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Abstract: Considered to be of greater complexity than the human genome itself, the microbiome, the
structure of the body made up of trillions of bacteria, viruses, and fungi, has proven to play a crucial
role in the context of the development of pathological processes in the body, starting from various
infections, autoimmune diseases, atopies, and culminating in its involvement in the development
of some forms of cancer, a diagnosis that is considered the most disabling for the patient from
a psychological point of view. Therefore, being a cornerstone in the understanding and optimal
treatment of a multitude of ailments, the body’s microbiome has become an intensively studied
subject in the scientific literature of the last decade. This review aims to bring the microbiome-asthma
correlation up to date by classifying asthmatic patterns, emphasizing the development patterns of the
microbiome starting from the perinatal period and the impact of pulmonary dysbiosis on asthmatic
symptoms in children. Likewise, the effects of intestinal dysbiosis reflected at the level of homeostasis
of the internal environment through the intestine-lung/vital organs axis, the circumstances in which
it occurs, but also the main methods of studying bacterial variability used for diagnostic purposes
and in research should not be omitted. In conclusion, we draw current and future therapeutic lines
worthy of consideration both in obtaining and maintaining remission, as well as in delaying the
development of primary acute episodes and preventing future relapses.
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1. Introduction

Bronchial asthma is a chronic condition, with an increased level of incidence among
pediatric patients, partly due to the physiopathological cascade that occurs as a result of the
body’s adaptation to the environment but also of the variety of allergens with which they
interact. The diagnostic and therapeutic lines raise the capacity of the clinician, both by the
need to exclude differential diagnoses and by the desire for defensive management, with as
few hospitalizations and symptomatology exacerbations as possible. An optimal therapeutic
threshold is also desired to provide the best quality of life but also a satisfactory integration
in the community, a particularly important aspect among children from the perspective of
harmonious psycho-social development and a high therapeutic adherence [1,2].

Current research regarding the body’s homeostasis focuses on studying the interac-
tion between the environment (exogenous or endogenous) and the host, highlighting the
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involvement of the microbiome in human development. It simultaneously plays the role of
“gatekeeper”, forming the first physiological line of defense in terms of absorption through
inhalation, ingestion, or dermal contact, thus modulating the nature and degree in which
exogenous agents are absorbed and distributed in the internal environment, as well as of
“watchman”, generating signals that are then directed to the organs and organ systems that
are components of the physiological barriers (skin, intestine, lungs) [3,4].

The specific structures of the microbiome known to influence the appearance, develop-
ment, and exacerbation of asthma at the population level, including in pediatric age groups,
are represented by the microbiome of the upper respiratory tract, the gastrointestinal sys-
tem, but also the microbiome of the external environment. The colonization of the upper
respiratory tract seems to start very early, an aspect objectivized with the help of tracheal
aspirates obtained from newborns just a few hours after birth, preparations on which are
predominantly Firmicutes and Proteobacteria, in addition to Actinobacteria and Bacteroidetes,
were identified [5]. Being part of a structure spread over an area of approximately 6.5 m
that makes up the human digestive system, it is estimated that, at the level of the small
intestine of each person, live between 150 and 400 species with variable properties from
one individual to another and even in the same individual at different times of existence,
the most frequent being Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria phyla [6].

2. Materials and Method

Considering the multitude of implications of the human microbiome in the body’s
homeostasis, the response level of bronchial asthma, but also the particularities of its
management in the pediatric age, we consider it appropriate to make a correlation between
the two entities. For this purpose, we carried out a review of the literature from the
last decades.

Scientific articles were selected by accessing relevant databases for medical research,
such as PubMed, analyzing the most recent studies in the area of interest, which we
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discovered by searching for phrases: “microbiome”, “pathogenesis of asthma”, “IgE”, “pre-
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disposing factors”, “pollution”, “atopies”, “childhood asthma”, “asthmatic phenotypes”,
dysbiosis”, “microbial sites”, probiotic”, “prebiotic”, “symbiotic”, or “asthma therapy”.

The included population was represented by newborns, children, and adolescents
under the age of 18, in which the evolutionary description of the microbiota and the impact
of dysbiosis on organic diseases, mainly asthma, were followed. The exclusion criteria were
represented by study groups over 18 years old, research on small groups of patients (which
do not show statistical relevance), and studies that lost a large number of subjects or that
may be associated with risks of bias. For a complete presentation, the inclusion of data on
maternal diet, peri- and post-natal factors, and the effect of probiotic, prebiotic, or symbiotic
supplementation among infants and mothers during pregnancy and breastfeeding was
considered. In addition, where the current literature is not fully developed regarding
children, future research directions have been drawn by referring to the results obtained on
groups of adults.

The extracted data concerns the type of study performed, the size of the patient group,
the geographical location, and the conclusions of the study, but also theoretical and practical
aspects derived from it.

3. Epidemiological Findings

Ranking in the top 20 diseases that affect children worldwide (ranking achieved by
reporting life years adjusted according to disability), bronchial asthma currently affects
approximately 300 million children and adults, with a pediatric mortality rate of 0.7 per
100,000 people and an average annual prevalence of 9.5% among children, which seems to
be influenced rather by socio-economic and environmental factors (for example, the quality
of the living environment, exposure to active or passive smoking, animal waste from large
farms nearby, as well as the existence of barriers regarding the accessibility of obtaining
appropriate medical services) rather than geographical location. The tipping of the scales
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towards the development of this pathology is therefore dictated by a summation between
the influence of exogenous factors, the genetic predisposition of the individual, and the
impact of the endogenous microbiome, especially in the first part of life. The microbial
composition of healthy lungs is characterized by a predominance of bacteria belonging to
the species Bacteroidetes, Actinobacteria, and Firmicutes, while viral respiratory infections
are associated with Haemophilus and Moraxella in young children and asthmatic adults, a
dysbiosis that maintains inflammatory activity and contributes to bronchoconstriction and
hyperreactivity bronchus [5-9].

The role played by dysbiosis in the pathogenesis of asthma is thus predictable. Both
antibiotics and anti-ulcer drugs, as well as other drugs, negatively impact the intestinal and
pulmonary microbiota, the resulting effects deregulating the bidirectional gut-lung axis,
with the consequent initiation of hypersensitivity and hyperreactivity to various allergens
respiratory and alimentary [5]. The characteristics of the intestinal microbiome seem to be
subdivided depending on the geographical area in which the studied population is located.
Thus, there is a difference between the microbiome in the western region compared to that
of the non-Western population, the difference which is shown to be between 15% and 30%
negative ratio of species found among the former. The hypotheses that have been brought
into discussion regarding this aspect focus both on microbiome change, the consequences
of technological and cultural evolution in the context of industrialization, and the habits’
characteristics of different degrees of subsistence found in non-Western populations (such
as hunting and agriculture) [6].

The exogenous microbiome is defined by an omnipresent exposure of the subject,
throughout life, to non-self antigens, considering, however, the greater impact it exerts on
the individual, especially at the pediatric age. It is well known the existence of the critical
window (from the moment of birth until the age of 1 year), during which the interactions
between the novice immune system and external microorganisms can lead both to the
training of immunity with the induction of tolerance towards certain antigens, as well as
to a protective effect, with the decrease in the risk of developing atopy. The paradigm is
reversed with aging when the environment becomes more and more a source of antigenic
stimulation and infection, and the same microbial exposure that, once protected against the
development of diseases, can currently exacerbate their severity [10].

Considering the strong involvement of the microbiome in the normal development
of the body, but also the demonstration of the increased incidence of bronchial asthma in
early childhood (probably attributed to environmental factors), current research is guided
in the sense of understanding the role played by breastfeeding in health and modulating
the ratio between beneficial and harmful bacteria found in infants, the similarity between
the specific bacteria found in breast milk and those in infants” feces is already known,
an aspect that reveals the impact of natural nutrition on the colonization of the neonatal
intestine. Among these bacteria, there are Bifidobacterium, Bacteroides, Parabacteroides, Blautia,
Clostridium, Collinsella, and Veillonella. The recent discovery of a microbiome specific to
breast milk requires further studies. Until now, only the influence of the maternal metabolic
state and antibiotics on it is known. Its origin and the enteromammary transport route are
still under research [11,12].

4. Clinical and Pathogenic Aspects

Asthma, this extremely complex chronic inflammatory condition, is triggered by an im-
mune response materialized in the form of intermittent, reversible obstruction of the lower
airways in response to the narrowing of the diameter and the constriction of the smooth
muscles following the action of an environmental stimulus, which can overlap or not over
a viral upper respiratory infection. From a clinical point of view, most patients with asthma
begin to show symptoms before the age of 3, starting with recurrent episodes of wheezing
and/or coughing, which associate with respiratory difficulties, triggered by a viral infection
of the upper respiratory tract, exposure to allergens, physical activity or weather changes,
complaints that yield to bronchodilator drugs. Thus, the diagnosis in children remains
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a challenge, being mostly focused on major clinical criteria (doctor-diagnosed parental
asthma or eczema) or minor (doctor-diagnosed allergic rhinitis, wheezing without viral
upper respiratory tract infections, or peripheral eosinophilia >4%) until the age of 5 years,
from which time the patient is able to perform a pulmonary function test in order to demon-
strate bronchospasm. Worthy of emphasis is that the impairment encountered for more
than 2 days/week or 2 nights/month defines persistent asthma, a category that must be
treated in all age groups with inhaled corticosteroids (ICS) as daily control therapy [13,14].

The pathogenesis of asthma is mainly explained from the perspective of genetic
predisposition towards hypersensitivity mediated by IgE to various environmental factors
(smoke, pollution, pollen, microbes, mites, mold, emotional stress, and environmental
changes). It associates with other atopies, such as allergic rhinitis, conjunctivitis, atopic
dermatitis, or food allergies. The basis of asthmatic exacerbations are often viral infections
(a peak incidence among children in autumn and spring), hypersensitivity, defective anti-
viral immunity (the interferon being correlated inversely proportional to the increase in
eosinophilia in the respiratory tract, IL-4, and total IgE), bacterial infections (which affect
mucociliary clearance), but also risk factors, individual characteristics of the patient (body
mass index, pre-existing lung function), aspects that influence the increase in addressability
for hospitalization and thus an economic burden on global health systems [14,15].

At the genomic level, the multiple genetic markers and loci associated with suscepti-
bility or protection regarding the development of asthma have been identified as follows:

e  An orosomucoid-like 3 (ORMDL3)/gasdermin B (GSDMB) gene locus was associated
with childhood-onset asthma as well as higher total serum IgE levels;

e  Common single nucleotide polymorphisms (SNPs) of interleukin (IL)-33 and receptor
or IL-1RL1 have been associated with atopic asthma;

e  The thymic stromal lymphopoietin (TSLP) gene has been identified as protective
against the risk of TH2 asthma [16-18].

