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Abstract: In this paper, we want to refute the notion that the microbiota should be considered an
organ, given that an organ comprises tissue of similar or different embryological origin, while the
microbiota is a pool of different microbial species originating individually from single replications and
not from a common ancestral cellular element. Hence, we would like to propose a new morphological
interpretation of its nature, based on the comprehensive context in which these microbes live: a
muco-microbiotic layer of hollow organs, such as the airways and the bowel. The above concept
should represent not only a new terminological annotation but also a more accurate portrayal of the
physiology and pathophysiology of these organs. Indeed, a better understanding of the biological
nature of this part of the human body can help scientists develop more specific experimental protocols,
potentially leading to the establishment of better therapeutic strategies.
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cell differentiation; tissue homeostasis; organ remodeling; nanovesicles

1. Brief Introduction to the History and Terminology Related to the Term “Microbiota”
and about Its Definition in Scientific Literature

Although it is often claimed that the terms “microbiota” and “microbiome” were
coined by the Nobel laureate microbiologist Joshua Lederberg in 2001, Susan L. Prescott [1]
clarified that this is not correct. Lederberg did not come up with these terms, simply
because they are both basic microbiology terms that had already been in common use for
many decades before becoming widely used. The terms are often used synonymously by
the scientific community; however, they are two separate entities. In fact, “microbiota”
describes specific microbe populations that are found within a specific environment (i.e.,
a hollow organ) comprising bacteria, fungi, archaea, protists, helminths and viruses that
symbiotically inhabit the host [2], while “microbiome” refers to the sum of all microbes and
their genes. In this paper, we discuss only the microbiota.

Furthermore, a number of researchers would describe the microbiota as an “additional
organ” of our body [3], using such terms as “organ-like collection of microbes,” “microbial
organ,” “microbial system,” or “metabolic organ” [4], all of which are devoid of scientific
significance. At the same time, novel conceptions have been formulated to address its bio-
logical and ontological significance, such as “holobiont” and “hologenome” [5,6], although
these proposals are still under debate.

In this brief paper, we present our vision of the microbiota from a strictly morpho-
functional point of view. In particular, we illustrate the microbiota in a histological con-
text, focusing our attention on its significance in the physiology and pathophysiology of
two anatomical districts—the airways and the intestine.
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2. Microscopic Anatomy of Human Airways and Bowel: Similarities and Differences

We would like to include just a few lines to briefly recapitulate some basic anatomic
and histologic knowledge that can be useful for those readers of this manuscript who may
not be experts in this field. For further details, any good anatomy and histology textbook
can be consulted.

In human anatomy, organs are subdivided into two categories: hollow and parenchy-
matous. Hollow organs, in structural terms, have a wall composed of several layers. These
layers are formed by tissue, which in turn are formed by cells, each one having a functional
specialization deriving from differentiation.

Human anatomy aims to describe cell differentiation, tissue homeostasis and organ
remodeling during the life span of an individual (from zygote formation to the death of
the organism). Any alteration in cell differentiation (for any reason, intrinsic or extrinsic)
leads to tissue disruption and organ dysfunction, in turn determining the onset of a disease.
Therefore, diagnostic approaches, as well as the development and perfection of treatment
approaches, are reliant on sufficiently understanding these processes.

Airways are part of the respiratory system, together with the lungs. They are divided
into upper and lower ones. The former includes the nasal and paranasal cavities and
pharynx; the latter includes the larynx, trachea, and bronchi. Both the upper and the lower
airways are hollow structures. The walls of the lower airways are made up of three layers:
mucosa, submucosa (or fibromuscular cartilaginous layer) and adventitia (Figure 1A). The
mucosa is the most internal one, comprising a lining of pseudostratified ciliated mucous
epithelium lying on a connective lamina propria hosting mucous glands, as well as hematic
and lymphatic vessels, and populated by fibroblasts and immune cells. More recently,
the concept of an epithelial–mesenchymal trophic unit (EMTU) has been introduced to
better explain the close relationship between the epithelium and the lamina propria in all
homeostatic processes in these tissue types [7,8].

Evans et al. theorized the idea of the EMTU at the beginning of the 2000s. According
to their hypothesis, the epithelial layer and underlying mesenchymal cells communicate to
control and regulate responses to external environmental stimuli [9]. This communication
network plays a key role in many different aspects of airway homeostasis. Both the
internal and external communication of the EMTU hinges on cytokines and signaling
molecules released by both cell populations [10,11]. Processes like embryogenesis and
airway differentiation use EMTU signaling [12,13], and a dysregulation of these pathways
can lead to the development of various pathologies, such as chronic obstructive pulmonary
disease (COPD), asthma, bronchiolitis obliterans syndrome, and idiopathic pulmonary
fibrosis [14–17].

The bowel is part of the digestive system and comprises the small and large bowel.
Both are hollow structures and have a wall divided into four layers (Figure 1B): mucosa,
submucosa, muscularis propria, and adventitia (replaced by the serosa, i.e., the peritoneum,
in some areas). The bowel mucosa is made of three overlapped tissue types: the lining of
monolayered columnar epithelium composed mainly of adsorbent and mucous cells (but
containing also other cytotypes; see specialized textbooks for details); the lamina propria,
containing, among others, glands, hematic and lymphatic vessels, fibroblasts, and immune
cells; and the muscularis mucosae, representing the border between the connective tissue
of the lamina propria and that of the submucosa.

The bowel and the airways can be considered two remarkably similar structures from
the following points of view. Both are in fact covered with a layer of mucus that is produced
by the mucous cells and glands of the epithelium and houses the microbiota, constituted of
about 100 trillion bacterial, archaeal, viral, and eukaryotic domains, encompassing more
than 1000 different species [18–23]. This mucus also houses extracellular vesicles that are
very useful tools of trafficking between human cells and the microbiota, actively involved
in maintaining their homeostasis.
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Figure 1. Components of the airway (A) and bowel (B) mucosa, as classically described in anatomical
and histological literature. In brief, both organs have a monolayer of epithelial cells with an under-
lying lamina propria, in which glands can be found. We can appreciate morphological differences
between airway and intestinal glands: airway glands have a tubuloacinar structure, single terminal
ducts and branched secretory tubules that end in serous acini; intestinal glands generally present
unbranched tubules that end in a single acinus. The muscularis mucosa is present only in the bowel,
separating the connective tissue of the lamina propria from that of the submucosa. See the text for
further details.

The microbiota presents great differences in relation to age, ethnicity, eating habits, sea-
sonal changes, immune status, and other physiological variables, both in the airways [21–24]
and in the bowel [25–30]. These findings have prompted several studies on its role during
the pathogenesis of various diseases of the respiratory and the digestive systems (including
inflammatory and tumoral ones), the systemic complications caused by such disorders,
and last but not least, the therapeutic potential of altering the microbiota with the use of
prebiotics and probiotic or microbiotic transplants [31–36]. Here we want to focus on and
compare the microbiota of the airways and the bowel, in the context of microenvironment.

3. The “Ghost” Layer

The classic description of airway and bowel structure made in the previous paragraph
does not take into account the fact that in living subjects, the innermost lining of the
intestinal lumen is not the mucous layer, but mainly consists of a mix of mucus, microbiota,
and myriad soluble factors in which nanovesicles are dispersed. For this reason, we propose
using the term “muco-microbiotic (MuMi) layer” to describe the innermost lining of both
airway and bowel walls in living subjects (Figure 2).
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Figure 2. Main components of the muco-microbiotic layer (i.e., mucus, microbiota, and nanovesicles)
in the bowel mucosae and its relationships with epithelial elements and connective cells of lamina
propria. See the text for further details.

