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Abstract: Adopting an immune response and tissue-based nomenclature in food allergies brings the field closer
to precision and personalized medicine. An updated classification of non-IgE-mediated food hypersensitivity
highlights mechanisms through a complex pathophysiological perspective and endotype-driven framework.
This approach aligns with the essential goals of discovering new diagnostic and therapeutic biomarkers,
enhancing the understanding of clinical presentations, and refining immunotherapy and targeted treatments,
such as monoclonal antibodies and small molecule drugs, to improve patient management and quality of life.
Endotype-focused and molecular-based decision-making also endows translational and clinical research,
fostering the ongoing scientific quest for more innovative solutions.
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1. Introduction

The rising prevalence of food allergies worldwide is an important public health concern,
significantly impacting the quality of life for patients and their families. Due to current challenges
related to both underdiagnosis and overdiagnosis, there is a constant need for accurate diagnosis and
personalized management of food allergies. In response to this, the latest EAACI position papers on
food allergy should be discussed from the perspective of the new terminology of allergy and
hypersensitivity reactions, to provide valuable information for allergists and other medical
professionals [1-3].

According to the new EAACI guidelines, food allergy is an abnormal or exaggerated reaction to
food-related stimuli which involves various types of hypersensitivity reactions engaging antibody-
mediated, immune cell-mediated, tissue-driven mechanisms and/or direct response to chemicals,
resulting in the development of respiratory, skin, eye, gastrointestinal and other symptoms, including
anaphylaxis. A hypersensitivity reaction to food is defined as an adverse reaction to food referring to
an undesirable, uncomfortable or damaging response that arises from an immune system
overreaction and/or tissue cell dysfunction, causing objectively reproducible symptoms or signs
initiated by exposure to a food-related defined stimulus at a dose tolerated by normal individuals
[1,4,5].

The term atopy has limited use nowadays as it is based mainly on the symptomatic definition of
diseases and does not represent the current understanding of the pathophysiology. In the past, atopy
was defined as the personal or familial tendency to produce IgE antibodies in response to low doses
of allergens, usually proteins, and to develop typical symptoms such as asthma, rhinoconjunctivitis,
or eczema/dermatitis. More recently, it was proposed that atopy may be considered the familial
tendency to develop Th2 responses against common environmental antigens, thus keeping both IgE-
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associated, extrinsic and non-IgE-associated, intrinsic subtypes of atopic dermatitis within the
definition of atopy [6,7].

The conventional approach to food allergies involving non-IgE mediated mechanisms according
to the latest EAACI guidelines is presented in Table 1 [3].

Table 1. Conventional classification of non-IgE-mediated hypersensitivity reactions to foods [3].

Subtypes of non-IgE mediated food hypersensitivity reactions xamples

non-IgE mediated food allergies contact dermatitis,
food protein-induced enterocolitis syndrome,
food protein-induced allergic proctitis/proctocolitis,
food protein-induced enteropathy,
Heiner syndrome,
celiac disease, dermatitis herpetiformis

mixed IgE and non-IgE mediated food allergies eosinophilic oesophagitis,
eosinophilic gastritis/enteritis,
food-exacerbation of atopic eczema,
food-exacerbation of asthma

The need for an additional approach to food allergy classification derives from the new epithelial
barrier impairment theory and recent advances in pathophysiological mechanisms, potential novel
molecular diagnostic biomarkers related to pathogenic processes or responses to therapeutic
interventions, and molecularly targeted pharmacotherapeutic strategies, particularly biologics. An
up-to-date classification should incorporate this information using the latest terminology based on
the mechanisms of hypersensitivity reactions. The practical implementation of this classification into
daily practice needs to be underlined, particularly for non-IgE-mediated food allergies, which are
frequently inadequately understood [1,8-11].