Modern approaches have changed the orientation regarding the main phenotypes of
asthma, previously described as non-atopic (intrinsic) and atopic (extrinsic) asthma. Cur-
rently, the scientific consensus divides it into two major groups, respect T2-high and non-T2
(T2-low), the differences between the two being presented in Table 1. The literature records
the variability of bacterial diversity depending on the asthmatic phenotype. Thus, Proteobac-
teria expansion appears to be inversely correlated with eosinophil levels but is significantly
associated with increased neutrophil levels, while non-typeable Haemophilus influenzae
is detectable during stable disease periods and is associated with low T2 inflammation,
increased neutrophils, and resistance to steroids [19-21].
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Table 1. Major groups of asthma and their characteristics (adapted from Kuruvilla et al. and Akar-

Ghibril et al.) [22-24].

T2-high (atopic)

T2-low (non-atopic)

Damage to the respiratory epithelium barrier with subsequent
changes in:

IL-25 and IL-33, with an effect on ILC2, which produce up to
10 times more IL-5 and IL-13 after stimulation;

Thymic stromal lymphopoietin (TSLP), with an effect on
antigen-presenting cells (dendritic cells) that modulate the
expression of T and B lymphocytes, a process that then leads
to the production of IL-4, IL-5, and IL-13 cytokines;
Eosinophils are attracted to the site of inflammation with the

° NLRP3 inflammasome activation;

e Increased IL-1p3

e  ischaracterized by neutrophilic
(sputum neutrophils > 40-60%) or
paucigranulocytic (i.e., normal

Pathophysiology help of chemokines, releasing cytotoxic proteins such as major . .
basic protein (MBP), eosinophil peroxidase (EPX), eosinophil splclltum leveﬁf) f boftlh eosinophils
cationic protein (ECP), and eosinophil-derived :E d gfi:;fiog ‘ ;ez})glnsaer?énatlon

) nMe;srtoctgl)i;na;%Dbl\az;ophﬂs express high-affinity IgE receptors, ;:or ticostgrlo id Ihe?lliyﬁ A and F
secreting upon activation histamine and lipid * nc;eiisg evels of IL-17 (A and F)
mediators—prostaglandin D2 (PGD2) and Cysteinyl and tL-o.
leukotrienes (CysLTs);
° Serum IgE;
e  PGD2 produces vasodilatation and increased vascular
permeability, being associated with a weaker control of the
disease and a more severe form of it;
e  Allergic asthma with early onset. Positive allergen skin tests
and increased serum IgE;
° Late-onset eosinophilic asthma represents an adult condition, e  Associated with obesity;
Phenotypes presenting a corticosteroid—rgsistant phenotype with an e  Associated with smoking;
unknown molecular mechanism; e  With late-onset.
e  Aspirin-exacerbated respiratory disease, late-onset subtype,
occurring as a respiratory reaction induced by
COX-1 inhibitors;
° Genetic factors. The ORM1-like 3 (ORMDL3) and gasdermin B
(GSDMB) genes located on chromosome 17q21 have
.. bgen 1mphcqted; . . . The clinical correlations reside in the
Clinical e  Viral etiologies, especially rhinoviruses; inclusion of the phenotypes specific to
correlations ° Air pollution. Ozone, diesel exhaust particles, and the patholo y
suspended particles; P &Y:
e  Neurogenic inflammation involving transient receptor
potential vanilloid 1 (TRPV1) and nerve growth factor (NGF);
e  Increased eosinophils in sputum;
° %loold eosmoIpIél.ha; There are no widely approved markers,
° Aoﬁa Sserum gt " the proposed variants being the
Biomarkers ° ergen sensitivity panel; . presence of neutrophilia in the
e  Fractional excretion of nitric oxide (FeNO); blood /sputum, IL-6, but also
e  Serum periostin; 1L . / M
e Dipeptidyl peptidase 4 (DPP-4); metalloproteinase 9 (MM9).
e  Urinal leukotriene E4 (LTE4);
e  Bronchial tissue transcriptomics;
Future directions e Blood transcriptomics;
of study ) Sputum transcriptomics;
. Blood, breath, and urine metabolomics; ! exhaled breath analysis = breathomics.

In addition to all the above, in growth, the development of the central nervous system,
but also in the pathogenesis of asthma and atopic diseases, a central role is occupied by the
disturbance of the microbiome-host balance, one of the main determinants of the alteration
of immune tolerance and the escalation of asthma severity. It is influenced by a variety
of variables, among which the type of birth, breastfeeding, a childhood spent in the coun-
tryside, and/or in contact with animals, notions that have been framed across time under
the umbrella of the “hygiene theory”, considered a cornerstone foundation regarding the
complete elucidation of the physiopathogenesis of atopies. Thus, the importance dictated
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by the analysis of the composition of the intestinal and respiratory microenvironment,
but also of the surrounding environment, in the early prediction, the differentiation of
asthma types and the prophylaxis/management of exacerbation crises is emphasized, as its
involvement in response to glucocorticoids and certain biological agents is proven [25-28].
The criteria that must be taken into account regarding the research on the development
of the microbiota and the interference between it and the patient’s health are described
in Table 2.

Table 2. The determining factors of the development and optimal functioning of the microbiota.

The Type of Microbiome Interfering Factors

Hygiene;

Cleaning products;

Living environment;
Number of family members;
Presence/absence of pets;
Pollution;

Tobacco smoke;

Climate change;

Natural phenomena;

Exogenous

Birth;

Breastfeeding;

Maternal diet;

Prenatal and perinatal exposure to antibiotics;
Maternal comorbidities;

Sex of the fetus;

Infant

Age;

Genetic inheritance;

Diet;

Smoking;

Drug therapy (antibiotics, proton pump inhibitors);
pH, peristalsis, transit time;

Gastrointestinal

Pollution;
Various treatments (e.g., corticoid therapy);
Associated comorbidities (obesity, rhinosinusitis,
gastroesophageal reflux disease);
Breathing e  Seasonal variations;
Defense mechanisms (mucus layer present in the airways,
antimicrobial peptides, reactive oxygen species, cough,
mucociliary clearance, pH, air flow);
e  Presence of nutrients favorable to certain species.

4.1. Involvement of the Exogenous Environment

Starting from the words of the famous Jean Jacques Rousseau, “study nature and
follow the path she shows you”, current research focuses on the influences brought by
environmental factors in the development of the most popular pathologies. Consequently,
the “hygiene hypothesis” was advanced, starting from the observation of the escalation
of atopic diseases in the Western world along with the reduction of microbial exposure
during early life by improving sanitation and increasing immunization rates. In contrast,
the “biodiversity hypothesis” suggests that reduced exposure during childhood to the
rich environmental microbiome associated with natural green spaces prevents appropriate
development of the host’s microbial community, thus leading to immune dysregulation
through imprecisely defined mechanisms. At the same time, the involvement of endotoxin
(the component of the gram-negative bacterial wall) in the modulation of sensitization to
allergens was brought into consideration, with a clearly more significant effect in the case
of exposure in early life, but also of living in large families, in the company of animals



Nutrients 2023, 15, 3278

7 of 18

or in farms, while the negative effects of pollution, both in newly identified cases and
among those already recorded, both in adults and in the pediatric population, are not to be
neglected [29-31].

In this sense, the “epithelial barrier” of the skin, of the genitourinary, respiratory,
or intestinal tract, seems to be influenced by the environment-host interactions, with
proven effects of its disruption (by pollution, microplastics, nanoparticles, tobacco smoke,
household detergents, and cleaning products, as well as climate change or exposure to
environments intensely populated by various fungal species), but also of natural phenom-
ena such as global warming, floods, rising CO; levels, storms (including sandstorms), and
wildfires escalation of asthma symptoms [32-34]. A cross-sectional study, carried out in
two phases (March 2012 and November 2019), which targeted preschool children from
the city of Taiyuan, concluded that the internal microbiome is linked to multiple chronic
diseases, including atopic diseases, five bacterial genera, and one fungal (Aspergillus) being
incriminated in association with symptoms of asthma, rhinitis, and eczema in preschool
children [35].

Lee et al. brought into discussion, with the help of a randomized crossover study
focused on the footprint dictated by the use of air purifiers among indoor air pollutants
(in particular of suspended particles with an aerodynamic diameter less than or equal to
2.5 pm) and in the control asthma in children, their positive impact on improving medical
management by reducing the frequency of used therapeutic products [36].

4.2. The Infant Microbiome

In addition to environmental factors, individual factors have also proven to be particu-
larly important in the biological course of each person. The beginning of life is a crucial
aspect in defining further progress, and in this sense, there is recent evidence that attests
that not only the genetic component can tilt the balance but also the microbiome formed
by exposure to various stimuli of maternal origin in utero (through the placenta), in the
course of birth and breastfeeding. Thus, they came to the conclusion that low biodiversity
of the microbial flora during childhood can be associated with subsequent atopic risks,
delimiting favorable conditions for the development of an adequate microbiome such as
natural birth at the expense of cesarean birth (newborns delivered vaginally being carriers
of beneficial bacteria for the regulation of the immune system, while those born by cesarean
section show colonization with bacteria specific to the skin (Streptococcus, Staphylococcus),
the preference for breastfeeding in favor of the use of milk formulas, but also the absence
of exposure to antibiotic therapy in utero, in the neonatal period, or in the first year of
life [37-39]. The purpose of the integral development of this bioenvironment resides in
its involvement in the activity of regulatory T cells, cells responsible for maintaining in
optimal parameters the ratio between T-helper 2 and T-helper 1 lymphocytes, a dynamic
fraction, whose impairment induces an increase in the risk of atopic disorders, among
which we recall asthma [38].

The interactions between the pregnant woman and the environment modify both her
microbiome, as well as the child’s predisposition to develop various diseases, or on the
contrary, to improve its immune defense through mechanisms such as the maternal—fetal
immune alignment, exposure to metabolites or other bacterial components, bacterial col-
onization in utero (via the placenta, amniotic fluid, or meconium), but also the vertical
transmission of the microbiota at the time of birth [40]. Nutrition during the nine months of
pregnancy represents a pillar in the harmonious development of the fetus (intrauterine and
extrauterine) but has a weaker impact than breastfeeding. Thus, emphasizing the most im-
portant protective factors as being represented by an association between a Mediterranean
diet, the consumption of meat, fatty fish, and supplements based on vitamin D, E, copper,
zinc, and manganese, while the factors incriminated as having a high risk were pasta and
animal products rich in arachidonic acid (e.g., beef/chicken, eggs, butter, organs) [41,42].

