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Abstract

:

Simple Summary


New data in the current scientific literature show that the composition of the respiratory system microbiome differs in health and disease conditions and that the microbial community as a collective entity can contribute to the pathophysiological processes associated with chronic airway disease. The respiratory microbiome is less studied than that of other areas, but it is believed to contribute to the host’s local immune education and to the development of respiratory diseases, including allergies, asthma and others. In this review, was highlighted the current clinical microbiology knowledge about the microbiota and the various lung diseases relationships, previously only indirectly related to microbial pathogenesis, and the microbiota–pathogenesis relationship of lung infection, among the main causes of diseases, in order to prevent and help in a targeted treatment of various lung diseases.




Abstract


The recent COVID-19 pandemic promoted efforts to better understand the organization of the respiratory microbiome and its evolution from birth to adulthood and how it interacts with external pathogens and the host immune system. This review aims to deepen understanding of the essential physiological functions of the resident microbiome of the respiratory system on human health and diseases. First, the general characteristics of the normal microbiota in the different anatomical sites of the airways have been reported in relation to some factors such as the effect of age, diet and others on its composition and stability. Second, we analyze in detail the functions and composition and the correct functionality of the microbiome in the light of current knowledge. Several studies suggest the importance of preserving the micro-ecosystem of commensal, symbiotic and pathogenic microbes of the respiratory system, and, more recently, its relationship with the intestinal microbiome, and how it also leads to the maintenance of human health, has become better understood.
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1. Introduction


The human body is exposed to millions of microorganisms through simple daily functions, such as breathing, causing a direct contact. There are areas with a permanent presence of germs (the oral cavity, the respiratory tract, gastrointestinal tract, skin, etc.) but also germfree areas (blood, muscles, brain, etc.) [1]. In 2001, Nobel Prize winner Joshua Lederberg introduced the new scientific term “microbiome”, which refers to the set of genes of all microorganisms that live in and within the human body (skin, mouth, intestine, etc.), that is, in the their genome, and thus, an microecosystem of commensal, symbiotic and pathogenic microbes. This understanding of the important relationship that develops between microbes and the human body was the reason for further investigation into the role of the microbiome in the health and disease of the human body [1,2]. Therefore, in 2008, an international program was established by the United States National Institutes of Health (NIH), the “Human Microbiome Project”, or the scientific program for the microbiome. A population of these “good” germs gradually colonizes the human body from birth, externally and internally, and forms the classic so-called “normal microbial flora”, currently reported as microbiota [2,3]. The total number of these microbes, and in particular of microbial cells, is around 1014, which is ten times more than human cells and colonized by six phyla: Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Fusobacteria and Proteobacteria [1]. The microbiome of each human being differs in terms of the types of microorganisms, the population of each species and the relationship between them. Thus, human health and diseases are linked not only to the expression of the genes they carry, but also to the expression of the genes of the microbes they host [1,4,5,6,7].



In this study, we researched the current clinical microbiology knowledge about the microbiota and the various lung diseases relationships, previously only indirectly related to microbial pathogenesis, and the microbiota–pathogenesis relationship of lung infection, among the main causes of diseases, in order to prevent and help in a targeted treatment of various lung diseases. In fact, the respiratory system microbiome (Nasopharyngeal, Tracheobronchial, and Pulmonary districts) is characterized by the presence of bacteria, fungi and viruses that in normal healthy subjects presents a low density and a high diversity of bacterial colonies, unlike what is observed in pathological conditions (infections, asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis, etc.) in which an increase in certain germs and the reduction in others occurs. The lungs are directly exposed to the external environment, and exposure to microorganisms, allergens, pollutants and other things, can alter the composition of the microbiota. Respiratory diseases (congenital or not) can then alter the balance of immigration and elimination since the inhaled germs find a more favorable habitat in the lung for their development but also a reduced effectiveness of the factors that help their elimination [4,5]. Pulmonary diseases can then cause dysbiosis in the microbiota (in which an increase in certain germs and a reduction in others are observed) and consequently an ineffectiveness of the mechanisms of elimination of germs (cough, muco-ciliary clearance). Furthermore, they can cause alterations of the structure of the airways (bronchi, bronchioles, alveoli) and thus changes in the viscosity of the mucus, in the pH, and in O2 tension, hence the alteration of ventilation and perfusion in the alveolar–capillary membrane. These modifications in turn facilitate the formation of niches that favor the growth and increase of common commensal bacteria. In addition, the interaction between the intestine and the lungs plays an important role in pulmonary microbiome eubiosis and immunomodulation [8,9,10]. It then becomes important to investigate the role of: (a) pathogenic microbes that cause or contribute to disease development and/or progression, (b) commensal microbes that do not cause disease, (c) neutral or beneficial host interaction bacterial microbiota studies, (d) the recent reassessment of viruses and fungi [11,12,13].




