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Abstract

The number of food allergies (FAs) is growing, particularly in industrialized countries,
resulting in discomfort and a reduction in the quality of life of those who suffer from
these allergies. Despite numerous epidemiological studies on FAs worldwide, the different
approaches used constitute a limitation for an accurate prevalence of these disorders. The
onset of FAs is multifactorial, since it depends on lifestyle, habitat, diet, and particularly
on the diversity of gut microbiota. In fact, they occur in conditions of gut dysbiosis, an
increase of the inflammatory state, an alteration of gut permeability, and an impairment of
the resident immune cells, thus leading to a disruption and/or lack of tolerance towards
food allergens. It is important to emphasize that the reduction of some bacteria leads
to a decrease in their metabolite production, which, in turn, is crucial for the correct
performance of immune responses and to ensure tolerance against allergens. Therefore,
various strategies such as pre- and probiotic administration must be employed to avoid or
prevent the onset of FAs.

Keywords: diet; food allergies; gut microbiota; immune cell system; immunoglobulins;
interleukins; probiotics; short-chain fatty acids; tolerance

1. Introduction

The prevalence of food allergies (FAs) is influenced by several factors, such as geo-
graphic region, food intake, exposure to environmental factors, and the healthcare and
diagnostic methods used [1]. Higher percentages of FAs are observed in urban areas of
Western countries [2], whereas the prevalence of FAs tends to decrease in rural areas. These
events could be determined by early-life microbial exposure, air pollution, and individuals’
habitats. Despite epidemiological studies performed worldwide, the prevalence of FAs
is not easily determined, since different approaches to defining these disorders are used.
Moreover, only in a few cases, specific tests to understand the individual’s pathological
condition (e.g., determination of specific IgE) [3] are used. For this reason, the results
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reported in the literature are extremely heterogeneous, and the monitoring system related
to FAs should be optimized.

The gut microbiota plays a significant role in the development of FAs, as discussed
below, as well as in other disorders. Gut microbiota is represented by a wide variety of
microorganisms, including bacteria, archaea, fungi, and viruses. Among bacteria, they are
distinguished in six main phyla: Bacillota, Bacteroidota, Actinomycetota, Pseudomonadota,
Verrucomicrobiota, and Methanobacterota [4]. These microorganisms establish complicated
relationships, not only with each other but also with the host, varying from symbiotic to
parasitic interactions; thus, they have an important impact on the host’s immune system [5].
The gut barrier, which is constantly exposed to several foreign antigens, is composed of the
epithelium, the mucous layer, and mucosal immune cells. The mucosal layer is an outer
layer formed by intestinal epithelial cells (IECs), which constitute the first barrier against
the access of antigens into the host. In fact, IECs allow the interaction between the gut envi-
ronment and host, since they can sense signals from outside through pattern recognition
receptors (PRRs) such as Toll-like receptors (TLRs) and nucleotide-binding and oligomer-
ization domain-like receptors, which can recognize microbe-associated molecular patterns
such as lipopolysaccharides (LPS), peptidoglycan, lipoteichoic acid, and flagellin [6]. IECs
are distinguished in enterocytes, Paneth cells involved in the production of antimicrobial
peptides such as defensins and cathelicidins [7], and Goblet cells. The latest are involved
in mucus production, with the secretion of mucin resulting in the formation of a mucous
layer that has a protective function; indeed, it reduces the interaction between epithelium
and gut microbiota [8,9]. Another important group of cells is the so-called microfold (M)
cells, which permit antigen transit from the gut lumen to immune cells placed in the lamina
propria [10]. M cells cover Peyer’s patches, which represent the secondary lymphoretic-
ular tissue associated with the gut. Each component of the gut barrier is fundamental to
defending the host from harmful antigens introduced via ingestion. The gut microbiota
has important and well-known roles, e.g., the prevention of bacterial translocation and the
protection of the gut mucosa from pathogen invasion, respectively. Both the gut barrier and
gut microbiota provide for host wellbeing via the absorption and metabolism of nutrients
and protect immune cells via a targeted protective response initiated by the host itself. It is
important to highlight that gut microbiota have a variable age-related composition, and in
infants, Pseudomonadota are mainly represented, followed by Actinomycetota, whereas
in adulthood, gut microbiota are mainly characterized by Bacillota and Bacteroidota [11].
An alteration of both the gut barrier and the composition of gut microbiota, respectively,
leads to a state of dysbiosis accompanied by an immune response of different intensities
due to a well-known gut-immune system axis. FAs are immunological reactions caused
by food allergens (i.e., proteins) that usually do not lead to any damage. When the host
is exposed to a specific allergen, a series of immune responses is triggered to counteract
the adverse effects of the allergen. There are distinct types of allergies depending on the
type of allergen, including FAs. Food-derived allergens undergo biochemical reactions
that subvert their initial composition, triggering an immune response of different severity.
Moreover, FAs are distinguished from food intolerances, since in the latter, the immune
system is not involved [12]. Therefore, FAs are classified according to the type of immune
response into three distinct groups, as follows: IgE-mediated FAs, in which food allergens
cause a type I hypersensitivity reaction, where IgE production occurs, and mast cells (MCs)
and basophils are ultimately activated [13]. Non-IgE-mediated FAs, on the other hand, are
distinguished by the presence of allergen-specific helper T (Th)2 cells and characterized by
delayed symptoms [14]. Finally, in combined FAs, IgE-dependent and IgE-independent, the
above-described reactions coexist, and individuals with these allergies are more susceptible
to eosinophilic gastrointestinal disorders, such as eosinophilic esophagitis [15].
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In this review, we will report some results obtained from several studies performed
on FAs. In addition, at the same time, we will examine the intricate relationship between
the gut microbiota and the immune response that, under unbalanced circumstances, allows
the development of FAs, and the important role of probiotics in mitigating FAs.