The diversity of the maternal diet during pregnancy, therefore, represents a key point
in the development of the fetus. Dosage of food is vital to avoid both nutritional deficits



Nutrients 2023, 15, 3278

8 of 18

and over-eating (a risk factor for spontaneous abortion, gestational diabetes, preeclampsia,
or wheezing and asthma). The mechanism incriminated in the maternal obesity—asthma
relationship is presented by the pro-inflammatory effects exerted by adipokines released
from adipocytes but also by possible direct epigenetic effects of obesity [43,44]. Although
the studies that correlate its composition with the infant microbiome are poorly represented
and are in the initial stages in the human species, Mirpuri J. et al. emphasize the importance
of low-fat consumption, contrasting with high-fiber consumption [45]. The Western diet,
based on simple carbohydrates, fats, and animal protein, is incriminated in the potentiation
of maternal intestinal dysbiosis, described by the increase of Clostridium innocuum, Eubac-
terium dolichum, Catenibacterium mitsuokai, and Enterococcus in contrast to the decrease of
Bifidobacteria and Bacteroidetes [46].

It is estimated that the caloric requirement is between 70-500 kcal/day, in addition to
the individual one, depending on the trimester of pregnancy. Important micronutrients
during pregnancy are represented by iron, calcium, iodine, vitamins (D, C, A), folic acid, and
phytochemicals (flavonoids and carotenoids). Iron deficiency predisposes to fetal growth
retardation, preterm labor, low birth weight, and postpartum hemorrhage. Additionally,
the lack of vitamin D is associated with the risk of preeclampsia, prematurity, and low
birth weight, while deficient folic acid has been implicated in neural tube defects [43].
Given the location of the receptors for vitamin D, current studies attest to the positive
effect of supplementation in the development of immunity in offspring, fetal lung function,
and the reduction of the wheezing breath incident. Similar effects were observed in the
case of supplementation with vitamin E, zinc, and omega-3 fatty acids [44,47]. However,
the optimal dose of vitamin D administered for the purpose of regulating the immune
system has not yet been established. This may be variable compared with the dose required
for osteogenesis processes, over and under dosage being the individual inflammatory
predisposition and IgE levels [44].

The supplementation of iron deficiency in children remains contradictory, this being
beneficial in the case of those at risk of anemia but requiring caution due to the risk of
favoring the multiplication of harmful bacteria (Proteobacteria, Firmicutes) or diarrhea (with
the growth of E. coli to the detriment of the beneficial bacteria among which Bifidobacteria
or Lactobacilli) [48]. On the same note, sodium and magnesium levels in the diet have been
a research concern, unfortunately, without concrete results. It started from the hypothesis
of their action on the bronchial smooth muscles, the intake of sodium increasing the risk of
asthma exacerbation in parallel with that of magnesium, which seems to lead to a decrease
in lung function in children, the latter being intravenously administered to control the
asthmatic crisis [49].

The maternal lifestyle is strongly correlated with the subsequent evolution of the fetus.
In the case of our study, we consider it relevant to emphasize the impact of smoking on the
increased incidence of lung diseases (airway hyper-reaction, wheezing, asthma, pulmonary
ventilation imprinting, and bronchitis) [43]. Other practices such as alcohol consumption,
illegal substances, and poor hygiene have been blamed for disrupting the microbial balance
at the vaginal, oral or maternal intestinal level, but also at the fetal level [46,50]. In contrast,
maternal living in environments specific to agrarian areas decreases the risk of allergies (in
particular, asthma) in the offspring [47].

The correlation between maternal nutrition and asthma in infants is dictated by the
principle of the maternal-fetal immunity alignment, a process achieved by the trans-
placental transfer of maternal IgG after the 13th week of gestation. Likewise, microbial
metabolites of maternal origin (acetate, propionate, butyrate) exert, transplacentally, an
anti-inflammatory (tolerogenic) effect, modulating the capacity for epigenetic programming
and energy reserves and thereby imprinting the development of fetal immunity. In this
sense, the studies carried out on infants with a familiar history of atopy have concluded
the prophylactic effect (for eczema, atopic, or food sensitivities) played by probiotics of
the genus Lactobacillus and Bifidobacteria administered before and after birth, although the
recommendation for their routine use still remains contradictory [47,51].



Nutrients 2023, 15, 3278

90f18

The opinions regarding the supplementation with probiotics during pregnancy are
numerous and in a continuous process of research and argumentation, reaching the consen-
sus that the administration of them, both among mothers and children, can reduce the risk
of allergies, especially in groups with multiple predisposing factors [40,52].

The type of birth dictates the microorganisms with which the newborn comes into
contact. The hypothesis was also supported by Galazzo et al. [53] with the help of a
longitudinal study that analyzed stool samples from 440 children from early childhood to
school age (11 years). For example, natural birth exposes the fetus to the bacteria found
along the birth canal (Lactobacillus) with which it comes into contact during labor and
expulsion, while, in the case of cesarean birth, a more significant input in modulating the
microbiome, it is brought by external factors such as medical equipment, the air, but also the
infants and healthcare workers with whom they interact and who can be contaminated with
multiple pathogenic or non-pathogenic organisms, for example Clostridium difficile. Other
than the two types of birth, we also mention the cases of fetuses born via cesarean section
following the initiation of labor (“warm caesarean section”), a situation in which it seems
that the microbiota tends to be similar to the found in physiological births. Prematurity
reflects a significant burden and added risks due to prolonged exposure to the environment,
existing in neonatal intensive care units populated by species such as multi-drug resistant
Acinetobacter baumannii. Thus, unlike full-term children, premature children more frequently
present pathogenic microorganisms (Klebsiella pneumonia, Streptococcus, Escherichia coli, and
C. difficile) and facultative anaerobes (Enterobacteriaceae and Enterococcaceae) in association
with a lower level of anaerobes (Bifidobacterium, Bacteroides, and Atopobium) and short-chain
fatty acids. The difference in microbial diversity between preterm and full-term infants
appears to be due to maintaining a high level of oxygen in the gastrointestinal tract due to
medical practices such as the use of continuous positive airway pressure [53-57].

The World Health Organization (WHO) recommendations follow the exclusive breast-
feeding of newborns in the first 6 months of life, with the introduction of complementary
food later, up to the age of 2 years or more. Feeding the newborn through breastfeeding
(source of immunoglobulins, fatty acids, hormones, and cytokines) is an important process
from the point of view of psychological exploration connection between mother and child,
as well as in promoting the proliferation of beneficial bacteria in the intestine and the
delivery of microorganisms originating from the maternal intestine and the oral cavity of
the fetus, describing probiotic and prebiotic effects. Once weaning, the child’s microbiota
begins to evolve towards the adult form, with the reduction of Bifidobacterium species
and the increase in the abundance of Firmicutes (Veillonella, Staphylococcus, Streptococcus,
Dolosigranulum, Oribacterium, Alloiococcus, Clostridium, and Enterococcus) among asthmatic
children [38,39,58]. Variables that influence the microbiological composition of breast milk
are, therefore, antibiotic therapy (reduces Bifidobacterium and Lactobacteriumy), the body
mass index (BMI) of the mother (inversely proportionally correlated with the level of
Bifidobacterium), geographical affiliation, but also the oral bacterial flora of the infant that
acts through a “retrograde transfer” mechanism [59].

The composition of breast milk varies with the stage of lactation, gestational age,
maternal nutritional status, and maternal lipid storage [43,60]. Educating and raising
awareness of new mothers (especially those at risk of giving up due to lack of motivation)
regarding the importance of achieving optimal breastfeeding both from a nutritional point
of view (directly influenced by the maternal diet) and in terms of time is essential in
pediatric practice. The nutritional status of the newborn depends on this, but also the risk
of developing multiple affections in the future. Regarding the pathology treated in the
current study, breastfeeding seems to exert a protective effect regarding the development
of asthma in early childhood, an effect that is diminished after the age of 6 [49,60]. The
functions of the main constituents in breast milk are diverse and strongly correlated with
the mother’s diet and the infant’s homeostasis, including the following:

e  Oleic and palmitic acid;
e  Lactose is the nutrient source for bacteria such as Bifidobacteria and Lactobacillus;
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e  Oligosaccharides (glucose, galactose, fucose, N-acetylglucosamine, N-acetylneuraminic
acid, or sialic acid) inhibit the growth of pathogenic bacteria such as Streptococcus
pneumoniae, Campylobacter jejuni, and E. coli, and prevent rotavirus by acting as a “bait
receptor”; a prebiotic role for Bifidobacteria;

e  B-group vitamins (B1, B2, B6, B12), vitamin A and vitamin D, sodium, potassium,
magnesium, and zinc influence bacterial diversity (e.g., zinc limits the proliferation of
intestinal bacterial species);

e Bioactive constituents are those such as antimicrobial substances, growth factors,
cytokines, chemokines, anti-inflammatory factors, hormones, digestive enzymes, or
transporter substances (lactoferrin, folate ligand, cobalamin ligand, IGF ligand, thy-
roxine ligand, corticosteroid ligand).

Among the antimicrobial substances, we note lactoferrin, which performs its function
by binding iron molecules with high affinity, thus making it unavailable to intestinal
bacteria. Other functions are preventing the formation of intestinal biofilm, inhibiting the
growth of gram-negative organisms, activating macrophages (phagocytizing gram-positive
bacteria), and preventing necrotizing enterocolitis [61,62].

The risk of asthma has therefore been shown to be associated with transient microbial
dysbiosis at the intestinal level, in the first 100 days of life, according to the Canadian Longi-
tudinal Study of Healthy Infant Development (CHILD). This disturbance is appreciated by
the decrease found in four specific bacterial genera (Faecalibacterium, Lachnospira, Veillonella,
and Rothia), changes that are less obvious until the age of 1 year, in association with the
relative increase of microorganisms such as Clostridium difficile and Clostridium neonatale.
The authors also recall the protective effect on airway inflammation exerted by propionate,
butyrate, and acetate (by modulating regulatory T lymphocytes and dendritic cells), the
latter being identified in lower concentrations among subjects with asthma [38,63].

Last but not least, the sex difference and the impact of maternal asthma during
pregnancy were studied, aiming to decrease the population of Lactobacillus in the intestinal
microbiota of infants born to asthmatic mothers (a negative point being the association of
obesity as a comorbidity), especially those of Caucasian origin and male newborns, who
also present a higher risk of developing wheezing in childhood, unlike female children [64].