2. The Upper Respiratory Tract Microbiome (Airways Colonization and Evolution during Life)


The upper respiratory system is anatomically related to an interconnected cavity system that includes the nostrils, rhino-pharynx, and oropharynx, and communicates with the larynx and the middle cavity of the ear through the Eustachian tube. The mucous surfaces of these areas are colonized by a wide range of bacteria belonging to the genera Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria and Fusobacteria [1,4,7]. The main functions of the upper respiratory system are to filter, heat and humidify the air that passes through it before it reaches the lungs. The individual anatomical regions have their own special characteristics (humidity, temperature, relative oxygen concentration, type of epithelial cells, etc.) They create their microenvironment with the result that there are differences in the microbiome at lower taxonomic levels of the microorganisms that colonize each region. The composition of the microbial community is influenced by environmental factors and the interactions of microbes and their host immune system. Normal microbiota prevents the formation of pathogenic microorganisms. The pathogen competes for attachment sites, for nutrients and is difficult to install to multiply and cause disease. Competition between germs is also a factor shaping the microbiome [8,9,10,11]. Colonization of the upper respiratory tract begins at birth and the association of the original microbiome with health established throughout a person’s life with three main modalities: (a) method of delivery (caesarean or normal); (b) environment (habitat, diet etc.); and (c) antibiotics. The rhino-pharynx and oropharynx microbiome at birth and infancy affected by the individual’s environmental exposures, including breastfeeding. Environment habitat has an important role in the develop of the immune system of the lung and the exposure in the first months of life to certain bacteria directs the immunological activity of the child. Recent studies have highlighted how the integrity of the composition and correct maturation of the microbiota in the first period of life can influence the prevention of certain lung diseases or can, in the event of its alteration, cause different pathological states [1,14,15,16,17]. In the first period of life, the signals encoded by the microbiome, both intestinal and pulmonary (Gut/Lung axis), are essential to target the maturation of the cells of the epithelium of airways and affect the maturation of the immune system. However, when bacterial colonization took place in the first year of their age, there seemed to be no association with hissing (wheezing) breath. At 1.5 months of age, five groups predominate: Streptococcus, Moraxella, Staphylococcus, Corynebacterium or Corynebacterium/Dolosigranulum (colonization by S. pneumoniae frequently occurs in children and is asymptomatic and this means that colonization is short and progresses towards infection). The rhino-pharyngeal microbiota of the elderly seems to undergo profound changes. However, it is unclear how these changes affect the composition and maintenance of the microbiome in the upper respiratory tract [1,10,18,19,20].



