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Abstract: Most prevalent food allergies during early childhood are caused by foods with a high
allergenic protein content, such as milk, egg, nuts, or fish. In older subjects, some respiratory allergies
progressively lead to food-induced allergic reactions, which can be severe, such as urticaria or asthma.
Oral mucosa remodeling has been recently proven to be a feature of severe allergic phenotypes and
autoimmune diseases. This remodeling process includes epithelial barrier disruption and the release
of inflammatory signals. Although little is known about the immune processes taking place in the
oral mucosa, there are a few reports describing the oral mucosa-associated immune system. In this
review, we will provide an overview of the recent knowledge about the role of the oral mucosa in
food-induced allergic reactions, as well as in severe respiratory allergies or food-induced autoimmune
diseases, such as celiac disease.

Keywords: oral mucosa; food allergy; diagnosis; treatment; desensitization; celiac disease; inflamma-
tory disease; autoimmune disease; systemic disease

1. Introduction

The oral mucosa or mucosal lining consists of primarily non-keratinized stratified
squamous epithelia and a highly vascularized connective tissue called the lamina propria,
which underlies the epithelia [1]. The oral mucosa is an immunocompetent site, whose
function is primarily tolerogenic [1–3]. It lines the inside of the mouth and therefore acts as
a physical barrier; nevertheless, it also contains immune cells that help maintain mucosal
homeostasis [1]. Therefore, an intact and fully functional oral mucosa is crucial to prevent
immune reactions to innocuous environmental antigens [4].

In several allergic and autoimmune diseases, the oral mucosa has been proven to
undergo a remodeling process. This remodeling is characterized by a leaky epithelial
barrier, a fibrotic lamina propria, the release of inflammatory mediators, and the recruitment
of immune infiltrate [5–7].

The aim of this review is to examine the growing knowledge on the characteristics of
oral mucosal remodeling in allergic (food allergy, respiratory allergy) or non-allergic (i.e.,
celiac disease, a food-induced autoimmune) diseases. Understanding oral mucosa remodel-
ing features, in addition to these being a potential tool for diagnosis, will provide a rationale
to develop oral therapeutic strategies that may help prevent or treat these pathologies.

Foods 2021, 10, 970. https://doi.org/10.3390/foods10050970 https://www.mdpi.com/journal/foods

https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0002-7707-6367
https://orcid.org/0000-0001-5057-5150
https://doi.org/10.3390/foods10050970
https://doi.org/10.3390/foods10050970
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/foods10050970
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods10050970?type=check_update&version=2


Foods 2021, 10, 970 2 of 22

2. Oral Mucosa
2.1. Structure of the Oral Mucosa

Despite the continuous exposition of the oral mucosa to external stimuli, pathological
events are not so frequently seen. This is due to the anatomical and physiological features
of the oral mucosa and possibly to the limited exposition time to external stimuli. The
oral mucosa comprises three layers: the epithelium, the basement membrane, and the
lamina propria, and contains active networks of extracellular matrix, different cell types,
and neuro-vascular systems [8].

Interestingly, oral mucosa structure varies along its location within the oral cavity, but
three main types of mucosa can be recognized based on their morphology and specific
pattern of differentiation: keratinized stratified squamous epithelium- masticatory mucosa,
which covers the hard palate and gingiva; non-keratinized stratified squamous epithelium-
lining mucosa, on the underside of the tongue, the inside of the lips, cheeks, the floor of
the mouth, and the alveolar ridge; and the specialized mucosa of the dorsal surface of the
tongue [8–10].

The oral epithelium is the superficial layer that separates the environment from
underlying tissues. It is a stratified squamous epithelium consisting of cells tightly attached
to each other and arranged in layers. It possesses structural properties such as stratification
and cornification of the keratinocytes and specific cell-to-cell interactions to maintain its
barrier function [8–10]. The keratinized type contains four layers of cells: the basal layer,
spinous layer, granular layer, and the superficial layer (keratinized layer). Keratinocytes are
born and proliferate in the basal layer and undergo terminal differentiation as they migrate
to the surface where they die. Thus, the outermost cell layer is dead cells. Conversely, the
surface cells of non-keratinized epithelia are living cells without keratin. Moreover, the
non-keratinized oral epithelium has no granular layer [8–10].

The integrity of the epithelial barrier is a key factor to avoid uncontrolled antigen
penetration. Oral epithelium integrity is maintained through highly specific junctional
complexes between epithelial cells. Three types of epithelial cell junctions have been de-
scribed: tight junctions (TJs), gap junctions (GJs), and anchoring junctions [10–13]. Tight
junctions form the closest cell–cell interactions in the apical area of oral epithelial cells,
working as a restrictive gate for the passage of water, electrolytes, and other small molecules.
They consist of a number of transmembrane proteins, including occludin, claudin, and
immunoglobulin-like surface, as well as cytoplasmic molecules such as zonula occludens
(ZO) [10,11]. Gap junctions are composed of hemichannels called connexons which are
regulated by several factors, including pH, calcium concentration and posttranslational
modifications. Thus, they provide direct communication between adjacent cells and the
exchange of small molecules and ions. Anchoring junctions are classified as adherens
junctions (AJs), desmosomes, and hemi-desmosomes [12]. Adherens juntions are protein
complexes situated below TJs that strongly hold cells. Whereas, AJs are composed by cad-
herins, such as E-cadherin, that connect to the actin cytoskeleton by catenins; desmosomes
link two cells together by the intermediate filament cytoskeleton, becoming the adhesive
bonds that give mechanical strength to tissues. Moreover, desmosomes act as surface
receptors that mediate cellular differentiation and proliferation. Adhesion between the
epithelium and connective tissue is provided by hemidesmosomes (half of a desmosome),
which link the intermediate filament network of epithelial cells to the underlying basement
membrane [11,12]. Since the structure and functions of all of the abovementioned cell–cell
junctions are key to preserve epithelial barrier integrity, their disruption has been linked
to infections, autoimmune diseases, allergies, and cancer disorders [11,14–19]. Epithelial
cells in the mucosa, which were initially thought to be just inert barriers, are now known to
play a key role in the immune-protective system of the mucosa [2,20–22]. Epithelial cells
can react to external stimuli by synthesizing cytokines, adhesion molecules, growth factors,
chemokines, and matrix metalloproteases [10]. Likewise, inflammatory factors, such as
IFNγ and TNFα, have been reported to disrupt epithelial integrity through downregulation
of TJ proteins, increasing epithelial permeability [23–28]. Generation of epithelium-derived
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cytokines, such as thymic stromal lymphopoietin (TSLP), IL-25, and IL-33, leads to Th2
immunity [29].

The basement membrane or basal lamina is a thin layer composed of collagen and
laminin situated between the epithelium and lamina propria. It appears as a structureless
band and includes glycogen, muco-substances, glycolipids, and phospholipids [8].

The lamina propria is the underlying connective tissue and consist of networks of
fibers arranged in groups and a ground substance composed of water, glycoproteins,
and proteoglycans, and serum-derived proteins. Moreover, it contains a variety of cells,
blood vessels, and neural elements [8,30]. Fibroblasts are the principal cell of the lamina
propria, whose main function is maintaining tissue integrity by secreting fibers and ground
substance [8,30].

2.2. Oral Mucosa-Associated Immune System

The oral mucosa is an immunocompetent site [3,31] that displays lymphoid tissue
foci where antigen-presenting cells (APCs) and lymphocytes co-localized in the lamina
propria [1,3,31]. In homeostatic conditions, the lamina propria harbors small numbers
of lymphocytes and dendritic cells (DC), which can become the dominant cell type in
chronic conditions. Whereas, in response to infection (acute condition), the recruitment
of polymorphonuclear leukocytes (mainly neutrophils), monocytes, and macrophages
represents an important component of the innate immune response [1]. Macrophages of
the lamina propria are scavengers of damaged tissue and foreign material. Additionally,
they can present the processed ingested material to T cells and produce cytokines and
chemokines that stimulate fibroblast proliferation and collagen production necessary for
repair [1,8]. Primarily located adjacent to the basement membrane of endothelial cells,
mast cells containing granules with histamine, heparin, and cytokines are found. Their
migration is influenced by the synthesis of mast cell growth factor by endothelial cells and
keratinocytes [1,8].

In response to any insult, the abundant vasculature ensures the recruitment of in-
flammatory cells. In turn, the oral epithelium responds to irritation by an increase in
cell proliferation and hyper-keratinization. Moreover, the oral epithelium reacts to mi-
croorganisms by secreting antimicrobial peptides, antimicrobial proteins (lytic enzymes),
chemokines, cytokines, and neuropeptides. These molecules are also produced by poly-
morphonuclear cells, myeloid cells, keratinocytes, and fibroblasts. Similarly, capillaries of
the lamina propria express adhesion molecules which facilitate the trafficking of leukocytes
from the blood [1,8,10].