Our expanded classification of food-induced hypersensitivity adverse reactions goes beyond the
framework of the traditional approach to food allergies to provide a broader perspective of all the
complex and multiple mechanisms that can be engaged in hypersensitivity reactions induced by
exposure to foods or food products through oral, inhalation and cutaneous routes. We have focused
on non-IgE-mediated hypersensitivity reactions to foods whose pathogenic mechanisms are less
known or approached in everyday clinical practice, and we have included them in the new EAACI
nomenclature structure, as schematically presented in Figure 1. In addition, the knowledge of foods
involved in each type of reaction is necessary for an optimal approach to collecting a patient’s medical
history. Understanding the pathophysiology of rare inborn errors of immunity and other genetic
disorders presenting with food hypersensitivity reactions and how these monogenic alterations
involving disruptions in specific biological processes lead to disease can provide insights into similar
pathways involved in common food allergies, highlighting the essential contribution of some
molecular pathways in disease pathogenesis. Updated disease endotypes and pathophysiological
mechanisms are identified and presented in detail for these food allergy phenotypes.
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Figure 1. Schematic updated classification of the hypersensitivity reactions to foods [adapted after 1].

2. Classification of Hypersensitivity Reactions to Foods Focused on Non-IgE Mediated
Mechanisms

2.1. Type I Hypersensitivity Reactions to Foods Involving Associated non-IgE-Mediated Mechanisms

Typical IgE-dependent mast cell-mediated reactions are immediate hypersensitivity reactions
induced by IgE specific against allergens. Systemic reactions are triggered when allergens enter the
circulation and activate IgE-sensitized extravascular mast cells, causing immediate discharge of pre-
stored proinflammatory mediators. Although perivascular macrophages are capable of
transendothelial sampling slowly after exposure to blood-borne antigens, these are rapidly adsorbed
by the lamellipodia of CD301b+ perivascular dendritic cells that protrude through the endothelial
wall into the vessels. Such cells continuously sample blood and spontaneously shed antigen-bound
microvesicles (generated by vacuolar protein VPS4) to neighbouring IgE-bearing mast cells in the
perivascular region, which vigorously degranulate. Allergen-specific IgE is bound to tissue-resident
mast cells and circulating basophils through its high-affinity receptor named FceRI. The allergen
crosslinks surface-bound IgE upon re-exposure, triggering basophil and mast cell anaphylactic
degranulation. The spleen tyrosine kinase and Bruton’s tyrosine kinase are essential cytoplasmic non-
receptor kinases for signalling through the high-affinity receptor FceRI on these cells. Activation of
intracellular signalling cascades results in rapid degranulation with immediate release of preformed
mediators, such as histamine and tryptase, carboxypeptidase A, and proteoglycans, generation of
arachidonic acid metabolites (lipid mediators), and later production of inflammatory cytokines and
chemokines, responsible for inducing signs and symptoms in systemic allergic reactions to ingested
foods [12-14].

Regarding such type I immediate hypersensitivity reactions to foods, class 1 food allergy is the
primary route of sensitization in the gastrointestinal tract and transcutaneous (with disrupted skin
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barrier) and manifestations with food ingestion always appear. It is common in children but can also
occur in adults, and symptoms with food inhalation are occasional. In class 2 food allergy, IgE
sensitization is against cross-reactive allergens present in airborne sources; it is common in adults but
can also occur in children/adolescents. Class 3 food allergy has the sensitization route respiratory and
transcutaneous (with disrupted skin barrier); it is common in adults at the workplace but can also
occur in the domestic setting with food preparation; symptoms with food ingestion are rare and with
food inhalation are always present [15,16].

More than 170 foods have been associated with IgE-mediated class 1 food allergies. According
to the recent EAACI guidelines, the most commonly involved foods are those traditionally
considered the "eight big food allergens": cow's milk, hen's eggs, shellfish, fish, peanuts, tree nuts,
wheat, soya, along with other plant allergens, such as legumes, sesame, vegetables and fruits. In
Europe, it is mandatory to label food products with the 14 main allergens of plant origins, namely
cereals containing gluten, peanuts, soya, tree nuts, lupin, celery, mustard, and sesame, of animal
origins, namely cow's milk, eggs, crustaceans, molluscs, fish, and sulfites [3,17-19].

Typical manifestations of IgE-mediated food allergy include wurticaria, angioedema,
oral/pharyngeal pruritus/swelling and other gastrointestinal manifestations, rhinitis and asthma
symptoms, and anaphylaxis. Food allergy as an exacerbating factor for asthma is uncommon and
occurs primarily in young children. Confirmed food allergy is a risk factor for asthma-related
mortality. Food chemicals, such as sulfites, may also trigger asthma symptoms, mainly when asthma
is poorly controlled, involving type VII hypersensitivity reactions. Moreover, there is little evidence
to support any general involvement of other dietary substances, including benzoate, tartrazine, and
monosodium glutamate, in worsening asthma [3,20].