4.3. The Gastrointestinal Microbiome

The components of the intestinal environment play an important role in regulating
the body’s homeostasis (immunological, metabolic, structural, and neurological variations).
The effects appear through its capacity to restrict the development of pathogenic and poten-
tially pathogenic structures, both by inhibiting the invasion capacity and by secreting some
bactericidal substances. Variability depends on age, genetic baggage, diet, smoking (active
or passive), medication consumption, and various intestinal function constants such as pH,
peristalsis, and intestinal transit. Therefore, numerous axes are taking shape that connects
the intestinal microbiota to the vital organs (brain, heart, lungs, kidneys, liver, skin), with a
crucial impact both in the development and optimal functioning of the individual, as well as
in the morbidity induced by childhood asthma [65-69]. Disturbance of the aforementioned
axes, observed in the dysbiosis of the intestinal microbiota, can represent the key point in
the pathogenesis of a multitude of diseases, among which gastrointestinal diseases (celiac
disease, irritable bowel syndrome), cardiac, respiratory, neurological, metabolic, or even
allergies and autoimmunity, their knowledge and awareness opening new horizons in the
management of organic diseases [70,71].

Following an evolutionary path, the theories regarding the species that colonize the
intestine are contradictory, exposing both the existence of age-dependent variability aimed
at the different ratio of their abundance during the newborn, infant, child, and adolescent
periods than the preferential involvement of certain incriminated genera, as well as the
child’s microbiome differs from the adult’s in diversity and stability, the progression
between the two stages being marked by the decrease in the number of aerobes and
facultative anaerobes, with simultaneous increases in anaerobic species [72,73]. Regarding
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the impact of dysbiosis occurring in the various stages of life in the development of atopies,
it has been recorded in the literature that it shows a modest correlation with asthma when
it is developed at preschool age, compared with its appearance in early childhood [74].

Regarding the association of microbial variability with asthmatic phenotypes, the
presence of heterogeneity in eosinophilic asthma was objectified, together with a negative
correlation between Proteobacteria, Firmicutes, and pulmonary eosinophilia, while in the
neutrophilic form, a lower microbial diversity was noted, with an increased prevalence
of potentially pathogenic organisms (Haemophilus, M. catarrhalis) in association with com-
mensal ones (Streptococcus) [75]. In addition, short-chain fatty acids, polyunsaturated
fatty acids, and bile acids play a strong role in the pathophysiology of bronchial asthma.
As representatives of the class, we find, from the side of short-chain fatty acids, acetate,
propionate, and butyrate resulting from the fermentation of dietary fibers. Bile acids are
cholic acid and chenodeoxycholic acid, while polyunsaturated fatty acids come under
their umbrella omega-3 and omega-6 fatty acids («-linolenic acid, eicosapentanoic acid,
docosahexaenoic acid, linoleic acid, and arachidonic acid). All these metabolic components
modulate through their level of the body’s allergic response [76,77].

Returning to the most important intestine-body axes’ connection with the lungs, it has
been intensively studied in the light of various pathologies that seem to be interconnected,
modulating each other. Regarding the way of communication between the two organs,
this seems to be performed through prostaglandins, dendritic cells, short-chain fatty acids,
and T and B regulatory lymphocytes. Subsequently, naive immune cells activated in the
gut are driven via lymph and blood to eicosatetraenoic the lung, where it exerts effector
functions. Thus, the generation of regulatory T cells is modulated. Their early production
is associated with protection against long-term allergies [73,78-80].

4.4. The Respiratory Microbiome

The link between the immune activity of the two organs (intestine and lung) can be
explained by the current concept of “common mucosal response”. It involves the associ-
ation between antigenic presentation in a particular mucosal site and the stimulation of
immune cell migration to other sites. Colonization of the upper or lower respiratory tract is
different between the oral cavity, nose, pharynx, and bronchi. Thus, the microorganisms
incriminated in the increase in incidence, severity, and asthmatic exacerbations proved to
be Moraxella catarrhalis, Haemophilus influenzae, Streptococcus pneumoniae, Pneumocystis, and
Proteobacteria. In parallel, the intranasal administration of Lactobacillus rhamnosus seems to
induce protection against respiratory syncytial virus infection, a pathogen implicated in
symptomatic exacerbations [19,81-83]. Zhang et al. also certified the dysbiosis occurring
in the airways of asthmatics with the help of DNA amplification extracted from the bron-
choalveolar lavage fluid obtained from 55 children and the subsequent sequencing of the
microbiome [84].

The most intensively studied part of the respiratory tract with regard to microbial colo-
nization is represented by the upper respiratory tract, possibly due to the better accessibility
in terms of collecting biological samples from the level of the anterior nostril, the middle
meatus, and the nasopharynx, in contrast to the lower part where bronchoscopy is applied
in the collection of samples. The components of the innate and adaptive immune system
designed to protect against the aggression of exogenous pathogens are represented by the
mucus layer rich in lipids and glycoproteins, antimicrobial peptides (lysozyme, lactoferrin,
defensins), and reactive oxygen species (hydrogen peroxide, nitric oxide), lymphoid tissue,
but also a trigeminal chemesthetic system [85,86]. One of the disadvantages of easy accessi-
bility at this level is represented by the multiple interactions with the external environment,
which can overcome immune defense barriers, causing changes in biodiversity, as observed
by Ahmed et al. regarding the variables encountered in the colonization of subjects living
in the rural environment (Corynebacterium, Staphylococcus, Alloiococcus, and Peptoniphilus), in
contrast to those from the urban environment (Staphylococcus, Sphingomonas, and Moraxella),
attributed to the increased exposure to environmental pollutants [87].



Nutrients 2023, 15, 3278

12 0f 18

Severe asthmatic phenotypes are often accompanied by the presence of comorbidi-
ties such as obesity, rhinosinusitis, or gastroesophageal reflux disease or are treated with
oral corticosteroids, variables that can influence the composition of the pulmonary mi-
crobiota [80,88]. During the first year of life, the composition of the nasopharyngeal
microbiome is a determining factor in the occurrence and spread of respiratory infections,
increasing the risk of developing asthma in the future. In this stage, in addition to the
effects of microaspiration, the elimination of pathogens through coughing and mucociliary
clearance, the pH of the environment, the pressure of the airflow, and the presence of
certain nutrients favorable for some species, McCauley et al. postulate that the bacterial
and fungal nasal microbiota presents a seasonal dynamic, with an escalation of pathogens
identified during periods of exacerbation (autumn) [89,90].

5. Ways of Investigating the Microbiome

The involvement of the microbiome in the emergence and development of bronchial
asthma is therefore evident, with a peak of the impact especially found at the pediatric age
(the first year of life) when the novice organism begins to adapt to the external environment,
the need to implement collection protocols and study of biological samples, both for the
purpose of research and to draw new lines in therapeutic practice. If, with regard to the
research techniques, things are already well known, these being represented by 165 rRNA
gene sequencing, shotgun metagenomic sequencing, RNA sequencing, proteomics and
metabolomics study by mass spectrophotometry electrophoresis, chromatography, and
others, Table 3 shows the main sites for collecting the biological samples necessary to study
the human microbiome (especially intestinal and respiratory), harvesting techniques, but
also the main advantages, disadvantages and mentions in relation to them [91-95].

Table 3. Sites used in microbiome research (adapted from Shah et al. and Abdel-Aziz et al.) [81,96].

Site

Sampling Technique Notes

Upper respiratory tract

— Non-invasive, acceptable, easy to sample frequently;
— predominance of Moraxella: increases the risk of exacerbations;
Nasal tamponade —  The predominance of Staphylococcus or Corynebacterium decreases
or washing the risk of exacerbations and respiratory diseases;
—  Moraxella in vitro was associated with epithelial lesions and
increased expression of inflammatory cytokines;

— Non-invasive, acceptable, easy to sample frequently;

Saliva, oral tamponade, — May show differences related to sex, pH, and dietary intake;

or mouthwash — The results may be biased, depending on the amount of
water ingested.

Sputum (spontaneous

— May represent the microbiota from the lower respiratory tract;

— It can be cross-contaminated with bacteria from saliva or the
oral cavity;

— Infants with Moraxella and Haemophilus were more likely to develop
recurrent wheezing in childhood.

or induced)

Nasopharyngeal mucus

— Six months of life: the predominance of Staphylococcus increases the
risk of wheezing in childhood;

— Two years of life: the rhinovirus associated with the presence of
Moraxella was associated with childhood asthma.

Hypopharyngeal aspirates

— One month of life: colonization with S. pneumonia, H. influenza,
M. catarrhalis increases the risk of developing recurrent wheezing
and asthma in childhood;
One month: Veillonella and Prevotella were associated with the
diagnosis of asthma at six years;

— Hypopharyngeal microbiome modulates the effect of azithromyecin.
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Table 3. Cont.

Site

Lower respiratory tract

Sampling Technique Notes
— Invasive and presents a risk of cross-contamination
Bronchoalveolar lavage during aspiration;
and suction — Reveals the growth of Bacteroides, Pneumocystis, and Proteobacteria in

the case of asthmatic patients, unlike the control groups.

— Represents the microbiota of the lower respiratory tract, including
that associated with mucous membranes;
— they are invasive and little used.

Brushing and
bronchial biopsies

Intestine

Fecal matter

Rectal tampon — May present cross-contamination with bacteria present on the skin.

6. Therapeutic Lines

Since the treatment of asthma is not the subject of the current article, we will not
insist on the intensively developed therapeutic strategies in the specialized literature. With
all this, we want to emphasize the importance of individualized administration of the
therapy, both in terms of the combinations and the doses used. These will be evaluated
depending on the degree of impairment of each asthmatic patient, as well as the associated
comorbidities. The main classes of drugs used in this regard are inhaled corticosteroids
(ICS), ICS-formoterol, oral or intravenous corticosteroids, anticholinergics, short-acting
beta 2-agonists (SABA), long-acting beta 2-agonists (LABA), leukotriene receptor agonists
(LTRA), long-acting antimuscarinic agents (LAMA), non-selective phosphodiesterase in-
hibitors, mast cell stabilizers, and monoclonal antibodies (Omalizumab, Mepolizumab,
Benralizumab, Dupilumab, Tezepelumab) [97,98]. In addition to these, current research
emphasizes the importance of administering probiotics, prebiotics, and symbiotics, but also
fecal microbiota transplantation in the regulation of the microbiota and in the management
of bronchial asthma. To facilitate an easier understanding, we define probiotics as live
bacteria from food or supplements intended to enrich the microbiota, while prebiotics
represents an additional supply of nutrients administered in order to stimulate and de-
velop beneficial bacteria. To these are added the symbiotics, a mixture of live beneficial
bacteria and nutrient substrate for the microorganisms of the host. At the same time, fecal
microbiota transplantation represents replacing the patient’s dysbiotic bacterial flora with
the bacterial flora of a healthy person.