The tolerogenic properties of the oral mucosa seem to rely on their specific types of
APC, which are differently distributed along mucosal sites [1,3,32]. In mice, four subtypes
of oral CD11c+ DCs have been identified depending on the expression of CD103, Ep-CAM
(epithelial cell adhesion molecule), and langerin+ (Ln+) surface markers: interstitial DCs
(iDCs), Langerhans cells (Ln+Ep−CAM+), Ln+ iDCs (CD11c+Ep−CAM+), CD103+ iDCs
(CD11c+) [32]. The CD103+ DCs may also express CD207 and are the main migratory
subtype able to cross-present viral and self-antigens, critical for the initiation of CD8+
T cell responses [33]. Plasmacytoid DCs (B220+120G8+) have been also found on the
sublingual mucosa area [34]. Notably, CD11c−CD11b+ APCs (presumably macrophages)
can be detected in low numbers in the buccal mucosa but predominate in the mucosa of
the sublingual area [34].

In human oral mucosa, Langerhans cells (Ln+CD1a+) represent the predominating
APC population, but myeloid DCs have also been detected [35]. They constitutively
express FcεRI and display upregulated levels of co-inhibitory molecules (B7-H1 and B7-
H3), but a decrease in the co-stimulatory molecule expression CD86. Moreover, oral
Langerhans cells express MHC class II and the CD83 maturation marker. All these features
contribute to oral Langerhans cells’ induction of T regulatory (Treg) cells and the secretion
of IL-10 and TGFβ, which explain their role as tolerogenic cells [35]. Oral and epidermal
Langerhans cells, which are constantly exposed to microbial stimuli, express similar levels
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of the CD83 maturation marker, suggesting a state of maturation associated with tolerance
induction [35]. Analysis of the gingiva identified Ln+DCs in the mucosal epithelium
and CD209+ DCs in the lamina propria, which are considered the equivalent of dermal
DCs. Contrary to the findings in mice, plasmacytoid DCs characterized by CD123+ are
rarely detected in healthy human oral mucosa, although their number increases upon
inflammation [36,37].

Within the gingiva, T cells, B cells, and innate lymphoid cells (ILCs) can be detected
in healthy conditions [38]. ILCs present in the oral mucosa may help maintain barrier
function and protect against pathogenic infections [39]. However, the homeostatic role
of B cells and ILCs in oral immune responses to commensals and dietary antigens is still
unclear. On the contrary, many studies have described the presence and role of different
T cell populations. At murine and human gingiva mucosa, resident memory T cells
(mainly CD4+), IL-17 secreting cells (both Th17 and T cell receptor (TCR) γδ T cells), and
resident Foxp3+ regulatory T cells (Tregs) have been detected [38,40,41]. Oral T memory
cells provide defense against pathogens, while Tregs participate in oral tolerance [1].
Regarding the origin of gingival Tregs, some studies indicate CCR4/CCL22-controlled Treg
trafficking [42,43], and a recent investigation revealed that oral murine CD103−CD11b+
DCs possessed the necessary properties to induce Foxp3+ Treg cells [44]. They could show
that oral murine CD103−CD11b+ DCs transport sublingual antigens to submandibular
lymph nodes and induce antigen-specific Treg cells.

3. Oral Mucosa in Food Allergy

The interaction between epithelial and immune cells at the mucosal linings has been
proven to be critical in the onset and maintenance of allergic inflammation [5]. Therefore,
an intact and fully functional mucosal barrier is considered crucial in the maintenance of
mucosal homeostasis, as it protects the host immune system from the exposure to allergenic
molecules and noxious environmental triggers [21]. The oral mucosa is the first immune
tissue that encounters allergens upon ingestion of food. Oral exposure to allergens is
complex in terms of immunological effects. In the relatively short time that food proteins
are in the mouth, they should be bio-accessible. Therefore, the bio-accessibility of allergens
at this stage may be a determinant for sensitization [45]. The continuous exposure of the
oral mucosa to environmental triggers (antigens, allergens, or contaminants) induces a
remodeling process in the oral epithelial barrier. This remodeling is maintained over time.
An impaired oral mucosal barrier can therefore facilitate allergen access. Additionally,
the damaged epithelium secretes the alarmins IL-25, IL-33, and TSLP. This triggers a local
inflammatory immune response characterized by increased expression of pro-inflammatory
cytokines and higher numbers of immune cells being recruited to the oral mucosa [5]. The
chronic exposure to the allergen and its access to the mucosa-associated immune system
together with the sustained local inflammation is reflected systemically, e.g., by increased
IL-33 plasma levels [5,46]. This results in a positive feedback loop promoting further
remodeling and inflammatory events in an otherwise pro-tolerogenic environment.

Food allergy is defined as “an adverse health effect resulting from a specific immune
response that occurs reproducibly on exposure to a particular food” [47] that is causing a
growing clinical problem. IgE-mediated reactions usually occur within two hours (they can
even occur after few minutes) of ingestion of food and affect the skin, gastrointestinal tract,
respiratory tract, and, less frequently, the cardiovascular system. In the most severe cases of
anaphylaxis, multiple organ systems are involved and may include cardiovascular collapse.

It is currently not understood why some people develop allergic sensitization to
foods while most people are immunologically tolerant, but the evidence suggests that
environmental factors are important. The increased exposure to biological and chemical air
pollutants such as protease enzymes, tobacco, or particulate matter (the so called exposome)
has been proven responsible for disrupting the integrity of the epithelial barrier by degrad-
ing the intercellular junctions and triggering epithelial alarmin release [48]. The epithelial
disruption leads to Th2 immune responses responsible for allergy development [49–51].
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The “barrier regulation” hypothesis [52] postulates that allergic sensitization begins with
the damage of the epithelial barrier [48,53]. Individuals with food allergies have their
barrier permeability increased [54–56]. Thus, barrier impairment may itself lead to a
predisposition toward atopy [57].

Moreover, the route of exposure is another crucial factor in food allergy. Food allergens
brought in contact by non-oral routes contribute to allergic sensitization. In fact, epidemio-
logical studies in humans indicate that non-oral contact with food allergens is correlated
with the risk of a child developing food allergy [58–60]. In addition, symptomatic food
allergy is often observed when a child eats the allergenic food for the first time, which is con-
sistent with a previous sensitization phenomenon by non-oral routes [31]. Although there
is growing evidence to support a disrupted and inflamed skin barrier as being responsible
for the development of food sensitization [61], results from a large randomized controlled
trial for the prevention of food allergy were negative [62]. The BEEP (Barrier Enhancement
for Eczema Prevention) evaluated whether applying petrolatum-based oils or moisturizers
from the first few weeks of life could prevent atopic dermatitis and food allergy and, on
the contrary, found an increased rate of infections and a trend toward increased food
allergy in the intervention group [62,63], in accordance with the PreventADALL trial on
atopic dermatitis [63]. The role of epicutaneous sensitization in the development of food
allergy has been extensively reviewed recently [57]. Regarding molecular mechanisms,
allergic sensitization is thought to require the activity of T cells that express Th2 cytokines,
such as IL-4 and IL-13. However, the exact nature of the T cell support required for the
allergen-specific B cells to turn into the IgE-producing plasma cells in humans has not been
described yet. Similarly, it is not clear to what extent the change to IgE class occurs in
various tissues of the body. In addition, other cell types, such as tissue-resident mast cells,
secrete IL-4, IL-13, and other cytokines that can influence the differentiation of B cells [64].
High titers of allergen specific IgE antibodies of high affinity are often detected in patients
with symptomatic allergy. These antibodies bind to FcεRI in tissue-resident mast cells
and circulating basophils, where they are involved in early or immediate hypersensitivity
responses when interacting with allergens. It has also been reported that allergen-specific
IgE may contribute to the pathogenesis of allergies by facilitating antigen presentation
and epitope spread by means of the uptake of antigen–IgE complexes by the low-affinity
IgE receptor, CD23, present on DCs, B lymphocytes, and other APCs [65–68]. IgE can also
help transport the antigen from the lumen via CD23 receptors on the surface of epithelial
cells, as it has been shown in the human gut, in cultures of human respiratory epithelial
cells [69], and in a mouse model of allergy [70].