2.1. Nostrils


The area of the nostril does not differ much in the characteristics between children and adults. However, children have an abundance of Streptococcaceae, Moraxellaceae and Neisseriaceae families, which have not been confirmed as a mere dispersion from the nearby rhino-pharynx where they predominate or are the result of substantial differentiation of the microbial community from that of adults. In addition, age-related local immunity affects the composition of the microbiome. Antimicrobial peptides, local immune cells such as neutrophils and Natural killer cells (NK), are the first defense against microorganisms [1,5,10,11]. The nostril microbiome is enriched mainly with members of the genera Actinobacteria (Corynebacterium and Propionibacterium spp.) and Firmicutes (Streptococcus species in children and Staphylococcus species in adults). In small amounts, there are anaerobes belonging to the genus Bacteroidetes. As for Proteobacteria, their number varies greatly with studies that report a high abundance of Moraxellaceae in children and members of the class Gammaproteobacteria in healthy adults [1,8,18]. The epithelium of the nostrils contains glands that secrete sebum, and this is related to its selective enrichment with lipophilic bacteria such as Propionibacterium spp., able to metabolize sebum lipids into short-chain fatty acids. The pH decreases and promotes the growth of Corynebacterium and Staphylococcus coagulase. Moreover, the nostrils are rich in oxygen and humidity of contributes to the growth of Staphylococcus aureus and Corynebacterium. Therefore, the simultaneous presence of Propionibacterium and Staphylococcus spp. can be supported by different characteristics of the local environment. Their coexistence can be supported by the production of coproporphyrin III by Propionibacterium spp., which promotes the formation of the Staphylococcus aureus biofilm [4,10,18].




2.2. Rhinopharynx


The rhino-pharyngeal microbiome ripples from the beginning of life onwards. Initially, there is a predominance of species belonging to the genera Moraxella, Corynebacterium, Dolosigranulum, Streptococcus or Staphylococcus spp. and possibly related to the mode of delivery (during caesarean section microbiome: Staphylococcus and Corynebacterium spp. and the microbiome during vaginal delivery: Staphylococcus, Streptococcus and Dolosigranulum spp.), and the type of diet. Later, in adults, there is a clear absence of Moraxella. The species that colonize the rhino-pharynx overlap with species from nearby anatomical areas such as the oropharynx (Streptococcus spp) and the anterior roots (mainly aerobic Gram-positive such as Staphylococcus, Dolosigranulum, Corynebacterium) [7,10,11]. The Gram-negative anaerobes are the same found mainly in the oropharynx and oral cavity, such as Prevotella and Veillonella spp mainly in the rhino-pharynx of young children. The rhino-pharyngeal microbiome plays an important and beneficial role in maintaining the balance of related species, preventing the growth of pathogens and host immunity [18,19,20,21].




2.3. Oropharynx


The oropharynx, due to its location, is exposed to a wide variety of microorganisms of endogenous and exogenous origin. It is anatomically linked to the oral cavity, the rhino-pharynx, the larynx, the lower respiratory tract, and the gastrointestinal tract. The germs of the pharyngeal oral community can be transmitted to the lower respiratory tract in healthy and inhaled patients. In the healthy adult, the rhino-pharynx is shown to colonize the genera Streptococcus, Haemophilus and Neisseria spp. and Gram-negative anaerobic species Veillonella, Prevotella, Leptotrichia and Fusobacterium. Several pathogens of the genus Streptococcus are found in the pharynx, such as S. pneumoniae, S. pyogenes (which can cause serious disorders that are not limited to the pharynx, and can also cause septic shock) and S. agalactiae (Figure 1) [1,10,18,22,23].





3. The Lower Respiratory Tract Microbiome (Airway Colonization and Evolution during Life)


In the first period of life, the signals encoded by both the intestinal and pulmonary microbiome are essential to direct the maturation of the cells of the epithelium of the airways and influence the maturation of the immune system. Since 2010, numerous studies have shown, thanks to new DNA and RNA investigation techniques, that the lung microbiome of healthy subjects is composed of bacteria, viruses, Bacteriophages, and fungi such as Aspergillus, Cladosporium, Eurotium, Penicillum, and others. Bacterial phylum composition, in order of population number, is as follows: Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria, and Actinobacteria. At the gender level, there are Veillonella, Prevotella, Fusobacteria, Streptococcus and others (less presence of potential pathogens such as Haemophilus) (Table 1) [1,24,25].



The lung microbiome is determined in the first years of life and changes with age, diet, living environment and the use of antibiotics. The lungs do not have a similar microbiome in all tracts (bronchi, bronchioles, alveoli) and, therefore, the pulmonary composition depends on a multitude of factors, in particular: (a) microbial immigration (micro-aspiration, inhalation of microorganisms, direct mucous dispersion), (b) microbial elimination (cough, muco-ciliary clearance, innate and adaptive immunity) and (c) local growth conditions (nutritional availability, temperature, partial O2 tension, local microbial competition, concentration and activity of inflammatory cells). The reduction in the microbial elimination capacity both increases regional growth conditions and creates dysbiosis, and therefore leads to a high risk of lung disease [24,26,27].