With reference to the subject of the current narrative work, although difficult to
study due to the long period required to observe the patients, we found mentioned in the
literature implications of the use of probiotics (in various forms, made up of single strains or
combinations of lactic acid bacteria and Bifidobacteria) among asthmatic patients. However,
we have not found well-established recommendations regarding the administration in
order to prevent allergic diseases. In this sense, only suggestions are present in the literature
regarding their administration in pregnant women, during breastfeeding or childhood in
the population categories considered at risk of developing atopy (with significant hereditary
antecedents) [99,100]. With regard to the mode of action of probiotics, we know the role
played by them in reducing inflammation and intestinal permeability, as well as increasing
IgA objectively in the feces. The value of the latter at the age of 6 months positively
correlates with the protection against IgE-mediated atopies [101]. Besides this, probiotics
regulate the composition of the microbiota and the integrity of the intestinal barrier, the
competitive adhesion to receptors, the expression of junction proteins, and favor the
production of bactericidal substances [102].

At the level of the respiratory tract, probiotics have proven their effect in restoring the
epithelial barrier destroyed by environmental factors or the administration of antibiotics
while also interacting with the microbes present in the human body and preventing the
growth of pathogens through the production of antimicrobial substances, competitive
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colonization, immunomodulation, and change of pH in the niche. There are two forms
of them used in medical practice, namely the oral form and the local form in the form
of an intranasal spray (under observation due to the potential risk of aspiration that can
cause inflammation of the lower respiratory tract) [85]. The oral form of probiotics has
questionable effects in the treatment of asthma, but improvements have been observed
regarding the frequency of asthma attacks, while the addition of prebiotics has been shown
to be beneficial in the prevention of asthma, and symbiotics seem to have an effect in
reducing wheezing, the use of asthmatic medication, the management of the condition, but
not in the decrease of serum IgE in the studied group, the data in the literature is limited
in part by the fact that many studies do not differentiate prebiotics from probiotics and
symbiotics [103].

Wang HT et al. draw attention to the difficulties encountered in studying the probiotic—
asthma relationship in children, aspects that reside in the coexistence of eczema in this
age group, with an increased incidence compared with asthma and which can influence
the research results [104]. Another important aspect in the nutrition of pregnant women
and small children is following a diet rich in fruits and vegetables (the source of phyto-
chemicals that prevent the development of cardiac, metabolic, malignant diseases and
neurodegenerative disorders), supplementing possible nutritional deficiencies, as well as
using enriched formulas with oligosaccharides, substances that act on galectin-9, increasing
interferon-gamma production by T-helper 1 (Th1) cells and promoting regulatory T cells.
In dysbiosis precipitated by antibiotic therapy or cesarean delivery, Korpela K. et al. recom-
mend supplementing infants with a combination of probiotics, doubled by breastfeeding,
to support the microbiota. For older children (1-13 years old), fiber is administered in a
dose of 5-31 g/day [43,47,62,105].

In addition to prebiotics, probiotics, and postbiotics, the current proposals also discuss
vaginal inoculation and fecal microbiota transplantation (FMT), which has the advantage of
facilitating a more robust and long-lasting community of beneficial, diverse microorganisms
delivered with the help of a single dose, with the risk of insemination accidental contact
with pathogenic species or the transfer of resistance to antibiotics [106]. We also draw
attention to the need to deepen medical studies regarding the therapeutic possibilities in
bronchial asthma, FMT representing an option that is, however, limited as an exploration in
the case of this pathology. We thus encourage the focus of future efforts toward deepening
awareness in the field of FMT therapy for asthma.

7. Conclusions

In conclusion, having an extraordinary variability, the human microbiome remains a
subject of strong interest in medical studies, being proven to play a vital role in modulating
the body’s homeostasis both by creating a predisposition to the development of various
ailments when unbalanced and by forming a true line of defense against external elements,
i.e., allergens and environmental factors. Therefore, as we presented above, the microenvi-
ronment has various medical implications, atopies representing an area of interest in its
interactions. We reported the bidirectional interactions between various organs and the
microbiome, the imprint played by the external environment in the balanced development
of the child, especially in the first year of life, but also the impact displayed by maternal fac-
tors such as birth, breastfeeding and the consumption and/or administration of antibiotics
in the prenatal period or perinatal. With references to the treatment of asthma, the pharma-
ceutical aspects are clearly outlined in the literature, but the impact of the administration
of prebiotics, probiotics, symbiotics, fecal matter transplantation, and vaginal inoculation
remains open to further scrutiny. The subject is vast and difficult to argue in part because of
the extensive follow-ups of patients for an extended period. Therefore, there is the risk of
losing a vast amount of information, impacting the results of the outcome despite patients
being put under close observation. However, we must continue to make efforts to ensure
that the results are truthful and reproducible at all times.



Nutrients 2023, 15, 3278 15 of 18

Author Contributions: E.J., CM.M., ECM,, IM.S., 1LI.,, AM., D.CG., AP, DM. M.OS., D.L.S.,,
V.VL. and S.F. equally contributed with A.L. to this article. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data was generated.

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

References

1.  Chang, C. Asthma in children and adolescents: A comprehensive approach to diagnosis and management. Clin. Rev. Allergy
Immunol. 2012, 43, 98-137. [CrossRef] [PubMed]

2. Kopel, L.S.; Phipatanakul, W.; Gaffin, ].M. Social disadvantage and asthma control in children. Paediatr. Respir. Rev. 2014, 15,
256262, quiz 262-3. [CrossRef] [PubMed]

3.  Silbergeld, E.K. The Microbiome. Toxicol. Pathol. 2017, 45, 190-194. [CrossRef]

4. Hayes, W,; Sahu, S. The Human Microbiome: History and Future. J. Pharm. Pharm. Sci. 2020, 23, 404—411. [CrossRef] [PubMed]

5. Hufnagl, K.; Pali-Scholl, I.; Roth-Walter, E; Jensen-Jarolim, E. Dysbiosis of the gut and lung microbiome has a role in asthma.
Semin. Immunopathol. 2020, 42, 75-93. [CrossRef] [PubMed]

6. Davenport, E.R; Sanders, ].G.; Song, S.J.; Amato, K.R.; Clark, A.G.; Knight, R. The human microbiome in evolution. BMC Biol.
2017, 15, 127. [CrossRef] [PubMed]

7.  Serebrisky, D.; Wiznia, A. Pediatric Asthma: A Global Epidemic. Ann. Glob. Health 2019, 85, 6. [CrossRef]

8.  Estrada, R.D.; Ownby, D.R. Rural Asthma: Current Understanding of Prevalence, Patterns, and Interventions for Children and
Adolescents. Curr. Allergy Asthma Rep. 2017, 17, 37. [CrossRef]

9.  Loftus, P.A.; Wise, S.K. Epidemiology of asthma. Curr. Opin. Otolaryngol. Head Neck Surg. 2016, 24, 245-249. [CrossRef]

10. Kelly, M.S.; Bunyavanich, S.; Phipatanakul, W.; Lai, P.S. The Environmental Microbiome, Allergic Disease, and Asthma. J. Allergy
Clin. Immunol. Pract. 2022, 10, 2206-2217.el. [CrossRef]

11. Rautava, S. Milk Microbiome and Neonatal Colonization: Overview. Nestle Nutr. Inst. Workshop Ser. 2020, 94, 65-74. [PubMed]

12.  Wills-Karp, M.; Brandt, D.; Morrow, A.L. Understanding the origin of asthma and its relationship to breastfeeding. Adv. Exp. Med.
Biol. 2004, 554, 171-191. [PubMed]

13.  Devonshire, A.L.; Kumar, R. Pediatric asthma: Principles and treatment. Allerqy Asthma Proc. 2019, 40, 389-392. [CrossRef] [PubMed]

14. Patel, S.J.; Teach, S.J. Asthma. Pediatr. Rev. 2019, 40, 549-567. [CrossRef] [PubMed]

15. Castillo, J.R.; Peters, S.P.; Busse, W.W. Asthma Exacerbations: Pathogenesis, Prevention, and Treatment. J. Allergy Clin. Immunol.
Pract. 2017, 5, 918-927. [CrossRef] [PubMed]

16. Ntontsi, P,; Photiades, A.; Zervas, E.; Xanthou, G.; Samitas, K. Genetics and Epigenetics in Asthma. Int. J. Mol. Sci. 2021, 22, 2412.
[CrossRef]

17. Kitazawa, H.; Masuko, H.; Kanazawa, J.; Shigemasa, R.; Hyodo, K.; Yamada, H.; Yatagai, Y.; Kaneko, Y,; Iijima, H.; Naito, T.; et al.
ORMDL3/GSDMB genotype as a risk factor for early-onset adult asthma is linked to total serum IgE levels but not to allergic
sensitization. Allergol. Int. 2021, 70, 55-60. [CrossRef]

18. Saikumar Jayalatha, A K.; Hesse, L.; Ketelaar, M.E.; Koppelman, G.H.; Nawijn, M.C. The central role of IL-33/IL-1RL1 pathway
in asthma: From pathogenesis to intervention. Pharmacol. Ther. 2021, 225, 107847. [CrossRef]

19. Huang, Y.J.; Boushey, H.A. The microbiome in asthma. J. Allergy Clin. Immunol. 2015, 135, 25-30. [CrossRef]

20. Green, B.J.; Wiriyachaiporn, S.; Grainge, C.; Rogers, G.B.; Kehagia, V.; Lau, R.; Carroll, M.; Bruce, K.; Howarth, P. Potentially pathogenic
airway bacteria and neutrophilic inflammation in treatment resistant severe asthma. PLoS ONE 2014, 9, e100645. [CrossRef]

21. Ackland, J.; Watson, A.; Wilkinson, T.M.A_; Staples, K.J. Interrupting the Conversation: Implications for Crosstalk between Viral
and Bacterial Infections in the Asthmatic Airway. Front. Allergy 2021, 2, 738987. [CrossRef] [PubMed]

22. Kuruvilla, M.E; Lee, EE.; Lee, G.B. Understanding Asthma Phenotypes, Endotypes, and Mechanisms of Disease. Clin. Rev.
Allergy Immunol. 2019, 56, 219-233. [CrossRef]

23.  Akar-Ghibril, N.; Casale, T.; Custovic, A.; Phipatanakul, W. Allergic Endotypes and Phenotypes of Asthma. J. Allergy Clin.
Immunol. Pract. 2020, 8, 429-440. [CrossRef]

24. Caruso, C.; Colantuono, S.; Nicoletti, A.; Arasi, S.; Firinu, D.; Gasbarrini, A.; Coppola, A.; Di Michele, L. Metabolomics, Microbiota,
and In Vivo and In Vitro Biomarkers in Type 2 Severe Asthma: A Perspective Review. Metabolites 2021, 11, 647. [CrossRef] [PubMed]

25. Trujillo, J.; Lunjani, N.; Ryan, D.; O’'Mahony, L. Microbiome-immune interactions and relationship to asthma severity. J. Allergy
Clin. Immunol. 2022, 149, 533-534. [CrossRef] [PubMed]

26. Musso, P,; Chiappini, E.; Bernardini, R. Human Microbiome and Allergic Diseases in Children: Pathogenetic Role and Therapeutic
Options. Curr. Pediatr. Rev. 2020, 16, 89-94.

