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Abstract: There is a fine balance in maintaining healthy microbiota composition, and its alterations
due to genetic, lifestyle, and environmental factors can lead to the onset of respiratory dysfunctions
such as chronic obstructive pulmonary disease (COPD). The relationship between lung microbiota
and COPD is currently under study. Little is known about the role of the microbiota in patients
with stable or exacerbated COPD. Inflammation in COPD disorders appears to be characterised by
dysbiosis, reduced lung activity, and an imbalance between the innate and adaptive immune systems.
Lung microbiota intervention could ameliorate these disorders. The microbiota’s anti-inflammatory
action could be decisive in the onset of pathologies. In this review, we highlight the feedback loop
between microbiota dysfunction, immune response, inflammation, and lung damage in relation
to COPD status in order to encourage the development of innovative therapeutic goals for the
prevention and management of this disease.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterised by persistent inflam-
mation of the lower airways, dysfunction of mucociliary activity, and emphysematous
destruction of the lungs culminating in irreversible airflow limitation [1]. The incidence
of COPD has increased worldwide, and it is the principal cause of morbidity and mor-
tality [2]. The common symptoms of the disease include dyspnoea, cough, sputum, and
altered respiratory composition resulting from chronic exposure to cigarette smoke (CS) or
pollutants [3]. In fact, CS affects the microbial composition mainly through lack of oxygen
and increased formation of bacterial biofilms [3,4]. Inhalation of CS results in the activation
of epithelial and immunomodulatory cells, including neutrophils, macrophages, and T
cells [5]. The respiratory tract is one of the main entrances for microorganisms into the
human body; thus, it plays a key role in the composition of the microbiota. The airway
microbiota is finely organised, building a protective environment for the host and a hostile
condition for pathogenic agent colonisation, ensuring a balanced relationship between
microbiota and human host signals [3]. Inhaled microorganisms find the ideal habitat to
develop in the lung, and they are also able to reduce factors that regulate their elimination.
Respiratory diseases alter the right intake/removal of germ balance [6]. This different
colonisation, disrupting the immunomodulatory effect of the microbiota, may induce lung
dysfunction, contributing to pathogenesis and the clinical course of the disease. Therefore,
alterations in the local microbial composition of the respiratory system are associated with
inflammation of the airways and the progression of COPD [3]. Lung microbiota compo-
sition changes during the progression of the disease. In addition, numerous factors such
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as environment, age, lifestyle, diet, and pharmacological treatment further contribute to
dysbiosis [6], an imbalance in the microbiota composition caused by variations in local con-
ditions. Therefore, lung dysbiosis leading to exacerbations of COPD could have a strong
impact on health status, exercise capacity, lung function, and mortality [7]. Increasing
evidence shows that the dysbiosis of the lung microbiota could play an important role in
COPD development and progression [8,9]. Moreover, it has not yet been clarified whether
the dominant pathogenic bacteria can inhibit the growth of resident bacteria in the lungs
and promote disease. This review aims to provide some mechanistic insights to determine
whether there is a feedback loop between microbiota dysfunction, inflammation, and lung
damage in order to encourage the development of innovative therapeutic goals for the
prevention and treatment of COPD and to avoid its exacerbation.

2. Lung Microbiota

Traditionally, the lung was considered a sterile organ; therefore, bacterial colonisation
was taken into account in the context of lung disease [10]. The lung microbiota has been
categorised through metagenomic next-generation sequencing and rRNA gene sequencing
of DNA extracted from samples collected via sputum, lung tissues, or bronchoalveolar
lavage fluid (BALF) [11]. These studies revealed that the lungs of healthy subjects are not
microbe-free. In fact, the lung has its own microbiota consisting of bacteria, viruses, and
fungi [12]. However, the number of microorganisms inhabiting the lungs is significantly
lower than those inhabiting the gut. Microbiota composition depends on a multitude of
factors such as bacterial migration (microaspiration, inhalation of microorganisms, etc.),
microbial elimination (cough, innate and adaptive immunity, etc.), and local conditions
(nutritional availability, temperature, O2 tension, local microbial competition, the activity
of inflammatory cells, etc.) [7]. The upper respiratory tract has a microbiota more similar to
the oral cavity, and it can be strongly influenced by environmental factors [10], whereas in
the lower respiratory tract the microbiota seems only slightly influenced by the microbiota
from other mucosal surfaces. Bacteria present in the lower respiratory tract mainly include
Megasphaera, Streptococcus, Pseudomonas, Fusobacterium, and Sphingomonas [13]. During
pulmonary illnesses, the several airway sections can influence each other, in a dysbiosis
state [14]. Therefore, several components of healthy lungs do not have a similar habitat.
Another important component of the lung microbiota is viruses. The lungs can be exposed
to viruses during respiratory activity [15]. Even fungi may play a role in immune modula-
tion and preserve mucosal tissue impairment at the physiological state. As regards fungi,
in the lungs, Aspergillus, Cladosporium, Penicillium, and Eurotium genera dominate [16,17]. A
recent study has reported that the fungal microbiota in stable COPD patients was different
in eosinophilic and non-eosinophilic inflammatory phenotypes. Aspergillus and Bjerkan-
dera were significantly more abundant in COPD patients with eosinophilic inflammation,
while non-eosinophilic COPD subjects had higher relative amounts of Rhodotorula and
Papiliotrema [18]. This study strongly suggested that also fungal microbiota was linked
with a particular airway inflammatory environment, and it demonstrated the connections
of differential microbiota features in particular phenotypes between subjects with asthma
and COPD.

Lung microbiota status is preserved and controlled by the host’s immune system.
Therefore, changes in the microbiota modulate host immunity and metabolism, which, in
turn, alters growth conditions for bacteria in the airways, promoting further microbiota
perturbation and perpetuating a cycle of inflammation and dysbiosis. The lung microbiota,
besides being inherently variable, is also personal, with large individual variability. Proper
development of the lung microbiota is even before birth and in the first years of life, chang-
ing with age, diet, living environment, CS, and the use of antibiotics [19]. Exposure to
antibiotics early in life may also be a causal factor in the development of chronic inflamma-
tion, as antibiotic treatment can alter and reduce microbial diversity [20]. In addition, the
integrity of the composition and correct maturation of the microbiota in the first period of
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life can prevent certain lung diseases or may, in the case of lung microbial imbalance, cause
various pathological states [8].

3. Impact of Lung Microbiota on Immunity and Inflammation

The immune system consisting of innate and adaptive components regulates host
homeostasis by supporting and restoring the function of tissues altered by external dis-
turbances such as environmental and microbial influences [21]. At the same time, the
microbiota, promoting and calibrating innate and adaptive immunity, provides resistance
to invasion from respiratory pathogens. The lung microbiota is constantly in contact
with the air, competes with invading microbes, regulates and influences the environment,
enhancing the action of the immune system against pathogens [6,22].

The immune system and the microbiota cooperate, creating a strong synergism to
promote protective responses and support tolerance, a phenomenon referred to as resistance
to colonisation [23]. After a change in the composition and function of the microbiota,
pathologies can occur. In the airway epithelium, pattern recognition receptors (PRRs),
dendritic cells (DCs), and alveolar macrophages are located, elements able to recognise and
differentiate microbial molecules as dangerous or not dangerous. Damage associated with
the respiratory microbiota or pathogens leads to the induction of tolerance through Toll-like
receptors (TLRs) that belong to single-pass transmembrane receptors expressed in innate
immune cells. The respiratory microbiota, interacting with the PPRs of the airways and
phagocytic cells, develops immunological tolerance, preventing exaggerated inflammatory
responses [24]. For example, against Pseudomonas aeruginosa, the microbiota stimulates
the production of Immunoglobulin A (IgA) through TLRs, to improve host defence, while
against Escherichia coli, TLR4 stimulates alveolar macrophages to release inflammatory
cytokines (Figure 1) [25].

TLRs activate various phases in the inflammatory reactions that help to eliminate
the invading pathogens and coordinate systemic defences [26]. It has been found that
treatment with flagellin, the main component of bacterial flagella and the TLR5 ligand, can
control bacterial infection in CS-exposed mice and limit lung inflammation and remodelling.
Moreover, systemic administration of flagellin induces rapid production of T-helper cells
(Th)17 cytokines through the activation of DC and type 3 innate lymphoid cells [27]. The
increased susceptibility to infection during COPD is linked to a defect in interleukin (IL)-
22 production related to an altered innate immune response [28]. Both IL-17 and IL-22
promote the recruitment of neutrophils, the synthesis of antimicrobial peptides, and the
expression of tight junction molecules (Figure 1) [28]. It has been reported that, in response
to bacteria, both in COPD patients and mice chronically exposed to CS, there is a defective
production of IL-22, whereas IL-17 production is only altered after infection by Streptococcus
pneumoniae [7].