4. Pathogenesis of Respiratory Disorders


It is recognized that people have developed relationships with their symbiotic bacteria, which are essential for good health. However, local changes that alter this symbiosis, creating the condition of dysbiosis, lead to diseases, such as respiratory infections, allergies and asthma, which are due in part to the first colonization, influenced mainly by the modality of delivery (caesarean section, normal) but also by breastfeeding [3,12].



Nasopharyngeal infections are quite common worldwide and show high morbidity. In contrast, lower respiratory tract infections are relatively few but have a high mortality rate. Nasal and oral cavities are unique and determine the bacteria that will grow and evolve. As it gets older, the microbiome of the mouth and pharynx becomes quite similar. Depending on the area where pathogenic bacteria grow, they can cause local dysfunction (pharyngitis) or diffuse disease (pneumonia) [28,29,30]. The rhino-pharynx has many potential pathogenic bacteria such as S. pneumoniae, H. influenzae and S. aureus, and these species are considered to be part of normal microbiota. On the other hand, the rhino-pharynx is also a reservoir for germs associated with acute respiratory infection. The diffusion of the S. pneumoniae from the rhino-pharynx can lead to pneumonia, meningitis, or sepsis. In young adults, colonization is rarer and shorter in duration due to strong immune response and therefore the disease is rare unless there are other reasons or a flu-like infection [14,28,29]. In the elderly, transmission rates are low but there is a high incidence of pneumonia. There are studies that suggest that the changes that occur in the microbiome of the elderly contribute to increasing susceptibility to respiratory infections. It is unknown whether specific bacterial species or the general dynamics of the bacterial community make the elderly susceptible to respiratory infections. Age-related immune system changes contribute to the increased incidence of respiratory infections [28,30,31]. The sinuses are cavities around the nose where inflammations may occur such as acute or recurrent sinusitis. Sinusitis can affect both the ethmoidal, sphenoidal, and frontal sinuses. The sinuses are usually an individual microbiome area but also can not be contaminated by nasal and oral cavity microbiota, usually under accumulation of secretions with the main bacteria involved, Pneumococcus, Haemophilus and Streptococcus. Finally, rhinitis, pharyngitis and tonsillitis caused by a heterogeneous group that includes viruses and bacteria (Hemolytic β streptococcus is the most common cause and covers 15% of cases) [32,33,34,35,36,37]. Quite often, however, these infections are due to rhinovirus, adenovirus, infectious mononucleosis virus, coronavirus (such as the new pandemic SARS-CoV-2). SARS-CoV-2 in the upper airway tract can lead to the complication of hyposmia/anosmia and hypogeusia/ageusia interacting directly with neural tissues or via the immune system. In fact, according to some hypotheses, such symptoms are linked to the neuronal cells’ impairment or to ischemic harm of the central nervous system, but also to an increase in Interleukin-6 [38,39,40,41,42]. Otitis is an acute infection of the middle ear and occurs most often in children and it is mainly due to Pneumococcus, Haemophilus and Staphylococcus [5,22,43]. Several factors can increase or decrease the risk of appearance of a lung disease. The composition of the pulmonary microbiota depends on three main factors: (a) microbial immigration (micro-aspiration, inhalation of microorganisms, direct mucosal dispersion), (b) microbial elimination capacity (cough, muco-ciliary clearance, innate and adaptive immunity), (c) regional growth conditions (nutritional availability, temperature, O2 tension, local microbial competition, concentration and activity of inflammatory cells). The reduction in the microbial elimination capacity both increases regional growth conditions and creates dysbiosis, and therefore leads to a high risk of lung disease (Figure 2). These modifications facilitate the formation of niches that favor the growth and increase in Prevotella and Veillonella capable of inducing inflammation in the airways through the production of neutrophils and lymphocytes. They therefore lead to dysbiosis of the microbiota, inflammation, and lung damage. It is assumed that the modified pulmonary microbiota loses its protective capacity and may play a potential role in the pathogenesis of chronic lung diseases, or in asthma, cystic fibrosis, chronic obstructive pulmonary disease, broncho-dysplasia, and idiopathic pulmonary fibrosis [44,45,46,47].



