2018.12.88
http://www.ncbi.nlm.nih.gov/pubmed/30863606
http://doi.org/10.3332/ecancer.2018.866
http://www.ncbi.nlm.nih.gov/pubmed/30263057
http://doi.org/10.1164/rccm.201302-0341OC


Int. J. Mol. Sci. 2021, 22, 10429 15 of 17

56. Xu, H.; Sobue, T.; Thompson, A.; Xie, Z.; Poon, K.; Ricker, A.; Cervantes, J.; Diaz, P.I.; Dongari-Bagtzoglou, A. Streptococcal
Co-infection Augments Candida Pathogenicity by Amplifying the Mucosal Inflammatory Response. Cell Microbiol. 2014, 16,
214–231. [CrossRef] [PubMed]

57. Cait, A.; Hughes, M.R.; Antignano, F.; Cait, J.; Dimitriu, P.A.; Maas, K.R.; Reynolds, L.A.; Hacker, L.; Mohr, J.; Finlay, B.B.; et al.
Microbiome-Driven Allergic Lung Inflammation Is Ameliorated by Short-Chain Fatty Acids. Mucosal. Immunol. 2018, 11, 785–795.
[CrossRef]

58. Renz, H.; Brandtzaeg, P.; Hornef, M. The Impact of Perinatal Immune Development on Mucosal Homeostasis and Chronic
Inflammation. Nat. Rev. Immunol. 2012, 12, 9–23. [CrossRef]

59. Bingula, R.; Filaire, M.; Radosevic-Robin, N.; Bey, M.; Berthon, J.-Y.; Bernalier-Donadille, A.; Vasson, M.-P.; Filaire, E. Desired
Turbulence? Gut-Lung Axis, Immunity, and Lung Cancer. J. Oncol. 2017, 2017, 1–15. [CrossRef]

60. Huang, Y.; Mao, K.; Chen, X.; Sun, M.; Kawabe, T.; Li, W.; Usher, N.; Zhu, J.; Urban, J.F.; Paul, W.E.; et al. S1P-Dependent
Interorgan Trafficking of Group 2 Innate Lymphoid Cells Supports Host Defense. Science 2018, 359, 114–119. [CrossRef]

61. Vaezi, M.F.; Falk, G.W.; Peek, R.M.; Vicari, J.J.; Goldblum, J.R.; Perez-Perez, G.I.; Rice, T.W.; Blaser, M.J.; Richter, J.E. Caga-Positive
Strains of Helicobacter pylori May Protect against Barrett’s Esophagus. Am. J. Gastroenterol. 2000, 95, 2206–2211. [CrossRef]

62. Wang, F.; Xia, P.; Wu, F.; Wang, D.; Wang, W.; Ward, T.; Liu, Y.; Aikhionbare, F.; Guo, Z.; Powell, M.; et al. Helicobacter pylori VacA
Disrupts Apical Membrane-Cytoskeletal Interactions in Gastric Parietal Cells. J. Biol. Chem. 2008, 283, 26714–26725. [CrossRef]
[PubMed]

63. Ward, D.V.; Scholz, M.; Zolfo, M.; Taft, D.H.; Schibler, K.R.; Tett, A.; Segata, N.; Morrow, A.L. Metagenomic Sequencing with
Strain-Level Resolution Implicates Uropathogenic E. coli in Necrotizing Enterocolitis and Mortality in Preterm Infants. Cell Rep.
2016, 14, 2912–2924. [CrossRef] [PubMed]

64. Araújo-Pérez, F.; McCoy, A.N.; Okechukwu, C.; Carroll, I.M.; Smith, K.M.; Jeremiah, K.; Sandler, R.S.; Asher, G.N.; Keku, T.O.
Differences in Microbial Signatures between Rectal Mucosal Biopsies and Rectal Swabs. Gut Microbes 2012, 3, 530–535. [CrossRef]

65. Arthur, J.C.; Perez-Chanona, E.; Mühlbauer, M.; Tomkovich, S.; Uronis, J.M.; Fan, T.-J.; Campbell, B.J.; Abujamel, T.; Dogan,
B.; Rogers, A.B.; et al. Intestinal Inflammation Targets Cancer-Inducing Activity of the Microbiota. Science 2012, 338, 120–123.
[CrossRef] [PubMed]