Nevertheless, TLRs inducing cytokines such as IL5, IL6, IL13, and interferon-gamma
(IFN-γ), recruit immune cells into the lungs and exacerbate inflammation [29]. Chronic
lung inflammation induced by IL-13 promotes emphysema via the stimulation of alveolar
macrophages to release matrix metalloproteinase (MMP)-12 and induces airway space
enlargement [30]. Another study using IL-13 overexpression in transgenic (TG) mice
described the induction of MMP-2, MMP-9, MMP-12, MMP-13, and MMP-14; cathepsins
such as B, S, L, H, and K, involved in emphysema development and increased lung
inflammation [31].
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Figure 1. Differences in microbiota immunoregulation in the alveolar epithelium of healthy in-
dividuals and COPD. Red arrows show inhibition processes, while blue arrows show activation
processes. Abbreviations: pattern recognition receptors (PRRs); Toll-like receptors (TLRs); Treg cells
(Tc); macrophages (M); DCs (dendritic cells); Immunoglobulin A (IgA); Interleukin (IL); interferon-
gamma (IFN-γ); matrix metalloproteinase (MMP); mitochondrial reactive oxygen species (mROS);
nuclear factor kappa-light-chain enhancer (NF-Kb); P38 mitogen-activated protein kinases (P38);
extracellular signal-regulated kinase (ERK1). Red arrow shows an inhibition process; red cross
indicates an inactivated cell.

The lung microbiota presents a relative deficiency in the phyla Firmicutes and Proteobac-
teria in IL-13 TG mice [32]. Differential exposure to the lung microbiota is associated with
differential cellular immune responses. The most commonly involved bacteria appear to be
Pseudomonas and Staphylococcus, both components of healthy lung microbiota. Exposure
to Pseudomonas and Lactobacillus in mouse models of chronic lung inflammation enhanced
Th responses, while Proteobacteria were associated with severe TLR2-independent airway
inflammation and lung immunopathology [33]. The nucleotide-binding oligomerisation
domain protein (NOD) is another PRR required for interaction with the microbiota. In
particular, during infection, it has been reported that NOD2 promotes the macrophage
response following binding with the peptidoglycans of the microbiota [34]. In COPD,
another factor involved in this interaction is the mucus. On the one hand, the microbiota
influences the production of mucus and the antimicrobial and immunomodulatory peptides
secreted by the epithelium of the airways, such as cathelicidin and β-defensin, two families
of cationic proteins involved in shaping the composition of the microbiota [24,35]. On the
other hand, the mucus accumulating on the lining of the lung promotes microbiota alter-
ations, as well as macrophage and neutrophil proliferation, inducing immune-mediated
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airway impairment and severely limiting lung function [36]. To prevent chronic inflamma-
tion in a healthy state, the lung microbiota plays a fundamental role in shaping pulmonary
immune tolerance. The lung microbiota can prevent the growth and spread of invasive mi-
crobes and regulate immune tolerance by recruiting and activating Treg cells, macrophages,
and DCs (Figure 1) [22]. Macrophages are an important defence component of airways,
which serve as sentinels working to contrast external antigens. Macrophages endowed with
different polarisation could be distinguished into M1-like, identified as pro-inflammatory
nature, and the anti-inflammatory M2-like with phagocytic capacity and ability to release
IL10 [37,38]. Macrophage polarisation may be linked with COPD [39]. A recent study
showed that, in alveolar macrophages, CS promotes M2 polarisation and the increase in IL4
inducing MMP12 release, which is involved in emphysema. M2 macrophages also induce
the release of IL8 involved in neutrophil elastase and Mucin 5AC (MUC5AC) expression,
which lead to hypersecretion of mucus and possible obstruction of the airway (Table 1) [40].
Bacterial metabolites, such as butyrate, induce M2 polarisation and suppress M1 polarisa-
tion of macrophages both in vivo and in vitro. Butyrate inhibits the expression of nuclear
factor kappa-light-chain enhancer of activated B cells (NF-κB), p38, and extracellular signal-
regulated kinase 1 (ERK1) in respiratory syncytial virus-infected murine macrophages,
demonstrating the involvement of NF-κB, p38, mitogen-activated protein kinase, and ERK1
signalling pathway in its activity. It is well-known that NF-κB and ERK regulate inflamma-
tion, decreasing the release of IFN-γ and IL-17, as well as increasing IL-5 levels. NF-κB and
ERK are involved in the modulation of nitric oxide synthase (iNOS) and the expression
of various cytokines in macrophages [41]. Therefore, it is possible that NF-κB, p38, and
ERK1 are target molecules of butyrate in the regulation of pro- and anti-inflammatory
cytokine production in macrophages. It has recently been found that supplementation of
Clostridium butyricum prevents inflammation aggravation and dysregulates the immune re-
sponse characterised by greater M2 polarisation of pulmonary macrophages and decreased
release of IFN-γ and IL-17 as well as increased IL-5 levels [42]. Additionally, an increase in
Pseudomonas and Lactobacillus genera in a murine COPD model has been described, while
there was a reduction in Prevotella. Mice depleted or devoid of microbiota exhibited an
improvement in lung function, reduced inflammation, and lymphoid neogenesis [33]. This
correlated with studies in humans that showed that Prevotella is a common bacterium in the
airways of healthy subjects, compared with COPD patients [43]. Similarly, Pseudomonas and
Lactobacillus increased in patients with COPD, and disease severity (Table 1) [44]. These data
indicate that host–microbial cross-talk promotes immune system activity by triggering the
inflammasome and causing an increase in inflammatory cytokines, leading to the chronicity
of inflammatory lung disorders. Therefore, the microbiota influences and is influenced
by both immunity and disease. During chronic inflammation, the lung habitat becomes
unstable, and its species composition switches from healthy to a pathogenic condition [45].
Genetic problems and dysbiosis often contribute to the development of chronic lung dis-
ease. Growing evidence suggests that the respiratory microenvironment can be altered by
metabolites or toxins released by the microbiota. Of course, it is not the effect of a single
metabolite or bacterial species, but the interconnected events that lead to the development
of diseases [46].

Table 1. Lung microbiota analysis in COPD patients.

Subject Sample Taxonomic Changes References

218 COPD subjects 16S rRNA gene-based
sputum microbiome

Proteobacteria
Haemophilus

Moraxella
[6]

281 COPD subjects 16S ribosomal RNA sputum samples ↓Veillonella [41]

112 COPD subjects Respiratory sample
P. aeruginosa was present in all

COPD severity stages
and colonisation

[45]
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Table 1. Cont.

Subject Sample Taxonomic Changes References

Healthy (n = 10),
TSCOPD (n = 11),

BMSCOPD (n = 10).
Nasal swabs and oral washings

Actinomyces, Actinobacillus,
Megasphaera, Selenomonas, and

Corynebacterium were significantly
higher in COPD subjects

[47]

Healthy (n = 51)
COPD (n = 70)

Clinical assessment and
sputum induction.

↑Haemophilus influenzae detection
was associated with higher sputum

levels of NE and IL-1β, and
Streptococcus pneumoniae was more
common in male ex-smokers with

emphysema and a deficit in
diffusion capacity.

[48]

120 subjects COPD Sputum 60% H. influenzae, 48% M. catarrhalis,
28% S. pneumoniae [49]

78 COPD patients Sputum investigated using 16S rRNA
V3-V4 amplicon sequencing

↑Gemella morbillorum,
↑Prevotella histicola,

↑Streptococcus gordonii
[50]

200 severe COPD patients
In total, 1179 sputum samples were

collected at stable, acute exacerbation,
and follow-up visits.

Moraxella, Haemophilus,
Pseudomonas, and Staphylococcus
present in exacerbation events.

[51]

4. Impact of Lung Microbiota on Oxidative Stress in COPD

During inflammation in COPD, alveolar macrophages and neutrophils are able to
generate reactive oxygen species (ROS) as well as nitrogen species [52]. The increased levels
of both species induce an oxygen depletion to the surrounding mucus, transforming the
lung microenvironment from an aerobic environment to an anaerobic environment, leading,
in turn, to an increase in anaerobic bacteria. P. aeruginosa is among the anaerobic bacteria
present in the lung, which belongs to Gammaproteobacteria. They are able to live in both
aerobic and anaerobic conditions, becoming pathogenic in certain circumstances. In fact,
when bacterial diversity decreases in the lungs, in most cases, P. aeruginosa increases [53].
Once P. aeruginosa infection is established, it correlates with high mortality rates, because
it leads to acute lung injury as well as respiratory distress syndrome, with treatment
complications [54] (Figure 2).

When oxygen levels are very low, P. aeruginosa adopts aerobic respiration, which is
important for its colonisation and pathogenesis. In anaerobic conditions, P. aeruginosa
performs its metabolic activity through the denitrification pathway, which consists of the
use of nitrogen oxides as final electron acceptors. Denitrification comprises four steps
leading to the reduction of NO3¯ to N2; each molecule of these steps is catalysed by a
reductase [55] (Figure 2). However, in order for P. aeruginosa to perform denitrification, an
abundance of nitrogen has to be available in the lung [56].

Defective phagocytosis was reported in COPD macrophages associated with an al-
teration in the mitochondrial function unable to regulate mitochondrial ROS (mROS)
production [57,58]. It is known that ROS can cause damage to various molecules, such as
proteins, DNA, as well as mitochondrial DNA, but mROS has a positive aspect, as they
represent an advantageous mechanism by which, following phagocytosis, macrophages
eliminate bacteria [59]. In healthy individuals, the mROS concentration is controlled by
scavenged enzymes to prevent cell damage [60]. In the macrophages of COPD patients,
mROS increase incessantly because these cells are no longer able to regulate this production.
Excessive levels of mROS prevail over the antioxidant enzymes, causing dysregulation
(Figure 1) [61]. Investigating the mitochondrial functional alterations could represent a
potential therapeutic approach.
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Figure 2. Impact of P. aeruginosa on oxidative stress in COPD.