2. Search Strategy

Both original articles and reviews, meta-analyses, and clinical and randomized trials
were searched on Medline (PubMed), Scopus, and Web of Science. The main keywords
were “Gut microbiota”, “Gut microbiota and food allergies”, “Gut microbiota and immune
cells”, “Short Fatty Acids” or “SCFAs”, “Prebiotics”, and “Probiotics”. Only articles written
in English were included, without limitation on the years of publication.

2.1. Mechanisms of Action of Resident Gut Immune Cells

A well-functioning immune system requires specific regulatory mechanisms to achieve
a balance between tolerant and immunogenic responses directed towards foreign antigens
and self-antigens. Hypersensitivity type I reactions are triggered by the introduction of an
allergen, which is then presented in association with major histocompatibility complex-II
(MHC-II) by dendritic cells (DCs) to Th2 lymphocytes, which, in turn, secrete interleukin
(IL)-4 and IL-5, thus activating B lymphocytes, which undergo an isotype switching (under
the regulation of IL-4) and, after their differentiation into plasma cells, begin to secrete
IgE. Meanwhile, IL-5 promotes the numerical increase of both eosinophils and basophils,
where the latter expresses a specific receptor for IL-5 on their plasma membrane. Allergen-
specific IgEs produced by plasma cells bind a specific receptor of the crystallizable fragment
exposed to MCs, and during a subsequent exposure to the same allergen, IgEs bind via
their antigen-binding fragment to a specific allergen, and MCs degranulate with the release
of several mediators, the first of all being histamine [16]. Therefore, FAs arise when cells
of the immune system have been sensitized to specific allergens. In particular, at the gut
level, allergens travel across the gut barrier, then they are picked up via M cells, and at
the end, they are recognized by DCs [17,18]. However, when the gut epithelial barrier is
compromised, due for example to an increase of inflammatory status, allergens can easily
pass through it and stimulate the secretion of ILs such as IL-25, IL-33, and thymic stromal
lymphopoietin, which, in turn, promote the differentiation of naive T lymphocytes into Th2
lymphocytes, and MC tissue accumulation [19,20] (see Figure 1).