66. Donohoe, D.R.; Holley, D.; Collins, L.B.; Montgomery, S.A.; Whitmore, A.C.; Hillhouse, A.; Curry, K.P.; Renner, S.W.; Greenwalt,
A.; Ryan, E.P.; et al. A Gnotobiotic Mouse Model Demonstrates That Dietary Fiber Protects against Colorectal Tumorigenesis in a
Microbiota- and Butyrate-Dependent Manner. Cancer Discov. 2014, 4, 1387–1397. [CrossRef]

67. Kelly, J.R.; Kennedy, P.J.; Cryan, J.F.; Dinan, T.G.; Clarke, G.; Hyland, N.P. Breaking down the Barriers: The Gut Microbiome,
Intestinal Permeability and Stress-Related Psychiatric Disorders. Front. Cell. Neurosci. 2015, 9, 92. [CrossRef]

68. Louis, P.; Hold, G.L.; Flint, H.J. The Gut Microbiota, Bacterial Metabolites and Colorectal Cancer. Nat. Rev. Microbiol. 2014, 12,
661–672. [CrossRef]

69. Gill, C.I.R.; Rowland, I.R. Diet and Cancer: Assessing the Risk. Br. J. Nutr. 2002, 88, s73–s87. [CrossRef]
70. Singh, N.; Gurav, A.; Sivaprakasam, S.; Brady, E.; Padia, R.; Shi, H.; Thangaraju, M.; Prasad, P.D.; Manicassamy, S.; Munn, D.H.;

et al. Activation of Gpr109a, Receptor for Niacin and the Commensal Metabolite Butyrate, Suppresses Colonic Inflammation and
Carcinogenesis. Immunity 2014, 40, 128–139. [CrossRef]

71. Armaghany, T.; Wilson, J.D.; Chu, Q.; Mills, G. Genetic Alterations in Colorectal Cancer. Gastrointest. Cancer Res. 2012, 5, 19–27.
72. Wood, L.D.; Parsons, D.W.; Jones, S.; Lin, J.; Sjoblom, T.; Leary, R.J.; Shen, D.; Boca, S.M.; Barber, T.; Ptak, J.; et al. The Genomic

Landscapes of Human Breast and Colorectal Cancers. Science 2007, 318, 1108–1113. [CrossRef] [PubMed]
73. Lu, R.; Wu, S.; Zhang, Y.; Xia, Y.; Liu, X.; Zheng, Y.; Chen, H.; Schaefer, K.L.; Zhou, Z.; Bissonnette, M.; et al. Enteric Bacterial

Protein AvrA Promotes Colonic Tumorigenesis and Activates Colonic Beta-Catenin Signaling Pathway. Oncogenesis 2014, 3, e105.
[CrossRef] [PubMed]

74. Backert, S.; Tegtmeyer, N.; Selbach, M. The Versatility of Helicobacter pylori CagA Effector Protein Functions: The Master Key
Hypothesis. Helicobacter 2010, 15, 163–176. [CrossRef] [PubMed]

75. Thelestam, M. Cytolethal distending toxins. In Reviews of Physiology, Biochemistry and Pharmacology; Reviews of Physiology,
Biochemistry and Pharmacology; Springer: Berlin/Heidelberg, Germany, 2005; Volume 152, pp. 111–133, ISBN 978-3-540-23131-8.

76. Devkota, S.; Wang, Y.; Musch, M.W.; Leone, V.; Fehlner-Peach, H.; Nadimpalli, A.; Antonopoulos, D.A.; Jabri, B.; Chang, E.B.
Dietary-Fat-Induced Taurocholic Acid Promotes Pathobiont Expansion and Colitis in Il10−/− Mice. Nature 2012, 487, 104–108.
[CrossRef]

77. Hullar, M.A.J.; Burnett-Hartman, A.N.; Lampe, J.W. Gut Microbes, Diet, and Cancer. In Advances in Nutrition and Cancer; Zappia,
V., Panico, S., Russo, G.L., Budillon, A., Della Ragione, F., Eds.; Cancer Treatment and Research; Springer: Berlin/Heidelberg,
Germany, 2014; Volume 159, pp. 377–399, ISBN 978-3-642-38006-8.