5. Lung Microbial Dysbiosis and COPD

The lung is a vulnerable organ, as it communicates directly with the external environ-
ment, and exposure to microorganisms, allergens, and pollutants can alter the composition
of the microbiota. Bacterial persistence can be influenced by several agents such as changes
in oxygen concentration, pH, available nutrients, and temperature. Alteration in these
factors can cause microbial dysbiosis, which can lead to the development of several diseases
such as COPD [61]. Analysis of COPD patients and healthy controls showed differences in
the composition of the microbiota (Table 1) [62]. More specifically, in a very recent study, it
was found that in the healthy controls at the phylum levels Firmicutes (34.01%), Bacteroidetes
(26.01%), and Proteobacteria (23.09%) were prevalent [63]. The dominant bacterial phylum
in acute exacerbations of COPD (AECOPD) group was Proteobacteria (30.29%), followed by
Firmicutes (29.85%) and Bacteroidetes (14.02%). In the stable COPD group, the major phylum
was Firmicutes (31.63%), followed by Bacteroidetes (28.94%) and Proteobacteria (19.68%). In
the recovery group, the major phyla were Firmicutes (44.04%), Proteobacteria (21.94%), and
Bacteroidetes (13.35%) [63], while at the genera level in the lungs of COPD patients, the most
prevalent detected were Streptococcus, Staphylococcus, Pseudomonas, Prevotella, Veillonella,
and Gemella [64]. In another study, the most abundant phyla identified were Firmicutes,
Proteobacteria, Bacteroidetes, and Actinobacteria, containing 97% of all sequences both in a
stable state and during exacerbations. Nevertheless, Proteobacteria was relatively more
dominating in samples collected during exacerbations, compared with those collected in
stable conditions. By contrast, Streptococcus, Rothia, Prevotella, Veillonella, and Haemophilus
together contained 68% of all sequences under stable conditions, and during exacerbations,
they were the most abundant genera [47]. Therefore, lung diseases may cause microbiota
imbalance, the ineffectiveness of germ elimination, and airway alterations. These modifica-
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tions promote the formation of microbial niches that encourage the growth and the increase
in common anaerobic commensals such as Prevotella and Veillonella [65]. These commensals
induce inflammation in the airways, supported by lymphocytes and neutrophils [33]. Stud-
ies have also reported a higher abundance of Streptococcus in COPD patients, compared
with healthy controls [66]. In COPD, the microbiota diversity in the samples depends on
the type of treatment received, disease severity, and inflammation. A study aimed at com-
paring the microbial diversity from nasal and oral cavities of healthy patients, including the
risk factors of tobacco smoke-associated COPD (TSCOPD) and biomass smoke-associated
COPD (BMSCOPD), showed significant differences in the microbiota in healthy vs. COPD
and/or, TSCOPD vs. BMSCOPD subjects [67]. In particular, Actinomyces, Actinobacillus,
Megasphaera, Selenomonas, and Corynebacterium were significantly higher in COPD subjects.
Acinetobacter was higher in the oral samples of TSCOPD subjects, while Gallibacterium and
Methanosaeta were higher in the nasal samples of BMSCOPD subjects. The presence of
a specific microbial community of bacteria in BMSCOPD suggested a difference in the
pathophysiology of BMSCOPD, compared with TSCOPD, and also explained the clinical
phenotypic differences between these groups (Table 1) [67]. When comparing the micro-
biota diversity of COPD and other chronic lung diseases characterised by a rapid decline in
lung function, such as idiopathic pulmonary fibrosis (IPF), it has been reported that the
most abundant genera were Streptococcus sp., Rothia, Veillonella, and Prevotella [68]. The
presence of a specific Streptococcus sp. or Staphylococcus sp. was strongly associated with
acute exacerbation, disease progression, and survival [48].

6. Lung Microbial Dysbiosis and COPD Exacerbation

COPD disease development is characterised by exacerbation that is associated with
amplified inflammation and reduced lung function [67].

Exacerbation consists of cough aggravation, dyspnoea, fever, and sputum colour or
viscosity change [69,70]. Exacerbations are usually caused by viral and bacterial respiratory
infections with common pathogens such as Haemophilus influenzae, Moraxella catarrhalis,
P. aeruginosa, and S. pneumoniae [71]. These pathogens lead to exacerbations of the disease,
which have a strong impact on health status, exercise capacity, lung function, and mor-
tality [72,73]. Non-typeable Haemophilus, a Gram-negative coccobacillus, which lacks a
polysaccharide capsule, is an important cause of COPD exacerbations and comorbidity [71].
H. influenzae membrane protein can induce mucin production in COPD mice and cultured
human epithelial cells [74]. Sputum analysis from different exacerbation periods had the
same strain of H. influenza, suggesting that the pathogens stay within the host and increase
in abundance during or before exacerbations. An important pathological feature of COPD
is emphysema. CS is the most predominant risk factor for COPD development. Chronic
exposure to CS has been shown to alter the microbiota in the upper respiratory tract [43].
However, Segal et al. did not find any difference in the microbial community between
smokers, non-smokers, and early COPD; however, several studies reported differences
in the airway microbiota between healthy and tobacco smoke-associated COPD individu-
als [20,49]. Microbial alterations in ex-smoker COPD patients were associated with strong
airway inflammatory conditions, as shown by the enhanced pro-inflammatory marker
expression from ex-smoker COPD patients’ sputum. Haemophilus was relatively abundant
in COPD ex-smokers versus smokers [4,5]. It was also shown that Megasphaera, a member
of the lung microbiota correlated with a reduced expression of host inflammatory condition,
could potentially modify the airway inflammation caused by Moraxella and Haemophilus.
The beneficial effects of Megasphaera on inflammation are due to the production of short-
chain fatty acids that inhibit cytokine production [75]. Smoking and Moraxella infection are
both associated with emphysema. Increased endothelial monocyte-activating protein-II
(EMAPII), MMP-9, and MMP-12 levels are the primary cause of the development of em-
physema by Moraxella [76]. It is not yet clear if smoking contributes to lung disease or is
a side effect of the induced Moraxella genetic mutations (Table 1) [62]. In COPD subjects,
Haemophilus represent 25% of the airway microbiota, but they were at a significantly lower
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proportion in healthy conditions. Moraxella contributed 3% to the lung microbiota in COPD
patients. The genera Haemophilus and Moraxella were strongly associated with gene ex-
pression, host immunity, and inflammation. Haemophilus was positively correlated with
neutrophilia, while interferon signalling was more strongly linked to Moraxella. In addition,
Haemophilus was significantly associated with host factors both in stable conditions and
during exacerbations. This supported an earlier study in which Haemophilus was considered
a constant airway coloniser, while Moraxella was an opportunist in COPD exacerbations
(Table 1) [77]. There are currently oral vaccines for H. influenzae infection. Although it
has been demonstrated that oral vaccination can prevent acute exacerbation of COPD, it
cannot significantly decrease the incidence and severity of acute exacerbation of COPD
development [78]. Several studies reported differences between stable and exacerbated
conditions in COPD, raising the question of whether bacterial colonisation in the lungs is
responsible for future exacerbations [47]. However, the results are somewhat contradictory.
A study reported that lung dysbiosis caused exacerbations and that differences in baseline
microbiota could help to explain the frequency of the exacerbation type [70]. In contrast, in
other investigations, a significant airway host–bacterial interaction associated with COPD
inflammation and exacerbations was found. A study on stable COPD patient BALF sam-
ples assumed that Pseudomonas played a role during exacerbations, while Streptococcus and
Rothia protected against exacerbations [50]. Another study also showed that Pseudomonas,
Selenomonas, and Anaerococcus increased in patients with frequent exacerbations, compared
with patients without exacerbations [51]. In COPD patients with and without exacerbation,
the most prevalent genera were Streptococcus, Veillonella, Prevotella, and Gemella. The relative
amounts of different taxa exhibited a large variation between individuals and samples.
The individual variations in the lower airway microbiota in COPD patients overcame
the group differences between infrequent and frequent exacerbations. The abundance of
Streptococcus appeared higher in the participants without later exacerbation than in COPD
patients with exacerbation. This supports the hypothesis of the protective capacities of
Streptococcus [51]. Contrary to these findings, in a cohort study, no significant association
was found between the lung microbiota in stable COPD patients and COPD exacerba-
tion frequency. Furthermore, no association between Pseudomonas was found, and more
frequent exacerbations were observed [79]. These findings challenge the few existing pub-
lished reports. This was probably due to the fact that the researchers used a larger sample
size, prospective follow-up of exacerbations, and protected sampling of the lower airways
such as bronchoscopy, which is superior to sputum sample collection. Sputum samples
are easily contaminated by microbes from the upper airways, making the interpretation
of the lower airway microbiota difficult. Some studies have recently revealed that the
sputum microbiome community changed in stable COPD patients with different risks of
exacerbation [80]. The bacterial diversity was significantly reduced in high-risk exacerbator
(HRE) subjects, compared with low-risk exacerbators (LREs). The dominant phyla in the
sputum microbiome were Firmicutes, Actinobacteria, and Proteobacteria, and their abundance
was similar in both the HRE and LRE groups. The proportions of Gemella morbillorum,
Streptococcus gordonii, and Prevotella histicola were increased in the LRE group, compared
with the HRE group, while the opposite was found for the Neisseria species. There was
no microbial diversity or different proportions of bacteria in groups with different lung
function levels. Bacterial cooperative regulation was different in the diverse risks of COPD
exacerbation subgroups. In particular, in the HRE group, there was an altered bacterial
cooperative network. The authors suggested that lung microbiota alteration can be an
important factor in exacerbation risk in stable COPD patients.