27. Liu, A.H. Hygiene theory and allergy and asthma prevention. Paediatr. Perinat. Epidemiol. 2007, 21 (Suppl. S3), 2-7. [CrossRef]


https://doi.org/10.1007/s12016-011-8261-3
https://www.ncbi.nlm.nih.gov/pubmed/22187333
https://doi.org/10.1016/j.prrv.2014.04.017
https://www.ncbi.nlm.nih.gov/pubmed/24928775
https://doi.org/10.1177/0192623316672073
https://doi.org/10.18433/jpps31525
https://www.ncbi.nlm.nih.gov/pubmed/33113343
https://doi.org/10.1007/s00281-019-00775-y
https://www.ncbi.nlm.nih.gov/pubmed/32072252
https://doi.org/10.1186/s12915-017-0454-7
https://www.ncbi.nlm.nih.gov/pubmed/29282061
https://doi.org/10.5334/aogh.2416
https://doi.org/10.1007/s11882-017-0704-3
https://doi.org/10.1097/MOO.0000000000000262
https://doi.org/10.1016/j.jaip.2022.06.006
https://www.ncbi.nlm.nih.gov/pubmed/32235123
https://www.ncbi.nlm.nih.gov/pubmed/15384576
https://doi.org/10.2500/aap.2019.40.4254
https://www.ncbi.nlm.nih.gov/pubmed/31690377
https://doi.org/10.1542/pir.2018-0282
https://www.ncbi.nlm.nih.gov/pubmed/31676529
https://doi.org/10.1016/j.jaip.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28689842
https://doi.org/10.3390/ijms22052412
https://doi.org/10.1016/j.alit.2020.04.009
https://doi.org/10.1016/j.pharmthera.2021.107847
https://doi.org/10.1016/j.jaci.2014.11.011
https://doi.org/10.1371/journal.pone.0100645
https://doi.org/10.3389/falgy.2021.738987
https://www.ncbi.nlm.nih.gov/pubmed/35386999
https://doi.org/10.1007/s12016-018-8712-1
https://doi.org/10.1016/j.jaip.2019.11.008
https://doi.org/10.3390/metabo11100647
https://www.ncbi.nlm.nih.gov/pubmed/34677362
https://doi.org/10.1016/j.jaci.2021.12.774
https://www.ncbi.nlm.nih.gov/pubmed/34953788
https://doi.org/10.1111/j.1365-3016.2007.00878.x

Nutrients 2023, 15, 3278 16 of 18

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

Gaulfin, T,; Tobin, N.H.; Aldrovandi, G.M. The importance of the microbiome in pediatrics and pediatric infectious diseases. Curr.
Opin. Pediatr. 2018, 30, 117-124. [CrossRef]

Burbank, AJ.; Sood, A.K.; Kesic, M.].; Peden, D.B.; Hernandez, M.L. Environmental determinants of allergy and asthma in early
life. J. Allergy Clin. Immunol. 2017, 140, 1-12. [CrossRef]

Chatkin, J.; Correa, L.; Santos, U. External Environmental Pollution as a Risk Factor for Asthma. Clin. Rev. Allergy Immunol. 2022,
62,72-89. [CrossRef]

von Mutius, E. The microbial environment and its influence on asthma prevention in early life. J. Allergy Clin. Immunol. 2016, 137,
680-689. [CrossRef]

Celebi Sozener, Z.; Ozdel Ozturk, B.; Cerci, P,; Turk, M.; Gorgulu Akin, B.; Akdis, M.; Altiner, S.; Ozbey, U.; Ogulur, I.; Mitamura,
Y,; et al. Epithelial barrier hypothesis: Effect of the external exposome on the microbiome and epithelial barriers in allergic disease.
Allergy 2022, 77, 1418-1449. [CrossRef]

Celebi Sozener, Z.; Ozbey Yiicel, U.; Altiner, S.; Ozdel Oztiirk, B.; Cerci, P; Tiirk, M.; Gorgilti Akin, B.; Akdis, M.; Yilmaz, I;
Ozdemir, C.; et al. The External Exposome and Allergies: From the Perspective of the Epithelial Barrier Hypothesis. Front. Allergy
2022, 3, 887672. [CrossRef]

van Tilburg Bernardes, E.; Gutierrez, M.W.; Arrieta, M.C. The Fungal Microbiome and Asthma. Front. Cell Infect. Microbiol. 2020,
10, 583418. [CrossRef]

Sun, Y;; Meng, Y.; Ou, Z; Li, Y,; Zhang, M.; Chen, Y.; Zhang, Z.; Chen, X.; Mu, P; Norbdck, D.; et al. Indoor microbiome, air pollutants
and asthma, rhinitis and eczema in preschool children—A repeated cross-sectional study. Environ. Int. 2022, 161, 107137. [CrossRef]
Lee, G.H,; Kim, J.H.; Kim, S.; Lee, S.; Lim, D.H. Effects of Indoor Air Purifiers on Children with Asthma. Yonsei Med. J. 2020, 61,
310-316. [CrossRef] [PubMed]

Meropol, S.B.; Edwards, A. Development of the infant intestinal microbiome: A bird’s eye view of a complex process. Birth Defects
Res. C Embryo Today 2015, 105, 228-239. [CrossRef] [PubMed]

Moossavi, S.; Miliku, K.; Sepehri, S.; Khafipour, E.; Azad, M.B. The Prebiotic and Probiotic Properties of Human Milk: Implications
for Infant Immune Development and Pediatric Asthma. Front. Pediatr. 2018, 6, 197. [CrossRef] [PubMed]

Kim, H.; Sitarik, A.R.; Woodcroft, K.; Johnson, C.C.; Zoratti, E. Birth Mode, Breastfeeding, Pet Exposure, and Antibiotic Use:
Associations with the Gut Microbiome and Sensitization in Children. Curr. Allergy Asthma Rep. 2019, 19, 22. [CrossRef]

Gao, Y,; Nanan, R;; Macia, L.; Tan, J.; Sominsky, L.; Quinn, T.P; O'Hely, M.; Ponsonby, A.L.; Tang, M.L.K,; Collier, F; et al. The
maternal gut microbiome during pregnancy and offspring allergy and asthma. J. Allergy Clin. Immunol. 2021, 148, 669-678. [CrossRef]
Venter, C.; Agostoni, C.; Arshad, S.H.; Ben-Abdallah, M.; Du Toit, G.; Fleischer, D.M.; Greenhawt, M.; Glueck, D.H.; Groetch, M.;
Lunjani, N.; et al. Dietary factors during pregnancy and atopic outcomes in childhood: A systematic review from the European
Academy of Allergy and Clinical Immunology. Pediatr. Allergy Immunol. 2020, 31, 889-912. [CrossRef] [PubMed]

Savage, ].H.; Lee-Sarwar, K.A.; Sordillo, J.E.; Lange, N.E.; Zhou, Y.; O’Connor, G.T.; Sandel, M.; Bacharier, L.B.; Zeiger, R,;
Sodergren, E.; et al. Diet during Pregnancy and Infancy and the Infant Intestinal Microbiome. |. Pediatr. 2018, 203, 47-54.e4.
[CrossRef] [PubMed]

Verducdi, E.; Gianni, M.L.; Vizzari, G.; Vizzuso, S.; Cerasani, J.; Mosca, F.; Zuccotti, G.V. The Triad Mother-Breast Milk-Infant as
Predictor of Future Health: A Narrative Review. Nutrients 2021, 13, 486. [CrossRef]

Warner, ].O.; Warner, J.A. The Foetal Origins of Allergy and Potential Nutritional Interventions to Prevent Disease. Nutrients 2022,
14, 1590. [CrossRef]

Mirpuri, J. Evidence for maternal diet-mediated effects on the offspring microbiome and immunity: Implications for public health
initiatives. Pediatr. Res. 2021, 89, 301-306. [CrossRef]

Dunlop, A.L.; Mulle, ].G.; Ferranti, E.P; Edwards, S.; Dunn, A.B.; Corwin, E.]. Maternal Microbiome and Pregnancy Outcomes
That Impact Infant Health: A Review. Adv. Neonatal Care 2015, 15, 377-385. [CrossRef] [PubMed]

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

Forgie, A.J.; Drall, KM.; Bourque, S.L.; Field, C.J.; Kozyrskyj, A.L.; Willing, B.P. The impact of maternal and early life malnutrition
on health: A diet-microbe perspective. BMC Med. 2020, 18, 135. [CrossRef] [PubMed]

Kim, J.H; Ellwood, P.E.; Asher, M.I. Diet and asthma: Looking back, moving forward. Respir. Res. 2009, 10, 49. [CrossRef]
Wang, Y.; Xie, T.; Wu, Y.; Liu, Y,; Zou, Z,; Bai, ]. Impacts of Maternal Diet and Alcohol Consumption during Pregnancy on
Maternal and Infant Gut Microbiota. Biomolecules 2021, 11, 369. [CrossRef]

Vuillermin, PJ.; Macia, L.; Nanan, R.; Tang, M.L.; Collier, E; Brix, S. The maternal microbiome during pregnancy and allergic
disease in the offspring. Semin. Immunopathol. 2017, 39, 669—675. [CrossRef]

Colquitt, A.S.; Miles, E.A; Calder, P.C. Do Probiotics in Pregnancy Reduce Allergies and Asthma in Infancy and Childhood? A
Systematic Review. Nutrients 2022, 14, 1852. [CrossRef]