78. Bultman, S.J. The Microbiome and Its Potential as a Cancer Preventive Intervention. Semin. Oncol. 2016, 43, 97–106. [CrossRef]
[PubMed]

79. Rutkowski, M.R.; Stephen, T.L.; Svoronos, N.; Allegrezza, M.J.; Tesone, A.J.; Perales-Puchalt, A.; Brencicova, E.; Escovar-Fadul, X.;
Nguyen, J.M.; Cadungog, M.G.; et al. Microbially Driven TLR5-Dependent Signaling Governs Distal Malignant Progression
through Tumor-Promoting Inflammation. Cancer Cell 2015, 27, 27–40. [CrossRef]

http://doi.org/10.1111/cmi.12216
http://www.ncbi.nlm.nih.gov/pubmed/24079976
http://doi.org/10.1038/mi.2017.75
http://doi.org/10.1038/nri3112
http://doi.org/10.1155/2017/5035371
http://doi.org/10.1126/science.aam5809
http://doi.org/10.1111/j.1572-0241.2000.02305.x
http://doi.org/10.1074/jbc.M800527200
http://www.ncbi.nlm.nih.gov/pubmed/18625712
http://doi.org/10.1016/j.celrep.2016.03.015
http://www.ncbi.nlm.nih.gov/pubmed/26997279
http://doi.org/10.4161/gmic.22157
http://doi.org/10.1126/science.1224820
http://www.ncbi.nlm.nih.gov/pubmed/22903521
http://doi.org/10.1158/2159-8290.CD-14-0501
http://doi.org/10.3389/fncel.2015.00392
http://doi.org/10.1038/nrmicro3344
http://doi.org/10.1079/BJN2002632
http://doi.org/10.1016/j.immuni.2013.12.007
http://doi.org/10.1126/science.1145720
http://www.ncbi.nlm.nih.gov/pubmed/17932254
http://doi.org/10.1038/oncsis.2014.20
http://www.ncbi.nlm.nih.gov/pubmed/24911876
http://doi.org/10.1111/j.1523-5378.2010.00759.x
http://www.ncbi.nlm.nih.gov/pubmed/20557357
http://doi.org/10.1038/nature11225
http://doi.org/10.1053/j.seminoncol.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26970128
http://doi.org/10.1016/j.ccell.2014.11.009


Int. J. Mol. Sci. 2021, 22, 10429 16 of 17

80. Carbone, C.; Piro, G.; Di Noia, V.; D’Argento, E.; Vita, E.; Ferrara, M.G.; Pilotto, S.; Milella, M.; Cammarota, G.; Gasbarrini, A.;
et al. Lung and Gut Microbiota as Potential Hidden Driver of Immunotherapy Efficacy in Lung Cancer. Mediat. Inflamm. 2019,
2019, 7652014. [CrossRef]

81. Halley, A.; Leonetti, A.; Gregori, A.; Tiseo, M.; Deng, D.M.; Giovannetti, E.; Peters, G.J. The Role of the Microbiome in Cancer and
Therapy Efficacy: Focus on Lung Cancer. Anticancer Res. 2020, 40, 4807–4818. [CrossRef] [PubMed]

82. García-Castillo, V.; Sanhueza, E.; McNerney, E.; Onate, S.A.; García, A. Microbiota Dysbiosis: A New Piece in the Understanding
of the Carcinogenesis Puzzle. J. Med. Microbiol. 2016, 65, 1347–1362. [CrossRef]

83. Xanthakos, S.A. Nutritional Deficiencies in Obesity and After Bariatric Surgery. Pediatric Clin. N. Am. 2009, 56, 1105–1121.
[CrossRef]

84. Laroumagne, S.; Salinas-Pineda, A.; Hermant, C.; Murris, M.; Gourraud, P.-A.; Do, C.; Segonds, C.; Didier, A.; Mazières, J.
Incidence et caractéristiques des colonisations des voies respiratoires lors du diagnostic de cancer bronchique: Étude rétrospective
de 388 cas. Rev. Mal. Respir. 2011, 28, 328–335. [CrossRef]