In the case of profilin sensitization, the oral mucosa has been proven to be altered
and is associated with disease progression [71–76]. Profilin is a pollen aeroallergen that
normally plays a limited role as a food allergen because it is easily degraded by proteases
and acidic conditions. However, it can sensitize some pollen allergic individuals in areas
of high allergen exposure. In the study by Rosace et al. [5], grass pollen allergic patients
from overexposed areas in Spain were subjected to an oral challenge with profilin. The
observed reactions ranged from local reactions such as oral allergy syndrome (OAS),
angioedema, and oral pruritus, to severe systemic reactions such as urticaria and asthma.
The patients that were allergic to profilin presented a progressive oral mucosal remodeling,
characterized by decreased expression of TJ (claudin-1 and occluding) and AJ (E-cadherin)
proteins, which led to a leaky epithelial barrier, increased angiogenesis and acanthosis,
and augmented collagen deposition in the lamina propria. These processes have been
previously associated with mucosal remodeling [77–79] and are comparable with those
described from patients with other inflammatory pathologies [80,81]. In addition, an
increased IL-33 expression was also observed in the severe allergic patients, i.e., those
orally sensitized to profilin with a clinical history of severe allergic reactions. The epithelial
damage might be associated with the IL-33–dependent ILC2 population located in the
mucosal epithelium [82–84]. As profilin is present in all vegetables, it would contribute
to sustaining the inflammatory allergic response, thereby causing allergic reactions to
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food [85]. This suggests that oral epithelial remodeling could be a key process for the
acquisition of a severe allergic phenotype in patients with profilin-mediated food allergy.

In addition, the bio-accessibility of allergens at the oral cavity may be key to induce
oral remodeling and allergic reactions. Allergen bio-accessibility may be modulated by the
composition, volume, and pH of saliva [45]. Koppelman et al. [45] investigated the release
of peanut allergens from lightly roasted peanut flour in the saliva in different conditions.
The allergens Ara h2 and Ara h6, which are the most potent peanut allergens [86–88], were
rapidly released from the food matrix, while Ara h1 and Ara h3 were poorly released.
Therefore, Ara h2 and Ara h6 may be the first peanut allergens that individuals are exposed
to upon ingesting lightly roasted peanut flour and may trigger immune responses in the
oral mucosa. It remains to be determined whether this is also the case for other peanut-
containing foods. Their early release provides them with the unique opportunity to interact
with the oral mucosal immune system, which, in the case of accidental ingestion of hidden
peanut allergens, can provoke life-threatening anaphylactic reactions in peanut-allergic
patients [89–91].

4. Oral Mucosa in Other Allergies and Inflammatory Pathologies
4.1. Oral Mucosa in Respiratory Allergies with No Associated Food Allergy

As it has been previously described, grass pollen allergic patients that suffer profilin-
mediated food allergy experience severe reactions and undergo oral mucosa remodeling [5].
However, we have observed that respiratory allergy with no concomitant food allergy
can per se cause oral epithelial disruption. Respiratory allergic patients presenting severe
allergic reactions such as asthma or urticaria in the absence of food allergy also presented a
disrupted oral epithelium and highly fibrotic lamina propria when compared to healthy
controls. This was observed in two patient cohorts with respiratory allergy to either
olive pollen or house dust mite (HDM). This means that oral mucosa remodeling occurs
regardless of the allergen trigger [6]. However, in contrast to profilin allergic patients, olive
pollen or HDM allergic subjects showed no augmented angiogenesis or higher immune
cell numbers, except for the Treg population found to be increased in the lamina propria of
HDM allergic patients. Moreover, eosinophils and neutrophils were hardly present in the
oral mucosa of any study subjects [6]. Based on these results, it seems that the structural
changes of the oral mucosa take place independently of the recruitment of inflammatory
infiltrate, which is presumably directed to the airway mucosa. Moreover, respiratory
allergic patients presented increased IL-33 and IL-25 plasma levels (unpublished data).
Under inflammatory conditions, epithelial cells can release IL-33. This alarmin disrupts
the epithelial barrier and activates ILC2s. ILC2s and Th2 cells and type 2 cytokines have
TJ-disruptive effects and induce IgE production [46]. Based on these data, we hypothesize
that systemic changes may reflect the leaky mucosal barrier found in the patients of the
study by Sanchez-Solares et al. [6]. An impaired epithelial barrier could be responsible for
the progression of respiratory to food allergy when an allergen comes into direct contact
with the leaky oral mucosa [5]. As a matter of fact, many food allergies (PR10, lipid transfer
proteins, profilins) have been associated with previous respiratory sensitizations [92].

4.2. Oral Contact Mucosal Allergies

There are several oral contact pathologies that are not frequent in the oral mucosa due
to its relative resistance to irritant or allergenic agents but cause immune reactions with
broad symptoms. Among them, allergic contact stomatitis is caused by oral flavorings,
preservatives, and dental materials [93,94] which causes erythema, edema, erosions, and
ulcerations of the entire oral mucosa. Similarly, allergic contact cheilitis is a superficial
inflammation of the lip that is usually caused by cosmetic products [93,95]. Geographic
tongue or benign migratory glossitis is a benign, usually asymptomatic disorder, which
appears as depapillated areas of the tongue with a yellowish or grayish white color [96].
Allergy has been suggested as a major etiologic factor, and nickel sulfate is the most frequent
hapten trigger [97]. Similar to nickel, titanium (Ti) in micro or nanoparticles is widely used
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in dental implants, foods, and cosmetics [98,99]. Ti nanoparticles rapidly interact with the
mucosa and may impact on the physiological homeostasis of buccal and sublingual cells in
the oral cavity [100–102]. Some data indicate that the exposure of gingival cells to Ti resulted
in increased expression of Toll-like receptor 4 and intercellular adhesion molecule 1 [103].
Moreover, Ti has been reported to activate macrophages [104,105]. Contact allergens such
as dental material or allergenic foods have been identified as triggers of burning mouth
syndrome (BMS), a complex disorder characterized by a burning sensation in the oral
mucosa without any visible lesions. [93,106–108].

4.3. Oral Mucosa in Celiac Disease (CD)

Although considered a primary gastrointestinal disease, CD is now known to have
widespread systemic manifestations [109]. Many authors have described a wide variety
of disorders in the oral cavity of CD patients, some of them being key in the diagnostic of
atypical forms of the disease [110–112]. As previously detected in allergic patients, we have
recently observed a significant decrease in the expression of oral epithelial junctional pro-
teins in CD patients, even after gluten avoidance for at least one year. This indicates that the
integrity of the oral epithelial barrier is also compromised in these patients [7]. As observed
in olive pollen and HDM respiratory allergy [6], the oral mucosa of CD patients was also
impaired without major immune cell recruitment, supporting the hypothesis of systemic
mediators as being the triggers of mucosal damage. In this line, IL-33 plasma levels were
elevated in CD, sometimes even after a gluten-free diet (GFD) [7,109,113–115]. Strict adjust-
ment to GFD is not always achieved, and systemic levels of certain cytokines such as IL-2
and IL-8 are elevated quickly and dramatically after exposure to gluten [116]. A prolonged
systemic inflammation may contribute to long-term complications in untreated CD [117].

In the lamina propria, we observed increased Treg counts, even after avoidance
of gluten. Moreover, Treg numbers correlated with oral epithelial damage, as of a de-
creased e-cadherin expression, and with amphiregulin mRNA levels from Peripheral Blood
Mononuclear Cells (PBMCs). This was observed in all experimental groups, suggesting
that Tregs may be recruited to repair epithelial damage, therefore displaying a “repair”
phenotype [118]. Based on this evidence and given the tolerogenic nature of the oral
mucosa, we postulate that oral mucosa remodeling could be a beneficial process to gain
access to the underlying immune system. Therefore, CD therapy could benefit from a
disrupted epithelium and Treg recruitment for the development of CD immunotherapy
(IT), as allergy benefits from sublingual IT (SLIT) [119].

4.4. Oral Manifestations of Gastrointestinal Disease

Oral lesions may be a sign of inflammatory bowel disease (IBD). They can appear
before the clinically apparent onset of the abdominal disease (5–10% of affected patients),
be present during the disease process, or persistent even after the abdominal disease is
resolved [120–122]. The prevalence rate of oral lesions in IBD is estimated between 20%
and 50% in most publications [121,123,124]. Recurrent deep granulomatous aphthous-like
ulcers are the most common oral manifestation of Crohn’s Disease [120,125]. In ulcerative
colitis (UC), oral lesions are less common; however, pyostomatitis vegetans occurs more
commonly in UC than in Crohn’s Disease [121,125].

Bidirectional causality between IBD and oral lesions has also been speculated, specially
involving microbiota [126,127]. Dysbiosis in the oral mucosa microbiota has been described
in patients with IBD [128,129], while pathogenesis in the oral cavity cause shifts in both
oral and intestinal microbiota [126,130]. In this regard, oral microbes may migrate to the
gut and exacerbate various gastrointestinal diseases [130].