Inflammation of the lungs resulting from infection during childhood is associated with the development of asthma. Thus, microbiota dysbiosis of the airways could be the basis for the susceptibility and progression of chronic lung disease. Most newborns first colonize with Staphylococcus or Corynebacterium before stable colonization with Alloiococcus or Moraxella: the link between bacterial colonization of the airways in children and the onset of asthma later in life is noted. Infants whose pharynx has been colonized by Streptococcus pneumoniae, Haemophilus influenzae or Moraxella catarrhalis since the beginning of their life have increased asthma risk. These same bacteria are constantly associated with the worsening of asthma, such as COPD.



However, exposure to a wider range of germs seems to have a protective effect on the development of asthma in children by activating the innate immune system. This finding will support the hypothesis that asthma caused by a lack of microbial exposure at the beginning of life has consequent effects on the development of the immune system. Epidemiological research has consistently shown that a rich microbial environment in early childhood provides protection against the development of asthma, suggesting the need to understand the extent and nature of the normal microbiota of the airways. Another study showed that two-month age streptococcal colonization was a strong predictor of asthma later in life (Figure 3) [48,49,50,51].



Chronic obstructive pulmonary disease is characterized by (a) a persistent inflammation, (b) dysfunction of muco-ciliary activity, and (c) structural and functional alterations affecting bronchi leading to a partially reversible obstruction. The progression of the severity of the damage of the lung structures starts through the frequent exacerbations. Indeed, several studies used molecular analysis of the bacterial gene 16S-rRNA to characterize the synthesis of bacterial communities from adult airways, including patients with asthma and chronic respiratory pneumonia (COPD). Those identified 190 genera, mainly belonging to the genera Prevotella, Streptococcus, Staphylococcus, Neisseria, Corynebacterium and Haemophilus spp., and nasal cavity samples were highly characterized by Actinobacteria (mainly Corynebacterium spp.) and Firmicutes (mainly Staphylococcus spp.) The most common oropharyngeal region bacteria are mainly the Prevotella spp., and from the left upper lobe samples are mainly Haemophilus spp.; the use of antibiotics increased the likelihood of colonization by Streptococcus, Haemophilus and Moraxella. (Figure 4) [52,53,54,55,56,57,58].




5. The Gut-Lung Axis


5.1. Biomolecular Mechanisms


The lungs have a different habitat depending on their anatomic components (bronchi, bronchioles, alveoli). In lung diseases such as inflammation, acute respiratory distress syndrome, septic state, etc. the lung microbiota becomes rich in intestinal bacteria, such as Bacteroidetes and Enterobacteriaceae. This phenomenon is also called “more gut in the lung”. In acute situations, the intestine becomes hyper-impermeable (leaky gut) and bacteria can translocate through the colon wall and reach the lung, influencing inflammation, infection and acute lung damage. Interconnection is particularly important between the lung microbiome and the intestinal microbiome and it known that there is an exchange of immunological information between the two apparatuses and the possibility of influencing the functional behavior of the lung microbiome under certain conditions. It has been hypothesized that the gut microbiome can modulate the immunological activity of the lung by three main modalities: (a) The production of bacterial ligands (lipopolysaccharides), (b) production of bacterial metabolites (e.g., short-chain fatty acids (SCFAs), and (c) migration of immune cells (T-cells to the lung through the lymphatic stream). The complementary Dendritic Cells (DCs) activate T-cell subpopulations in the mesenteric lymph nodes (MLN) and gastro-intestinal lymphatic tissue (GALT) and produce regulatory cytokines. Following airway immune stimulation, T-cells are activated in the GALT and MLN, move to the respiratory epithelium and provide protection and anti-inflammatory action. The SCFAs from the intestine reach the lungs and suppress inflammation [9,12,13].