85. Zhang, W.-Q.; Zhao, S.-K.; Luo, J.-W.; Dong, X.-P.; Hao, Y.-T.; Li, H.; Shan, L.; Zhou, Y.; Shi, H.-B.; Zhang, Z.-Y.; et al. Alterations
of Fecal Bacterial Communities in Patients with Lung Cancer. Am. J. Transl. Res. 2018, 10, 3171–3185. [PubMed]

86. Apostolou, P.; Tsantsaridou, A.; Papasotiriou, I.; Toloudi, M.; Chatziioannou, M.; Giamouzis, G. Bacterial and Fungal Microflora
in Surgically Removed Lung Cancer Samples. J. Cardiothorac. Surg. 2011, 6, 137. [CrossRef] [PubMed]

87. Cameron, S.J.S.; Lewis, K.E.; Huws, S.A.; Hegarty, M.J.; Lewis, P.D.; Pachebat, J.A.; Mur, L.A.J. A Pilot Study Using Metagenomic
Sequencing of the Sputum Microbiome Suggests Potential Bacterial Biomarkers for Lung Cancer. PLoS ONE 2017, 12, e0177062.
[CrossRef] [PubMed]

88. Huang, D.; Su, X.; Yuan, M.; Zhang, S.; He, J.; Deng, Q.; Qiu, W.; Dong, H.; Cai, S. The Characterization of Lung Microbiome in
Lung Cancer Patients with Different Clinicopathology. Am. J. Cancer Res. 2019, 9, 2047–2063. [PubMed]

89. Lee, S.H.; Sung, J.Y.; Yong, D.; Chun, J.; Kim, S.Y.; Song, J.H.; Chung, K.S.; Kim, E.Y.; Jung, J.Y.; Kang, Y.A.; et al. Characterization
of Microbiome in Bronchoalveolar Lavage Fluid of Patients with Lung Cancer Comparing with Benign Mass like Lesions. Lung
Cancer 2016, 102, 89–95. [CrossRef] [PubMed]

90. Zhuang, H.; Cheng, L.; Wang, Y.; Zhang, Y.-K.; Zhao, M.-F.; Liang, G.-D.; Zhang, M.-C.; Li, Y.-G.; Zhao, J.-B.; Gao, Y.-N.; et al.
Dysbiosis of the Gut Microbiome in Lung Cancer. Front. Cell. Infect. Microbiol. 2019, 9, 112. [CrossRef]

91. Gui, Q.; Li, H.; Wang, A.; Zhao, X.; Tan, Z.; Chen, L.; Xu, K.; Xiao, C. The Association between Gut Butyrate-producing Bacteria
and Non-small-cell Lung Cancer. J. Clin. Lab. Anal. 2020, 34, 23318. [CrossRef]

92. Zheng, Y.; Fang, Z.; Xue, Y.; Zhang, J.; Zhu, J.; Gao, R.; Yao, S.; Ye, Y.; Wang, S.; Lin, C.; et al. Specific Gut Microbiome Signature
Predicts the Early-Stage Lung Cancer. Gut Microbes 2020, 11, 1030–1042. [CrossRef]

93. Song, P.; Yang, D.; Wang, H.; Cui, X.; Si, X.; Zhang, X.; Zhang, L. Relationship between Intestinal Flora Structure and Metabolite
Analysis and Immunotherapy Efficacy in Chinese NSCLC Patients. Thorac. Cancer 2020, 11, 1621–1632. [CrossRef]

94. Liu, F.; Li, J.; Guan, Y.; Lou, Y.; Chen, H.; Xu, M.; Deng, D.; Chen, J.; Ni, B.; Zhao, L.; et al. Dysbiosis of the Gut Microbiome Is
Associated with Tumor Biomarkers in Lung Cancer. Int. J. Biol. Sci. 2019, 15, 2381–2392. [CrossRef] [PubMed]

95. Botticelli, A.; Putignani, L.; Zizzari, I.; Del Chierico, F.; Reddel, S.; DI Pietro, F.; Quagliarello, A.; Onesti, C.E.; Raffaele, G.;
Mazzuca, F.; et al. Changes of Microbiome Profile during Nivolumab Treatment in NSCLC Patients. J. Clin. Oncol. 2018, 36,
e15020. [CrossRef]