Macroscopic alterations and histopathological lesions in the oral mucosa have been
thoroughly described in many systemic diseases [131–133]. However, damage caused
by systemic diseases in the stability and integrity of general oral mucosa remains largely
unexplored. Molecular and cellular manifestations in the histology of general oral mucosa
could be helpful for the diagnosis of oral manifestations of systemic diseases.
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4.5. Oral Manifestations in Autoimmunity

Many autoimmune dermatoses have a direct effect on the oral mucosa [131,134].
Briefly, autoimmune skin diseases in the oral cavity affect cell–cell adhesion causing
intra-epithelial blistering, autoantibodies, or infiltration lymphocytes cause a loss of cell–
matrix adhesion or interface inflammation [131]. Dermatoses traditionally linked with oral
manifestations include pemphigus, lichen planus, pemphigoid, and geographic tongue,
among others [131,132].

Skin damage is also a typical sign of Lupus erythematosus; oral discoid lesions are
one of the most prevalent presentations of this disease [135–137].

Strong association has been established between periodontal disease (PD) and rheuma-
toid arthritis (RA) [138], psoriasis [139], or diabetes mellitus [135]; several studies also show
evidence of an improved systemic condition after periodontal treatment [140–142]. Bidirec-
tional causality between PD and systemic autoimmunity has been speculated [139,143–145].
On one hand, the pathogenesis and progression of PD and autoimmune diseases share
common cytokines and immunologic factors [139,143,146]; thus, increased levels of these
cytokines due to autoimmunity could lead to periodontitis and vice versa. On the other
hand, PD could have a triggering effect on autoimmune disease, i.e., select environmental
triggers that result in local mucosa inflammation targeting the oral cavity [136,144,147]
induce the generation of neoantigens and, among genetically susceptible subjects, the
subsequent production of local autoantibodies [147]. Among environmental triggers, a role
in pathogenesis has been speculated for bacteria [143,147,148]. In fact, Porphyromonas gingi-
valis, a bacterium associated with PD, has been shown to promote Th17 responses [149].

4.6. Oral Mucosa and Systemic Disease

Associations between systemic disease and oral manifestations have been profoundly
investigated [135,136,150,151]. Interest in the link between oral and general health mani-
fests not only in epidemiological studies, but also in the potential of the oral mucosa and
saliva for diagnosis of systemic diseases [152,153]. A wide variety of systemic diseases
have a direct effect in the oral mucosa, including viral infections, dermatoses, hematologic
disorders, endocrine diseases, gastrointestinal disorders, malignancy, and autoimmune
diseases, among others [123,131,136,154–156]. Ulceration, white patches, swellings, pig-
mentation changes, or periodontal inflammation are the main lesions found in the oral
mucosa of systemic disease patients [135,139,143,154]. Although an association is obvious,
whether alterations in the oral mucosa are solely a clinical manifestation of the systemic
disease or whether they actively contribute to their development has not been clearly
established for many diseases [144,147,156,157]. Since the oral cavity is diagnostically
accessible, its alterations can be the first indication of a systemic disease and allow for an
early diagnosis [120,136,137].

5. Potential of Oral Mucosa Characterization in Diagnosis and Treatment
5.1. Research Approaches

The use of cell culture models of the oral mucosa helps characterize its barrier prop-
erties and its plausible applications in many fields. A huge variety of cell culture models
have been developed to mimic specific parts of the oral mucosal barrier, but no ultimate
standard has been established, neither for the oral cavity nor for salivary gland epithelia,
since the epithelia of the oral cavity (buccal, gingival, etc.) as well as from the different sali-
vary glands (submandibularis, parotid, and sublingualis) present regional variations [158].
Therefore, primary or immortalized keratinocytes and tumor-derived cell lines of differ-
ent oral mucosa epithelial regions have been set up as monolayers, multilayers, or 3D
cultures [158]. Barrier functionality in vitro can be determined by measuring the transep-
ithelial electrical resistance (TEER) of cell layers grown on transwell membranes or by
using marker molecules in paracellular transport assays. High TEER values reflect an
intact epithelial barrier, i.e., the resistance of the epithelial cell layer to allow ions migrating
across it is high. A decrease in TEER values is related to a leakier epithelial layer, linked
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to a changed expression and/or location of junctional proteins. TEER measurements are
influenced by several parameters such as temperature, transwell size, membrane pore-size,
and the cell growing medium. More information on TEER measurement techniques can
be found in a recent review by Srinivasan et al. [159]. With regard to the paracellular
transport assays, fluorescently or radiolabeled molecules are used to assess the integrity of
the epithelial barrier [158]. Moreover, histological analyses can be used for the visualiza-
tion of epithelial structure and junctional protein location by using transmission electron
microscopy (TEM) or immunofluorescence microscopy. This imaging techniques support
the functional assays [158].

However, the functionality of the oral mucosal barrier is regulated by its microenvi-
ronment and altered during diseases. Therefore, future experimental setups and model
validations will need to take into account the microenvironment and its influence on barrier
properties [160]. One major contributor to the oral cavity microenvironment is saliva, which
contains enzymes and mucins, among other molecules. These proteins form an acellular
barrier that should be included in in vitro oral cell cultures [161,162]. An advanced in vitro
model including mucus has been developed [163]. However, when comparing this model
to normal oral keratinocytes, differences in histology as well as in paracellular transport
were found [164]. This highlights the complexity of the oral mucosa, which cannot be
mimicked by single cell cultures in vitro. Therefore, 3D models including stratified ep-
ithelial cell layers, fibroblasts, and endothelial cells have been developed and reviewed
elsewhere [165–167].

5.2. Diagnosis

A systematic review has recently evaluated the ability of mucosal biomarkers to
identifying food allergy patients [168]. Twenty-two studies met the eligibility criteria to
be included in the systematic review; of those, only two studies analyzed saliva samples
focusing on metabolites and sIgA determinations as biomarkers for peanut and milk/egg
allergy, respectively [169,170]. However, Tomicic et al. [170] could not find differences
in salivary sIgA levels between 4-year-old children who were tolerant and not tolerant
to egg and milk consumption. Regarding the study by Peeters et al. [169], the authors
describe differences in bulk salivary metabolites before and after peanut ingestion in both
peanut-allergic and peanut-tolerant subjects. Unfortunately, they did not identify any of
these altered metabolites. Therefore, there is still a lack of salivary biomarkers with a
good diagnostic value for food allergy. Until now, gut/fecal samples were preferred to
saliva. However, food allergies are systemic disorders, since they are associated with a
dysregulation of the mucosal immune system (e.g., breaking of oral tolerance). Therefore,
theoretically the identification of biomarkers could be performed on salivary samples
since saliva testing is a safe, noninvasive, and low-cost method for diagnosis [171]. Some
promising biomarker candidates would include salivary cytokines, such as IL-2 and IL-6,
found to be significantly increased in Sjogren’s syndrome, an autoimmune disease [172].

Another study has reviewed salivary protein profiles in the search for biomarkers
for oral diseases, such as untreated dental caries, severe periodontal disease, and eden-
tulism [173]. Saliva represents a window of opportunity for modern medicine [174], since
several sensitive analytical techniques such as mass spectrometry (MS), reverse transcrip-
tion polymerase chain reaction (RT-PCR), microarrays, or magnetic resonance spectroscopy
(MRS), among others, allow the detection and quantification of many biomarkers. In
the last decades, saliva-related research has grown, and new relevant concepts such as
point-of-care (POC) diagnostics have emerged [175]. Currently, five “omics” of saliva
biomarkers are known (proteome, transcriptome, microRNA (miRNA), metabolome, and
microbiome) [176]. In the field of salivanomics, a new landmark has been the discovery
of extracellular vesicles. These vesicles contain genetic material and proteins, and play a
pivotal role in immune system modulation and inflammation [177]. Saliva is a great source
of useful biomarkers in the diagnosis and prognosis of diseases.
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There is much less information regarding the features of the oral mucosal barrier as a
diagnostic tool. However, the scarce data are promising. In this regard, Rosace et al. [5]
suggested a novel role of the oral mucosal barrier in the progression of respiratory to food-
induced allergic reactions in patients with profilin-mediated food allergy. In this case, oral
epithelial remodeling could be key in the acquisition of a severe allergic phenotype. The
accessibility of oral mucosa sampling could facilitate diagnosis and help us to understand
disease progression in complex allergic syndromes, such as pathogenesis-related (PR)
proteins group 10 or lipid transfer protein (LTP)-mediated food allergy. This will pave the
way for the development of new food allergy preventive strategies.