Food allergy dependent on cofactors or augmentation factors involves associated non-IgE-
mediated mechanisms. Food- and cofactor/risk factor-induced allergic reactions represent distinctive
phenotypes of IgE-mediated food allergy, which appear to be preferentially associated with specific
allergens. Their most common and severe phenotype is food anaphylaxis dependent on
augmentation factors or food-dependent exercise-induced anaphylaxis (FDEIA). Such food allergic
reactions appear within six hours of consumption of the offending food allergen, typically within two
to four hours, in the context of a combination of food intake with cofactors, especially exercise,
acetylsalicylic acid/non-steroidal anti-inflammatory drugs (NSAIDs) and alcohol consumption.
Food-dependent exercise-induced allergic reactions (FDEIAR) produce a limited amount of specific
IgE, indicating an intermediate level between asymptomatic (tolerant) sensitized subjects and
patients with classic food allergies. Moreover, it was recently suggested that FDEIAR and classic food
allergies can coexist in sensitized patients. While FDEIAR can be associated with various foods in
different geographic regions, specific sources are more commonly implicated. Wheat is a top food
allergen, but fruits and vegetables are also commonly involved [21-24].

Cofactor-induced anaphylaxis is increasingly associated with wheat allergy and lipid transfer
protein allergy. Wheat-dependent exercise-induced anaphylaxis (WDEIA) is the best-described
phenotype of FDEIA, more accurately defined as wheat allergy dependent on augmentation factors
(WALDA). It is common among young adults and characterized by IgE sensitization to omega-5
gliadin Tri a 19 from hexaploid wheat (Triticum aestivum) as the most specific biomarker. Other wheat
allergens involved include non-specific lipid transfer protein (LTP) Tri a 14. LTPs are also significant
allergens responsible for other FDEIAR in Italy and other Mediterranean countries [23-25]. Although
raised levels of serum histamine and tryptase during FDEIA indicate IgE-dependent mast cell
degranulation, the pathophysiological mechanisms may include exercise- and NSAIDs-induced
increase in intestinal permeability and facilitation of allergen absorption into the circulation, higher
core temperature and exercise-induced blood flow redistribution with allergen transport to mast cell-
containing tissues, increases in endogenous norepinephrine levels and plasma osmolality. In WDEIA,
physical effort after eating produces IL-6 in contracting skeletal muscles, enhancing the expression of
tissue transglutaminase enzymes localized beneath the gut epithelium, resulting in food allergen
peptides aggregation and amplification of IgE cross-linking. Alcohol has been related to an increase
of histamine levels by inhibition of diamino oxidase and increasing extracellular adenosine by
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inhibition of its uptake. Many of these associated non-IgE-mediated mechanisms have limited
evidence, and further studies are needed [23,26-28].

Concerning the role of IgG-mediated food allergic reactions, in the particular LTP case,
anaphylaxis may be elicited via IgE or both IgE and IgG, with the involvement of neutrophils and not
only of mast cells and basophils, although other allergens may act likewise. LTPs are abundant
allergens in fruits, vegetables, and nuts, and about 40% of food-related anaphylaxis induced by LTPs
requires nonsteroidal anti-inflammatory drugs (NSAIDs) as a cofactor. LTP-specific IgGl and
particularly IgG3 levels are found in patients with LTP anaphylaxis, with notable increases in the
expression of markers of activation and trafficking of neutrophils and, to a much lesser degree, in
patients with LTP anaphylaxis having NSAID as cofactor. Although patients with NSAID-related
LTP-induced anaphylaxis are defined by a baseline repression of IFN-gamma-regulated genes and
IFN-gamma levels, patients with NSAID-independent LTP-induced anaphylaxis have an
inflammatory-like syndrome with apparent neutrophilic involvement and increased FcyRI
expression. Levels of LTP-specific IgG1 and IgG3, ligands for FcyRI, are also increased in patients
with NSAID-independent LTP-induced anaphylaxis, which might be considered a potential
diagnostic tool [29].