Several studies have confirmed this theory by noting that the depletion of the intestinal microbiota causes severe pneumonia, which attenuates with the restoration of normal microbiota. It has been noted that strains of Bifidobacterium, Lactobacillus and Clostridium cause an increase in T-reg cells. It has also been noted that an exopolysaccharides (EPSs) produced by Bifidobacterium longum appear to be able to repress the inflammatory response of the host by suppressing the production of Th17 in the intestine and lung (Figure 2) [20,59,60,61]. The presence in the intestinal microbiome of high levels of fecal Clostridium difficilis at the age of one month is associated with a high risk of eczema and asthma at the age of 6–7 years. The transient reduction during the first 100 days of Veillonella and Faecalibacterium prausnitzii correlates with an increased risk for asthma, as well as colonization with Bacteroides fragilis (Figure 3) [20,62,63].



Finally, in terms of this well-known relationship between microbiome and health, one of the problems that is still being addressed concerns the causality of the microbiome–disease relationship. To address this problem, different animal models are being used (such as with rats or other animals). In fact, in the “gnotobiotic” animal model the animals have a known microbiota, but since in addition to the wide cost of the animals, a certain amount of experience is also required for its use, it is therefore not very widespread. Another one is the “conventionalized” animal model (a gnotobiotic evolution model), it uses animals in which the human intestinal microbiota is inserted to colonize the gastrointestinal tract (the microbiota present in all human tissues is transferred to the animal). Therefore, most human diseases can be investigated on animals, thus monitoring the role of the microbiome in the onset and evolution of the disease itself. The aim of these studies is the possibility of controlling and maneuvering the human microbiome in such a way as to reduce the risk of certain diseases or modify specific metabolic and immunological pathways that are harmful to health [64,65].




5.2. Effects of Environmental Factors Influencing the Eubiosis of the Airway’s Microbiota


The lung microbiota colonizes and is distributed in relation to the anatomical characteristics of the lung, its ventilation function, elimination capacities and environmental conditions such as growth room. Thus, the interconnection between lung microbiota and intestinal microbiota is important, and is validated by the presence of the lung microbiota disease that is also common to intestinal microbiota.



The environment plays an important role in the development and effectiveness of the immune system present in the upper and lower airways, especially after birth and in the first months of life because they are exposed to certain bacteria. Early exposure to microorganisms is protective against the onset of allergic diseases and asthma [66,67]. A recent study has shown that newborns born from caesarean delivery have reduced colonization by beneficial bacteria such as Corynebacterium and Dolosigranulum; instead, the breastfeeding is associated with a wide levels those species and that can play a key role in protecting the immune system. At the same time, the use of antibiotics increased the likelihood of colonization by Streptococcus, H. influenzae and Moraxella. Children colonized in the first month of life by H. influenzae, S. pneumoniae, and Moraxella catarrhalis were more likely to develop hissing breath than those not colonized It has been shown that an inadequate but also altered microbial colonization is a probable cause of dysbiosis with a lack of those important and essential microorganisms for the development and maintenance of the immune system [62,68,69,70]. The inoculation of spore-forming Clostridium (IV,XIV) on newborn mice causes a reduction in IgE, unlike what occurs in adult mice, thus reducing the risk of allergy [62]. In particular, numerous studies have confirmed that in certain countryside environments such as farms (breast feeding and unpasteurized milk), presence of animals and exposure to endotoxins favor significant protection in adulthood against the onset of allergic sensitization and asthma [71,72,73]. The presence of large quantities of fatty acids and oligosaccharides in breast milk has a protective effect against the onset of asthma and allergies by modifying the composition of the intestinal microbiota (growth of Lactobacilli and Bifidobacteria, which play a protective role by promoting Th1/Th2 balance) and thus its immune function through the activation of T-reg cells. On the other hand, a diet rich in fiber increases the number of Bacteroides and Actinobacteria by reducing Firmicutes and Proteobacteria. This qualitative and quantitative change in the intestinal microbiota determines a greater production of short-chain fatty acids (acetate, propionate and butyrate), which modulate the immune response in the lungs with the effect of reducing Th-2 and eosinophils [73,74,75,76,77].