Enterocytes, the cells responsible for the absorption of nutrients, and goblet cells, the
elements secreting the mucus that covers the intestinal wall, are the most common cytotypes
that make up the bowel epithelium. The MuMi layer represents the first line of defense
against various types of stress, such as ingested material, hydrochloric acid, proteolytic
enzymes, etc., that the bowel is exposed to. The mucus, synthesized and secreted by goblet
cells, is colorless, since it is mainly composed of water (up to 95%), lipids and small proteins.
Its mechanical and viscoelastic properties are guaranteed by the presence of high-molecular-
weight glycoproteins, identified as mucins [37,38]. The mucus is denser at the epithelial
level and less so closer to the lumen, being also exposed to bacterial proteolytic activity. In
fact, different microbial species of the normal microbiota are present in the MuMi layer. This
allows the formation of a layer innermost to the intestinal lumen, that we call for the first
time the “MuMi layer”, produced by the union of the mucus layer, microorganisms, and
soluble factors, including extracellular vesicles (EVs) [39]. EVs represent the main dialogue
tool between the microbiota and human cells of the mucosal layer, including not only
epithelial cells but also fibroblasts and immune elements distributed in the lamina propria.

The MuMi layer is not visible under routine histologic examination because it is lost
during the processing of biopsies for microscopic observation, due to the solubility of the
mucus in alcoholic solutions. Consequently, this internal lining has been systematically
missed by histological studies and generally ignored for a long time, despite the fact that in
our opinion, it has a key role in airway and intestinal physiology and pathophysiology (as
discussed below).

It is also important to remember that both the airway and intestinal tracts establish
multiple relationships with other anatomical districts through nanovesicular trafficking.
In fact, exosomes and outer membrane vesicles—produced, respectively, by human and
bacterial cells—are able to reach, through the bloodstream, virtually any anatomical dis-
trict, including some “protected sanctuaries,” such as the brain, the testicles, and the
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thymus [35,36]. Due to its wide extension all along the hollow organs, this layer releases
a great quantity of nanovesicles of both bacterial and human origin, in addition to other
soluble factors with autocrine- and paracrine-like effects capable of reaching the general
circulation and producing systemic effects.

In this context, the MuMi layer should be seen as a morphofunctional layer more
than merely an anatomical one, because it is not a derivative of any embryonic structure,
unlike the remaining layers of the GI tract or the airway. However, since it represents the
symbiotic relationship between the microbiota and the host cells, we cannot ignore the
existence of this layer, for reasons better clarified in the following paragraphs.

4. Extracellular Vesicles: Physiology and Pathophysiology

Extracellular vesicles (EVs) are nanosized lipid membrane vesicles released by virtually
all human cells involved in many cellular processes, both in physiological and pathological
conditions, such as cell differentiation and tissue homeostasis [40–42].

EVs are classified into different subtypes based on their biophysical features, such as
size, density, and biochemical composition. According to this classification, it is possible
to describe “small EVs” with ranges between 50 nm and 200 nm and “medium/large
EVs” sized >200 nm. However, this classification frequently refers to the traditional
nomenclature based on EV dimension and mechanism of biogenesis: (a) exosomes of
20–200 nm of diameter that are formed within the endosomal network and released upon
the fusion of multivesicular bodies with the plasma membrane; (b) microvesicles with
a diameter between 200 nm 1000 nm (also called microparticles and ectosomes) that are
produced by outward budding and fission of the plasma membrane; and (c) apoptotic
bodies sized >1000 nm that are released as blebs of cells during apoptosis [43,44].

EVs are present in many different biofluids, such as blood, lymph, breast milk, saliva,
urine, and cerebrospinal fluid, carrying into the extracellular compartment as well as into
distant districts, lipids, nucleic acids and proteins, which represents a way of long-distance
communication and horizontal transfer of genetic material. EV content varies according to
the type of cell that released it, thus providing information on its status [40,45]. Furthermore,
it has been shown that EV-carried molecules modulate and reprogram recipient cells,
mediating signal transduction between cells and influencing their behavior [46].

In addition to participating in some fundamental physiological processes, EVs have
also been implicated in disease development, favoring, for instance, tumor cell proliferation,
angiogenesis, extracellular matrix degradation, and immune response deregulation [47].
Therefore, investigation of EVs is useful to highlight mechanisms that may determine health
or disease. Furthermore, as EVs carry genetic material and proteins that may affect different
signaling pathways in the target cells and organs, and since they are commonly found in
biological fluids and tissue, they can be used as noninvasive and easily accessible disease
biomarkers [48–53]. As stated above, in different diseases, cells can produce EVs with
alterations in number and molecular content compared to physiological conditions, and
accumulating evidence demonstrates their role in cancer, in which the application of EVs
may be helpful for early diagnostics and the identification of new therapeutic targets [52].

In the airways, secreted EVs are involved in lung homeostasis and pathologies, such
as inflammatory disease and lung cancer [54], and have been reported in plasma and
secretions from airways, such as saliva [55], induced sputum [56] or bronchoalveolar
lavage fluid (BALF) [57]. Among the cells of the pulmonary microenvironment that secrete
EVs, bronchial epithelial cells and alveolar macrophages are the major sources, and it has
been demonstrated that their molecular content has some immunomodulatory effects and
defense functions of the airway in lung inflammatory and chronic diseases, such as asthma,
chronic obstructive pulmonary disease, pulmonary fibrosis, and lung cancer [54,58].
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Furthermore, in the bowel tract, secreted EVs act as communicators between intestinal
cells and as long-distance mediators involved in maintaining immune homeostasis. EVs
produced by intestinal layers, including the MuMi one, have different effects, such as
playing a role in the repair mechanisms of epithelium integrity [59] and in the activation of
immunological pathways [60,61]. At the same time, they can become a disease biomarker
when isolated from circulation or other biological fluids [53]. Moreover, EVs released
by intestinal layers seem to be involved in the defense mechanism against pathogenic
microbes [60], and consequently have important roles in the cross talk between the host
body and resident microorganisms [62].

As a matter of fact, EVs are naturally produced by both Gram-negative and Gram-
positive bacteria harbored in the airways and the bowel. They are called outer membrane
vesicles (OMVs) or membrane vesicles (MVs), respectively [63–65]. These particles are
ubiquitously produced by blebbing of the outer membrane or following bacterial lysis, and
contain a variety of molecules, such as proteins, RNAs, DNAs, lipids and enzymes, whose
loading mechanism is not yet fully understood [63–65].

EVs produced by the airway microbiota have important roles in activating immune
responses, such as Staphylococcus aureus- and Pseudomonas aeruginosa-derived EVs, which
may induce neutrophilic pulmonary inflammation [66,67]. Initially, it was believed that
intestinal bacterial EVs may have a pathogenic role, carrying toxins and virulence factors
favorable to establishment of infection [68]. Subsequently, it was observed that microbiota-
derived EVs can also initiate host immune responses and cross the intact intestinal epithelial
barrier to reach distant tissue [69]. In fact, like the exosomes, OMVs and MVs play an
important role in communication with neighboring bacteria and the environment, being
able to travel long distances, transporting their contents throughout the body. This could
lead us to hypothesize that OMVs also act elsewhere, other than the airway and bowel
lumen, amplifying the role of the microbiota [70].

The following paragraphs analyze the composition of both the mucus and the micro-
biota in the airways and the bowel in better detail to add important information for a better
understanding of the role of the MuMi layer in human physiology and pathophysiology.

5. Airway Composition

The respiratory tract represents a large surface area that interacts with the external
environment. As a physical barrier, the airway epithelium and the bronchial mucus are
classically considered essential for the protection of both the airways and the lungs from
any external etiological agents, including microbes and allergens [71]. Airway mucus,
produced by the submucosal glands, is a complex dilute aqueous solution resulting from
the sum of proteins, glycoconjugates, and lipids, containing electrolytes, enzymes, anti-
enzymes, oxidants and antioxidants [72]. Under normal conditions, mucus is scarce in
quantity but still present, and forms a thin layer that homogeneously covers the surface of
the airways, from the upper airways to the bronchi. In fact, the first, most fundamental
function of this thin mucous layer is to ensure the maintenance of appropriate humidity
and temperature levels of the incoming air flowing through the respiratory tree. This is
also important to ensure a favorable environment for the colonization of bacteria, viruses
and fungi that compose the pulmonary microbiota.