The gut microbiota represents an important component of this complex mechanism
of allergic sensitization [21]. Therefore, FAs occur upon prior sensitization, which is
determined by food-specific IgE [22]. It is important to keep in mind that in eubiosis
conditions, antigens that reach the gut barrier are unable to cross it without the intervention
of both Goblet cells and CX3CR1 macrophages, which transfer antigens to DCs cells
and to draining lymph nodes, thus contributing to the differentiation of T naive cells
into food allergen-specific regulatory T cells (Treg) [23]. With regard to DCs, they are
mainly represented by three subsets, specifically two types of conventional DCs (cDCs) and
plasmacytoid DCs (pDCs) [24]. The cDCs activate naive T cells, and they express CD11c
and MHC-II molecules. Depending on their stage of differentiation, they are classified into
immature, mature, and regulatory DCs, respectively. DCs serve as sentinel cells distributed
throughout the body [25]. In this regard, it has been hypothesized that, in the absence
of inflammatory signals, the sensing in the environment by DCs increases peripheral T-
cell tolerance, thus contributing to the maintenance of immune homeostasis [26]. When
PRRs detect pathogen- or damage-associated molecular patterns, DCs are activated [27]
via upregulation of chemokine C-C receptor 7, which promotes DC-mediated antigenic
presentation to T lymphocytes [28]. From an immunological point of view, DCs ensure
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a balanced Th2 response and contribute to humoral immunity, protecting the host from
extracellular pathogens. From an immunological point of view, FAs are characterized by
an exaggerated Th2-dependent response [29], caused by an altered homeostasis of the gut
microbiota. Intestinal DCs, distributed in the lamina propria and mesenteric lymph nodes,
pick up allergens and activate Th2 lymphocytes by secreting IL-4, IL-5, and IL-13, which in
turn stimulate B lymphocytes to differentiate into plasma cells producing allergen-specific
IgE (see Figure 2) [30].
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Figure 1. Gut microbiota and the interaction with the resident immune cells. (A). In the gut lumen, a
diversified and balanced content of Gram-positive (in blue) and Gram-negative (in red) bacteria en-
sures a proper function of Peyer Patches (PPs) beneath the gut barrier, containing DCs, macrophages,
Th cells, and B cells. Under homeostatic conditions, sIgA production confers an efficient immune
response as well as oral tolerance. In addition, SCFA, mucins, and AMPs also contribute to the main-
tenance of gut barrier integrity. (B). Food allergens lead to an alteration of the gut epithelial barrier,
thus increasing and activating Th2 cells, which in turn trigger MC degranulation. Abbreviations:
Antimicrobial peptides, AMPS; Dendritic cells, DCs; Mast cells, MCs; Peyer patches, PPs; secretory
IgA, sIgA; SCFAs, Short-chain fatty acids; helper T cells, Th. (Figure credits: Thea Magrone).

Regarding Treg cells, they represent a subset of CD3+CD4+CD25+ T lymphocytes char-
acterized by the presence of the nuclear transcription factor FoxP3 [31]. Tregs are involved
in immune tolerance processes, and their numerical reduction or functional deficiency
leads to inappropriate immune responses to harmless food antigens, commensal bacteria,
and self-antigens [32], leading to allergic and autoimmune reactions. Diet is one of the
most crucial factors in regulating Treg cells [33], and it also affects the gut microbiota [34].
Treg cells differentiate in the thymus and are divided into thymic-derived cells (tTregs) and
peripheral-derived cells (pTregs) [35], and each of them expresses different functions. The
differences lie in the expression of biomarkers such as Cytotoxic T-Lymphocyte Antigen
4 (CTLA-4) and Programmed Cell Death protein 1 (PDL-1), and also in their ability to
produce ILs. Self-antigens are presented by medullary thymic epithelial cells (mTECs)
and their recognition by T-cell receptors (TCRs) causes clonal deletion for apoptosis of
tTregs, so a low percentage of T cells survive and differentiate into Treg cells. The binding
of the co-stimulatory molecule CD28 with the CD80/CD86 ligand, expressed by antigen-
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presenting cells, promotes tTreg differentiation [36]. The mTECs represent a cellular subset
mainly involved in antigenic presentation in the thymus; this mechanism is governed
by the autoimmune regulatory transcription factor in collaboration with the Fez family
zinc finger protein 2 [36]. After thymic regression, the development of tTreg cells is im-
paired, since thymic progenitors are unable to drive the differentiation of tTreg cells [37].
Thymic regression is a developmental mechanism targeted to preserve a tolerogenic mi-
croenvironment during pregnancy and the early exposure to environmental antigens. The
newly formed tTreg pool is characterized by a broad heterogeneity of TCR repertoire and a
marked expression of FoxP3 and CTLA-4, in comparison to adult tTreg cells [38]. By con-
trast, pTregs derive from naive CD4+ T lymphocytes or peripheral DCs and, unlike tTreg,
pTreg differentiation is dependent on tumor growth factor-p (TGF-f3), which upregulates
FoxP3 expression [39]. In summary, oral tolerance has been defined as an unresponsive
systemic state, where the gut secondary lymphoid tissue immune cells recognize food
allergens [40], which are then endocytosed by tolerogenic CD103+ DCs [41] and degraded
into peptides into vesicles in association with MHC-II. Thus, CD 103+ DCs begin to secrete
TGEF- and retinoic acid. In this way, CD103+ DCs contribute to the differentiation of naive
T lymphocytes into Treg cells [42], which secrete IL-10 and TGF-f [43], and it has been
shown that anergy, such as non-responsiveness and T-cell depletion via apoptosis, are
part of the tolerance mechanisms. The main features of the gut immune cells and their
interactions with the gut microbiota are summarized in Table 1.
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Figure 2. Interaction, in the gut lumen, between food allergens and immune cells. DCs present
dietary allergens to Th2 cells, which, in turn, via the release of IL-4 and IL-5, trigger activation of
eosinophils and basophils, respectively. IL-4 enhances isotype switching production of IgE via plasma
cells, which binds to the specific receptor on MCs, causing their degranulation with the release of
several mediators, which contribute to several symptoms. Therefore, an increase in Th2 and Th17
cells, respectively, secreting pro-inflammatory ILs, and a decrease in Treg cells, leads to a failure of
oral tolerance. Abbreviations: Dendritic cells, DCs; Interleukins, ILs; Mast cells, MCs; helper T cells,
Th; regulatory T cells, Treg. (Figure credits: Thea Magrone).
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Table 1. Main features and mechanisms of action of resident gut immune cells. The table offers an
overview of the key functions of immune cells and of the intestinal microbiota, focusing on allergic
sensitization and immune tolerance.