96. Greathouse, K.L.; White, J.R.; Vargas, A.J.; Bliskovsky, V.V.; Beck, J.A.; von Muhlinen, N.; Polley, E.C.; Bowman, E.D.; Khan, M.A.;
Robles, A.I.; et al. Interaction between the Microbiome and TP53 in Human Lung Cancer. Genome Biol. 2018, 19, 123. [CrossRef]
[PubMed]

97. Peterson, S.N.; Bradley, L.M.; Ronai, Z.A. The Gut Microbiome: An Unexpected Player in Cancer Immunity. Curr. Opin. Neurobiol.
2020, 62, 48–52. [CrossRef] [PubMed]

98. Goubet, A.-G.; Daillère, R.; Routy, B.; Derosa, L.; Roberti, M.P.; Zitvogel, L. The Impact of the Intestinal Microbiota in Therapeutic
Responses against Cancer. Comptes Rendus Biol. 2018, 341, 284–289. [CrossRef]

99. Viaud, S.; Saccheri, F.; Mignot, G.; Yamazaki, T.; Daillere, R.; Hannani, D.; Enot, D.P.; Pfirschke, C.; Engblom, C.; Pittet, M.J.; et al.
The Intestinal Microbiota Modulates the Anticancer Immune Effects of Cyclophosphamide. Science 2013, 342, 971–976. [CrossRef]

100. Montassier, E.; Gastinne, T.; Vangay, P.; Al-Ghalith, G.A.; Bruley des Varannes, S.; Massart, S.; Moreau, P.; Potel, G.; de La
Cochetière, M.F.; Batard, E.; et al. Chemotherapy-Driven Dysbiosis in the Intestinal Microbiome. Aliment. Pharmacol. Ther. 2015,
42, 515–528. [CrossRef]

101. van Vliet, M.J.; Tissing, W.J.E.; Dun, C.A.J.; Meessen, N.E.L.; Kamps, W.A.; de Bont, E.S.J.M.; Harmsen, H.J.M. Chemotherapy
Treatment in Pediatric Patients with Acute Myeloid Leukemia Receiving Antimicrobial Prophylaxis Leads to a Relative Increase
of Colonization with Potentially Pathogenic Bacteria in the Gut. Clin. Infect. Dis. 2009, 49, 262–270. [CrossRef]

102. Daillère, R.; Vétizou, M.; Waldschmitt, N.; Yamazaki, T.; Isnard, C.; Poirier-Colame, V.; Duong, C.P.M.; Flament, C.; Lepage, P.;
Roberti, M.P.; et al. Enterococcus Hirae and Barnesiella Intestinihominis Facilitate Cyclophosphamide-Induced Therapeutic
Immunomodulatory Effects. Immunity 2016, 45, 931–943. [CrossRef]

103. Wallace, B.D.; Wang, H.; Lane, K.T.; Scott, J.E.; Orans, J.; Koo, J.S.; Venkatesh, M.; Jobin, C.; Yeh, L.-A.; Mani, S.; et al. Alleviating
Cancer Drug Toxicity by Inhibiting a Bacterial Enzyme. Science 2010, 330, 831–835. [CrossRef]

104. Pitt, J.M.; Vétizou, M.; Waldschmitt, N.; Kroemer, G.; Chamaillard, M.; Boneca, I.G.; Zitvogel, L. Fine-Tuning Cancer Immunother-
apy: Optimizing the Gut Microbiome. Cancer Res. 2016, 76, 4602–4607. [CrossRef]