In fact, the respiratory tract is inhabited by niche-specific communities of bacteria
acting as gatekeepers that provide resistance to colonization by respiratory pathogens. A
variety of different microbial species colonize the airways right after birth, depending on
the type of delivery. Significant changes occur during the first year of life, driven by both
immune system maturation and diet [73]. Thus, the microbial community in infants and
children gradually transforms into the adult respiratory tract microbiome, becoming less
dense but more diverse [74].
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The lower respiratory tract is one of the least-populated surfaces of the human body in
terms of the microbiome, with approximately 10–100 bacteria per 1000 human cells [75]. In
particular, airways exhibit a gradient of bacteria burden that is relatively high in the upper
tract and substantially diminished in the lower one (Table 1) [76]. The mucous surfaces
of the upper respiratory system are colonized by a wide range of bacteria belonging to
the genera Firmicutes, Actinobacteria, Bacteroidetes and Proteobacteria. While it was
previously assumed that the lower respiratory tract was sterile, except during infection,
recent studies have shown the presence of bacteria, such as Firmicutes, in the lungs of
healthy individuals [16,74,77–79]. The different distribution of bacteria genera is probably
ascribable to the different characteristics of the airway’s tracts. In the upper section of the
respiratory tract, the inhaled air is heated, humidified, and filtered. These processes affect
both bacteria from the external environment and those that reside permanently in our body.
The selection of genera leads to the formation of a specific symbiotic microbiome for the
different portions of the airways [76].

Generally, differences in temperature, pH, mucus secretion, and relative oxygen
concentration regulate bacterial colonization in the respiratory tract. Several environmental
factors, such as age, weight, and tobacco smoke exposure, can damage the epithelium
and facilitate microbial entry into the host, contributing to dysbiosis [80]. Similarly to
the gut, airway dysbiosis is associated with local inflammation and exacerbation of many
pulmonary disorders, such as COPD or asthma [81]. Clinical features of inflammation
include increased vascular permeability, facilitating the release of immune cells and mucus
secretion [82,83].

Moreover, the airway microbiota, along with the mucus, plays a fundamental role in
the barrier function of the airway epithelium, maintaining a stable homeostasis [71], and
a dialogue is likely to develop between specific bacterial communities and the host in a
dynamic way. In particular, the loss of barrier function can affect the composition of the
respiratory microbiota, allowing the entry of pathogens and other particles. As mentioned
before, the mucus maintains an efficient airway environment, acting as a physical and
biological barrier and ensuring the humidification of the air that passes through the trachea
and the large bronchi.

Numerous experimental studies have shown that in the absence of mucus, the res-
piratory tract changes profoundly, often causing substantial damage or alterations to the
anatomical structures of the lung [84]. It is well known, for example, that the absence
of mucus in the airways can cause an irritative inflammatory reaction [84]. It also con-
stitutes an important filter and dilution tool: many types of gaseous substances that are
irritating or toxic to the respiratory tract are subjected to a process of filtration and dilu-
tion by the mucous surface of the airways. It is also used to remove particles, dust and
biological agents.

On the other hand, emerging experiments have highlighted a crucial cross talk between
the intestinal microbiota and the respiratory one, called the “gut–lung axis,” highlighting
the possible involvement of microaspiration of intestinal microbes in the development of
the airway microbiota [75,84]. In fact, a change in the constituents of the gut microbiome
could alter immune responses and homeostasis in the airways. Various factors, such as diet,
have been shown to not only impact the composition of the intestinal microbiota but also
the respiratory one, indicating that the intestinal and respiratory compartments are closely
interconnected, and that changes at one of the two sites could impact the other [71,75,84].

Short-chain fatty acids (SCFAs), the metabolites produced by the gut microbiome
in the intestinal microenvironment, have been shown to reach other organs and to play
a role in respiratory diseases, such as asthma [75]. In fact, several studies have shown
that a diet rich in fiber causes an increase in circulating SCFA levels produced by the
fermentation of anaerobic bacteria. SCFAs promote leukocyte recruitment and immune
regulation within the inflammatory process, preventing allergy- and asthma-related lower
airway inflammation [16,85,86].
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However, despite several studies demonstrating a crucial and beneficial role of the
microbiota, the usefulness of probiotics as a therapeutic strategy for respiratory diseases
has still not been conclusively proven [87]. Consequently, it may be necessary to further
broaden our horizons to fully understand the actions and mechanisms of probiotics in the
prevention and treatment of respiratory tract diseases [87–89].

6. Bowel Mucus Composition

The mucus of the gastrointestinal tract, coating the intestinal epithelium, acts as a
physical barrier, representing the first line of defense against ingested material, digestive
enzymes and microbial by-products [90].

The mucus is synthesized and secreted by goblet cells and is mainly composed of
water, lipids and mucins, a complex structure of glycoproteins with specific O-linked
glycans (O-glycans) capable of guaranteeing the appropriate mechanical and viscoelastic
properties [37,38,91,92]. Among the many mucins, Muc2 is the main mucin component
of the intestinal mucus layer [93]. In addition to the mucins, mucus contains immune
mediators that target the gut microbiota, providing a diffusion barrier. In fact, IgA, secreted
into the lumen of the duodenum and the ileum at a high concentration, is able to bind
bacteria or viruses, leading to slower diffusion and reducing bacterial mobility in the
mucus [92].

The composition and thickness of the mucus vary along the length of the intestine.
While in the small intestine, the mucus forms a single layer, in the large intestine, due to
the higher density of microorganisms, the mucus is organized in two different layers: the
inner one separates the commensal bacteria from the host epithelium and the outer one
represents the real natural habitat for the commensal bacteria [94]. Moreover, in the small
intestine, the mucus is penetrable, but the bacteria are kept away from the epithelium by
antibacterial mediators, whereas in the large intestine, the inner mucus layer is impenetrable
to bacteria and only the outer mucus layer hosts the bacteria [95]. Therefore, the inner
mucus layer is denser and the outer is more dissolved, as it is exposed to the proteolytic
activity of bacteria [91,96]. The mucus composition has an important role in creating
a favorable microenvironment to host the gut microbiota, also providing nutrients and
other physiological substances for its homeostasis [97]. For example, some bacteria, using
MUC2 O-linked glycans, are capable of colonizing tissue and releasing a mucous biofilm, a
complex self-produced polymer matrix in which microorganisms can attach to each other
and be attached to the mucosal surface [98]. In addition, some bacteria can also use pili,
fimbriae, or flagella to bind mucus [99,100]. Indeed, the main flagellar subunit protein
has also been shown to be involved in bacteria–mucus adhesion. Finally, it is likely that
the components of the mucus layer, such as secretory IgA and mucins, play a role in the
interaction between bacteria and mucus [91,101].

7. Bowel Microbiota Composition

The gastrointestinal tract is one of the microbial ecosystems with the highest popu-
lation density. It is estimated that about 1014 microorganisms are present in the intestine
of an adult, exceeding the total number of cells in the human body (1013), and including
100 times more genes than the human genome [102–104]. In general, the development of
an individual’s intestinal microflora depends on the number and type of microorganisms
with which the individual comes into contact in the early stages of growth, and on the
genetic composition of the individual [105]. The phenotype composition can therefore be
regulated by such factors as diet, environment and stress. Infection, disease and antibiotics
are among the many factors that may alter microbial composition [106].
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The human intestinal microbiota contains bacteria, fungi, archaea, protists, helminths
and viruses that symbiotically inhabit the human digestive system, with five bacterium
phyla—Bacillota, Bacteroidota, Actinomycetota, Pseudomonadota and Verrucomicrobiota—
representing the predominant microorganisms in the gut (Table 2) [2]. Along the intestinal
tract, both the quantity and the quality of the microbiota vary. It is notable that bacterial
concentration tends to increase along the distal ileum, reaching very high concentrations at
the colon level. In addition, the horizontal stratification of the microbiota is also remarkable:
different commensal microorganisms are located in the intestinal lumen, the mucus layer
and the epithelial crypts [107].