Galazzo, G.; van Best, N.; Bervoets, L.; Dapaah, 1.O.; Savelkoul, PH.; Hornef, M.W.; GI-MDH Consortium; Lau, S.; Hamelmann,
E.; Penders, J. Development of the Microbiota and Associations with Birth Mode, Diet, and Atopic Disorders in a Longitudinal
Analysis of Stool Samples, Collected from Infancy Through Early Childhood. Gastroenterology 2020, 158, 1584-1596. [CrossRef]
Chong, C.Y.L,; Bloomfield, FH.; O’Sullivan, ].M. Factors Affecting Gastrointestinal Microbiome Development in Neonates.
Nutrients 2018, 10, 274. [CrossRef]


https://doi.org/10.1097/MOP.0000000000000576
https://doi.org/10.1016/j.jaci.2017.05.010
https://doi.org/10.1007/s12016-020-08830-5
https://doi.org/10.1016/j.jaci.2015.12.1301
https://doi.org/10.1111/all.15240
https://doi.org/10.3389/falgy.2022.887672
https://doi.org/10.3389/fcimb.2020.583418
https://doi.org/10.1016/j.envint.2022.107137
https://doi.org/10.3349/ymj.2020.61.4.310
https://www.ncbi.nlm.nih.gov/pubmed/32233173
https://doi.org/10.1002/bdrc.21114
https://www.ncbi.nlm.nih.gov/pubmed/26663826
https://doi.org/10.3389/fped.2018.00197
https://www.ncbi.nlm.nih.gov/pubmed/30140664
https://doi.org/10.1007/s11882-019-0851-9
https://doi.org/10.1016/j.jaci.2021.07.011
https://doi.org/10.1111/pai.13303
https://www.ncbi.nlm.nih.gov/pubmed/32524677
https://doi.org/10.1016/j.jpeds.2018.07.066
https://www.ncbi.nlm.nih.gov/pubmed/30173873
https://doi.org/10.3390/nu13020486
https://doi.org/10.3390/nu14081590
https://doi.org/10.1038/s41390-020-01121-x
https://doi.org/10.1097/ANC.0000000000000218
https://www.ncbi.nlm.nih.gov/pubmed/26317856
https://doi.org/10.3389/fimmu.2017.00365
https://www.ncbi.nlm.nih.gov/pubmed/28408909
https://doi.org/10.1186/s12916-020-01584-z
https://www.ncbi.nlm.nih.gov/pubmed/32393275
https://doi.org/10.1186/1465-9921-10-49
https://doi.org/10.3390/biom11030369
https://doi.org/10.1007/s00281-017-0652-y
https://doi.org/10.3390/nu14091852
https://doi.org/10.1053/j.gastro.2020.01.024
https://doi.org/10.3390/nu10030274

Nutrients 2023, 15, 3278 17 of 18

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

Montoya-Williams, D.; Lemas, D.].; Spiryda, L.; Patel, K.; Carney, O.O.; Neu, J.; Carson, T.L. The Neonatal Microbiome and Its
Partial Role in Mediating the Association between Birth by Cesarean Section and Adverse Pediatric Outcomes. Neonatology 2018,
114,103-111. [CrossRef] [PubMed]

Lupu, V.V;; Miron, L.C; Raileanu, A.A; Starcea, I.M.; Lupu, A.; Tarca, E.; Mocanu, A.; Buga, AM.L.; Lupu, V,; Fotea, S. Difficulties
in Adaptation of the Mother and Newborn via Cesarean Section versus Natural Birth—A Narrative Review. Life 2023, 13, 300.
[CrossRef] [PubMed]

Pantazi, A.C.; Mihai, C.M.; Balasa, A.L.; Chisnoiu, T.; Lupu, A.; Frecus, C.E.; Mihai, L.; Ungureanu, A.; Kassim, M.A.K.; Andrusca,
A_; et al. Relationship between Gut Microbiota and Allergies in Children: A Literature Review. Nutrients 2023, 15, 2529. [CrossRef]
[PubMed]

Aldriwesh, M.G.; Al-Mutairi, A.M.; Alharbi, A.S.; Aljohani, H.Y.; Alzahrani, N.A.; Ajina, R.; Alanazi, A.M. Paediatric Asthma and
the Microbiome: A Systematic Review. Microorganisms 2023, 11, 939. [CrossRef]

Lokossou, G.A.G.; Kouakanou, L.; Schumacher, A.; Zenclussen, A.C. Human Breast Milk: From Food to Active Immune Response
with Disease Protection in Infants and Mothers. Front. Immunol. 2022, 13, 849012. [CrossRef]

Zugravu, C.; Nanu, M.I; Moldovanu, E; Arghir, O.C.; Mihai, C.M.; Otelea, M.R.; Cambrea, S.C. The Influence of Perinatal
Education on Breastfeeding Decision and Duration. Int. J. Child Health Nutr. 2018, 7, 74-81. [CrossRef]

Gopalakrishna, K.P; Hand, T.W. Influence of Maternal Milk on the Neonatal Intestinal Microbiome. Nutrients 2020, 12, 823.
[CrossRef] [PubMed]

Davis, E.C.; Dinsmoor, A.M.; Wang, M.; Donovan, S.M. Microbiome Composition in Pediatric Populations from Birth to
Adolescence: Impact of Diet and Prebiotic and Probiotic Interventions. Dig. Dis. Sci. 2020, 65, 706-722. [CrossRef] [PubMed]
Arrieta, M.C,; Stiemsma, L.T.; Dimitriu, P.A.; Thorson, L.; Russell, S.; Yurist-Doutsch, S.; Kuzeljevic, B.; Gold, M.J.; Britton, H.M.;
Lefebvre, D.L.; et al. Early infancy microbial and metabolic alterations affect risk of childhood asthma. Sci. Transl. Med. 2015, 7,
307ral52. [CrossRef] [PubMed]

Koleva, P.T.; Tun, HM.; Konya, T.; Guttman, D.S.; Becker, A.B.; Mandhane, PJ.; Turvey, S.E.; Subbarao, P,; Sears, M.R.; Scott, ].A;
et al. Sex-specific impact of asthma during pregnancy on infant gut microbiota. Eur. Respir. ]. 2017, 50, 1700280. [CrossRef]
Saeed, N.K.; Al-Beltagi, M.; Bediwy, A.S.; El-Sawaf, Y.; Toema, O. Gut microbiota in various childhood disorders: Implication and
indications. World J. Gastroenterol. 2022, 28, 1875-1901. [CrossRef]

Kumbhare, S.V.; Patangia, D.V.V,; Patil, R.H.; Shouche, Y.S.; Patil, N.P. Factors influencing the gut microbiome in children: From
infancy to childhood. J. Biosci. 2019, 44, 49. [CrossRef]

Lee-Sarwar, K.; Dedrick, S.; Momeni, B.; Kelly, R.S.; Zeiger, R.S.; O’Connor, G.T.; Sandel, M.T.; Bacharier, L.B.; Beigelman, A.;
Laranjo, N.; et al. Association of the gut microbiome and metabolome with wheeze frequency in childhood asthma. J. Allergy Clin.
Immunol. 2022, 150, 325-336. [CrossRef]

Huang, C.; Shi, G. Smoking and microbiome in oral, airway, gut and some systemic diseases. ]. Transl. Med. 2019, 17, 225.
[CrossRef]

Lupu, V.V,; Adam Raileanu, A.; Mihai, C.M.; Morariu, I.D.; Lupu, A.; Starcea, LM.; Frasinariu, O.E.; Mocanu, A.; Dragan, F,; Fotea,
S. The Implication of the Gut Microbiome in Heart Failure. Cells 2023, 12, 1158. [CrossRef]

Lupu, V.V.; Ghiciuc, C.M,; Stefanescu, G.; Mihai, C.M.; Popp, A.; Sasaran, M.O.; Bozomitu, L.; Starcea, .M.; Adam Raileanu,
A.; Lupu, A. Emerging role of the gut microbiome in post-infectious irritable bowel syndrome: A literature review. World .
Gastroenterol. 2023, 29, 3241-3256. [CrossRef]

Lupu, V.V; Trandafir, L.M.; Raileanu, A.A.; Mihai, C.M.; Morariu, LD.; Starcea, LM.; Mocanu, A.; Butnariu, L.I; Stoleriu, G,;
Salaru, D.L.; et al. Advances in Understanding the Human Gut Microbiota and Its Implication in Pediatric Celiac Disease—A
Narrative Review. Nutrients 2023, 15, 2499. [CrossRef]

Ihekweazu, ED.; Versalovic, J. Development of the Pediatric Gut Microbiome: Impact on Health and Disease. Am. ]. Med. Sci.
2018, 356, 413-423. [CrossRef]

Ronan, V,; Yeasin, R.; Claud, E.C. Childhood Development and the Microbiome-The Intestinal Microbiota in Maintenance of
Health and Development of Disease During Childhood Development. Gastroenterology 2021, 160, 495-506. [CrossRef] [PubMed]
Bannier, M.A.G.E.; van Best, N.; Bervoets, L.; Savelkoul, PH.M.; Hornef, M.W.; van de Kant, K.D.G.; J6bsis, Q.; Dompeling, E.;
Penders, J. Gut microbiota in wheezing preschool children and the association with childhood asthma. Allergy 2020, 75, 1473-1476.
[CrossRef]

Valverde-Molina, J.; Garcia-Marcos, L. Microbiome and Asthma: Microbial Dysbiosis and the Origins, Phenotypes, Persistence,
and Severity of Asthma. Nutrients 2023, 15, 486. [CrossRef]

Lee-Sarwar, K.A.; Lasky-Su, |.; Kelly, R.S.; Litonjua, A.A.; Weiss, S.T. Gut Microbial-Derived Metabolomics of Asthma. Metabolites
2020, 10, 97. [CrossRef] [PubMed]

Bozomitu, L.; Miron, I.; Adam Raileanu, A.; Lupu, A.; Paduraru, G.; Marcu, EM.; Buga, A M.L.; Rusu, D.C.; Dragan, E; Lupu, V.V.
The Gut Microbiome and Its Implication in the Mucosal Digestive Disorders. Biomedicines 2022, 10, 3117. [CrossRef] [PubMed]
Zhang, D.; Li, S.; Wang, N.; Tan, H.Y.; Zhang, Z.; Feng, Y. The Cross-Talk Between Gut Microbiota and Lungs in Common Lung
Diseases. Front. Microbiol. 2020, 11, 301. [CrossRef]

Anand, S.; Mande, S.S. Diet, Microbiota and Gut-Lung Connection. Front. Microbiol. 2018, 9, 2147. [CrossRef]

Chung, K.F. Potential Role of the Lung Microbiome in Shaping Asthma Phenotypes. Ann. Am. Thorac. Soc. 2017, 14 (Suppl. S5),
S5326-5331. [CrossRef]


https://doi.org/10.1159/000487102
https://www.ncbi.nlm.nih.gov/pubmed/29788027
https://doi.org/10.3390/life13020300
https://www.ncbi.nlm.nih.gov/pubmed/36836657
https://doi.org/10.3390/nu15112529
https://www.ncbi.nlm.nih.gov/pubmed/37299492
https://doi.org/10.3390/microorganisms11040939
https://doi.org/10.3389/fimmu.2022.849012
https://doi.org/10.6000/1929-4247.2018.07.02.4
https://doi.org/10.3390/nu12030823
https://www.ncbi.nlm.nih.gov/pubmed/32244880
https://doi.org/10.1007/s10620-020-06092-x
https://www.ncbi.nlm.nih.gov/pubmed/32002758
https://doi.org/10.1126/scitranslmed.aab2271
https://www.ncbi.nlm.nih.gov/pubmed/26424567
https://doi.org/10.1183/13993003.00280-2017
https://doi.org/10.3748/wjg.v28.i18.1875
https://doi.org/10.1007/s12038-019-9860-z
https://doi.org/10.1016/j.jaci.2022.02.005
https://doi.org/10.1186/s12967-019-1971-7
https://doi.org/10.3390/cells12081158
https://doi.org/10.3748/wjg.v29.i21.3241
https://doi.org/10.3390/nu15112499
https://doi.org/10.1016/j.amjms.2018.08.005
https://doi.org/10.1053/j.gastro.2020.08.065
https://www.ncbi.nlm.nih.gov/pubmed/33307032
https://doi.org/10.1111/all.14156
https://doi.org/10.3390/nu15030486
https://doi.org/10.3390/metabo10030097
https://www.ncbi.nlm.nih.gov/pubmed/32155960
https://doi.org/10.3390/biomedicines10123117
https://www.ncbi.nlm.nih.gov/pubmed/36551874
https://doi.org/10.3389/fmicb.2020.00301
https://doi.org/10.3389/fmicb.2018.02147
https://doi.org/10.1513/AnnalsATS.201702-138AW