Similarly, oral mucosa biopsy sampling could be helpful in the diagnosis of gastroin-
testinal diseases, such as CD. Sanchez-Solares et al. [7] described that the oral mucosal
barrier of CD patients is compromised, even when they adhere to a GFD. Accordingly,
damage in the oral mucosa of GFD-treated patients has been previously reported [178,179].
The oral mucosa remodeling observed in treated CD patients has been suggested not to
result from poor adherence to a GFD, but rather as a result of chronic immune stimulation,
which induces a delayed immune response with memory T cell generation [179]. In some
cases, CD presents with extraintestinal manifestations in the oral cavity such as aphthous
ulcers, even after avoiding gluten. Based on these observations, an impaired epithelial bar-
rier could account for these manifestations [180]. Therefore, the characterization of the oral
mucosal barrier may be crucial for advancing novel oral biomarkers and immune-based
treatments for CD.

Non-celiac gluten sensitivity (NCGS) has recently been identified as a new clinical
entity, different from CD, whose prevalence could be higher [181–183]. NCGS lacks specific
diagnostic markers. HLA-DQ2 and/or HLA-DQ8 genes are present in only 50% of the
NCGS patients, and histologic analysis usually does not show specific alterations for
CD [184]. These patients may complain of CD-like symptoms, including recurrent oral
ulceration receding after a GFD [185]. Recent studies have introduced a new concept
according to which adverse effects of dietary antigen exposure may be defined as allergic
contact mucositis (ACM) based on a specific oral mucosa patch test (OMPT) [186–188].
Picarelli et al. [189] evaluated local and general reactions triggered by direct contact with
gluten. The gluten OMPT (GOMPT) showed positive results in 75% of the NCGS patients
and in none of the healthy controls, proving to be a promising tool for NCGS diagnosis.
However, GOMPT also showed positive results in 25% of the treated CD patients. It
remains unclear whether there are common immunopathogenic mechanisms among gluten-
dependent disorders.

5.3. Treatment
5.3.1. Micronutrients

Several micronutrients and nutraceuticals have been proven capable of inducing
structural changes in epithelial TJ complexes that result in reduced leakiness across many
different epithelial barriers in vitro or in experimental models [190–199]. These compounds
range from dietary constituents such as the procyanidins of grape seeds to metabolic
end-products of the gastrointestinal microbiome such as butyrate [200,201]. Rybakovsky
et al. [202] found that zinc, quercetin, retinoic acid (RA), and the boswellic acid deriva-
tive, AKBA (3-O-acetyl-11-keto-β-boswellic acid) were also able to induce compositional
changes in oral epithelial TJs. Retinoic acid was found to enhance the expression of the TJ
proteins claudin-4 and occludin in the gingiva [203]. Based on these studies, micronutrient-
based oral prophylaxis would improve oral epithelial barrier function basally and/or
reduce the induced leakiness caused by different diseases. Whether the exposure to these
micronutrients via the diet would be sufficient to induce substantial changes in the oral
epithelial barrier or whether their supplementation in higher amounts is required is a
matter of future research.

In regard to food allergies, a study found baicalein (5,6,7-trihydroxyflavone), a flavonoid
from Scutellaria baicalensis that is used in oriental herbal medicine, to enhance intestinal
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barrier function through the regulation of TJ in a mouse model of food allergy. Moreover,
baicalein treatment induced the differentiation of Tregs via aryl hydrocarbon receptors
(AhRs). Therefore, baicalein could be used as an effective immune regulator for the treat-
ment of food allergies [204]. Another study investigated the use of Galectin-1 in a mouse
model of peanut allergy. In this model, mice were sensitized to peanut extracts (PE) via the
buccal mucosa with or without Galectin-1. The authors found that the pathogenesis of the
oral-intestinal allergy syndrome (OIAS) was inhibited by Galectin-1 by suppressing micro
RNA (miRNA)-98 and reversing the expression of IL-10 in CD14+ cells in the intestine [205].

In this regard, the study by Antunes et al. [206] found that oral supplementation with
capsaicin reduced macrophage infiltration and IL-33 production in proximal jejunum in
a mouse model of OVA allergy. The study by Yoshimoto et al. [207] explored the effects
of the pathohistological changes in oral epithelia on pain by using labial mucosa samples
from patients with suspected Sjogren’s syndrome (SS) because they frequently experience
pain and discomfort. The disrupted epithelia contained high numbers of infiltrating
macrophages and remodeled cell adhesion molecules such as filamentous actin, E-cadherin,
or β-catenin. These findings would be very useful for treating recurrent or chronic oral
pain, since according to the authors macrophages may have an active role in degenerative
processes with either pathological or reparative properties. Therefore, a reduction in
macrophage infiltration may help alleviate pain. In any case, further studies are needed to
characterize the role of epithelial macrophages.

5.3.2. Oral Immunotherapy or Desensitization

There is broad experience in using oral mucosa as a drug delivery site. From viral
attenuated vaccines [208] to small molecules, the oral mucosa possesses unique features
that confer significant advantages over the gastric route. Drugs in general are absorbed
faster and access directly the blood circulation bypassing the liver; therefore, avoiding
hepatic clearance [209]. The convenience of oral formulation has led to significant ef-
forts in the formulation of oral vaccines [210–213]; however, oral mucosa delivery is not
generally considered for conventional vaccines due to a limited accessibility and its low
immunogenic potential.

A completely different approach was led in the last decades of the 20th century to
exploratory clinical trials of the sublingual route for allergen immunotherapy. Among
the tissues and organs initially exposed to allergens such as the nose, the lungs, and
the skin, the allergic inflammatory reaction spreads to distant sites, which finally results
in a systemic disease. By contrast, the oral mucosa is a tolerogenic site regarding the
immunologic response to allergens. The oral mucosa is characterized by an abundance of
DCs and Tregs cells. Moreover, the presence of effector inflammatory cells, namely, mast
cells and eosinophils, in the oral mucosa is negligible. This accounts for the good safety
of the sublingual administration of allergen immunotherapy [214,215]. The increasing
evidence of efficacy and a better safety profile [216] led for the first time to extensive
product development programs for sublingual vaccines that constitute the first allergen
immunotherapy products registered worldwide. Among them, GRAZAX possesses a
whole series of short, medium, and long-term clinical trials that allow the understanding
of the underlying immunological mechanisms and their link to clinical effects [217]. In
contrast to conventional vaccines, allergen immunotherapy (AIT) intends to regulate an
already established immunological response, mainly by driving effector cell desensitization
as well as inducing regulatory responses. In this sense, oral mucosa represents an immune-
privileged site due to its tolerogenic nature.

Early clinical benefits of AIT are driven by effector cell desensitization. Simultane-
ously, a regulatory response is initiated, detected by changes in functionality of dendritic
cells [218]. The desensitization drives the clinical benefit during the first two years of AIT.
During this phase, regulatory response continues as a progression that is only consolidated
in the third year of treatment [119,219,220]. A key question about these mechanisms is their
potential interdependence. Mast cells are strong producers of inflammatory mediators;
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thus, their desensitization in the early treatment phase could be essential for the control of
inflammation and the onset of the later regulatory response. This fact could be critical for
the potential applicability of this approach in autoimmune diseases, where desensitization
is not involved. In the last years, multiple trials in AIT that only focused on T regulation
have failed so far, but all of them were carried out for less than two years, a period that is
not enough to consolidate T cell regulation [220].

Exploratory trials on SLIT have been carried out mainly with two food allergy models.
The first ones were focused on LTP allergy [221–224]. Accumulated evidence supports a
clear clinical benefit. Approximately 90% of patients suffering from anaphylactic reactions
induced by peach tolerated a full piece of fruit (3 mg of allergen) after the administration
of 10 µg of Pru p 3 for one year. Similarly, Fleischer et al. [225] reported a significant effect
of SLIT in peanut allergy. After a three-year follow-up [226], the effect was maintained,
but it was moderate. More studies would be needed to understand and evaluate the
potential role of AIT in food allergy. With the available data, we can conclude that the
threshold for suffering severe reactions might increase, with an excellent tolerability. This
treatment would at least minimize the risk of suffering life threatening reactions upon
unadvertised exposure.

There is also a need to understand the interaction of the antigen with the immuno-
logical system during SLIT. Since the oral cavity possesses specialized immunological
organs [227], such as the lingual tonsil that is a part of the Waldeyer ring, this could be
relevant for the induction of a regulatory response [228,229]. Several studies have demon-
strated that topical application of hapten onto buccal mucosa induces both the migration
of DCs and hapten-specific T-cell responses. Oral lymphoid foci may act as sites in which
antigen-experienced mature B cells interact with T cells to promote the expansion of Treg
cells in tolerance induced by allergen application via the oral mucosa. In fact, SLIT leads to
tolerance against allergens possibly via the redirection of allergen-specific Th2 cells to Th1
cells and the generation of peripheral Treg cells [41]. On the contrary, children with peanut
or egg allergy showed a decrease in Treg cell percentage after allergen exposure [230]. As
discussed by Satitsuksanoa et al. [230], oral immunotherapy, the only known therapy for
food allergies, increases Treg cell function, hypomethylation of the FOXP3 gene, and the
number of FOXP3-positive cells.