Due to poor intestinal motility, the highest number of bacteria with the greatest
microbial diversity are located in the large intestine (1011–1012 CFU/mL of luminal content).
This colonization allows the formation of a symbiotic and commensal relationship between
the host and the microbiota, dependent on the production and the release of multiple
bioactive metabolites [108,109]. The intestinal microbiota thus influences normal intestinal
homeostasis, acting on the proliferation and apoptosis of intestinal epithelial cells (IECs).

Among the main metabolic functions performed by the microbiota, there are the
synthesis of vitamins (B12 and K), absorption of Ca, Fe and Mg ions and the production
of short-chain fatty acids (SCFAs) [110,111]. In general, SCFAs, such as butyrate, acetate
and propionate, derived from the fermentation of indigestible fibers, play an important
role in human physiology, maintaining intestinal barrier integrity by preventing microbial
translocation, which is known to be associated with local intestinal inflammation, systemic
inflammation and neuroinflammation [108,112].

The intestinal microbiota also plays an important role in the development and main-
tenance of the immune system [113], as confirmed by studies conducted on germ-free
mice that were more sensitive to infections and had low IgA concentration [114–116]. In
general, the immune system is a complex network of chemical and cellular mediators
that can recognize any form of insult in order to keep the body healthy. However, it is
important for the intestinal immune system to be able to recognize pathogenic microor-
ganisms from commensal ones. In particular, during the development of the immune
system, the Toll-like receptors (TLRs)—expressed on IECs and lymphoid cells—promote
immunological tolerance to the normal components of the microbiota, recognizing several
general molecules associated with microbes (i.e., microbe- or pathogen-associated molec-
ular patterns—MAMPs or PAMPs, respectively), such as peptidoglycans and capsular
components [117]. In this way, the intestinal microbiota not only manages to evade the
host’s immune system but also contributes to the development, maturation and regulation
of the immune system [108].

Furthermore, although it is classically thought that the mucus produced by the goblet
cells of the intestinal mucosa represents the first defense barrier, even the microbiota does
not allow the colonization of exogenous/pathogenic microbes. In fact, there is competition
between commensal and pathogenic bacteria. The colonization of exogenous bacteria can
be prevented due to the limited availability of nutrients or to the production, during sugar
metabolism, of organic acids that determine a reduction in intestinal pH with consequent
inhibition of the growth of acid-sensitive bacterial species. Other than these mechanisms,
one should also consider the production of antimicrobial substances by commensal bac-
teria, such as bacteriocins, allowing the microflora to control the growth of exogenous
microorganisms [118].

It has been shown that the microbiota of the gastrointestinal tract is able to modulate
the migration of the neutrophils resident in the lamina propria, to favor the differentiation
of TCD8+ cells toward TCD4+, and finally to release IgA through the activation of B
cells [119]. Hence, the complex interaction between nonpathogenic bacteria, IECs and
immune cells of the mucous layer is a fundamental prerequisite for the development of
immune functions and defense mechanisms in the adult intestine.
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However, dysbiosis of the gut microbiota, associated with an increased abundance of
potentially detrimental bacteria, can compromise gut barrier integrity through bacterial
production of endotoxins (e.g., lipopolysaccharide (LPS)) capable of altering immune re-
sponse, initiating proinflammatory pathways and directly damaging intestinal epithelial
cells (known as leaky gut), with changes in the distribution and localization of its tight junc-
tion proteins. This promotes the translocation of bacterial components from the intestinal
lumen to the systemic circulation and other organs, including the central nervous system
(CNS). In fact, gut dysbiosis has also been observed in various neurological and psychiatric
conditions, including severe depression and Parkinson’s and Alzheimer’s diseases [120].
For instance, several studies have reported the potential connection between α-syn-related
pathology and dysbiosis [120,121].

It is thus widely understood that the microbiota communicates with the host under
both physiological and pathological conditions. This type of communication takes place
not only by direct contact but also through humoral signaling molecules and hormonal
components. As previously described, intercellular communication with the host also
occurs through the release of micro- and nanovesicles, which can enter the systemic circula-
tion. In particular, the maintenance of tissue homeostasis is also mediated by the release of
EVs, such as exosomes and OMVs/MVs, contributing significantly to coordinated signal-
ing events and communication between microbiota, IECs, endothelial cells and immune
cells [122]. Among proteins transported within the EVs, there are metalloproteinases,
growth factors and chemokines, used as secondary messengers for the coordination of
cellular responses [123]. Several studies have shown that the release of EVs could play
a role in response to vaccination and therapeutic applications, as a vehicle in the deliv-
ery of drugs and targeted therapy [50,124–126]. In general, IEC-derived EVs are able to
regulate the integrity of the epithelial barrier thanks to the transport of desmosomal cad-
herins that stabilize cell–cell epithelial adhesions, as well as being able to protect against
pathogenic infections thanks to the transport of some antimicrobial peptides, such as
beta-defensin [127,128].

In recent years, several studies have focused on the role of OMVs produced by the
intestinal microbiota, highlighting their importance as immunological mediators. In fact,
it has been shown that the large capsular polysaccharide A (PSA) is selectively packaged
within OMVs. The OMVs are then internalized into dendritic cells, which induce the
differentiation of T-regulatory cells to produce IL-10. This represents an example of how
host immunotolerance towards the symbiote is determined [129,130].

Other studies show the entire intestinal microbial population benefits from OMV
production A mutual support is established by the bacterial species that release OMVs
and others that receive them. In fact, some bacteroides are able to pack hydrolases inside
OMVs, making them usable to other bacteria that are privy to them. Since hydrolases are
used for the digestion of polysaccharides, this mechanism promotes the growth of other
bacterial species that are unable to hydrolyze polysaccharides. This again supports the role
of OMVs in creating and maintaining the balance of the gut microbiota [131].
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Table 1. The main bacteria that can be found in the airway microbiota. Percentages can change
depending on age, lifestyle, epigenetic stimuli, and diseases [129].

Anatomy Density Kingdoms Phylum Genus (%) References

URT (upper
respiratory tract)

Nasal cavity 103

Bacteria

Actinomycetota Corynebacterium
spp. 20–25%

[16,73,74,76–78,107,132–134]

Bacillota

Staphylococcus
spp. 7–12%

Streptococcus
spp. 8.5–13%

Pseudomonadota
Haemophilus

spp. 2–7%

Moraxella spp. 13–18%

Nasopharynx 103

Actinomycetota Corynebacterium
spp. 6–11%

Bacillota

Staphylococcus
spp. 12–17%

Streptococcus
spp. 10.5–15%

Pseudomonadota Moraxella spp. 14–19%

Oropharynx 106

Actinomycetota Rothia spp. 5.5–10%

Bacteroidota Prevotella spp. 12–17%

Bacillota

Streptococcus
spp. 23–28,5%

Lactobacillus
spp. 1–5%

Veillonella spp. 4–9%

Fusobacteriota Leptotrichia
spp. 4–9%

LRT (lower
respiratory tract Lungs 102 Bacteria

Bacteroidota Prevotella spp. 75–80%

Bacillota

Lactobacillus
spp.

78–83%Streptococcus
spp.

Veillonella spp.

Pseudomonadota Halomonas
spp. 41–46%

Table 2. The main bacteria that can be found in the bowel microbiota. Percentages can change
depending on age, lifestyle, epigenetic stimuli, and diseases [135].