http://doi.org/10.1155/2019/7652014
http://doi.org/10.21873/anticanres.14484
http://www.ncbi.nlm.nih.gov/pubmed/32878769
http://doi.org/10.1099/jmm.0.000371
http://doi.org/10.1016/j.pcl.2009.07.002
http://doi.org/10.1016/j.rmr.2010.05.020
http://www.ncbi.nlm.nih.gov/pubmed/30416659
http://doi.org/10.1186/1749-8090-6-137
http://www.ncbi.nlm.nih.gov/pubmed/21999143
http://doi.org/10.1371/journal.pone.0177062
http://www.ncbi.nlm.nih.gov/pubmed/28542458
http://www.ncbi.nlm.nih.gov/pubmed/31598405
http://doi.org/10.1016/j.lungcan.2016.10.016
http://www.ncbi.nlm.nih.gov/pubmed/27987594
http://doi.org/10.3389/fcimb.2019.00112
http://doi.org/10.1002/jcla.23318
http://doi.org/10.1080/19490976.2020.1737487
http://doi.org/10.1111/1759-7714.13442
http://doi.org/10.7150/ijbs.35980
http://www.ncbi.nlm.nih.gov/pubmed/31595156
http://doi.org/10.1200/JCO.2018.36.15_suppl.e15020
http://doi.org/10.1186/s13059-018-1501-6
http://www.ncbi.nlm.nih.gov/pubmed/30143034
http://doi.org/10.1016/j.conb.2019.09.016
http://www.ncbi.nlm.nih.gov/pubmed/31816571
http://doi.org/10.1016/j.crvi.2018.03.004
http://doi.org/10.1126/science.1240537
http://doi.org/10.1111/apt.13302
http://doi.org/10.1086/599346
http://doi.org/10.1016/j.immuni.2016.09.009
http://doi.org/10.1126/science.1191175
http://doi.org/10.1158/0008-5472.CAN-16-0448


Int. J. Mol. Sci. 2021, 22, 10429 17 of 17

105. Dubin, K.; Callahan, M.K.; Ren, B.; Khanin, R.; Viale, A.; Ling, L.; No, D.; Gobourne, A.; Littmann, E.; Huttenhower, C.; et al.
Intestinal Microbiome Analyses Identify Melanoma Patients at Risk for Checkpoint-Blockade-Induced Colitis. Nat. Commun 2016,
7, 10391. [CrossRef] [PubMed]

106. Brandi, G.; Dabard, J.; Raibaud, P.; Di Battista, M.; Bridonneau, C.; Pisi, A.M.; Morselli Labate, A.M.; Pantaleo, M.A.; De Vivo, A.;
Biasco, G. Intestinal Microflora and Digestive Toxicity of Irinotecan in Mice. Clin. Cancer Res. 2006, 12, 1299–1307. [CrossRef]
[PubMed]

107. Rigby, R.J.; Carr, J.; Orgel, K.; King, S.L.; Lund, P.K.; Dekaney, C.M. Intestinal Bacteria Are Necessary for Doxorubicin-Induced
Intestinal Damage but Not for Doxorubicin-Induced Apoptosis. Gut Microbes 2016, 7, 414–423. [CrossRef] [PubMed]

108. Tanoue, T.; Morita, S.; Plichta, D.R.; Skelly, A.N.; Suda, W.; Sugiura, Y.; Narushima, S.; Vlamakis, H.; Motoo, I.; Sugita, K.; et al. A
Defined Commensal Consortium Elicits CD8 T Cells and Anti-Cancer Immunity. Nature 2019, 565, 600–605. [CrossRef] [PubMed]

109. Geller, L.T.; Barzily-Rokni, M.; Danino, T.; Jonas, O.H.; Shental, N.; Nejman, D.; Gavert, N.; Zwang, Y.; Cooper, Z.A.; Shee, K.;
et al. Potential Role of Intratumor Bacteria in Mediating Tumor Resistance to the Chemotherapeutic Drug Gemcitabine. Science
2017, 357, 1156–1160. [CrossRef] [PubMed]

110. Vande Voorde, J.; Balzarini, J.; Liekens, S. Mycoplasmas and Cancer. EXCLI J. 2014, 13, 2014. [CrossRef]
111. Pouncey, A.L.; Scott, A.J.; Alexander, J.L.; Marchesi, J.; Kinross, J. Gut Microbiota, Chemotherapy and the Host: The Influence of

the Gut Microbiota on Cancer Treatment. eCancer 2018, 12, 868. [CrossRef]
112. Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.P.M.; Alou, M.T.; Daillère, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.; Roberti,

M.P.; et al. Gut Microbiome Influences Efficacy of PD-1–Based Immunotherapy against Epithelial Tumors. Science 2018, 359,
91–97. [CrossRef] [PubMed]