In a multicentre COPD cohort study, Bouquet et al. evaluated both viral and bacterial
microbiotas in sputum samples of severe COPD patients, collected following medical
examinations during acute exacerbation and follow-up (Table 1) [81]. They found a com-
parable viral and bacterial microbiota in patients from different countries; however, their
microbiota variability was substantially different and did not influence exacerbation fre-
quency. According to the level of peripheral blood and/or sputum eosinophil count, COPD
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patients can be distinguished into non-eosinophilic and eosinophilic inflammatory phenotypes.
Patients with low blood eosinophil count display Proteobacteria dysbiosis with a dominance of
Haemophilus, Moraxella, and Pseudomonas genera. These patients show lung function, chronic
bronchitis symptoms, exacerbations, and lastly, increased mortality. In addition, Proteobacteria
dominance (predominantly Haemophilus) is connected with increased neutrophilic inflammatory
responses and neutrophil extracellular trap (NET) formation. As a consequence, the production
of neutrophilic inflammatory markers, such as neutrophil elastase, myeloperoxidase, and matrix
metalloproteinases, promotes disease progression in emphysema and reduces survival. In
contrast, patients with eosinophilic inflammatory phenotypes exhibited a positive relationship
with Firmicutes dominance (predominantly Streptococcus) and had a milder disease and frequent
exacerbations [82]. This study suggested the identification of microbiome-based subtypes of
COPD associated with clinical phenotypes.

Virus infections such as human rhinovirus, influenza virus, and coronavirus were associ-
ated with acute exacerbation events but had a lower significance in regard to the association with
exacerbation frequency. Moraxella and Haemophilus were linked to exacerbation events, while
Pseudomonas and Staphylococcus were associated with exacerbation frequency. This supports a
key role of the microbiota in sensitising the COPD lung to acute exacerbations; however, viral
infections alone do not sensitise the lung to exacerbations as much as the bacterial microbiota.

Furthermore, COPD patients can be susceptible to fungal infections [83]. Fungi are
present in the lung in a lower number, compared with bacteria, and their specific role in
COPD remains unclear [62]. Studies reported associations between fungal perturbations
and worse clinical outcomes. For instance, Aspergillus and Candida albicans infections in
COPD are associated with increased symptoms and acute exacerbations [84]. Oral steroids
and long-term inhaled corticosteroids, used during exacerbations, alter the host’s immune
system and may predispose patients to fungal-associated disease [84]. However, in terms
of COPD, only a single study evaluated the role of the mycobiome in a specific patient sub-
group with Human Immunodeficiency Virus (HIV), observing that the key perturbation to
airway mycobiota was an increased number of Pneumocystis jirovecii [85]. This opportunistic
fungal pathogen in COPD patients is also associated with severe airflow obstruction [86].
In contrast, a multicentre COPD study reported that the respiratory mycobiota is charac-
terised by specific fungal genera associated with very frequent exacerbations and increased
mortality. This study did not detect any Pneumocystis fungi in COPD cohorts. Two clinically
important COPD groups were identified, one characterised by significant symptoms and
Saccharomyces species, and the other group was characterised by frequent exacerbations
and higher mortality, as well as Aspergillus, Penicillium, and Curvularia genera. This last
group showed a systemic immune response with an increase in specific IgE against these
fungi. The authors affirmed that the COPD mycobiome could be used to identify high-risk
patients, with worse two-year survival following an acute exacerbation [83].

7. Gut–Lung Axis and COPD

Emerging evidence has shown that gut microbiota also plays a role in lung disease,
including COPD. Gut and lung microbiota originate from the same germ layer and share
similar anatomical structures [87]. Thus, this bidirectional gut–lung cross-talk, termed the
gut–lung axis, allows endotoxins and metabolites released by the gut microbiota to reach
the lungs through the bloodstream, and for those of the lung microbiota to reach the gut.

The balance between the gut and lung microbiota is essential for maintaining the
health of the host. Although it is not still completely understood if a gut microbiota dysbio-
sis is a cause or a consequence of lung disease, it is well-known that the gut microbiota plays
a role in influencing the immune response of the gut and other distal organs, including the
lungs [88]. Mucosal epithelial integrity impedes the entrance of bacteria and their products into
the systemic circulation. Impaired intestinal integrity enhances the permeability of the mucosal
barrier, facilitating bacterial translocation [89]. It has been observed that increased gastroin-
testinal permeability to bacterial entrance promotes systemic inflammation in AECOPD [63].
Therefore, dysfunctions in gut microbiota could critically affect lung diseases [90].
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On the other hand, patients affected by COPD have a higher probability of also
presenting chronic gastrointestinal tract diseases [91].

8. Probiotics and Their Therapeutic Potential in COPD Patients

The use of probiotics has been proposed as a possible treatment for COPD patients,
given that the therapies available are still only palliative [1]. Probiotics are live microorgan-
isms that, administered in adequate amounts, confer health benefits on the host. To date, the
knowledge of the lung microbiota and the mechanisms of action by which pathogen inhibi-
tion is assessed have improved probiotic use for lung infections (Table 2). It is known that
they regulate the respiratory immune response through several signalling pathways. It has
been reported that Bifidobacterium modulates humoral and cellular immune responses [92],
whereas E. coli strains such as Nissle 1917 (ECN) could decrease the recruitment of inflam-
matory cells in the lungs [93]. Moreover, Lactobacillus plantarum, which acts on Treg, is able
to induce immunosuppression, decreasing the number of macrophages and neutrophils
in the lungs and cytokine levels such as IL-6 and TNF-α [94]. Intranasal administration
of probiotics stimulates immune responses, protecting the host from infection in the air-
ways [95]. In an experimental mouse model, Lactobacillus casei stimulated the migration of
immune cells, influencing cytokine expression and decreasing pathogens and pneumococci
in the lung [96]. Emerging data also propose that daily intake of probiotics such as L. casei
increases natural killer cell action in COPD smoker patients (Figure 3) [97].

Table 2. The therapeutic effects of probiotics.

Probiotics Therapeutic Effects References

Bifidobacterium Humoral and cellular immune responses modulation. [91]

Lactobacillus plantarum Decreases the number of macrophages and neutrophils and cytokine levels (IL-6
and TNF-α) to induce immunosuppression. [92]

Lactobacillus rhamnosus Regulates respiratory immune responses protecting from H1N1 influenza virus. [93]

Lactobacillus casei
Stimulates immune cell migration inducing cytokine expression and

decreasing pathogens.
Increases natural killer cell activity in COPD smoker patients.

[94]
[95]

Figure 3. Probiotic modulation during lung infections. Schematic representation of probiotic mod-
ulation of immune responses during lung infections. Abbreviations: tumour necrosis factor-alpha
(TNF-α); interleukin-6 (IL-6).
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Collectively, these data suggest that identifying probiotic organisms capable of reduc-
ing lung infections may contribute the prevention of disease development.

9. Concluding Remarks and Future Directions

COPD is a heterogeneous and multifactorial disease characterised by various pheno-
types. Overall, this report suggests that the changes in microbiota composition contribute to
the pathogenesis of COPD inducing and/or depending on the heterogeneous phenotypes
of the disease with an important impact on exacerbation risk, quality of life, and even
survival. It is still unclear whether changes in the microbiome are the cause or conse-
quence of airway inflammation, restriction of airflow, and destruction of pulmonary and
bronchial parenchyma. We described the relationship between the appearance of symptoms
of exacerbation and the acquisition of new bacterial strains, but this change in bacterial
flora only partially explains the appearance of exacerbations. During exacerbations, some
genera enrich their abundance, while others do not change significantly. Therefore, exac-
erbations correlate with an increased presence of isolated genera, but also with parallel
modifications in microbiome composition as a whole, which lead to an intensification of
inflammatory response.

Remarkably, the gut–lung axis is strongly linked with COPD. The gut and lung
microbiota influence COPD onset and progression. Furthermore, metabolites secreted
by the gut microbiota are able to suppress inflammatory responses. Diet and nutritional
status have a high impact on the gut microbiota, influencing its profile and interaction
with the immune system [88]. Likewise, in COPD patients, malnutrition and nutrient
deficiency such as low levels of vitamins and antioxidant is frequent and commonly leads
to worse consequences [98]. These data highlight the strong anti-inflammatory power of
the microbiota in COPD. Modification of both lung and intestinal microbiota, especially in
the early stages of life, with the use of a specific diet and correct lifestyle, as well as vitamin
and/or probiotic supplementation, can be a protective factor for the onset and progression
of respiratory diseases. The lung microbiota is closely linked to the host’s immune status;
thus, succeeding in identifying microbial populations could be useful in predicting the
effectiveness of different treatments. The host’s interaction with the microbiota implies that
a balance between stimulatory and regulatory signals would allow for the development
of immunity without compromising the capacity of the host to maintain tolerance to
innocuous antigens. The modalities of interaction between host and immune response
must be better investigated in order to look for new therapeutic interventions able to
positively modulate this response.