Domain Kingdoms Phylum Genus (%) References

Procaryota Bacteria

Bacteroidota
Bacteroides

73.13 ± 22.16%

[136–139]

Prevotella

Bacillota
Clostridium

22.2 ± 18.66%Lactobacillus
Actinomycetota Bifidobacterium 1.67 ± 2.94
Fusobacteriota Fusobacterium 19 ± 21.4%

Pseudomonadota
Escherichia

2.15 ± 10.39%Shigella
Verrucomicrobiota Akkermansia 1 ± 2%

Spirochaetota Brachyspira 5 ± 7.8%
Archea Euryarchaeota Halobacterium 0.1 ± 21.3% [140,141]

Domain Kingdoms Phylum Family (%) References

Eukaryota Fungi

Ascomycota

Aspergillaceae

47.8 ± 99.5%
Debaryomycetaceae

[142–144]
Dipodascaceae

Saccharomycetaceae

Basidiomycota Tremellaceae
47.8 ± 99.5%Malasseziaceae

Virii Bacteriophage Uroviricota
Demerecviridae

80 ± 84% [139,145–147]Ackermannviridae
Autographiviridae
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8. Conclusions

The MuMi layer of the airways and bowel should not be misinterpreted any longer:
its identification and study can enable a better understanding of the physiology and
pathophysiology of these organs and, in turn, of the entire organism. Further studies
are essential to better gauge not only the microbe population of the MuMi layer (both
in qualitative and quantitative terms) but also the mucous component, i.e., the “matrix”
in which these microbes live, proliferate, and traffic soluble molecules and nanovesicles
during the entire life span of an individual, both in physiological and pathophysiological
conditions. A better understanding of this important constituent of the human body could
lead to the enhancement of diagnostics and treatment strategies for airway and bowel
diseases, as well as their extraorgan complications.
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19. Rajilić-Stojanović, M.; de Vos, W.M. The first 1000 cultured species of the human gastrointestinal microbiota. FEMS Microbiol. Rev.
2014, 38, 996–1047. [CrossRef]

20. D’Argenio, V.; Salvatore, F. The role of the gut microbiome in the healthy adult status. Clin. Chim. Acta 2015, 451, 97–102.
[CrossRef]

21. Wagner Mackenzie, B.; Chang, K.; Zoing, M.; Jain, R.; Hoggard, M.; Biswas, K.; Douglas, R.G.; Taylor, M.W. Longitudinal study
of the bacterial and fungal microbiota in the human sinuses reveals seasonal and annual changes in diversity. Sci. Rep. 2019,
9, 17416. [CrossRef] [PubMed]

22. Lee, S.Y.; Mac Aogáin, M.; Fam, K.D.; Chia, K.L.; Binte Mohamed Ali, N.A.; Yap, M.M.C.; Yap, E.P.H.; Chotirmall, S.H.; Lim, C.L.
Airway microbiome composition correlates with lung function and arterial stiffness in an age-dependent manner. PLoS ONE
2019, 14, e0225636. [CrossRef] [PubMed]

23. Yamanishi, S.; Pawankar, R. Current advances on the microbiome and role of probiotics in upper airways disease. Curr. Opin.
Allergy Clin. Immunol. 2020, 20, 30–35. [CrossRef]

24. Man, W.H.; Scheltema, N.M.; Clerc, M.; van Houten, M.A.; Nibbelke, E.E.; Achten, N.B.; Arp, K.; Sanders, E.A.M.; Bont, L.J.;
Bogaert, D. Infant respiratory syncytial virus prophylaxis and nasopharyngeal microbiota until 6 years of life: A subanalysis of
the MAKI randomised controlled trial. Lancet Respir. Med. 2020, 8, 1022–1031. [CrossRef]

25. Simrén, M.; Barbara, G.; Flint, H.J.; Spiegel, B.M.; Spiller, R.C.; Vanner, S.; Verdu, E.F.; Whorwell, P.J.; Zoetendal, E.G. Intestinal
microbiota in functional bowel disorders: A Rome foundation report. Gut 2013, 62, 159–176. [CrossRef] [PubMed]

26. Hillman, E.T.; Lu, H.; Yao, T.; Nakatsu, C.H. Microbial Ecology along the Gastrointestinal Tract. Microbes Environ. 2017, 32,
300–313. [CrossRef] [PubMed]

27. Eun, C.S.; Kwak, M.J.; Han, D.S.; Lee, A.R.; Park, D.I.; Yang, S.K.; Kim, Y.S.; Kim, J.F. Does the intestinal microbial community of
Korean Crohn’s disease patients differ from that of western patients? BMC Gastroenterol. 2016, 16, 28. [CrossRef]

28. Fulde, M.; Sommer, F.; Chassaing, B.; van Vorst, K.; Dupont, A.; Hensel, M.; Basic, M.; Klopfleisch, R.; Rosenstiel, P.; Bleich, A.; et al.
Neonatal selection by Toll-like receptor 5 influences long-term gut microbiota composition. Nature 2018, 560, 489–493. [CrossRef]

29. Maynard, C.; Weinkove, D. The Gut Microbiota and Ageing. Sub-Cell. Biochem. 2018, 90, 351–371. [CrossRef]
30. Cebula, A.; Seweryn, M.; Rempala, G.A.; Pabla, S.S.; McIndoe, R.A.; Denning, T.L.; Bry, L.; Kraj, P.; Kisielow, P.; Ignatowicz, L.

Thymus-derived regulatory T cells contribute to tolerance to commensal microbiota. Nature 2013, 497, 258–262. [CrossRef]
31. Martens, K.; Pugin, B.; De Boeck, I.; Spacova, I.; Steelant, B.; Seys, S.F.; Lebeer, S.; Hellings, P.W. Probiotics for the airways:

Potential to improve epithelial and immune homeostasis. Allergy 2018, 73, 1954–1963. [CrossRef] [PubMed]
32. 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] [PubMed]
33. Caruso, R.; Lo, B.C.; Núñez, G. Host-microbiota interactions in inflammatory bowel disease. Nat. Rev. Immunol. 2020, 20, 411–426.

[CrossRef] [PubMed]
34. Lavelle, A.; Sokol, H. Gut microbiota-derived metabolites as key actors in inflammatory bowel disease. Nat. Rev. Gastroenterol.

Hepatol. 2020, 17, 223–237. [CrossRef] [PubMed]
35. Fais, S.; O’Driscoll, L.; Borras, F.E.; Buzas, E.; Camussi, G.; Cappello, F.; Carvalho, J.; Cordeiro da Silva, A.; Del Portillo, H.;

El Andaloussi, S.; et al. Evidence-Based Clinical Use of Nanoscale Extracellular Vesicles in Nanomedicine. ACS Nano 2016, 10,
3886–3899. [CrossRef]

36. Yáñez-Mó, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al.
Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]

37. Rondelli, V.; Di Cola, E.; Koutsioubas, A.; Alongi, J.; Ferruti, P.; Ranucci, E.; Brocca, P. Mucin Thin Layers: A Model for
Mucus-Covered Tissues. Int. J. Mol. Sci. 2019, 20, 3712. [CrossRef]

38. Johansson, M.E.V.; Larsson, J.M.H.; Hansson, G.C. The two mucus layers of colon are organized by the MUC2 mucin, whereas
the outer layer is a legislator of host—microbial interactions. Proc. Natl. Acad. Sci. USA 2011, 108, 4659–4665. [CrossRef]

39. Cappello, F.; Rappa, F.; Canepa, F.; Carini, F.; Mazzola, M.; Tomasello, G.; Bonaventura, G.; Giuliana, G.; Leone, A.; Saguto, D.; et al.
Probiotics Can Cure Oral Aphthous-Like Ulcers in Inflammatory Bowel Disease Patients: A Review of the Literature and a
Working Hypothesis. Int. J. Mol. Sci. 2019, 20, 5026. [CrossRef]

40. Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 2009, 21, 575–581.
[CrossRef]