113. Jin, Y.; Dong, H.; Xia, L.; Yang, Y.; Zhu, Y.; Shen, Y.; Zheng, H.; Yao, C.; Wang, Y.; Lu, S. The Diversity of Gut Microbiome Is
Associated with Favorable Responses to Anti–Programmed Death 1 Immunotherapy in Chinese Patients With NSCLC. J. Thorac.
Oncol. 2019, 14, 1378–1389. [CrossRef]

114. Tomita, Y.; Ikeda, T.; Sakata, S.; Saruwatari, K.; Sato, R.; Iyama, S.; Jodai, T.; Akaike, K.; Ishizuka, S.; Saeki, S.; et al. Association of
Probiotic Clostridium Butyricum Therapy with Survival and Response to Immune Checkpoint Blockade in Patients with Lung
Cancer. Cancer Immunol. Res. 2020, 8, 1236–1242. [CrossRef] [PubMed]

115. Gui, Q.-F.; Lu, H.-F.; Zhang, C.-X.; Xu, Z.-R.; Yang, Y.-H. Well-Balanced Commensal Microbiota Contributes to Anti-Cancer
Response in a Lung Cancer Mouse Model. Genet. Mol. Res. 2015, 14, 5642–5651. [CrossRef] [PubMed]

116. Yang, J.J.; Yu, D.; Xiang, Y.-B.; Blot, W.; White, E.; Robien, K.; Sinha, R.; Park, Y.; Takata, Y.; Lazovich, D.; et al. Association of
Dietary Fiber and Yogurt Consumption with Lung Cancer Risk: A Pooled Analysis. JAMA Oncol. 2020, 6, e194107. [CrossRef]
[PubMed]

117. Bai, Y.; Shen, W.; Zhu, M.; Zhang, L.; Wei, Y.; Tang, H.; Zhao, J. Combined Detection of Estrogen and Tumor Markers Is an
Important Reference Factor in the Diagnosis and Prognosis of Lung Cancer. J. Cell Biochem. 2019, 120, 105–114. [CrossRef]
[PubMed]

http://doi.org/10.1038/ncomms10391
http://www.ncbi.nlm.nih.gov/pubmed/26837003
http://doi.org/10.1158/1078-0432.CCR-05-0750
http://www.ncbi.nlm.nih.gov/pubmed/16489087
http://doi.org/10.1080/19490976.2016.1215806
http://www.ncbi.nlm.nih.gov/pubmed/27459363
http://doi.org/10.1038/s41586-019-0878-z
http://www.ncbi.nlm.nih.gov/pubmed/30675064
http://doi.org/10.1126/science.aah5043
http://www.ncbi.nlm.nih.gov/pubmed/28912244
http://doi.org/10.17877/DE290R-15593
http://doi.org/10.3332/ecancer.2018.868
http://doi.org/10.1126/science.aan3706
http://www.ncbi.nlm.nih.gov/pubmed/29097494
http://doi.org/10.1016/j.jtho.2019.04.007
http://doi.org/10.1158/2326-6066.CIR-20-0051
http://www.ncbi.nlm.nih.gov/pubmed/32665261
http://doi.org/10.4238/2015.May.25.16
http://www.ncbi.nlm.nih.gov/pubmed/26125762
http://doi.org/10.1001/jamaoncol.2019.4107
http://www.ncbi.nlm.nih.gov/pubmed/31647500
http://doi.org/10.1002/jcb.27130
http://www.ncbi.nlm.nih.gov/pubmed/30216488

	Introduction 
	The Human Microbiome 
	Microbiota Glossary 
	Gut Microbiota under Normal Conditions 
	Lung Microbiota under Normal Conditions 
	The Gut–Lung Axis (GLA) 

	Gut Microbiota in Cancer 
	Association of Pathogenic Microbes with Cancer 
	Inflammation and Immune System Alterations 
	Diet and Microbiota Metabolites 
	Cell Signaling Pathways 
	DNA Damage 
	Distant Sites 


	Gut Microbiota in Lung Cancer 
	Gut Microbiota in Lung Cancer Therapy 
	Gut Microbiota in Cancer Treatment 
	Chemotherapy 
	Immunotherapy 
	Microbial Drug Targets in Oncology 

	Gut Microbiota in Lung Cancer Treatment 

	Conclusions 
	References