Poppy seeds used for baking and in other food products can be the cause of severe IgE-mediated
allergic reactions. However, they can also induce nonimmunological hypersensitivity, and physical
exercise may be a cofactor in such reactions. Unwashed or unprocessed poppy seeds can be
contaminated with opium alkaloids, such as morphine and codeine, from the latex of the poppy plant.
Opioid-induced degranulation of mast cells provokes the release of histamine and other preformed
mediators due to mast cell Mas-related G protein-coupled receptor X2 (MRGPRX2) activation,
representing a pharmacological-type type VII reaction [1,30-33].gamma

Cross-reactivity between aeroallergens and foods in patients with respiratory allergy may
induce class 2 IgE-mediated food allergy, with manifestations ranging from oral allergy syndrome to
severe anaphylaxis. Clinical entities due to IgE sensitization to cross-reactive aeroallergen and food
allergen components are described for many sources of plant origin (pollen-food syndromes and
associations, such as birch-apple, birch-soy, cypress-peach and celery-mugwort-spice syndromes,
and mugwort-peach, mugwort-mustard, ragweed-melon-banana associations) and of invertebrate,
mammalian or avian origin (mite-shrimp, cat-pork, and bird-egg syndromes). Clinical cases of IgE-
mediated allergic reactions to ingestion of food products containing pollen grains of cross-reactive
entomophilous plants in patients with respiratory allergy to anemophilous Asteraceae weed pollen
are also mentioned for herbal medicine products, artisanal honey and bee pollen supplements, along
with IgE-mediated allergic reactions to foods contaminated with mites or fungi in patients with
respiratory allergy to these aeroallergens. Associated non-IgE-mediated mechanisms have also been
reported in some of these IgE-mediated syndromes, such as in mite ingestion-associated exercise-
induced anaphylaxis. Patients with oral mite anaphylaxis also present an increased prevalence of
NSAID hypersensitivity. Even though no salicylates were detected in mite-contaminated wheat flour,
the opisthosomal gland secretion from pyroglyphid mites contains 2-formyl-3-hydrobenzyl formate
salicylaldehyde analogue [16,23,34-36].

Galactose a-1,3-galactose (a-Gal) syndrome is a phenotype of food allergy based on the
production of specific IgE antibodies to the a-Gal oligosaccharide. It is characterised by delayed type
I allergy to red meat manifested as late-onset anaphylaxis, urticaria or angioedema after ingestion of
pig, beef or lamb meat, and systemic allergic reactions with immediate onset at parenteral exposure
to drugs significantly containing a-Gal, such as chimeric monoclonal antibodies (e.g. cetuximab),
antivenom products, colloidal plasma volume substitutes, vaccines and other drugs containing
gelatin and/or other proteins of porcine/bovine origin. Repeated tick bites represent the primary
cause of the specific IgE responses to this epitope, the saliva of Ixodidae ticks and their
gastrointestinal tract containing the nonprimate mammalian blood group a-Gal carbohydrate. After
ingesting a-Gal-containing red meat, the type I hypersensitivity reactions have a late onset, the
oligosaccharide having a prolonged chylomicron transport from the human intestine through
mesenteric lymph nodes in circulation. Early onset of symptoms has also been reported after red meat


https://doi.org/10.20944/preprints202410.1966.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2024 d0i:10.20944/preprints202410.1966.v1

consumption with concomitant cofactors such as exercise, acetylsalicylic acid/NSAIDs and alcohol
consumption involving associated non-IgE-mediated mechanisms [37,38]. Similarly, subjects with
repeated jellyfish stings, such as surfers, are at risk for the development of food allergy to Japanese
fermented soybeans (natto). The suspected allergen is the protein poly-y-glutamic acid (PGA),
present in natto bacteria Bacillus subtilis and cnidarian nematocyte capsules. Both delayed and
immediate reactions were reported. PGA is a water-soluble, slowly biodegradable, high molecular
weight biopolymer. Moreover, the tyramine content in natto might trigger symptoms via a non-
immunologic mechanism after natto ingestion [39,40].

Occupational rhinoconjunctivitis/asthma due to inhalation exposure to aerosolized food
proteins is a class 3 IgE-mediated food allergy. High-molecular-weight agents, such as wheat flour
allergens and some low-molecular-weight agents, such as epigallocatechin gallate from green tea,
induce IgE-mediated reactions. Other low-molecular-weight agents used as antioxidants or
preservatives are involved through pharmacological-type or not well-characterized mechanisms,
such as metabisulfite. Moreover, inhaling vegetable dust from grains and seeds containing
endotoxins can induce inflammatory responses, resulting in organic dust toxic syndrome, which
commonly presents with asthma-like symptoms and should be differentiated from occupational
asthma. While the mechanism for seafood proteins is commonly IgE-mediated, digestive enzymes
such as trypsin from pilchard, salmon, and king crab may activate protease-activated receptor-2
(PAR-2) on airway epithelial cells, inducing airway inflammation via IL-8 expression [15,41-44].