41. Sabrina David, F.R.; Antonella Marino Gammazza, Alberto Giuseppe Fucarino, Celeste Caruso Bavisotto, Alessandro Pitruzzella,
Claudia Campanella. Exosomes: Can doctors still ignore their existence? EuroMediterranean Biomed. J. 2013, 8, 4. [CrossRef]

http://doi.org/10.1165/rcmb.2014-0198OC
http://www.ncbi.nlm.nih.gov/pubmed/25514360
http://doi.org/10.1016/j.jaci.2011.04.047
http://www.ncbi.nlm.nih.gov/pubmed/21636119
http://doi.org/10.3389/fped.2019.00393
http://www.ncbi.nlm.nih.gov/pubmed/31612122
http://doi.org/10.3390/microorganisms7010014
http://doi.org/10.1111/1574-6976.12075
http://doi.org/10.1016/j.cca.2015.01.003
http://doi.org/10.1038/s41598-019-53975-9
http://www.ncbi.nlm.nih.gov/pubmed/31758066
http://doi.org/10.1371/journal.pone.0225636
http://www.ncbi.nlm.nih.gov/pubmed/31770392
http://doi.org/10.1097/ACI.0000000000000604
http://doi.org/10.1016/S2213-2600(19)30470-9
http://doi.org/10.1136/gutjnl-2012-302167
http://www.ncbi.nlm.nih.gov/pubmed/22730468
http://doi.org/10.1264/jsme2.ME17017
http://www.ncbi.nlm.nih.gov/pubmed/29129876
http://doi.org/10.1186/s12876-016-0437-0
http://doi.org/10.1038/s41586-018-0395-5
http://doi.org/10.1007/978-981-13-2835-0_12
http://doi.org/10.1038/nature12079
http://doi.org/10.1111/all.13495
http://www.ncbi.nlm.nih.gov/pubmed/29869783
http://doi.org/10.1016/j.chest.2019.05.011
http://www.ncbi.nlm.nih.gov/pubmed/31154042
http://doi.org/10.1038/s41577-019-0268-7
http://www.ncbi.nlm.nih.gov/pubmed/32005980
http://doi.org/10.1038/s41575-019-0258-z
http://www.ncbi.nlm.nih.gov/pubmed/32076145
http://doi.org/10.1021/acsnano.5b08015
http://doi.org/10.3402/jev.v4.27066
http://doi.org/10.3390/ijms20153712
http://doi.org/10.1073/pnas.1006451107
http://doi.org/10.3390/ijms20205026
http://doi.org/10.1016/j.ceb.2009.03.007
http://doi.org/10.3269/1970-5492.2013.8.22


Anatomia 2022, 1 199

42. Campanella, C.; Caruso Bavisotto, C.; Logozzi, M.; Marino Gammazza, A.; Mizzoni, D.; Cappello, F.; Fais, S. On the Choice of the
Extracellular Vesicles for Therapeutic Purposes. Int. J. Mol. Sci. 2019, 20, 236. [CrossRef] [PubMed]

43. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

44. Caruso Bavisotto, C.; Marino Gammazza, A.; Campanella, C.; Bucchieri, F.; Cappello, F. Extracellular heat shock proteins in
cancer: From early diagnosis to new therapeutic approach. In Seminars in Cancer Biology; Academic Press: Cambridge, MA,
USA, 2021. [CrossRef]

45. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213–228. [CrossRef]

46. Kooijmans, S.A.A.; Schiffelers, R.M.; Zarovni, N.; Vago, R. Modulation of tissue tropism and biological activity of exosomes and
other extracellular vesicles: New nanotools for cancer treatment. Pharmacol. Res. 2016, 111, 487–500. [CrossRef]

47. Tickner, J.A.; Urquhart, A.J.; Stephenson, S.A.; Richard, D.J.; O’Byrne, K.J. Functions and therapeutic roles of exosomes in cancer.
Front. Oncol. 2014, 4, 127. [CrossRef]

48. Graziano, F.; Iacopino, D.G.; Cammarata, G.; Scalia, G.; Campanella, C.; Giannone, A.G.; Porcasi, R.; Florena, A.M.;
Conway de Macario, E.; Macario, A.J.L.; et al. The Triad Hsp60-miRNAs-Extracellular Vesicles in Brain Tumors: Assessing Its
Components for Understanding Tumorigenesis and Monitoring Patients. Appl. Sci. 2021, 11, 2867. [CrossRef]

49. Vitale, A.M.; Santonocito, R.; Vergilio, G.; Marino Gammazza, A.; Campanella, C.; Conway de Macario, E.; Bucchieri, F.;
Macario, A.J.L.; Caruso Bavisotto, C. Brain Tumor-Derived Extracellular Vesicles as Carriers of Disease Markers: Molecular
Chaperones and MicroRNAs. Appl. Sci. 2020, 10, 6961. [CrossRef]

50. Caruso Bavisotto, C.; Cipolla, C.; Graceffa, G.; Barone, R.; Bucchieri, F.; Bulone, D.; Cabibi, D.; Campanella, C.; Marino Gammazza, A.;
Pitruzzella, A.; et al. Immunomorphological Pattern of Molecular Chaperones in Normal and Pathological Thyroid Tissues and
Circulating Exosomes: Potential Use in Clinics. Int. J. Mol. Sci. 2019, 20, 4496. [CrossRef]

51. Caruso Bavisotto, C.; Cappello, F.; Macario, A.J.L.; Conway de Macario, E.; Logozzi, M.; Fais, S.; Campanella, C. Exosomal HSP60:
A potentially useful biomarker for diagnosis, assessing prognosis, and monitoring response to treatment. Expert Rev. Mol. Diagn.
2017, 17, 815–822. [CrossRef]

52. Cappello, F.; Logozzi, M.; Campanella, C.; Bavisotto, C.C.; Marcilla, A.; Properzi, F.; Fais, S. Exosome levels in human body fluids:
A tumor marker by themselves? Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2017, 96, 93–98. [CrossRef]

53. Campanella, C.; Rappa, F.; Sciumè, C.; Marino Gammazza, A.; Barone, R.; Bucchieri, F.; David, S.; Curcurù, G.;
Caruso Bavisotto, C.; Pitruzzella, A.; et al. Heat shock protein 60 levels in tissue and circulating exosomes in human
large bowel cancer before and after ablative surgery. Cancer 2015, 121, 3230–3239. [CrossRef] [PubMed]

54. Campanella, C.; D’Anneo, A.; Marino Gammazza, A.; Caruso Bavisotto, C.; Barone, R.; Emanuele, S.; Lo Cascio, F.; Mocciaro, E.;
Fais, S.; Conway De Macario, E.; et al. The histone deacetylase inhibitor SAHA induces HSP60 nitration and its extracellular
release by exosomal vesicles in human lung-derived carcinoma cells. Oncotarget 2016, 7, 28849–28867. [CrossRef] [PubMed]

55. Lässer, C.; Alikhani, V.S.; Ekström, K.; Eldh, M.; Paredes, P.T.; Bossios, A.; Sjöstrand, M.; Gabrielsson, S.; Lötvall, J.; Valadi, H.
Human saliva, plasma and breast milk exosomes contain RNA: Uptake by macrophages. J. Transl. Med. 2011, 9, 9. [CrossRef]

56. Sánchez-Vidaurre, S.; Eldh, M.; Larssen, P.; Daham, K.; Martinez-Bravo, M.J.; Dahlén, S.E.; Dahlén, B.; van Hage, M.;
Gabrielsson, S. RNA-containing exosomes in induced sputum of asthmatic patients. J. Allergy Clin. Immunol. 2017, 140,
1459.e1452–1461.e1452. [CrossRef]

57. Admyre, C.; Grunewald, J.; Thyberg, J.; Gripenbäck, S.; Tornling, G.; Eklund, A.; Scheynius, A.; Gabrielsson, S. Exosomes with
major histocompatibility complex class II and co-stimulatory molecules are present in human BAL fluid. Eur. Respir. J. 2003, 22,
578–583. [CrossRef]

58. Pastor, L.; Vera, E.; Marin, J.M.; Sanz-Rubio, D. Extracellular Vesicles from Airway Secretions: New Insights in Lung Diseases. Int.
J. Mol. Sci. 2021, 22, 583. [CrossRef]