Role in Immune
Tolerance

Cell Type/Subset Phenotypic Markers Main Functions Role in FAs

Present allergens to naive

Antigen capture, CD3*"CD4* T cells;

DCs cDCs: CD11c*, MHC-II, processing, and Th2 polarization via IL-4,
pDC subsets; presentation; PRR IL-5, IL-13;
sensing; IL secretion Promote IgE class switching

in B cells

Tolerogenic DCs

CD103* PDL-1,

Antigen capture,
processing, TGF-f3 and

In the absence of

MHC-II Induce Treg differentiation  inflammation, promote
IL-10 secretion peripheral tolerance
Differentiate into IL-4/1L-13 influence, Under TGF- /retinoic
Naive CD4* T N + differentiation into Th2 acid, differentiate into
lymphocytes D3, CD4 several subsets amplifying allergic pTreg, maintaining
ymp depending on IL milieu . . ’
inflammation tolerance

IL-4: IgE class switching;
IL-5: Eosinophil /basophil
Th2 lymphocytes CD3*CD4"*, GATA-3* Secrete IL-4, IL-5, IL-13 recruitment;
IL-13: Mucus production,
barrier alteration

Production of Under IL-10/TGEF-$

B lymphocytes/ CD3~CD19, . . allergen-specific IgE that influence, produce
Plasma cells CD3~CD20*/CD138* Antibody production binds FceRI on IgG4 (blocking
MCs/basophils antibodies)
Deg.ranul.atlon: Type I hyperser1.s1t1.\/1ty Regulated activation
" oy histamine, reaction: vasodilation, . .
MCs FceRI", c-kit . . prevents inappropriate
Leukotrienes, smooth muscle contraction, inflammation
Prostaglandins release mucus secretion
. . Amplify Th2 inflammation; .. .
Basophils FceRI*, IL-5Roc* Circulating effector relIe)easZ mediators on IgE Minimal or null role in
! cells, IL producers crosslinking immune tolerance
Cviotoxic eranule Tissue damage and
Eosinophils CCR3*, IL-5Ra* Y grant amplificationof
release, IL secretion inflammation in FAs
Immunosuppression Deficiency/dysfunction: Maintain tolerance to
+ + . :
Treg cells CD3+ CD4 + via IL-10, TGF-§3, Loss of tolerance; food antigens,
CD25"FoxP3 commensals, and
CTLA-4 FA development .
self-antigens
Goblet cells and . . When the barrier is impaired, . .
CX3CR1* MUC2* /CX3CR1* Antigen sampling and increased allergen Facilitate to.lerogemc
macrophages transfer to DCs translocation can occur Ag presentation to DCs
Modulate immune o Eubiosis supports Treg
Gut microbiota = - development and DySblc.)SIS leads to Th2 induction and mucosal
. . skewing and FA risk
barrier function

barrier integrity

Abbreviations: Conventional DCs, ¢cDCs; Cytotoxic T lymphocyte antigen 4 (CTLA-4); Dendritic cells, DCs;
Interleukin, IL; Mast cells, MCs; MHC, Major histocompatibility complex; plasmacytoid DCs, pDCs; Programmed

death ligand 1, PDL-1; Peripheral Treg, pTreg; Transforming growth factor, TGF-§3; helper T cell, Th; regulatory T
cells, Tregs.