As previously described, the oral mucosa undergoes progressive structural changes
and increasing inflammatory infiltrates in food allergy associated with respiratory allergic
progression [5] or in severe respiratory allergic patients but in the absence of food allergy [6].
Moreover, a strong increase in both sIgE and IL4-secreting cells has been described in the
first month of AIT [219]. Therefore, the oral mucosa barrier impairment associated with
allergic inflammation might be critical for the SLIT effect [6,202]. In particular for effector
cell desensitization, which has been proven to be dose dependent, this barrier impairment
and associated access to effector cells might be required. In fact, analyzing the AIT effect
over a series of almost 2000 patients treated with grass, SLIT [231] patients with low sIgE
levels (lower tercile) to grass’ major allergens did not show a clinical benefit in the first
year of treatment, suggesting that effector cell desensitization did not happen.

Recent accumulating evidence suggests that a possible “mouth–gut axis” may exist
in the pathogenesis of gastrointestinal diseases [130], and as such, oral mucosa changes
associated to inflammatory diseases could serve as model to understand global barrier
impairment, that could be in the genesis of food allergic sensitization, CD, etc. We also
need to understand how systemic inflammatory factors may affect the integrity of the oral
epithelium and to further investigate common metabolic and transcriptomic fingerprints
that might be useful for the identification of new therapeutic targets to prevent allergic
progression [6].

The oral mucosa is highly enriched in CD4+ T cells, which contrasts to the intestinal
mucosa that contain CD8αα+ T cells and CD103+CD69+ tissue-resident memory CD8+
T cells [232]. This is important for the development of tolerization strategies in CD. In
the study by Sanchez-Solares et al. [7], no significant differences were found for CD4+,
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CD8+, or CD3+ cell populations between CD patients and healthy subjects. However,
Bardellini et al. [178] described increased CD3+ numbers in the stromal papillae that
were reduced in GFD. Nonetheless, we observed that the relative numbers of epithelial
lymphocytes diminish after gluten avoidance. Moreover, the vast majority of the oral
intraepithelial lymphocytes (IELs) lacked γδ-T cell receptor expression. This was also
observed by Lähteenoja et al. [179], who suggested that NK cells were mainly responsible
for lymphocyte recruitment; thus, NK cells may also be involved in the remodeling process
of the oral mucosa. Conversely, γδ+ cells were found at the gingiva in a mouse model of
periodontitis [233]. In addition, they produced amphiregulin, which guaranteed oral mu-
cosa homeostasis. In our study, Treg population was greatly increased in the oral mucosa
of CD patients [7]. Moreover, Treg abundance was inversely correlated with E-cadherin
expression and directly correlated with peripheral amphiregulin expression. Therefore, we
postulate that Tregs were recruited to prevent further epithelial damage and maintain bar-
rier integrity, as reported previously [6,234]. However, it remains to be determined whether
these Tregs have an impaired suppressive function, as previously described [235,236]. In
this sense, amphiregulin has been previously reported to display repair/remodeling fea-
tures in acute graft-versus-host disease (aGVHD) [237] or infant viral bronchiolitis [238]
constraining chronic inflammation [239]. Therefore, amphiregulin and Treg analyses in the
oral mucosa could be of potential use as targets for oral tolerization approaches.

6. Conclusions

The oral mucosa is a immunocompetent site that is constantly exposed to foods;
therefore, its primary role is tolerogenic. However, the disruption of the integrity of the oral
mucosa due to inflamation induces further inflammation and eventually immune systemic
responses. The characterization of its histological structure and immunological features
makes it possible to assess its role in the onset, progression, and final outcome of a variety
of inflammatory diseases, as has been reviewed here. Studying the oral mucosa is not only
helpful to depict immune diseases, but it is also essential to understand treatment efficacy,
as for SLIT in allergic diseases, and to develop novel diagnostic and therapeutic strategies.

Despite the increasing knowledge recently generated regarding the oral mucosa, there
is still a significant lack of description of the mechanisms underlying the local immune
response taking place in the oral mucosa. Moreover, it is critical to understand how local
mucosa-associated immune responses are connected to systemic immune outcomes. There-
fore, deeper analyses of these processes may improve the management and development
of more accurate and less invasive diagnostic strategies as well as potentiate the advance
of novel therapeutic approaches targeting the oral mucosa.

Author Contributions: C.G.-C. and M.M.E. drafted the manuscript, wrote the Introduction and
Conclusion, and designed graphical abstract. E.I. wrote the “Oral Mucosa” section. A.D.-P. and
C.G.-C. wrote “Oral Mucosa in Food Allergy”. C.G.-C. and J.S.-S. wrote “Oral Mucosa in Other
Allergies and Inflammatory Pathologies”. C.G.-C., D.B. and E.I. wrote “Potential of Oral Mucosa
Characterization in Diagnosis and Treatment”. J.S.-S. formatted the manuscript bibliography. All
authors revised and approved the final version of the manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Instituto de Salud Carlos III (Project numbers PI19/00044
and PI18/01467), co-funded by the European Regional Development Fund “Investing in your
future” for the thematic network and co-operative research centers ARADyAL RD16/0006/0015,
RD16/0006/003.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare that they do not have any conflict of interest in relation to
this manuscript.

References
1. Moutsopoulos, N.M.; Konkel, J.E. Tissue-Specific Immunity at the Oral Mucosal Barrier. Trends Immunol. 2018, 39, 276–287. [CrossRef]

http://doi.org/10.1016/j.it.2017.08.005


Foods 2021, 10, 970 14 of 22

2. Leoni, G.; Neumann, P.-A.; Sumagin, R.; Denning, T.L.; Nusrat, A. Wound repair: Role of immune–epithelial interactions. Mucosal
Immunol. 2015, 8, 959–968. [CrossRef] [PubMed]

3. Novak, N.; Haberstok, J.; Bieber, T.; Allam, J.-P. The immune privilege of the oral mucosa. Trends Mol. Med. 2008, 14, 191–198.
[CrossRef] [PubMed]

4. Moutsopoulos, N.M.; Moutsopoulos, H.M. The oral mucosa: A barrier site participating in tissue-specific and systemic immunity.
Oral Dis. 2018, 24, 22–25. [CrossRef]

5. Rosace, D.; Gomez-Casado, C.; Fernandez, P.; Perez-Gordo, M.; del Carmen Dominguez, M.; Vega, A.; Belver, M.T.; Ramos, T.;
Vega, F.; Marco, G.; et al. Profilin-mediated food-induced allergic reactions are associated with oral epithelial remodeling.
J. Allergy Clin. Immunol. 2019, 143, 681–690.e1. [CrossRef]

6. Sanchez-Solares, J.; Delgado-Dolset, M.I.; Mera-Berriatua, L.; Hormias-Martin, G.; Cumplido, J.A.; Saiz, V.; Carrillo, T.; Moreno-
Aguilar, C.; Escribese, M.M.; Gomez-Casado, C.; et al. Respiratory allergies with no associated food allergy disrupt oral mucosa
integrity. Allergy 2019, 74, 2261–2265. [CrossRef]

7. Sanchez-Solares, J.; Sanchez, L.; Pablo-Torres, C.; Diaz-Fernandez, C.; Sørensen, P.; Barber, D.; Gomez-Casado, C. Celiac Disease
Causes Epithelial Disruption and Regulatory T Cell Recruitment in the Oral Mucosa. Front. Immunol. 2021, 12. [CrossRef]

8. Squier, C.; Brogden, K.A. Human Oral Mucosa: Development, Structure and Function; John Wiley & Sons, Ltd.: West Sussex, UK,
2013, ISBN 9781118710470.

9. Shetty, S.; Gokul, S. Keratinization and its Disorders. Oman Med. J. 2012, 27, 348–357. [CrossRef] [PubMed]
10. Groeger, S.; Meyle, J. Oral Mucosal Epithelial Cells. Front. Immunol. 2019, 10, 208. [CrossRef]
11. Samiei, M.; Ahmadian, E.; Eftekhari, A.; Eghbal, M.A.; Rezaie, F.; Vinken, M. Cell junctions and oral health. EXCLI J. 2019, 18,

317–330. [CrossRef]
12. Wan, H.; Gadmor, H.; Brown, L. Anchoring junctions in the oral mucosa: Adherens junctions and desmosomes. In Oral Mucosa in

Health and Disease; Springer: Cham, Switzerland, 2018; pp. 31–51.
13. Liu, W.; Cui, Y.; Wei, J.; Sun, J.; Zheng, L.; Xie, J. Gap junction-mediated cell-to-cell communication in oral development and oral

diseases: A concise review of research progress. Int. J. Oral Sci. 2020, 12, 17. [CrossRef] [PubMed]
14. Ewert, P.; Aguilera, S.; Alliende, C.; Kwon, Y.-J.; Albornoz, A.; Molina, C.; Urzúa, U.; Quest, A.F.G.; Olea, N.; Pérez, P.; et al.