Author Contributions: C.R. and V.C. equally contributed to this manuscript with conceptualisation
and literature research. G.I. conducted the literature research. M.S.V. contributed to funding acquisi-
tion and visualisation. L.S. reviewed the manuscript. L.M. contributed to funding acquisition, and
supervised and edited the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was founded by University of Catania, grant “Fondi di Ateneo 2020–2022
PIA.CE.RI., linea Open Access”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: References for this review were identified through searches of PubMed
for articles published from February 2002 to February 2022.

Acknowledgments: We wish to thank the Scientific Bureau of the University of Catania for language support.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.



Biomedicines 2022, 10, 1337 13 of 17

References
1. Aldonyte, R.; Bagdonas, E.; Raudoniute, J.; Bruzauskaite, I. Novel aspects of pathogenesis and regeneration mechanisms in

COPD. Int. J. Chronic Obstr. Pulm. Dis. 2015, 10, 995–1013. [CrossRef]
2. López-Campos, J.L.; Tan, W.; Soriano, J.B. Global burden of COPD. Respirology 2016, 21, 14–23. [CrossRef] [PubMed]
3. Turek, E.M.; Cox, M.J.; Hunter, M.; Hui, J.; James, P.; Willis-Owen, S.A.; Cuthbertson, L.; James, A.; Musk, A.; Moffatt, M.F.; et al.

Airway microbial communities, smoking and asthma in a general population sample. eBioMedicine 2021, 71, 103538. [CrossRef]
4. Kulkarni, R.; Antala, S.; Wang, A.; Amaral, F.E.; Rampersaud, R.; LaRussa, S.J.; Planet, P.J.; Ratner, A.J. Cigarette Smoke Increases

Staphylococcus aureus Biofilm Formation via Oxidative Stress. Infect. Immun. 2012, 80, 3804–3811. [CrossRef]
5. Jaspers, I. Cigarette Smoke Effects on Innate Immune Mechanisms in the Nasal Mucosa. Potential Effects on the Microbiome.

Ann. Am. Thorac. Soc. 2014, 11, S38–S42. [CrossRef]
6. Ramirez-Labrada, A.G.; Isla, D.; Artal, A.; Arias, M.; Rezusta, A.; Pardo, J.; Gálvez, E.M. The Influence of Lung Microbiota on

Lung Carcinogenesis, Immunity, and Immunotherapy. Trends Cancer 2020, 6, 86–97. [CrossRef]
7. Budden, K.F.; Shukla, S.; Rehman, S.F.; Bowerman, K.; Keely, S.; Hugenholtz, P.; Armstrong-James, D.; Adcock, I.M.; Chotirmall,

S.H.; Chung, K.F.; et al. Functional effects of the microbiota in chronic respiratory disease. Lancet Respir. Med. 2019, 7, 907–920.
[CrossRef]

8. Dickson, R.P.; Erb-Downward, J.R.; Huffnagle, G.B. Homeostasis and its disruption in the lung microbiome. Am. J. Physiol. Cell.
Mol. Physiol. 2015, 309, L1047–L1055. [CrossRef]

9. Liu, J.; Ran, Z.; Wang, F.; Xin, C.; Xiong, B.; Song, Z. Role of pulmonary microorganisms in the development of chronic obstructive
pulmonary disease. Crit. Rev. Microbiol. 2020, 47, 1830748. [CrossRef]

10. Charlson, E.S.; Bittinger, K.; Haas, A.R.; Fitzgerald, A.S.; Frank, I.; Yadav, A.; Bushman, F.D.; Collman, R.G. Topographical
Continuity of Bacterial Populations in the Healthy Human Respiratory Tract. Am. J. Respir. Crit. Care Med. 2011, 184, 957–963.
[CrossRef]

11. Brooks, J.P.; Edwards, D.J.; Harwich, M.D.; Rivera, M.C.; Fettweis, J.M.; Serrano, M.G.; Reris, R.A.; Sheth, N.U.; Huang, B.;
Girerd, P.; et al. The truth about metagenomics: Quantifying and counteracting bias in 16S rRNA studies. BMC Microbiol. 2015,
15, 66. [CrossRef]

12. Marsland, B.J.; Gollwitzer, E.S. Host–microorganism interactions in lung diseases. Nat. Rev. Immunol. 2014, 14, 827–835. [CrossRef]
13. Beck, J.M.; Young, V.; Huffnagle, G.B. The microbiome of the lung. Transl. Res. 2012, 160, 258–266. [CrossRef]
14. Mendez, R.; Banerjee, S.; Bhattacharya, S.K.; Banerjee, S. Lung inflammation and disease: A perspective on microbial homeostasis

and metabolism. IUBMB Life 2018, 71, 152–165. [CrossRef]
15. Young, J.C.; Chehoud, C.; Bittinger, K.; Bailey, A.; Diamond, J.M.; Cantu, E.; Haas, A.R.; Abbas, A.; Frye, L.; Christie, J.; et al. Viral

Metagenomics Reveal Blooms of Anelloviruses in the Respiratory Tract of Lung Transplant Recipients. Am. J. Transplant. 2014, 15,
200–209. [CrossRef]

16. Weaver, D.; Gago, S.; Bromley, M.; Bowyer, P. The Human Lung Mycobiome in Chronic Respiratory Disease: Limitations of
Methods and Our Current Understanding. Curr. Fungal Infect. Rep. 2019, 13, 109–119. [CrossRef]

17. Waqas, S.; Dunne, K.; Talento, A.F.; Wilson, G.; Martin-Loeches, I.; Keane, J.; Rogers, T.R. Prospective observational study of
respiratory Aspergillus colonization or disease in patients with various stages of chronic obstructive pulmonary disease utilizing
culture versus nonculture techniques. Med. Mycol. 2020, 59, 557–563. [CrossRef]

18. Yang, R.; Zhang, Q.; Ren, Z.; Li, H.; Ma, Q. Different Airway Inflammatory Phenotypes Correlate with Specific Fungal and
Bacterial Microbiota in Asthma and Chronic Obstructive Pulmonary Disease. J. Immunol. Res. 2022, 2022, 2177884. [CrossRef]
[PubMed]

19. Gray, L.E.K.; O’Hely, M.; Ranganathan, S.; Sly, P.D.; Vuillermin, P. The Maternal Diet, Gut Bacteria, and Bacterial Metabolites
during Pregnancy Influence Offspring Asthma. Front. Immunol. 2017, 8, 365. [CrossRef]

20. Segal, L.N.; Blaser, M.J. A Brave New World: The Lung Microbiota in an Era of Change. Ann. Am. Thorac. Soc. 2014, 11, S21–S27.
[CrossRef]

21. Belkaid, Y.; Hand, T.W. Role of the Microbiota in Immunity and Inflammation. Cell 2014, 157, 121–141. [CrossRef]
22. Sommariva, M.; Le Noci, V.; Bianchi, F.; Camelliti, S.; Balsari, A.; Tagliabue, E.; Sfondrini, L. The lung microbiota: Role in

maintaining pulmonary immune homeostasis and its implications in cancer development and therapy. Cell. Mol. Life Sci. 2020,
77, 2739–2749. [CrossRef] [PubMed]

23. Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492–506.
[CrossRef]

24. Invernizzi, R.; Lloyd, C.M.; Molyneaux, P.L. Respiratory microbiome and epithelial interactions shape immunity in the lungs.
Immunology 2020, 160, 171–182. [CrossRef]

25. Robak, O.H.; Heimesaat, M.M.; Kruglov, A.A.; Prepens, S.; Ninnemann, J.; Gutbier, B.; Reppe, K.; Hochrein, H.; Suter, M.;
Kirschning, C.J.; et al. Antibiotic treatment–induced secondary IgA deficiency enhances susceptibility to Pseudomonas aeruginosa
pneumonia. J. Clin. Investig. 2018, 128, 3535–3545. [CrossRef] [PubMed]