2.2. Role of Short-Chain Fatty Acids in Gut Immune Regulation

Several studies have revealed that FAs were associated with alterations in gut mi-
crobiota metabolism [44,45]. In fact, in the intestines, a large number of molecules are
produced, all crucial for the gut microbiota and host immune system, and these interactions
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inhibit pathogen proliferation [46]. Fermentation of dietary fibers, mediated by bacteria,
leads to the synthesis of short-chain fatty acids (SCFAs) such as acetate, propionate, and
butyrate, which have exhibited beneficial effects in autoimmune and inflammatory dis-
orders [47], in maintaining the integrity of gut epithelium, and in promoting immune
tolerance. SCFAs, in particular butyrate and propionate, are mainly produced by Bacil-
lota [48] and exert an anti-inflammatory action aiming to improve the integrity of the
epithelial barrier and to reduce sensitization to food allergens [49]. By contrast, dysbiosis
and low intestinal SCFA levels have been associated with the onset of FAs [50]. The main
producers of butyrate are Bacillota, especially Clostridiaceae, Faecalibacterium prausnitzii, and
Agathobacter rectalis (formerly Eubacterium rectale) [51,52]. Furthermore, in case of a low-fiber
diet, the gut microbiota starts to absorb and metabolize glycoproteins, which are part of
the muco-epithelial barrier, resulting in its impairment and consequently increasing gut
permeability [53]. Lastly, it is important to highlight that decreased expression of the vita-
min D receptor downregulates the claudin-2 protein, which is part of the multiprotein tight
junction complex, thereby increasing intestinal permeability [54]. In fact, according to the
“epithelial barrier” hypothesis, dysfunction of the gut barrier, due to increased sensitivity to
environmental factors, leads to the development of FAs [55,56]. It has been established that
SCFAs are required for the modulation of the mucosal immune system [57]. For example,
butyrate acts on IECs and on DCs, and it is involved in mucosal Tregs development [57]. In
this regard, butyrate stimulates the activation of hypoxia-inducible factor, preserving the
integrity of the gut barrier [58] and, in combination with the other SCFAs, stimulates mucin
production [59]. In addition, SCFAs are responsible for the production of antimicrobial
peptides and IL-18, implicated in tolerance and the promotion of gut homeostasis [60,61].
In fact, butyrate interacts with intestinal CD103+ DCs via the stimulation of their surface
receptor GPR109a, promoting the proliferation of Treg cells [62]. Several studies show
that Treg cells in the small intestine, after the recognition of food allergens, can inhibit the
onset of adverse reactions via immunosuppressive feedback [63], sustained by butyrate and
retinoic acid [63]. In addition, butyrate is an activator of peroxisome proliferator-activated
receptor gamma (PPARy), mitochondrial respiration, and oxidative phosphorylation. In
this way, an anaerobic environment is established, and both epithelium proliferation and
Th2-dependent responses are reduced [64]. On the other hand, acetate promotes vitamin
A metabolism in IECs and DCs via GPR43, which, in turn, increases IgA production [65].
Therefore, SCFAs promote the differentiation of B lymphocytes into IgG or IgA-secreting
plasma cells [66].