Disruption of tight junction structure in salivary glands from Sjögren’s syndrome patients is linked to proinflammatory cytokine
exposure. Arthritis Rheum. 2010, 62, 1280–1289. [CrossRef]

15. Martin, T.A.; Mansel, R.E.; Jiang, W.G. Loss of occludin leads to the progression of human breast cancer. Int. J. Mol. Med. 2010, 26,
723–734. [CrossRef] [PubMed]

16. Dos Reis, P.P.; Bharadwaj, R.R.; Machado, J.; Macmillan, C.; Pintilie, M.; Sukhai, M.A.; Perez-Ordonez, B.; Gullane, P.; Irish,
J.; Kamel-Reid, S. Claudin 1 overexpression increases invasion and is associated with aggressive histological features in oral
squamous cell carcinoma. Cancer 2008, 113, 3169–3180. [CrossRef]

17. Villaret, D.B.; Wang, T.; Dillon, D.; Xu, J.; Sivam, D.; Cheever, M.A.; Reed, S.G. Identification of genes overexpressed in head and
neck squamous cell carcinoma using a combination of complementary DNA subtraction and microarray analysis. Laryngoscope
2000, 110, 374–381. [CrossRef] [PubMed]

18. Groeger, S.E.; Meyle, J. Epithelial barrier and oral bacterial infection. Periodontology 2000 2015, 69, 46–67. [CrossRef] [PubMed]
19. Henriquez, O.A.; Den Beste, K.; Hoddeson, E.K.; Parkos, C.A.; Nusrat, A.; Wise, S.K. House dust mite allergen Der p 1 effects on

sinonasal epithelial tight junctions. Int. Forum Allergy Rhinol. 2013, 3, 630–635. [CrossRef] [PubMed]
20. Golebski, K.; Röschmann, K.I.L.; Toppila-Salmi, S.; Hammad, H.; Lambrecht, B.N.; Renkonen, R.; Fokkens, W.J.; van Drunen, C.M.

The multi-faceted role of allergen exposure to the local airway mucosa. Allergy 2013, 68, 152–160. [CrossRef] [PubMed]
21. Steelant, B.; Farré, R.; Wawrzyniak, P.; Belmans, J.; Dekimpe, E.; Vanheel, H.; Van Gerven, L.; Kortekaas Krohn, I.; Bullens, D.M.A.;

Ceuppens, J.L.; et al. Impaired barrier function in patients with house dust mite-induced allergic rhinitis is accompained by
decreased occludin and zonula occludens-1 expression. J. Allergy Clin. Immunol. 2016, 137, 1043–1053.e5. [CrossRef]

22. Lambrecht, B.N.; Hammad, H. Allergens and the airway epithelium response: Gateway to allergic sensitization. J. Allergy Clin.
Immunol. 2014, 134, 499–507. [CrossRef]

23. Edelblum, K.L.; Turner, J.R. The tight junction in inflammatory disease: Communication breakdown. Curr. Opin. Pharmacol. 2009,
9, 715–720. [CrossRef] [PubMed]

24. Capaldo, C.T.; Nusrat, A. Cytokine regulation of tight junctions. Biochim. Biophys. Acta Biomembr. 2009, 1788, 864–871.
[CrossRef] [PubMed]

25. Van Deventer, S.J.H. Anti-TNF antibody treatment of Crohn’s disease. Ann. Rheum. Dis. 1999, 58 (Suppl. 1), i114–i120. [CrossRef]
26. Abe, A.; Takano, K.; Kojima, T.; Nomura, K.; Kakuki, T.; Kaneko, Y.; Yamamoto, M.; Takahashi, H.; Himi, T. Interferon-gamma

increased epithelial barrier function via upregulating claudin-7 expression in human submandibular gland duct epithelium.
J. Mol. Histol. 2016, 47, 353–363. [CrossRef] [PubMed]

27. Mei, M.; Xiang, R.-L.; Cong, X.; Zhang, Y.; Li, J.; Yi, X.; Park, K.; Han, J.-Y.; Wu, L.-L.; Yu, G.-Y. Claudin-3 is required for modulation
of paracellular permeability by TNF-α through ERK1/2/slug signaling axis in submandibular gland. Cell. Signal. 2015, 27,
1915–1927. [CrossRef] [PubMed]

28. Baker, O.J.; Camden, J.M.; Redman, R.S.; Jones, J.E.; Seye, C.I.; Erb, L.; Weisman, G.A. Proinflammatory cytokines tumor necrosis
factor-alpha and interferon-gamma alter tight junction structure and function in the rat parotid gland Par-C10 cell line. Am. J.
Physiol. Cell Physiol. 2008, 295, C1191–C1201. [CrossRef] [PubMed]

http://doi.org/10.1038/mi.2015.63
http://www.ncbi.nlm.nih.gov/pubmed/26174765
http://doi.org/10.1016/j.molmed.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18396104
http://doi.org/10.1111/odi.12729
http://doi.org/10.1016/j.jaci.2018.03.013
http://doi.org/10.1111/all.13860
http://doi.org/10.3389/fimmu.2021.623805
http://doi.org/10.5001/omj.2012.90
http://www.ncbi.nlm.nih.gov/pubmed/23074543
http://doi.org/10.3389/fimmu.2019.00208
http://doi.org/10.17179/excli2019-1370
http://doi.org/10.1038/s41368-020-0086-6
http://www.ncbi.nlm.nih.gov/pubmed/32532966
http://doi.org/10.1002/art.27362
http://doi.org/10.3892/ijmm_00000519
http://www.ncbi.nlm.nih.gov/pubmed/20878095
http://doi.org/10.1002/cncr.23934
http://doi.org/10.1097/00005537-200003000-00008
http://www.ncbi.nlm.nih.gov/pubmed/10718422
http://doi.org/10.1111/prd.12094
http://www.ncbi.nlm.nih.gov/pubmed/26252401
http://doi.org/10.1002/alr.21168
http://www.ncbi.nlm.nih.gov/pubmed/23592402
http://doi.org/10.1111/all.12080
http://www.ncbi.nlm.nih.gov/pubmed/23240614
http://doi.org/10.1016/j.jaci.2015.10.050
http://doi.org/10.1016/j.jaci.2014.06.036
http://doi.org/10.1016/j.coph.2009.06.022
http://www.ncbi.nlm.nih.gov/pubmed/19632896
http://doi.org/10.1016/j.bbamem.2008.08.027
http://www.ncbi.nlm.nih.gov/pubmed/18952050
http://doi.org/10.1136/ard.58.2008.i114
http://doi.org/10.1007/s10735-016-9667-2
http://www.ncbi.nlm.nih.gov/pubmed/26956365
http://doi.org/10.1016/j.cellsig.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26148935
http://doi.org/10.1152/ajpcell.00144.2008
http://www.ncbi.nlm.nih.gov/pubmed/18768927


Foods 2021, 10, 970 15 of 22

29. Roan, F.; Obata-Ninomiya, K.; Ziegler, S.F. Epithelial cell–derived cytokines: More than just signaling the alarm. J. Clin. Investig.
2019, 129, 1441–1451. [CrossRef]

30. Moharamzadeh, K.; Brook, I.M.; Van Noort, R.; Scutt, A.M.; Thornhill, M.H. Tissue-engineered Oral Mucosa: A Review of the
Scientific Literature. J. Dent. Res. 2007, 86, 115–124. [CrossRef]

31. Berin, M.C.; Sampson, H.A. Mucosal Immunology of Food Allergy. Curr. Biol. 2013, 23, R389–R400. [CrossRef]
32. Hovav, A.-H. Dendritic cells of the oral mucosa. Mucosal Immunol. 2014, 7, 27–37. [CrossRef]
33. Henri, S.; Poulin, L.F.; Tamoutounour, S.; Ardouin, L.; Guilliams, M.; de Bovis, B.; Devilard, E.; Viret, C.; Azukizawa, H.;

Kissenpfennig, A.; et al. CD207+ CD103+ dermal dendritic cells cross-present keratinocyte-derived antigens irrespective of the
presence of Langerhans cells. J. Exp. Med. 2010, 207, 189–206. [CrossRef] [PubMed]