26. Iwasaki, A.; Medzhitov, R. Toll-like receptor control of the adaptive immune responses. Nat. Immunol. 2004, 5, 987–995. [CrossRef]
[PubMed]

http://doi.org/10.2147/COPD.S82518
http://doi.org/10.1111/resp.12660
http://www.ncbi.nlm.nih.gov/pubmed/26494423
http://doi.org/10.1016/j.ebiom.2021.103538
http://doi.org/10.1128/IAI.00689-12
http://doi.org/10.1513/AnnalsATS.201306-154MG
http://doi.org/10.1016/j.trecan.2019.12.007
http://doi.org/10.1016/S2213-2600(18)30510-1
http://doi.org/10.1152/ajplung.00279.2015
http://doi.org/10.1080/1040841X.2020.1830748
http://doi.org/10.1164/rccm.201104-0655OC
http://doi.org/10.1186/s12866-015-0351-6
http://doi.org/10.1038/nri3769
http://doi.org/10.1016/j.trsl.2012.02.005
http://doi.org/10.1002/iub.1969
http://doi.org/10.1111/ajt.13031
http://doi.org/10.1007/s12281-019-00347-5
http://doi.org/10.1093/mmy/myaa077
http://doi.org/10.1155/2022/2177884
http://www.ncbi.nlm.nih.gov/pubmed/35310604
http://doi.org/10.3389/fimmu.2017.00365
http://doi.org/10.1513/AnnalsATS.201306-189MG
http://doi.org/10.1016/j.cell.2014.03.011
http://doi.org/10.1007/s00018-020-03452-8
http://www.ncbi.nlm.nih.gov/pubmed/31974656
http://doi.org/10.1038/s41422-020-0332-7
http://doi.org/10.1111/imm.13195
http://doi.org/10.1172/JCI97065
http://www.ncbi.nlm.nih.gov/pubmed/29771684
http://doi.org/10.1038/ni1112
http://www.ncbi.nlm.nih.gov/pubmed/15454922


Biomedicines 2022, 10, 1337 14 of 17

27. Van Maele, L.; Carnoy, C.; Cayet, D.; Ivanov, S.; Porte, R.; Deruy, E.; Chabalgoity, J.A.; Renauld, J.-C.; Eberl, G.; Benecke, A.G.;
et al. Activation of Type 3 Innate Lymphoid Cells and Interleukin 22 Secretion in the Lungs During Streptococcus pneumoniae
Infection. J. Infect. Dis. 2014, 210, 493–503. [CrossRef] [PubMed]

28. Sharan, R.; Pérez-Cruz, M.; Kervoaze, G.; Weynants, V.; Godfroid, F.; Hermand, P.; Trottein, F.; Pichavant, M.; Gosset, P.; Gosset, P.
Interleukin-22 protects against non-typeable Haemophilus influenzae infection: Alteration during chronic obstructive pulmonary
disease. Mucosal Immunol. 2016, 10, 139–149. [CrossRef]

29. Zeng, Q.; Jewell, C.M. Directing toll-like receptor signaling in macrophages to enhance tumor immunotherapy. Curr. Opin.
Biotechnol. 2019, 60, 138–145. [CrossRef] [PubMed]

30. Doyle, A.D.; Mukherjee, M.; LeSuer, W.E.; Bittner, T.B.; Pasha, S.M.; Frere, J.J.; Neely, J.L.; Kloeber, J.A.; Shim, K.P.; Ochkur, S.I.;
et al. Eosinophil-derived IL-13 promotes emphysema. Eur. Respir. J. 2019, 53, 1801291. [CrossRef]

31. Zheng, T.; Zhu, Z.; Wang, Z.; Homer, R.J.; Ma, B.; Riese, R.J.; Chapman, H.A.; Shapiro, S.D.; Elias, J.A. Inducible targeting of IL-13
to the adult lung causes matrix metalloproteinase– and cathepsin-dependent emphysema. J. Clin. Investig. 2000, 106, 1081–1093.
[CrossRef]

32. Shastri, M.D.; Allam, V.S.R.R.; Shukla, S.D.; Jha, N.K.; Paudel, K.R.; Peterson, G.M.; Patel, R.P.; Hansbro, P.M.; Chellappan, D.K.;
Dua, K. Interleukin-13: A pivotal target against influenza-induced exacerbation of chronic lung diseases. Life Sci. 2021, 283,
119871. [CrossRef]

33. Yadava, K.; Pattaroni, C.; Sichelstiel, A.K.; Trompette, A.; Gollwitzer, E.S.; Salami, O.; Von Garnier, C.; Nicod, L.P.; Marsland, B.J.
Microbiota Promotes Chronic Pulmonary Inflammation by Enhancing IL-17A and Autoantibodies. Am. J. Respir. Crit. Care Med.
2016, 193, 975–987. [CrossRef]

34. Brown, R.L.; Sequeira, R.P.; Clarke, T.B. The microbiota protects against respiratory infection via GM-CSF signaling. Nat. Commun.
2017, 8, 1512. [CrossRef]

35. Van der Does, A.M.; Amatngalim, G.D.; Keijser, B.; Hiemstra, P.S.; Villenave, R. Contribution of Host Defence Proteins and
Peptides to Host-Microbiota Interactions in Chronic Inflammatory Lung Diseases. Vaccines 2018, 6, 49. [CrossRef]

36. Pritchard, M.F.; Powell, L.C.; Menzies, G.E.; Lewis, P.D.; Hawkins, K.; Wright, C.; Doull, I.; Walsh, T.R.; Onsøyen, E.; Dessen, A.;
et al. A New Class of Safe Oligosaccharide Polymer Therapy To Modify the Mucus Barrier of Chronic Respiratory Disease. Mol.
Pharm. 2016, 13, 863–872. [CrossRef]

37. Chen, Y.-Q.; Wang, C.-J.; Xie, K.; Lei, M.; Chai, Y.-S.; Xu, F.; Lin, S.-H. Progranulin Improves Acute Lung Injury through Regulating
the Differentiation of Regulatory T Cells and Interleukin-10 Immunomodulation to Promote Macrophage Polarization. Mediat.
Inflamm. 2020, 2020, 9704327. [CrossRef]

38. Di Rosa, M.; De Gregorio, C.; Malaguarnera, G.; Tuttobene, M.; Biazzo, F.; Malaguarnera, L. Evaluation of AMCase and CHIT-1
expression in monocyte macrophages lineage. Mol. Cell. Biochem. 2012, 374, 73–80. [CrossRef]

39. Eapen, M.S.; Hansbro, P.; McAlinden, K.; Kim, R.Y.; Ward, C.; Hackett, T.-L.; Walters, E.H.; Sohal, S.S. Abnormal M1/M2
macrophage phenotype profiles in the small airway wall and lumen in smokers and chronic obstructive pulmonary disease
(COPD). Sci. Rep. 2017, 7, 13392. [CrossRef]

40. Wang, Z.; Singh, R.; Miller, B.E.; Tal-Singer, R.; Van Horn, S.; Tomsho, L.; Mackay, A.; Allinson, J.P.; Webb, A.J.; Brookes, A.J.; et al.
Sputum microbiome temporal variability and dysbiosis in chronic obstructive pulmonary disease exacerbations: An analysis of
the COPDMAP study. Thorax 2017, 73, 331–338. [CrossRef]

41. Chang, F.; Steelman, L.S.; Lee, J.T.; Shelton, J.G.; Navolanic, P.M.; Blalock, W.L.; Franklin, R.A.; McCubrey, J. Signal transduction
mediated by the Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription factors: Potential targeting for therapeutic
intervention. Leukemia 2003, 17, 1263–1293. [CrossRef]

42. Zhu, W.; Wang, J.; Zhao, N.; Zheng, R.; Wang, D.; Liu, W.; Liu, B. Oral administration of Clostridium butyricum rescues streptomycin-
exacerbated respiratory syncytial virus-induced lung inflammation in mice. Virulence 2021, 12, 2133–2148. [CrossRef]

43. Wu, J.; Peters, B.A.; Dominianni, C.; Zhang, Y.; Pei, Z.; Yang, L.; Ma, Y.; Purdue, M.P.; Jacobs, E.J.; Gapstur, S.M.; et al. Cigarette
smoking and the oral microbiome in a large study of American adults. ISME J. 2016, 10, 2435–2446. [CrossRef]

44. Engler, K.; Mühlemann, K.; Garzoni, C.; Pfahler, H.; Geiser, T.; Von Garnier, C. Colonisation with Pseudomonas aeruginosa and
antibiotic resistance patterns in COPD patients. Swiss Med. Wkly. 2012, 142, 13509. [CrossRef]

45. Kovaleva, O.V.; Romashin, D.; Zborovskaya, I.B.; Davydov, M.M.; Shogenov, M.S.; Gratchev, A. Human Lung Microbiome on the
Way to Cancer. J. Immunol. Res. 2019, 2019, 1394191. [CrossRef] [PubMed]

46. Huffnagle, G.B.; Dickson, R.P.; Lukacs, N.W. The respiratory tract microbiome and lung inflammation: A two-way street. Mucosal
Immunol. 2017, 10, 299–306. [CrossRef]

47. Tangedal, S.; Nielsen, R.; Aanerud, M.; Persson, L.J.; Wiker, H.G.; Bakke, P.S.; Hiemstra, P.S.; Eagan, T.M. Sputum microbiota and
inflammation at stable state and during exacerbations in a cohort of chronic obstructive pulmonary disease (COPD) patients.
PLoS ONE 2019, 14, e0222449. [CrossRef] [PubMed]

48. Molyneaux, P.L.; Cox, M.J.; Willis-Owen, S.A.G.; Mallia, P.; Russell, K.E.; Russell, A.-M.; Murphy, E.; Johnston, S.L.; Schwartz,
D.A.; Wells, A.U.; et al. The role of bacteria in the pathogenesis and progression of idiopathic pulmonary fibrosis. Am. J. Respir.
Crit. Care Med. 2014, 190, 906–913. [CrossRef] [PubMed]