59. Leoni, G.; Neumann, P.A.; Kamaly, N.; Quiros, M.; Nishio, H.; Jones, H.R.; Sumagin, R.; Hilgarth, R.S.; Alam, A.; Fredman, G.; et al.
Annexin A1-containing extracellular vesicles and polymeric nanoparticles promote epithelial wound repair. J. Clin. Investig. 2015,
125, 1215–1227. [CrossRef]

60. Zhang, X.; Deeke, S.A.; Ning, Z.; Starr, A.E.; Butcher, J.; Li, J.; Mayne, J.; Cheng, K.; Liao, B.; Li, L.; et al. Metaproteomics reveals
associations between microbiome and intestinal extracellular vesicle proteins in pediatric inflammatory bowel disease. Nat.
Commun. 2018, 9, 2873. [CrossRef]

61. Mitsuhashi, S.; Feldbrügge, L.; Csizmadia, E.; Mitsuhashi, M.; Robson, S.C.; Moss, A.C. Luminal Extracellular Vesicles (EVs) in
Inflammatory Bowel Disease (IBD) Exhibit Proinflammatory Effects on Epithelial Cells and Macrophages. Inflamm. Bowel Dis.
2016, 22, 1587–1595. [CrossRef]

62. Sommer, F.; Anderson, J.M.; Bharti, R.; Raes, J.; Rosenstiel, P. The resilience of the intestinal microbiota influences health and
disease. Nat. Rev. Microbiol. 2017, 15, 630–638. [CrossRef] [PubMed]

63. Avila-Calderón, E.D.; Araiza-Villanueva, M.G.; Cancino-Diaz, J.C.; López-Villegas, E.O.; Sriranganathan, N.; Boyle, S.M.;
Contreras-Rodríguez, A. Roles of bacterial membrane vesicles. Arch. Microbiol. 2015, 197, 1–10. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms20020236
http://www.ncbi.nlm.nih.gov/pubmed/30634425
http://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://doi.org/10.1016/j.semcancer.2021.09.010
http://doi.org/10.1038/nrm.2017.125
http://doi.org/10.1016/j.phrs.2016.07.006
http://doi.org/10.3389/fonc.2014.00127
http://doi.org/10.3390/app11062867
http://doi.org/10.3390/app10196961
http://doi.org/10.3390/ijms20184496
http://doi.org/10.1080/14737159.2017.1356230
http://doi.org/10.1016/j.ejps.2016.09.010
http://doi.org/10.1002/cncr.29499
http://www.ncbi.nlm.nih.gov/pubmed/26060090
http://doi.org/10.18632/oncotarget.6680
http://www.ncbi.nlm.nih.gov/pubmed/26700624
http://doi.org/10.1186/1479-5876-9-9
http://doi.org/10.1016/j.jaci.2017.05.035
http://doi.org/10.1183/09031936.03.00041703
http://doi.org/10.3390/ijms22020583
http://doi.org/10.1172/JCI76693
http://doi.org/10.1038/s41467-018-05357-4
http://doi.org/10.1097/MIB.0000000000000840
http://doi.org/10.1038/nrmicro.2017.58
http://www.ncbi.nlm.nih.gov/pubmed/28626231
http://doi.org/10.1007/s00203-014-1042-7
http://www.ncbi.nlm.nih.gov/pubmed/25294190


Anatomia 2022, 1 200

64. Olaya-Abril, A.; Prados-Rosales, R.; McConnell, M.J.; Martín-Peña, R.; González-Reyes, J.A.; Jiménez-Munguía, I.;
Gómez-Gascón, L.; Fernández, J.; Luque-García, J.L.; García-Lidón, C.; et al. Characterization of protective extracellular
membrane-derived vesicles produced by Streptococcus pneumoniae. J. Proteom. 2014, 106, 46–60. [CrossRef] [PubMed]

65. Roier, S.; Zingl, F.G.; Cakar, F.; Durakovic, S.; Kohl, P.; Eichmann, T.O.; Klug, L.; Gadermaier, B.; Weinzerl, K.; Prassl, R.; et al.
A novel mechanism for the biogenesis of outer membrane vesicles in Gram-negative bacteria. Nat Commun 2016, 7, 10515.
[CrossRef] [PubMed]

66. Kim, M.R.; Hong, S.W.; Choi, E.B.; Lee, W.H.; Kim, Y.S.; Jeon, S.G.; Jang, M.H.; Gho, Y.S.; Kim, Y.K. Staphylococcus aureus-derived
extracellular vesicles induce neutrophilic pulmonary inflammation via both Th1 and Th17 cell responses. Allergy 2012, 67,
1271–1281. [CrossRef]

67. Park, K.S.; Lee, J.; Jang, S.C.; Kim, S.R.; Jang, M.H.; Lötvall, J.; Kim, Y.K.; Gho, Y.S. Pulmonary inflammation induced by
bacteria-free outer membrane vesicles from Pseudomonas aeruginosa. Am. J. Respir. Cell Mol. Biol. 2013, 49, 637–645. [CrossRef]

68. Stentz, R.; Carvalho, A.L.; Jones, E.J.; Carding, S.R. Fantastic voyage: The journey of intestinal microbiota-derived microvesicles
through the body. Biochem. Soc. Trans. 2018, 46, 1021–1027. [CrossRef]

69. Durant, L.; Stentz, R.; Noble, A.; Brooks, J.; Gicheva, N.; Reddi, D.; O’Connor, M.J.; Hoyles, L.; McCartney, A.L.; Man, R.; et al.
Bacteroides thetaiotaomicron-derived outer membrane vesicles promote regulatory dendritic cell responses in health but not in
inflammatory bowel disease. Microbiome 2020, 8, 88. [CrossRef]

70. Kim, J.H.; Lee, J.; Park, J.; Gho, Y.S. Gram-negative and Gram-positive bacterial extracellular vesicles. Semin. Cell Dev. Biol. 2015,
40, 97–104. [CrossRef]

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

72. Knowles, M.R.; Boucher, R.C. Mucus clearance as a primary innate defense mechanism for mammalian airways. J. Clin. Investig.
2002, 109, 571–577. [CrossRef] [PubMed]

73. Bassis, C.M.; Erb-Downward, J.R.; Dickson, R.P.; Freeman, C.M.; Schmidt, T.M.; Young, V.B.; Beck, J.M.; Curtis, J.L.; Huffnagle, G.B.
Analysis of the upper respiratory tract microbiotas as the source of the lung and gastric microbiotas in healthy individuals. mBio
2015, 6, e00037. [CrossRef] [PubMed]

74. Rao, R.; Dsouza, J.M.; Mathew, J.L. Comparison of microbiota in the upper versus lower respiratory tract in children during
health and respiratory disease: Protocol for a systematic review. Syst. Rev. 2021, 10, 253. [CrossRef] [PubMed]

75. Marsland, B.J.; Trompette, A.; Gollwitzer, E.S. The Gut-Lung Axis in Respiratory Disease. Ann. Am. Thorac. Soc. 2015,
12 (Suppl. 2), S150–S156. [CrossRef]

76. Lynch, S.V. The Lung Microbiome and Airway Disease. Ann. Am. Thorac. Soc. 2016, 13 (Suppl. 2), S462–S465. [CrossRef]
77. Dickson, R.P.; Erb-Downward, J.R.; Freeman, C.M.; McCloskey, L.; Falkowski, N.R.; Huffnagle, G.B.; Curtis, J.L. Bacterial

Topography of the Healthy Human Lower Respiratory Tract. mBio 2017, 8, e02287-16. [CrossRef]
78. Sahin-Yilmaz, A.; Naclerio, R.M. Anatomy and physiology of the upper airway. Proc. Am. Thorac. Soc. 2011, 8, 31–39. [CrossRef]
79. Man, W.H.; de Steenhuijsen Piters, W.A.; Bogaert, D. The microbiota of the respiratory tract: Gatekeeper to respiratory health.