34. Mascarell, L.; Lombardi, V.; Louise, A.; Saint-Lu, N.; Chabre, H.; Moussu, H.; Betbeder, D.; Balazuc, A.-M.; Van Overtvelt, L.;
Moingeon, P. Oral dendritic cells mediate antigen-specific tolerance by stimulating TH1 and regulatory CD4+ T cells. J. Allergy
Clin. Immunol. 2008, 122, 603–609.e5. [CrossRef] [PubMed]

35. Allam, J.-P.; Stojanovski, G.; Friedrichs, N.; Peng, W.; Bieber, T.; Wenzel, J.; Novak, N. Distribution of Langerhans cells and
mast cells within the human oral mucosa: New application sites of allergens in sublingual immunotherapy? Allergy 2008, 63,
720–727. [CrossRef]

36. Santoro, A.; Majorana, A.; Roversi, L.; Gentili, F.; Marrelli, S.; Vermi, W.; Bardellini, E.; Sapelli, P.; Facchetti, F. Recruitment of
dendritic cells in oral lichen planus. J. Pathol. 2005, 205, 426–434. [CrossRef] [PubMed]

37. Jotwani, R.; Cutler, C.W. Multiple Dendritic Cell (DC) Subpopulations in Human Gingiva and Association of Mature DCs with
CD4+ T-cells in situ. J. Dent. Res. 2003, 82, 736–741. [CrossRef]

38. Dutzan, N.; Konkel, J.E.; Greenwell-Wild, T.; Moutsopoulos, N.M. Characterization of the human immune cell network at the
gingival barrier. Mucosal Immunol. 2016, 9, 1163–1172. [CrossRef]

39. Panda, S.K.; Colonna, M. Innate Lymphoid Cells in Mucosal Immunity. Front. Immunol. 2019, 10, 861. [CrossRef]
40. Dutzan, N.; Abusleme, L.; Bridgeman, H.; Greenwell-Wild, T.; Zangerle-Murray, T.; Fife, M.E.; Bouladoux, N.; Linley, H.;

Brenchley, L.; Wemyss, K.; et al. On-going Mechanical Damage from Mastication Drives Homeostatic Th17 Cell Responses at the
Oral Barrier. Immunity 2017, 46, 133–147. [CrossRef]

41. Park, J.Y.; Chung, H.; Choi, Y.; Park, J.H. Phenotype and Tissue Residency of Lymphocytes in the Murine Oral Mucosa. Front.
Immunol. 2017, 8, 250. [CrossRef]

42. Glowacki, A.J.; Yoshizawa, S.; Jhunjhunwala, S.; Vieira, A.E.; Garlet, G.P.; Sfeir, C.; Little, S.R. Prevention of inflammation-
mediated bone loss in murine and canine periodontal disease via recruitment of regulatory lymphocytes. Proc. Natl. Acad. Sci.
USA 2013, 110, 18525–18530. [CrossRef]

43. Araujo-Pires, A.C.; Vieira, A.E.; Francisconi, C.F.; Biguetti, C.C.; Glowacki, A.; Yoshizawa, S.; Campanelli, A.P.; Trombone, A.P.F.;
Sfeir, C.S.; Little, S.R.; et al. IL-4/CCL22/CCR4 Axis Controls Regulatory T-Cell Migration That Suppresses Inflammatory Bone
Loss in Murine Experimental Periodontitis. J. Bone Miner. Res. 2015, 30, 412–422. [CrossRef] [PubMed]

44. Tanaka, Y.; Nagashima, H.; Bando, K.; Lu, L.; Ozaki, A.; Morita, Y.; Fukumoto, S.; Ishii, N.; Sugawara, S. Oral CD103−CD11b+
classical dendritic cells present sublingual antigen and induce Foxp3+ regulatory T cells in draining lymph nodes. Mucosal
Immunol. 2017, 10, 79–90. [CrossRef] [PubMed]

45. Koppelman, S.; Smits, M.; Tomassen, M.; de Jong, G.; Baumert, J.; Taylor, S.; Witkamp, R.; Veldman, R.; Pieters, R.; Wichers, H.
Release of Major Peanut Allergens from Their Matrix under Various pH and Simulated Saliva Conditions—Ara h2 and Ara h6
Are Readily Bio-Accessible. Nutrients 2018, 10, 1281. [CrossRef] [PubMed]

46. Sugita, K.; Steer, C.A.; Martinez-Gonzalez, I.; Altunbulakli, C.; Morita, H.; Castro-Giner, F.; Kubo, T.; Wawrzyniak, P.; Rückert, B.;
Sudo, K.; et al. Type 2 innate lymphoid cells disrupt bronchial epithelial barrier integrity by targeting tight junctions through
IL-13 in asthmatic patients. J. Allergy Clin. Immunol. 2018, 141, 300–310.e11. [CrossRef]

47. Boyce, J.A.; Assa’ad, A.; Burks, A.W.; Jones, S.M.; Sampson, H.A.; Wood, R.A.; Plaut, M.; Cooper, S.F.; Fenton, M.J.;
Arshad, S.H.; et al. Guidelines for the diagnosis and management of food allergy in the United States: Report of the
NIAID-sponsored expert panel. J. Allergy Clin. Immunol. 2010, 126, S1–S58. [CrossRef] [PubMed]

48. Celebi Sözener, Z.; Cevhertas, L.; Nadeau, K.; Akdis, M.; Akdis, C.A. Environmental factors in epithelial barrier dysfunction.
J. Allergy Clin. Immunol. 2020, 145, 1517–1528. [CrossRef]

49. Moran, T.P. The External Exposome and Food Allergy. Curr. Allergy Asthma Rep. 2020, 20, 37. [CrossRef]
50. Agache, I.; Miller, R.; Gern, J.E.; Hellings, P.W.; Jutel, M.; Muraro, A.; Phipatanakul, W.; Quirce, S.; Peden, D. Emerging concepts

and challenges in implementing the exposome paradigm in allergic diseases and asthma: A Practall document. Allergy 2019, 74,
449–463. [CrossRef]

51. Gómez-Casado, C.; Díaz-Perales, A. Allergen-Associated Immunomodulators: Modifying Allergy Outcome. Arch. Immunol. Ther.
Exp. 2016, 64, 339–347. [CrossRef]

52. Wesemann, D.R.; Nagler, C.R. The Microbiome, Timing, and Barrier Function in the Context of Allergic Disease. Immunity 2016,
44, 728–738. [CrossRef]

53. Akdis, C.A. Does the epithelial barrier hypothesis explain the increase in allergy, autoimmunity and other chronic conditions?
Nat. Rev. Immunol. 2021. [CrossRef] [PubMed]

http://doi.org/10.1172/JCI124606
http://doi.org/10.1177/154405910708600203
http://doi.org/10.1016/j.cub.2013.02.043
http://doi.org/10.1038/mi.2013.42
http://doi.org/10.1084/jem.20091964
http://www.ncbi.nlm.nih.gov/pubmed/20038600
http://doi.org/10.1016/j.jaci.2008.06.034
http://www.ncbi.nlm.nih.gov/pubmed/18774396
http://doi.org/10.1111/j.1398-9995.2007.01611.x
http://doi.org/10.1002/path.1699
http://www.ncbi.nlm.nih.gov/pubmed/15714455
http://doi.org/10.1177/154405910308200915
http://doi.org/10.1038/mi.2015.136
http://doi.org/10.3389/fimmu.2019.00861
http://doi.org/10.1016/j.immuni.2016.12.010
http://doi.org/10.3389/fimmu.2017.00250
http://doi.org/10.1073/pnas.1302829110
http://doi.org/10.1002/jbmr.2376
http://www.ncbi.nlm.nih.gov/pubmed/25264308
http://doi.org/10.1038/mi.2016.46
http://www.ncbi.nlm.nih.gov/pubmed/27166558
http://doi.org/10.3390/nu10091281
http://www.ncbi.nlm.nih.gov/pubmed/30208580
http://doi.org/10.1016/j.jaci.2017.02.038
http://doi.org/10.1016/j.jaci.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/21134576
http://doi.org/10.1016/j.jaci.2020.04.024
http://doi.org/10.1007/s11882-020-00936-2
http://doi.org/10.1111/all.13690
http://doi.org/10.1007/s00005-016-0401-2
http://doi.org/10.1016/j.immuni.2016.02.002
http://doi.org/10.1038/s41577-021-00538-7
http://www.ncbi.nlm.nih.gov/pubmed/33846604


Foods 2021, 10, 970 16 of 22

54. Järvinen, K.M.; Konstantinou, G.N.; Pilapil, M.; Arrieta, M.-C.; Noone, S.; Sampson, H.A.; Meddings, J.; Nowak-Węgrzyn, A.
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