49. Aguirre, E.; Galiana, A.; Mira, A.; Guardiola, R.; Sánchez-Guillén, L.; Garcia-Pachon, E.; Santibáñez, M.; Royo, G.; Rodríguez, J.C.
Analysis of microbiota in stable patients with chronic obstructive pulmonary disease. APMIS 2015, 123, 427–432. [CrossRef]

http://doi.org/10.1093/infdis/jiu106
http://www.ncbi.nlm.nih.gov/pubmed/24577508
http://doi.org/10.1038/mi.2016.40
http://doi.org/10.1016/j.copbio.2019.01.010
http://www.ncbi.nlm.nih.gov/pubmed/30831487
http://doi.org/10.1183/13993003.01291-2018
http://doi.org/10.1172/JCI10458
http://doi.org/10.1016/j.lfs.2021.119871
http://doi.org/10.1164/rccm.201504-0779OC
http://doi.org/10.1038/s41467-017-01803-x
http://doi.org/10.3390/vaccines6030049
http://doi.org/10.1021/acs.molpharmaceut.5b00794
http://doi.org/10.1155/2020/9704327
http://doi.org/10.1007/s11010-012-1506-5
http://doi.org/10.1038/s41598-017-13888-x
http://doi.org/10.1136/thoraxjnl-2017-210741
http://doi.org/10.1038/sj.leu.2402945
http://doi.org/10.1080/21505594.2021.1962137
http://doi.org/10.1038/ismej.2016.37
http://doi.org/10.4414/smw.2012.13509
http://doi.org/10.1155/2019/1394191
http://www.ncbi.nlm.nih.gov/pubmed/31485458
http://doi.org/10.1038/mi.2016.108
http://doi.org/10.1371/journal.pone.0222449
http://www.ncbi.nlm.nih.gov/pubmed/31527888
http://doi.org/10.1164/rccm.201403-0541OC
http://www.ncbi.nlm.nih.gov/pubmed/25184687
http://doi.org/10.1111/apm.12363


Biomedicines 2022, 10, 1337 15 of 17

50. Ren, L.; Zhang, R.; Rao, J.; Xiao, Y.; Zhang, Z.; Yang, B.; Cao, D.; Zhong, H.; Ning, P.; Shang, Y.; et al. Transcriptionally Active Lung
Microbiome and Its Association with Bacterial Biomass and Host Inflammatory Status. mSystems 2018, 3, e00199-18. [CrossRef]

51. Millares, L.; Pascual, S.; Montón, C.; García-Núñez, M.; Lalmolda, C.; Faner, R.; Casadevall, C.; Setó, L.; Capilla, S.; Moreno,
A.; et al. Relationship between the respiratory microbiome and the severity of airflow limitation, history of exacerbations and
circulating eosinophils in COPD patients. BMC Pulm. Med. 2019, 19, 112. [CrossRef] [PubMed]

52. Dedon, P.C.; Tannenbaum, S.R. Reactive nitrogen species in the chemical biology of inflammation. Arch. Biochem. Biophys. 2004,
423, 12–22. [CrossRef]

53. Cox, M.J.; Allgaier, M.; Taylor, B.; Baek, M.S.; Huang, Y.J.; Daly, R.A.; Karaoz, U.; Andersen, G.L.; Brown, R.; Fujimura, K.E.; et al.
Airway Microbiota and Pathogen Abundance in Age-Stratified Cystic Fibrosis Patients. PLoS ONE 2010, 5, e11044. [CrossRef]
[PubMed]

54. Deshpande, R.; Zou, C. Pseudomonas aeruginosa Induced Cell Death in Acute Lung Injury and Acute Respiratory Distress
Syndrome. Int. J. Mol. Sci. 2020, 21, 5356. [CrossRef] [PubMed]

55. Scales, B.S.; Dickson, R.P.; Huffnagle, G.B. A tale of two sites: How inflammation can reshape the microbiomes of the gut and
lungs. J. Leukoc. Biol. 2016, 100, 943–950. [CrossRef] [PubMed]

56. Worlitzsch, D.; Tarran, R.; Ulrich, M.; Schwab, U.; Cekici, A.; Meyer, K.C.; Birrer, P.; Bellon, G.; Berger, J.; Weiss, T.; et al. Effects
of reduced mucus oxygen concentration in airway Pseudomonas infections of cystic fibrosis patients. J. Clin. Investig. 2002, 109,
317–325. [CrossRef]

57. Belchamber, K.B.; Singh, R.; Batista, C.M.; Whyte, M.K.; Dockrell, D.H.; Kilty, I.; Robinson, M.J.; Wedzicha, J.; Barnes, P.J.; Donnelly,
L.E. Defective bacterial phagocytosis is associated with dysfunctional mitochondria in COPD macrophages. Eur. Respir. J. 2019,
54, 1802244. [CrossRef] [PubMed]

58. Russo, C.; Valle, M.S.; Casabona, A.; Spicuzza, L.; Sambataro, G.; Malaguarnera, L. Vitamin D Impacts on Skeletal Muscle
Dysfunction in Patients with COPD Promoting Mitochondrial Health. Biomedicines 2022, 10, 898. [CrossRef]

59. Hall, C.J.; Sanderson, L.E.; Crosier, K.E.; Crosier, P.S. Mitochondrial metabolism, reactive oxygen species, and macrophage
function-fishing for insights. Klin. Wochenschr. 2014, 92, 1119–1128. [CrossRef] [PubMed]

60. Aravamudan, B.; Thompson, M.A.; Pabelick, C.M.; Prakash, Y.S. Mitochondria in lung diseases. Expert Rev. Respir. Med. 2013, 7,
631–646. [CrossRef]

61. Maestrelli, P.; Páska, C.; Saetta, M.; Turato, G.; Nowicki, Y.; Monti, S.; Formichi, B.; Miniati, M.; Fabbri, L. Decreased haem
oxygenase-1 and increased inducible nitric oxide synthase in the lung of severe COPD patients. Eur. Respir. J. 2003, 21, 971–976.
[CrossRef]

62. Haldar, K.; George, L.; Wang, Z.; Mistry, V.; Ramsheh, M.Y.; Free, R.C.; John, C.; Reeve, N.F.; Miller, B.E.; Tal-Singer, R.; et al. The
sputum microbiome is distinct between COPD and health, independent of smoking history. Respir. Res. 2020, 21, 183. [CrossRef]

63. Su, L.; Qiao, Y.; Luo, J.; Huang, R.; Li, Z.; Zhang, H.; Zhao, H.; Wang, J.; Xiao, Y. Characteristics of the sputum microbiome in
COPD exacerbations and correlations between clinical indices. J. Transl. Med. 2022, 20, 76. [CrossRef]

64. Opron, K.; Begley, L.A.; Erb-Downward, J.R.; Freeman, C.; Madapoosi, S.; Alexis, N.E.; Barjaktarevic, I.; Barr, R.G.; Bleecker,
E.R.; Bowler, R.P.; et al. Lung microbiota associations with clinical features of COPD in the SPIROMICS cohort. Npj Biofilms
Microbiomes 2021, 7, 14. [CrossRef]

65. Caverly, L.J.; Huang, Y.J.; Sze, M.A. Past, Present, and Future Research on the Lung Microbiome in Inflammatory Airway Disease.
Chest 2019, 156, 376–382. [CrossRef]

66. Einarsson, G.G.; Comer, D.M.; McIlreavey, L.; Parkhill, J.; Ennis, M.; Tunney, M.M.; Elborn, J.S. Community dynamics and the
lower airway microbiota in stable chronic obstructive pulmonary disease, smokers and healthy non-smokers. Thorax 2016, 71,
795–803. [CrossRef]

67. Agarwal, D.M.; Dhotre, D.P.; Kumbhare, S.V.; Gaike, A.H.; Brashier, B.B.; Shouche, Y.S.; Juvekar, S.K.; Salvi, S.S. Disruptions in
oral and nasal microbiota in biomass and tobacco smoke associated chronic obstructive pulmonary disease. Arch Microbiol. 2021,
203, 2087–2099. [CrossRef] [PubMed]

68. Knudsen, K.S.; Lehmann, S.; Nielsen, R.; Tangedal, S.; Haaland, I.; Hiemstra, P.S.; Eagan, T.M. The lower airways microbiome
and antimicrobial peptides in idiopathic pulmonary fibrosis differ from chronic obstructive pulmonary disease. PLoS ONE 2022,
17, e0262082. [CrossRef]

69. Karanikas, I.; Karayiannis, D.; Karachaliou, A.; Papanikolaou, A.; Chourdakis, M.; Kakavas, S. Body composition parameters and
functional status test in predicting future acute exacerbation risk among hospitalized patients with chronic obstructive pulmonary
disease. Clin. Nutr. 2021, 40, 5605–5614. [CrossRef]

70. Dickson, R.P.; Martinez, F.J.; Huffnagle, G.B. The role of the microbiome in exacerbations of chronic lung diseases. Lancet 2014,
384, 691–702. [CrossRef]