Nat. Rev. Microbiol. 2017, 15, 259–270. [CrossRef]
80. Goto, T. Airway Microbiota as a Modulator of Lung Cancer. Int. J. Mol. Sci. 2020, 21, 3044. [CrossRef]
81. Elgamal, Z.; Singh, P.; Geraghty, P. The Upper Airway Microbiota, Environmental Exposures, Inflammation, and Disease. Medicina

2021, 57, 823. [CrossRef]
82. Larsen, G.L.; Holt, P.G. The concept of airway inflammation. Am. J. Respir. Crit. Care Med. 2000, 162, S2–S6. [CrossRef]
83. Zhou-Suckow, Z.; Duerr, J.; Hagner, M.; Agrawal, R.; Mall, M.A. Airway mucus, inflammation and remodeling: Emerging links

in the pathogenesis of chronic lung diseases. Cell Tissue Res. 2017, 367, 537–550. [CrossRef] [PubMed]
84. Dang, A.T.; Marsland, B.J. Microbes, metabolites, and the gut-lung axis. Mucosal Immunol. 2019, 12, 843–850. [CrossRef] [PubMed]
85. Fujimura, K.E.; Lynch, S.V. Microbiota in allergy and asthma and the emerging relationship with the gut microbiome. Cell Host

Microbe 2015, 17, 592–602. [CrossRef] [PubMed]
86. Vinolo, M.A.; Rodrigues, H.G.; Nachbar, R.T.; Curi, R. Regulation of inflammation by short chain fatty acids. Nutrients 2011, 3,

858–876. [CrossRef]
87. Chiu, C.J.; Huang, M.T. Asthma in the Precision Medicine Era: Biologics and Probiotics. Int. J. Mol. Sci. 2021, 22, 4528. [CrossRef]
88. Yang, K.; Dong, W. Perspectives on Probiotics and Bronchopulmonary Dysplasia. Front. Pediatrics 2020, 8, 570247. [CrossRef]
89. Sestito, S.; D’Auria, E.; Baldassarre, M.E.; Salvatore, S.; Tallarico, V.; Stefanelli, E.; Tarsitano, F.; Concolino, D.; Pensabene, L. The

Role of Prebiotics and Probiotics in Prevention of Allergic Diseases in Infants. Front. Pediatrics 2020, 8, 583946. [CrossRef]
90. Herath, M.; Hosie, S.; Bornstein, J.C.; Franks, A.E.; Hill-Yardin, E.L. The Role of the Gastrointestinal Mucus System in Intestinal

Homeostasis: Implications for Neurological Disorders. Front. Cell. Infect. Microbiol. 2020, 10, 248. [CrossRef]
91. Sicard, J.F.; Le Bihan, G.; Vogeleer, P.; Jacques, M.; Harel, J. Interactions of Intestinal Bacteria with Components of the Intestinal

Mucus. Front. Cell. Infect. Microbiol. 2017, 7, 387. [CrossRef]
92. Jakobsson, H.E.; Rodríguez-Piñeiro, A.M.; Schütte, A.; Ermund, A.; Boysen, P.; Bemark, M.; Sommer, F.; Bäckhed, F.;

Hansson, G.C.; Johansson, M.E. The composition of the gut microbiota shapes the colon mucus barrier. EMBO Rep. 2015, 16,
164–177. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jprot.2014.04.023
http://www.ncbi.nlm.nih.gov/pubmed/24769240
http://doi.org/10.1038/ncomms10515
http://www.ncbi.nlm.nih.gov/pubmed/26806181
http://doi.org/10.1111/all.12001
http://doi.org/10.1165/rcmb.2012-0370OC
http://doi.org/10.1042/BST20180114
http://doi.org/10.1186/s40168-020-00868-z
http://doi.org/10.1016/j.semcdb.2015.02.006
http://doi.org/10.1111/imm.13195
http://doi.org/10.1172/JCI0215217
http://www.ncbi.nlm.nih.gov/pubmed/11877463
http://doi.org/10.1128/mBio.00037-15
http://www.ncbi.nlm.nih.gov/pubmed/25736890
http://doi.org/10.1186/s13643-021-01806-2
http://www.ncbi.nlm.nih.gov/pubmed/34548109
http://doi.org/10.1513/AnnalsATS.201503-133AW
http://doi.org/10.1513/AnnalsATS.201605-356AW
http://doi.org/10.1128/mBio.02287-16
http://doi.org/10.1513/pats.201007-050RN
http://doi.org/10.1038/nrmicro.2017.14
http://doi.org/10.3390/ijms21093044
http://doi.org/10.3390/medicina57080823
http://doi.org/10.1164/ajrccm.162.supplement_1.maic-1
http://doi.org/10.1007/s00441-016-2562-z
http://www.ncbi.nlm.nih.gov/pubmed/28108847
http://doi.org/10.1038/s41385-019-0160-6
http://www.ncbi.nlm.nih.gov/pubmed/30976087
http://doi.org/10.1016/j.chom.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25974301
http://doi.org/10.3390/nu3100858
http://doi.org/10.3390/ijms22094528
http://doi.org/10.3389/fped.2020.570247
http://doi.org/10.3389/fped.2020.583946
http://doi.org/10.3389/fcimb.2020.00248
http://doi.org/10.3389/fcimb.2017.00387
http://doi.org/10.15252/embr.201439263
http://www.ncbi.nlm.nih.gov/pubmed/25525071


Anatomia 2022, 1 201

93. Allaire, J.M.; Morampudi, V.; Crowley, S.M.; Stahl, M.; Yu, H.; Bhullar, K.; Knodler, L.A.; Bressler, B.; Jacobson, K.; Vallance, B.A.
Frontline defenders: Goblet cell mediators dictate host-microbe interactions in the intestinal tract during health and disease. Am.
J. Physiol. Gastrointest. Liver Physiol. 2018, 314, G360–G377. [CrossRef] [PubMed]

94. Pelaseyed, T.; Bergström, J.H.; Gustafsson, J.K.; Ermund, A.; Birchenough, G.M.; Schütte, A.; van der Post, S.; Svensson, F.;
Rodríguez-Piñeiro, A.M.; Nyström, E.E.; et al. The mucus and mucins of the goblet cells and enterocytes provide the first defense
line of the gastrointestinal tract and interact with the immune system. Immunol. Rev. 2014, 260, 8–20. [CrossRef] [PubMed]

95. Johansson, M.E.; Hansson, G.C. Immunological aspects of intestinal mucus and mucins. Nat. Rev. Immunol. 2016, 16, 639–649.
[CrossRef]

96. Etzold, S.; Juge, N. Structural insights into bacterial recognition of intestinal mucins. Curr. Opin. Struct. Biol. 2014, 28, 23–31.
[CrossRef]

97. Arike, L.; Hansson, G.C. The Densely O-Glycosylated MUC2 Mucin Protects the Intestine and Provides Food for the Commensal
Bacteria. J. Mol. Biol. 2016, 428, 3221–3229. [CrossRef]

98. Juge, N. Microbial adhesins to gastrointestinal mucus. Trends Microbiol. 2012, 20, 30–39. [CrossRef]
99. Douillard, F.o.P.; Ribbera, A.; Jï¿ 1

2 rvinen, H.M.; Kant, R.; Pietilï¿ 1
2 , T.E.; Randazzo, C.; Paulin, L.; Laine, P.K.; Caggia, C.;

Ossowski, I.v.; et al. Comparative Genomic and Functional Analysis of Lactobacillus casei and Lactobacillus rhamnosus Strains
Marketed as Probiotics. Appl. Environ. Microbiol. 2013, 79, 1923–1933. [CrossRef]

100. Kankainen, M.; Paulin, L.; Tynkkynen, S.; Ossowski, I.v.; Reunanen, J.; Partanen, P.; Satokari, R.; Vesterlund, S.; Hendrickx, A.P.A.;
Lebeer, S.; et al. Comparative genomic analysis of Lactobacillus rhamnosus GG reveals pili containing a human—Mucus binding
protein. Proc. Natl. Acad. Sci. USA 2009, 106, 17193–17198. [CrossRef]
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