2.3. Relationship Between the Development of Food Allergies and Changes in Gut Microbiota in
Early Life

Multiple factors influence the development of FAs, such as genetic predisposition, the
period of life when the host encounters an allergen, maternal or artificial breast-feeding,
weaning, the pregnant women’s dietary behavior, abuse of antibiotics, type of childbirth
(see Figure 3) [67,68], and, last but not least, alterations of gut barrier and gut microbiota.
A newborn’s gut microbiota is influenced by the SCFAs produced by the maternal gut
microbiota since prenatal life [69,70]. In the first two weeks after birth, the gut microbiota
of breastfed infants mainly contains Bifidobacteriaceae, and in two years, their gut microbiota
becomes really similar to that of adults, with a greater presence of Bacteroidota. Instead,
the gut microbiota of infants with caesarean sections (CSs) is associated with reduced
microbial diversity and colonization dominated by Staphylococcaceae, Propionibacteriaceae,
and Corynebacteriaceae, which is similar to the microbial composition of maternal skin [71].
In contrast, in vaginal delivery, Lactobacillaceae are predominant in a newborn’s oral cavity,
skin, and gut, in combination with Sneathia and Prevotellaceae, thus showing a microbiota
profile typical of the vaginal microbiota [72]. In CS newborns, a reduced amount of Es-
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cherichia coli and Bacteroides fragilis and an increase of Clostridioides difficile are found on the
first day after delivery [73]. In addition, Jakobsson et al. [74] in their study have observed
that CS newborns have a reduced microbiota biodiversity, with limited colonization of
Bacteroidota up to 24 months after birth in comparison to vaginal delivery newborns.
Furthermore, CS delivery is one of the risk factors for the development of FAs [75]. In
another study, Khodayar-Pardo et al. [76] observed that in breast milk of women with CS
delivery, the Bifidobacteriaceae content is reduced in comparison to breast milk of mothers
who vaginally delivered [76]. The PASTURE study has demonstrated that poor dietary
variation during the first year of life is associated with a higher risk of developing FAs
around 4-6 years of age [77]. The gut microbiota of newborns is composed of commensals
from both the maternal gut microbiota and milk. Human milk plays a pivotal role in
the prevention or promotion of FAs due to the presence of human milk oligosaccharides
(HMO:s), glyco-macropeptides, lactoferrin, defensins [78], and other molecules [79]. HMOs
act as prebiotics, as they inhibit bacterial adhesion to the gut mucosa and, therefore, prevent
the colonization of pathogens [80]. Casein glyco-macropeptides, defensins, and tryptophan
metabolites possess antimicrobial properties [81]. Lactoferrin, an iron-binding protein,
has antiviral and antibacterial activities and hampers the binding of LPS to TLR-4, thus
preventing the release of pro-inflammatory ILs [78,82]. Bifidobacterium spp. are present in
breastfed neonates from their second day of life and represent the predominant bacteria un-
til weaning [83], whereas after the introduction of a varied diet, an increase in Bacteroidota
and Bacillota is observed. After 2-3 years, the gut microbiota of a child becomes similar
to that of an adult and is characterized by an increased number of Bacteroidota [84]. Con-
cerning HMOs, only Bifidobacterium (B.) breve, B. longum subspecies infantis, and B. bifidum
can utilize them. Breast milk also contains probiotic Lactobacillaceae species; for example,
L. salivarius is predominant along with B. breve [85]. Finally, Streptococcaceae and Staphylo-
coccaceae are also found in breast milk. Bifidobacteriaceae can ferment HMOs and convert
some amino acids, such as tryptophan, into lactic acid derivatives. Tryptophan-derived
indoleacetic acid has proven to activate the aryl hydrocarbon receptor (AhR), which, in
turn, activates Treg cells via a reduction of Th2 and Th17 cells [86,87] with a consequent
reduction of proinflammatory ILs. Other bacteria, such as Escherichia coli, can metabolize
food-derived L-tryptophan to promote the production of indole [88], whereas Lactobacil-
laceae form indole derivatives [89]. These indole derivatives act on the immune response
via the AhR receptors [90], thereby triggering Th cells differentiation and synthesis of
anti-inflammatory ILs [91]. Furthermore, AhR activation constrains the increase of per-
meability of the gut epithelium, stabilizing the tight junctions [91]. The gut microbiota of
term vaginal delivery of newborns with maternal breastfeeding provides the basis for the
development of immune tolerance. Indeed, in CS delivery and formula-fed newborns, the
gut microbiota is characterized by the expansion of Th2 lymphocytes [92], which promotes
allergic responses. Kalliomaki et al. [93] have demonstrated that in 3-week-old neonates,
the reduction of Bifidobacteriaceae and the increase of Clostridiaceae led to an increased risk
of developing atopic dermatitis (AD). Abrahamsson et al. [94] have conducted a clinical
trial where they demonstrated that newborns with AD have higher IgE concentrations
and a reduced presence of Bacteroidota in comparison to newborns without allergic mani-
festations. Other authors [95] have identified the fecal bacterial species liable for FAs in
children with AD. Their results revealed a reduction of B. breve, which is normally present
in children’s gut microbiota and breast milk. However, during the fetal period, the immune
system develops the Th2-dependent profile [96], so in infants, the gut barrier is impaired
due to the absence of secretory IgA (sIgA) and mucus [97]. B. breve M-16V has been shown
to prevent allergies via the production of sIgA [98]. In addition, the IgAs contained in
breast milk seem to retain good bacteria in the gut mucous layer, thus promoting their
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colonization in the neonate’s gut [99]. A study performed on premature neonates has
verified that the administration of B. breve M-16V for four weeks increases the amount
of SCFAs in neonates’ feces due to the abundance of Bifidobacteriaceae, resulting in the
reinforcement of gut epithelial barrier [100] and thus conferring protection from pathogens.
Finally, the feces of subjects with FAs had a reduced amount of SCFAs in comparison to
healthy controls. In particular, Prevoltella copri was more abundant in subjects without
allergies in comparison to subjects with FAs [101,102]. Later, the introduction of solid
foods leads to delayed microbial maturation, thus increasing a child’s susceptibility to
allergies [103]. On the other hand, the premature introduction of solid foods could expose
children to pathogens and allergens. Therefore, the time for the introduction of solid foods
for children should be reconsidered due to the latest evidence about FAs [104,105]. In one
study regarding infant feeding, egg introduction was recommended around 4-6 months
of age and peanut between 4 and 11 months, since this approach was correlated with a
reduced risk of egg and peanut allergy, respectively [106]. These recommendations are
in contrast to prior ones about the introduction of allergenic foods into the child’s diet to
delay the sensitization process [107]. However, early introduction of allergenic foods was
associated with a reduction in IgE-mediated allergy, in line with the results obtained from
the PreventADALL study [108]. Maternal breastfeeding and a varied diet promote healthy
gut microbiota both during weaning and in early life [109]. Indeed, during weaning, a
heterogeneous diet leads to greater diversity of gut microbiota, thus increasing immune
tolerance in neonates. Du Toit et al. [110] have observed that low-dose allergen introduction
promotes the development of immune tolerance. A heterogeneous microbiota promotes
the tolerance of the immune system for innocuous antigens (derived from gut bacterial
communities) and food allergens via IgA-mediated response, together with an appropriate
function of Treg cells [111]. IgAs secreted across mucosal barriers and in breast milk act
as immunomodulators, whereas IgG antibodies are present in high amounts in the lymph
and blood, supporting systemic immunity [112]. Evidence has shown that IgAs participate
in the maintenance of the composition of the gut microbiota, so their reduction has been
associated with a decrease in bacterial diversity [113]. Furthermore, high concentrations
of IgA in the gut have been associated with a lower risk of IgE-mediated allergy [114]. In
patients with FAs, a reduced concentration of IgA-coated bacteria and an increased level of
IgE-coated bacteria were observed. Children with IgE-mediated and non-IgE-mediated
cow milk allergy (CMA) were recruited, and different IgA-coating bacterial profiles were
identified in the two groups. The results identified different microbial signatures in children
with CMA. The reduced alpha diversity (diversity within a community) and dysbiosis
observed in children with CMA were attributed to altered IgA and IgG concentrations [115].
Finally, an increase in IgG-binding bacteria was observed in the AD group, perhaps due to
the increased amount of Staphylococcaceae and Corynebacteriaceae [116,117]. Furthermore, it
was observed that AD precedes FA development [118], and an abundant skin colonization
by Staphylococcus aureus increases the risk of FAs [119].