71. Simpson, J.L.; Baines, K.J.; Horvat, J.C.; Essilfie, A.-T.; Brown, A.C.; Tooze, M.; McDonald, V.M.; Gibson, P.; Hansbro, P. COPD
is characterized by increased detection of Haemophilus influenzae, Streptococcus pneumoniae and a deficiency of Bacillus species.
Respirology 2016, 21, 697–704. [CrossRef] [PubMed]

72. Casabona, A.; Valle, M.S.; Laudani, L.; Crimi, C.; Russo, C.; Malaguarnera, L.; Crimi, N.; Cioni, M. Is the Power Spectrum of
Electromyography Signal a Feasible Tool to Estimate Muscle Fiber Composition in Patients with COPD? J. Clin. Med. 2021,
10, 3815. [CrossRef] [PubMed]

http://doi.org/10.1128/mSystems.00199-18
http://doi.org/10.1186/s12890-019-0867-x
http://www.ncbi.nlm.nih.gov/pubmed/31234826
http://doi.org/10.1016/j.abb.2003.12.017
http://doi.org/10.1371/journal.pone.0011044
http://www.ncbi.nlm.nih.gov/pubmed/20585638
http://doi.org/10.3390/ijms21155356
http://www.ncbi.nlm.nih.gov/pubmed/32731491
http://doi.org/10.1189/jlb.3MR0316-106R
http://www.ncbi.nlm.nih.gov/pubmed/27365534
http://doi.org/10.1172/JCI0213870
http://doi.org/10.1183/13993003.02244-2018
http://www.ncbi.nlm.nih.gov/pubmed/31320451
http://doi.org/10.3390/biomedicines10040898
http://doi.org/10.1007/s00109-014-1186-6
http://www.ncbi.nlm.nih.gov/pubmed/24957262
http://doi.org/10.1586/17476348.2013.834252
http://doi.org/10.1183/09031936.03.00098203
http://doi.org/10.1186/s12931-020-01448-3
http://doi.org/10.1186/s12967-022-03278-x
http://doi.org/10.1038/s41522-021-00185-9
http://doi.org/10.1016/j.chest.2019.05.011
http://doi.org/10.1136/thoraxjnl-2015-207235
http://doi.org/10.1007/s00203-020-02155-9
http://www.ncbi.nlm.nih.gov/pubmed/33598807
http://doi.org/10.1371/journal.pone.0262082
http://doi.org/10.1016/j.clnu.2021.09.035
http://doi.org/10.1016/S0140-6736(14)61136-3
http://doi.org/10.1111/resp.12734
http://www.ncbi.nlm.nih.gov/pubmed/26781464
http://doi.org/10.3390/jcm10173815
http://www.ncbi.nlm.nih.gov/pubmed/34501263


Biomedicines 2022, 10, 1337 16 of 17

73. Valle, M.S.; Casabona, A.; Di Fazio, E.; Crimi, C.; Russo, C.; Malaguarnera, L.; Crimi, N.; Cioni, M. Impact of chronic obstructive
pulmonary disease on passive viscoelastic components of the musculoarticular system. Sci. Rep. 2021, 11, 18077. [CrossRef]

74. Chen, R.; Lim, J.H.; Jono, H.; Gu, X.-X.; Kim, Y.S.; Basbaum, C.B.; Murphy, T.; Li, J.-D. Nontypeable Haemophilus influenzae
lipoprotein P6 induces MUC5AC mucin transcription via TLR2–TAK1-dependent p38 MAPK-AP1 and IKKβ-IκBα-NF-κB
signaling pathways. Biochem. Biophys. Res. Commun. 2004, 324, 1087–1094. [CrossRef]

75. Shetty, S.; Marathe, N.; Lanjekar, V.; Ranade, D.; Shouche, Y.S. Comparative Genome Analysis of Megasphaera sp. Reveals Niche
Specialization and Its Potential Role in the Human Gut. PLoS ONE 2013, 8, e79353. [CrossRef]

76. Fischer, K.; Doehn, J.-M.; Herr, C.; Lachner, C.; Heinrich, A.; Kershaw, O.; Voss, M.; Jacobson, M.H.; Gruber, A.D.; Clauss, M.; et al. Acute
Moraxella catarrhalis airway infection of chronically smoke-exposed mice increases mechanisms of emphysema development: A
pilot study. Eur. J. Microbiol. Immunol. 2018, 8, 128–134. [CrossRef]

77. Barker, B.L.; Haldar, K.; Patel, H.; Pavord, I.; Barer, M.; Brightling, C.; Bafadhel, M. Association Between Pathogens Detected
Using Quantitative Polymerase Chain Reaction With Airway Inflammation in COPD at Stable State and Exacerbations. Chest
2015, 147, 46–55. [CrossRef]

78. Jalalvand, F.; Riesbeck, K. Update on non-typeable Haemophilus influenzae-mediated disease and vaccine development. Expert Rev.
Vaccines 2018, 17, 503–512. [CrossRef]

79. Leiten, E.O.; Nielsen, R.; Wiker, H.G.; Bakke, P.S.; Martinsen, E.M.H.; Drengenes, C.; Tangedal, S.; Husebø, G.R.; Eagan, T.M.L.
The airway microbiota and exacerbations of COPD. ERJ Open Res. 2020, 6, 00168-2020. [CrossRef] [PubMed]

80. Yang, C.-Y.; Li, S.-W.; Chin, C.-Y.; Hsu, C.-W.; Lee, C.-C.; Yeh, Y.-M.; Wu, K.-A. Association of exacerbation phenotype with the
sputum microbiome in chronic obstructive pulmonary disease patients during the clinically stable state. J. Transl. Med. 2021,
19, 121. [CrossRef] [PubMed]

81. Bouquet, J.; Tabor, D.E.; Silver, J.S.; Nair, V.; Tovchigrechko, A.; Griffin, M.P.; Esser, M.T.; Sellman, B.R.; Jin, H. Microbial burden
and viral exacerbations in a longitudinal multicenter COPD cohort. Respir. Res. 2020, 21, 77. [CrossRef] [PubMed]

82. Dicker, A.; Huang, J.T.; Lonergan, M.; Keir, H.R.; Fong, C.J.; Tan, B.; Cassidy, A.J.; Finch, S.; Mullerova, H.; Miller, B.E.; et al. The
sputum microbiome, airway inflammation, and mortality in chronic obstructive pulmonary disease. J. Allergy Clin. Immunol.
2021, 147, 158–167. [CrossRef] [PubMed]

83. Tiew, P.Y.; Dicker, A.; Keir, H.R.; Poh, M.E.; Pang, S.L.; Mac Aogáin, M.; Chua, B.Q.Y.; Tan, J.L.; Xu, H.; Koh, M.S.; et al. A high-risk
airway mycobiome is associated with frequent exacerbation and mortality in COPD. Eur. Respir. J. 2020, 57, 2002050. [CrossRef]
[PubMed]

84. Bulpa, P.; Dive, A.-M.; Sibille, Y. Invasive pulmonary aspergillosis in patients with chronic obstructive pulmonary disease. Eur.
Respir. J. 2007, 30, 782–800. [CrossRef]

85. Cui, L.; Lucht, L.; Tipton, L.; Rogers, M.B.; Fitch, A.; Kessinger, C.; Camp, D.; Kingsley, L.; Leo, N.; Greenblatt, R.M.; et al.
Topographic Diversity of the Respiratory Tract Mycobiome and Alteration in HIV and Lung Disease. Am. J. Respir. Crit. Care Med.
2015, 191, 932–942. [CrossRef]

86. Leung, J.M.; Tiew, P.Y.; Mac Aogáin, M.; Budden, K.F.; Yong, V.W.; Thomas, S.S.; Pethe, K.; Hansbro, P.M.; Chotirmall, S.H. The
role of acute and chronic respiratory colonization and infections in the pathogenesis of COPD. Respirology 2017, 22, 634–650.
[CrossRef] [PubMed]

87. Chunxi, L.; HaiYue, L.; Yanxia, L.; Jianbing, P.; Jin, S. The Gut Microbiota and Respiratory Diseases: New Evidence. J. Immunol.
Res. 2020, 2020, 2340670. [CrossRef] [PubMed]

88. Malaguarnera, L. Vitamin D and microbiota: Two sides of the same coin in the immunomodulatory aspects. Int. Immunopharmacol.
2020, 79, 106112. [CrossRef] [PubMed]

89. Bjarnason, I.; MacPherson, A.; Hollander, D. Intestinal permeability: An overview. Gastroenterology 1995, 108, 1566–1581.
[CrossRef]

90. Al Bander, Z.; Nitert, M.D.; Mousa, A.; Naderpoor, N. The Gut Microbiota and Inflammation: An Overview. Int. J. Environ. Res.
Public Health 2020, 17, 7618. [CrossRef]

91. Gokulan, K.; Joshi, M.; Khare, S.; Bartter, T. Lung microbiome, gut–lung axis and chronic obstructive pulmonary disease. Curr.
Opin. Pulm. Med. 2021, 28, 134–138. [CrossRef]

92. Mahooti, M.; Abdolalipour, E.; Salehzadeh, A.; Mohebbi, S.R.; Gorji, A.; Ghaemi, A. Immunomodulatory and prophylactic effects
of Bifidobacterium bifidum probiotic strain on influenza infection in mice. World J. Microbiol. Biotechnol. 2019, 35, 91. [CrossRef]
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