These first exposures to the gut microbiome have been linked to the development of diseases and conditions such as obesity, type 1 diabetes, asthma, allergies, idiopathic inflammatory disease and even neurodevelopmental disorders. Thus, the composition of the flora is therefore modified and influenced by age, the state of the immune system and various environmental and other factors (Table 2) [1,12,13,78].



In addition, regarding the current COVID-19 pandemic infection caused by the SARS-CoV-2, gastrointestinal involvement is observed as in the other various respiratory tract infections that can complicate these disorders. In fact, it appears from recent studies that gastrointestinal pathology in patients is more frequent and lasting than in pulmonary pathology. This could be linked to the imbalance between lung and intestinal microbiota, and the severe prognosis can be influenced by bacterial dysbiosis. In fact, this influence on the gut microbiota occurs according to some studies through (a) the primary inflammatory stimuli triggering the release of microbial products and cytokines, increasing systemic inflammation, and (b) the increase in blood proteomic risk score (PRS). Furthermore, fecal samples in patients with high infectivity had a wide number of Collinsella aerofaciens, Collinsella tanakaei, Streptococcus infantis, Morganella morganii in contrast to patients with low or no infectivity, who had a wide number of SCFAs, Parabacteroides merdae, Bacteroides stercoris, Alistipes onderdonkii, and Lachnospiraceae bacterium. Consequently, knowing that the intestinal microbiota influences the action of ACE2, we can hypothesize a close relationship between COVID-19 and the microbiota and this in turn modifies the lung microbiota [79,80,81,82,83].



Thus, the use of specific diets, specific living environments, and supplementation with probiotics can be factors that are protective against the onset and progression of respiratory diseases. It also seems appropriate to deepen the interactions between guest and response in the future immune response to the risk of respiratory diseases (Table 3), in order to seek new therapeutic interventions that can positively modulate this response [83,84,85,86,87,88,89].





6. Conclusions


In the postnatal and adult stages, the microbiome influences the reproductive, cognitive, metabolic and immunological aspects of the individual; it is argued that the microbiota is suitable to support some functions in the early stages of life while in the latter it contributes to the death of the host. It has emerged that the microbiome is explicit in relation to the age of the individual, causing an increase in cellular proliferation and producing pro-mutagenic metabolites (for example butyrate); it therefore possesses an oncogenic potential. New data show that the composition of the respiratory system microbiome differs in health and disease conditions and that the microbial community as a collective entity can contribute to the pathophysiological processes associated with chronic airway disease. The respiratory microbiome is less studied than that of other areas, but it is believed to contribute to the host’s local immune education and to the development of respiratory diseases, including allergies, asthma and others. Local pathogenic bacteria are associated with respiratory infections such as Streptococcus pneumoniae and Haemophilus influenzae. However, these bacteria, along with fungi, viruses and other bacteria, inhabit the upper respiratory system where they create the microbiome of the rhino-pharynx, a complex ecological network. When there is a balance between the members of the respiratory microbiome, its action is beneficial for humans through strengthening the immune system and preventing the creation of pathogens. However, if the microbiome is disturbed, e.g., because of an antibiotic therapy, potential pathogens may proliferate locally or be transmitted to other areas, creating some local or systemic infections such as acute rhinosinusitis, otitis media, pneumonia, sepsis, etc. In conclusion, the analysis of the intestinal/respiratory microbiome in the context of COVID-19, and the general exploration of its modulation through the diet or food supplements (prebiotics, probiotics, foods rich in fiber, etc.) and fecal transplants, deserve further investigation in clinical microbiology and translational research. The use of prebiotics and probiotics to regulate the balance of the intestinal flora could be an effective treatment to reduce the risk of bacterial and viral infections and other diseases of the respiratory system, thus preventing lung damage and increasing global human health.
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Figure 1. Main bacteria genera and microbiome species of an adult in the upper respiratory tract. 
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Figure 2. Bidirectional hypothesis that the intestinal microbiota can modulate the immunological activity of the lung: lipopolysaccharides (LPSs) are able to bind to the Toll-Like Receptor (TLR) present on the intestinal mucosa causing the activation of dendritic cells that favor the activation of various T cells (T-reg, T-h17, Th-1, CD4); subsequently, there is the acquisition of horning receptors (CCR6, CCR9, CCR4, a4b7) and migration to the lung through the circulatory lymphatic flow (CCR4/6Treg, CCR4/6Th17, CCR4/6Th1, CCR4/6CD4 +). It also activates (IL-18, INF-y, TNF-a, TGF-b, IL-4, IL-1), which will pass into the circulation (INF-y, TNF-a, IL-6). The nuclear factor kappa-light chain enhancer of (NFkB) activates IL-6, IL-10 and the production of IgA and IgG plasma cell b cells and the migration of IgG to the lung. In the lung, we have the increase in CCL17, CCL20 and the presence of CCR4/6, CD4 +, CCR4/6 and Th17. The migration of bacterial metabolites (e.g., short-chain fatty acids (SCFAs) to the lung through the bloodstream results in the down-regulation of pattern recognition receptors (PRR) with a consequent reduction in the production of inflammatory cytokines (IL-1, IL-12, IL-18), tumor necrosis factor alpha (TNF-α), interferon gamma (IFNγ) and granulocyte–macrophage colony stimulating factor (GM-CSF). In turn, the lungs send inflammation mediators and lymphocytes to the gut in case of disease. 
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Figure 3. The evolution of the upper respiratory tract microbiome during human life and risk of respiratory tract diseases. 
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Figure 4. Dysbiosis related to some lung diseases. The relative abundance in Proteobacteria is associated with the increased severity of chronic obstructive pulmonary disease (COPD). 
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Table 1. Main bacteria and fungi genera of the lower respiratory tract microbiome of adult people.
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	Bacteria
	Fungi