Nutrients 2023, 15, 3278 18 of 18

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Shah, R.; Bunyavanich, S. The airway microbiome and pediatric asthma. Curr. Opin. Pediatr. 2021, 33, 639-647. [CrossRef]
[PubMed]

Dick, S.; Turner, S. The Airway Microbiome and Childhood Asthma—What Is the Link? Acta Med. Acad. 2020, 49, 156-163.
[CrossRef] [PubMed]

Baehren, C.; Buedding, E.; Bellm, A.; Schult, E.; Pembaur, A.; Wirth, S.; Ehrhardt, A.; Paulsen, F; Postberg, J.; Aydin, M. The
Relevance of the Bacterial Microbiome, Archaeome and Mycobiome in Pediatric Asthma and Respiratory Disorders. Cells 2022,
11,1287. [CrossRef]

Zhang, L.; Ai, T,; Xie, C.; Xia, W.; Zhang, Y.; Liao, H,; Jia, L.; Fan, Y; Xu, J. Lower airway microbiome of children with recurrent
wheezing: A clinical cohort study. Transl. Pediatr. 2022, 11, 696-705. [CrossRef]

Kumpitsch, C.; Koskinen, K.; Schopf, V.; Moissl-Eichinger, C. The microbiome of the upper respiratory tract in health and disease.
BMC Biol. 2019, 17, 87. [CrossRef] [PubMed]

Pérez-Losada, M.; Alamri, L.; Crandall, K.A ; Freishtat, R.J. Nasopharyngeal Microbiome Diversity Changes over Time in Children
with Asthma. PLoS ONE 2017, 12, e0170543. [CrossRef]

Ahmed, N.; Mahmoud, N.F,; Solyman, S.; Hanora, A. Human Nasal Microbiome as Characterized by Metagenomics Differs
Markedly Between Rural and Industrial Communities in Egypt. OMICS 2019, 23, 573-582. [CrossRef]

Lupu, V.V,; Miron, L; Tarca, E.; Trandafir, L.M.; Anton-Paduraru, D.-T.; Moisa, S.M.; Starcea, M.; Cernomaz, A.; Miron, L.; Lupu,
A. Gastroesophageal Reflux in Children with Asthma. Children 2022, 9, 336. [CrossRef]

McCauley, K.E.; Flynn, K; Calatroni, A.; DiMassa, V.; LaMere, B.; Fadrosh, D.W.; Lynch, K.V,; Gill, M.A; Pongracic, ].A.; Khurana
Hershey, G.K,; et al. Seasonal airway microbiome and transcriptome interactions promote childhood asthma exacerbations.
J. Allergy Clin. Immunol. 2022, 150, 204-213. [CrossRef]

Zeng, Y.; Liang, J.Q. Nasal Microbiome and Its Interaction with the Host in Childhood Asthma. Cells 2022, 11, 3155. [CrossRef]
Wensel, C.R.; Pluznick, J.L.; Salzberg, S.L.; Sears, C.L. Next-generation sequencing: Insights to advance clinical investigations of
the microbiome. J. Clin. Investig. 2022, 132, e154944. [CrossRef]

Laudadio, L; Fulci, V.; Palone, E; Stronati, L.; Cucchiara, S.; Carissimi, C. Quantitative Assessment of Shotgun Metagenomics and
16S rDNA Amplicon Sequencing in the Study of Human Gut Microbiome. OMICS 2018, 22, 248-254. [CrossRef]

Bauermeister, A.; Mannochio-Russo, H.; Costa-Lotufo, L.V,; Jarmusch, A.K.; Dorrestein, P.C. Mass spectrometry-based
metabolomics in microbiome investigations. Nat. Rev. Microbiol. 2022, 20, 143-160. [CrossRef] [PubMed]

Zhen, J.; Zhao, P; Li, Y;; Cai, Y.; Yu, W.; Wang, W.; Zhao, L.; Wang, H.; Huang, G.; Xu, A. The Multiomics Analyses of Gut
Microbiota, Urine Metabolome and Plasma Proteome Revealed Significant Changes in Allergy Featured with Indole Derivatives
of Tryptophan. J. Asthma Allergy 2022, 15, 117-131. [CrossRef] [PubMed]

Hu, H.; Zhao, G.; Wang, K.; Han, P; Ye, H.; Wang, F; Liu, N.; Zhou, P; Lu, X.; Zhou, Z,; et al. Study on the Mechanism of
Qing-Fei-Shen-Shi Decoction on Asthma Based on Integrated 165 rRNA Sequencing and Untargeted Metabolomics. Evid. Based
Complement. Altern. Med. 2023, 2023, 1456844. [CrossRef] [PubMed]

Abdel-Aziz, M.I; Vijverberg, S.J.H.; Neerincx, A.H.; Kraneveld, A.D.; Maitland-van der Zee, A.H. The crosstalk between
microbiome and asthma: Exploring associations and challenges. Clin. Exp. Allergy 2019, 49, 1067-1086. [CrossRef]

Levy, M.L,; Bacharier, L.B.; Bateman, E.; Boulet, L.P.; Brightling, C.; Buhl, R.; Brusselle, G.; Cruz, A.A.; Drazen, ].M.; Duijts, L.;
et al. Key recommendations for primary care from the 2022 Global Initiative for Asthma (GINA) update. NPJ Prim. Care Respir.
Med. 2023, 33, 7. [CrossRef]

Ioniuc, I; Miron, L; Lupu, V.V,; Starcea, LM.; Azoicai, A.; Alexoae, M.; Adam Raileanu, A.; Dragan, E; Lupu, A. Challenges in the
Pharmacotherapeutic Management of Pediatric Asthma. Pharmaceuticals 2022, 15, 1581. [CrossRef]

West, C.E. Probiotics for allergy prevention. Benef. Microbes 2016, 7, 171-179. [CrossRef]

Vanderhoof, J.A.; Mitmesser, S.H. Probiotics in the management of children with allergy and other disorders of intestinal
inflammation. Benef. Microbes 2010, 1, 351-356. [CrossRef]

Savilahti, E. Probiotics in the treatment and prevention of allergies in children. Biosci. Microflora 2011, 30, 119-128. [CrossRef]
[PubMed]

Mennini, M.; Dahdah, L.; Artesani, M.C.; Fiocchi, A.; Martelli, A. Probiotics in Asthma and Allergy Prevention. Front. Pediatr.
2017, 5, 165. [CrossRef] [PubMed]

Meirlaen, L.; Levy, E.I; Vandenplas, Y. Prevention and Management with Pro-, Pre and Synbiotics in Children with Asthma and
Allergic Rhinitis: A Narrative Review. Nutrients 2021, 13, 934. [CrossRef] [PubMed]

Wang, H.T.; Anvari, S.; Anagnostou, K. The Role of Probiotics in Preventing Allergic Disease. Children 2019, 6, 24. [CrossRef]
Korpela, K.; Salonen, A.; Vepséldinen, O.; Suomalainen, M.; Kolmeder, C.; Varjosalo, M.; Miettinen, S.; Kukkonen, K.; Savilahti, E.;
Kuitunen, M.; et al. Probiotic supplementation restores normal microbiota composition and function in antibiotic-treated and in
caesarean-born infants. Microbiome 2018, 6, 182. [CrossRef]

Cuna, A.; Morowitz, M.].; Ahmed, I.; Umar, S.; Sampath, V. Dynamics of the preterm gut microbiome in health and disease. Am. J.
Physiol. Gastrointest. Liver Physiol. 2021, 320, G411-G419. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/MOP.0000000000001054
https://www.ncbi.nlm.nih.gov/pubmed/34412069
https://doi.org/10.5644/ama2006-124.294
https://www.ncbi.nlm.nih.gov/pubmed/33189121
https://doi.org/10.3390/cells11081287
https://doi.org/10.21037/tp-22-165
https://doi.org/10.1186/s12915-019-0703-z
https://www.ncbi.nlm.nih.gov/pubmed/31699101
https://doi.org/10.1371/journal.pone.0170543
https://doi.org/10.1089/omi.2019.0144
https://doi.org/10.3390/children9030336
https://doi.org/10.1016/j.jaci.2022.01.020
https://doi.org/10.3390/cells11193155
https://doi.org/10.1172/JCI154944
https://doi.org/10.1089/omi.2018.0013
https://doi.org/10.1038/s41579-021-00621-9
https://www.ncbi.nlm.nih.gov/pubmed/34552265
https://doi.org/10.2147/JAA.S334752
https://www.ncbi.nlm.nih.gov/pubmed/35125876
https://doi.org/10.1155/2023/1456844
https://www.ncbi.nlm.nih.gov/pubmed/36846048
https://doi.org/10.1111/cea.13444
https://doi.org/10.1038/s41533-023-00330-1
https://doi.org/10.3390/ph15121581
https://doi.org/10.3920/BM2015.0073
https://doi.org/10.3920/BM2010.0034
https://doi.org/10.12938/bifidus.30.119
https://www.ncbi.nlm.nih.gov/pubmed/25045317
https://doi.org/10.3389/fped.2017.00165
https://www.ncbi.nlm.nih.gov/pubmed/28824889
https://doi.org/10.3390/nu13030934
https://www.ncbi.nlm.nih.gov/pubmed/33799367
https://doi.org/10.3390/children6020024
https://doi.org/10.1186/s40168-018-0567-4
https://doi.org/10.1152/ajpgi.00399.2020

	Introduction 
	Materials and Method 
	Epidemiological Findings 
	Clinical and Pathogenic Aspects 
	Involvement of the Exogenous Environment 
	The Infant Microbiome 
	The Gastrointestinal Microbiome 
	The Respiratory Microbiome 

	Ways of Investigating the Microbiome 
	Therapeutic Lines 
	Conclusions 
	References