Going back to SCFAs, they exert a protective role in FAs, stimulating immune tolerance
and IgA production in the gut lumen [120,121]. In fact, patients with FAs show a reduction
in both gut commensals and SCFAs. Acetate has been found to stimulate IgA production
via GPR43 on IECs and DCs [122]. Furthermore, SCFAs promote the differentiation of B
lymphocytes into IgG- or IgA-secreting plasma cells [123]. There are four subgroups of
IgG: IgG1, 1gG2, IgG3, and IgG4. The first one is more abundant than the others [124].
While IgG1 and IgG3 react against protein antigens, IgG2 acts against the polysaccharides
of encapsulated bacteria [125]. In addition, the spontaneous disappearance of CMA in
children is associated with a higher concentration of IgG4 [126]. Of note, IgG4 promotes
peanut tolerance in allergic patients [127].
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Ultra-processed foods (UPFs) were first introduced to avoid contamination of food
by bacteria [128]. UPFs have elevated levels of advanced glycation end products (AGEs)
due to their higher sugar content [129]. AGE receptors [130] are capable of binding high
molecular weight group box 1 and acting as inducers of FAs [131]. Several studies have
shown that UPFs alter the composition of gut microbiota, resulting in impaired immune
tolerance [132-134]. Reduction of UPF use was associated with fewer Bacteroidota, Fae-
calibacterium prausnitzii, and Ruminococcaceae, whilst promoting an increased number of
Prevotellaceae. In addition, exposure to AGEs causes alterations in the gut barrier, and
consequently, the reduction of SCFAs, thus increasing the migration of food allergens [135].
Thanks to metagenomic sequencing, it has been observed that a neonate developed allergic
sensitization in early infancy due to the lack of essential genes for butyrate production [136].
Therefore, SCFA production in early infancy has a protective effect against the onset of
FAs [137]. This study documented that feces collected from children aged one year contain
high amounts of butyrate and propionate, which are associated with reduced development
of FAs. Thus, a diet containing fiber promotes immune tolerance and reduces the risk of
FAs. Moreover, in another study [138], it was observed that the intake of UPFs during
pregnancy had a negative effect on the subsequent milk composition.

Finally, other studies have demonstrated that the persistence of FAs, particularly
towards eggs, milk, and peanuts, is associated with high concentrations of allergen-specific
IgE, despite low allergen doses [139,140]. For all these reasons, the early addition of
supplementary food allergens in infants at high risk of FAs has reduced the development
of FAs [141].