	Prevotella
	Aspergillus



	Sphingomonas
	Cladosporium



	Pseudomonas
	Penicillum



	Acinetobacter
	Eurotium



	Fusobacterium
	Candida



	Megasphaera
	Malassezia



	Veillonella
	Neosartorya



	Staphylococcus
	Saccharomyces



	Streptococcus
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Table 2. The main factors that modified microbiome composition.
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Factors Influencing the Gut Microbiota




	
Intrinsic

	
Extrinsic






	
Gastric secretion

	
Age




	
Oxigen presence/concentration

	
Delivery (cesarean section, natural)




	
Motility

	
Diet (breast milk, formula milk, pre- and probiotic foods)




	
Mucus and Gastro-Intestinal (GI) secretions

	
Environmental stress




	
Antimicrobiale peptides

	
Infections




	
Immunity state

	
Drugs (Proton pump inhibitors, H2 Blockers, Prokinetics, Antibiotics, Laxatives, Opioids, Nonsteroidal anti-inflammatory drugs: NSAIDs)
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Table 3. References about the respiratory health risk in early years related to the lung and gut microbiota.






Table 3. References about the respiratory health risk in early years related to the lung and gut microbiota.





	
Risk of Respiratory Diseases




	
Alteration of Lung Microbiota

	
Alteration of Gut Microbiota






	
Bisgaard H. et al. (N Engl J Med 2007): Pneumonia and bronchiolitis in the first 3 years

	
Abrahamsson T.R. et al. (Clin Exp Allergy. 2014): Asthma at 7 years old




	
Huang YJ and Boushey HA (Am Thorac Soc. 2014): Pneumonia and bronchiolitis in the first 3 years

	
Fujimura K.E. et al. (Nat Med 2016): Asthma at 6–7 years old




	
Teo S.M. et al. (Cell Host Microbe 2015): Asthma at 5 years old

	
Arrieta MC and Finlay B. (J Infect. 2014): Asthma at 5 years old




	
Hasegawa K. et al. (Allergy 2017): Recurrent respiratory infection in the first 3 years

	
Stokholm J. et al. (Nat Commun. 2018): Asthma at age 5 years old
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