2.4. Interventional Effects of Probiotics and Prebiotics

Subjects sensitized to multiple allergens had an imbalanced gut microbiota, with a re-
duced number of “good bacteria”. In fact, in these individuals, low amounts of Clostridiales
were found, whereas they had high levels of Bacteroidales [142]. Therefore, supplementation
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with probiotics would contribute to correcting the low gut diversity even in subjects with
FAs. Probiotics are defined as live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host [143]. The most common probiotics belong to
the families of Lactobacillaceae and Bifidobacteriaceae and are used for their ability to change
the composition of the gut microbiota, aiming to restore homeostasis. In addition, probiotics
promote a balance between Thl and Th2 cells, controlling AD symptoms [144]. Several
studies have been conducted on CMA neonates [145] who received probiotics formulas
containing a mixture of bacteria (e.g., Lacticaseibacillus (L.) rhamnosus GG, Lacticaseibacillus
casei, B. lactis, B. bifidum, and B. breve) [146,147]. In some cases, only L. rhamnosus GG was
used [148], whereas in other cases both L. rhamnosus GG and B. lactis were used [149]. The
results confirmed that probiotics have reduced CMA-related symptoms. The action of
probiotics in allergic conditions consists, on the one hand, of the ability to improve immune
responses by enhancing Treg cell numbers and, on the other hand, the restoration of the
permeability of the gut barrier [150]. In general terms, the beneficial effects of probiotics
on allergies have been associated with an increase in Treg cells and with suppression
of Th2 and Th17 responses [151-153]. Instead, prebiotics are non-digestible ingredients
aiming to promote the growth and activity of certain bacteria, including the probiotic ones,
thus modifying the composition of gut microbiota [154]. The most consumed prebiotics
are non-digestible carbohydrates, such as fructo-oligosaccharides (FOSs) and galacto-
oligosaccharides (GOSs) [155]. Furthermore, probiotic administration in CMA subjects
has been shown to lead to an early immune tolerance towards cow’s milk proteins [156].
Immune tolerance to the above-mentioned proteins in CMA children was increased when
they received extensively hydrolyzed casein formula (EHCF) plus L. rhamnosus GG (LGG)
in comparison to children who received EHCF alone [157,158]. Therefore, supplementation
of LGG with EHCEF has increased the number of bacteria producing butyrate. In a study
conducted on CMA children, the administration of a probiotic containing L. rhamnosus and
L. casei had reduced the severity of symptoms [159]. Regarding the administration of both
prebiotics and probiotics, Sorensen et al. [160] have proved that the administration of amino
acid mixtures supplemented with Bifidobacterium breve M16-V, inulin, and oligofructose in
CMA patients has reduced the symptoms and infections in comparison to the administra-
tion of the amino acid preparations alone. Chatchatee et al. [161] have confirmed the results
obtained by [160]. Nowak-Wegrzyn et al. [162] have reported that the supplementation of
probiotics rectified gut microbiota alterations in allergic children and, therefore, probiotics
could be used in prophylaxis and prevention of FAs. In some studies, probiotics containing
LGG or L. casei have been shown to reduce the presence of pathogens and increase the
number of Bifidobacteriaceae in allergic neonates [163]. Therefore, probiotics decreased the
prolonged presence of pathogens in the gut lumen, thus promoting their elimination via
their immune system [164]. Among the functional mechanisms of probiotics, a mention
goes to their ability to restore the gut epithelial barrier and improve the expression of
both tight junction proteins and proteins associated with mucus secretion [165]. Finally,
probiotics also regulate DC maturation by stimulating the secretion of IL-10, but also, B.
longum and B. animals have been shown to enhance the secretion of Interferon-y and Tumor
Necrosis Factor-o, whereas B. bifidum stimulates Th17 cells [166].

3. Conclusions and Perspectives

In general terms, the current literature records the efficacy of some probiotics in both
the prevention and treatment of FAs. However, the use of different probiotic strains, dosage,
and time of administration accounts for a limit on the sustainability of probiotics” effects.
In conclusion, further studies on the complex interplay between the gut microbiota and
resident immune cells are needed to identify preventive strategies against FAs. The use of
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metabolomics and metagenomics technologies, together with interdisciplinary research
work, would play a fundamental role in favoring the growth and clinical application of
personalized medicine, thus improving both the results obtained as well as the quality of
life of individuals at risk of developing FAs and of those already suffering from FAs.

Several factors are related to the development of food allergies leading to oral toler-
ance failure, starting from intra-uterine life to old age. Lifestyle—i.e., geographical and
environmental factors, diet, diseases, and therapies—mainly influence the composition and
function of our intestinal microbiota.
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CTLA-4 Cytotoxic T-Lymphocyte Antigen 4
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Mecells  Microfold cells
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mTECs  Medullary thymic epithelial cells
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PDL-1 Programmed cell death protein 1
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SCFAs Short-chain fatty acids

slgA Secretory IgA

TCR T cell receptor

TGF- Tumor growth factor-3
Th T helper cells

TLR Toll-like receptor

Treg Regulatory T cell

tTreg Thymic-derived Treg cell
UPF Ultra-processed food
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