Contact urticaria syndrome (CUS) encompasses several forms of immediate contact skin
reactions (ICSR) triggered by foods. It can manifest as immunologic contact urticaria (ICU) and/or
protein contact dermatitis (PCD). A wide variety of food compounds are responsible for both
occupational and non-occupational exposures. Common causes include high molecular weight food
proteins such as animal proteins from fish, shellfish, and meat products and plant-derived proteins
from fruits, vegetables, spices, and grains, such as wheat. Smaller molecular weight food processing
enzymes like a-amylase can also be implicated. Occupations involving food handling, such as food
preparation workers, cooks and chefs, bakers, butchers and meat cutters, are at a higher risk.
Lipophilic substances in certain foods can penetrate the skin, especially through the hair follicles.
Furthermore, various factors contributing to reduced stratum corneum barrier integrity facilitate the
penetration of high molecular weight proteins into the skin, including pre-existing dermatitis such
as atopic dermatitis, irritant contact dermatitis, excessive hand washing, chemical damage from
detergents, and physical damage from microtraumas, wounds, and burns. Coexisting allergic
disorders, such as allergic rhinitis and asthma or eczema, are risk factors for ICU, while atopic
dermatitis was reported in up to half of the PCD cases [45-48]. While ICU is a type I hypersensitivity
reaction that occurs in patients with IgE antibodies against specific foods, the pathogenesis of PCD
comprises a combination of type I, immediate, IgE-mediated hypersensitivity reaction, type IV,
delayed, cell-mediated hypersensitivity reaction, and/or a delayed hypersensitivity reaction due to
IgE-bearing Langerhans' cells [47-50].

2.2. Type Il Hypersensitivity Reactions via Antibody-Mediated Cytotoxicity

In these antibody-mediated reactions, antibodies (IgG or IgM) are directed against cellular
antigens, resulting in cell destruction without inflammation (e.g., autoimmune hemolytic anaemia,
immune thrombocytopenia) or antibody-mediated cellular and tissue damage with inflammation
(e.g., gluten ataxia, pemphigus vulgaris) [1,51-53].

IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome, a rare
inborn error of immunity due to loss-of-function mutations in the gene encoding the FOXP3
transcription factor with the lack of and/or impaired function of CD4+CD25+FOXP3+ regulatory T
cells (Tregs), is characterized by early-onset dermatitis with food allergies associated with multiorgan
autoimmunity. Severe food allergy as a variant of IPEX syndrome may be caused by a deletion in a
noncoding region of the FOXP3 gene. Extremely elevated IgE levels accompanied by intense
peripheral eosinophilia and evidence of overt Th2 skewing are revealed in IPEX syndrome, along
with high rates of autoantibodies typical for autoimmune enteropathy (anti-enterocyte, harmonin
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and villin autoantibodies), type 1 diabetes mellitus (antibodies against pancreatic islet cells, insulin,
or anti-glutamate decarboxylase) and thyroiditis (anti-microsome peroxidase antibodies and anti-
thyroglobulin). Many children with IPEX syndrome present food allergies and associated type II
hypersensitivity reactions characteristic of autoimmune cytopenias (anti-platelets and anti-
neutrophils antibodies, positive Coombs test) [54-58].

Interestingly, the association between celiac disease (CD) and immune thrombocytopenia (ITP)
has been reported. Screening for CD is considered in children with ITP, and some patients recovered
from ITP after starting a gluten-free diet. Moreover, adult patients with chronic ITP tend to present
more frequently CD-related autoantibodies, including anti-gliadin IgG and anti-endomysium IgG
[59-61].

Gluten ataxia is a sporadic ataxia triggered by the ingestion of gluten, with positive serum
antigliadin antibodies, with or without gluten-sensitive enteropathy, usually presenting with pure
cerebellar ataxia, responding to a strict gluten-free diet. While developing anti-tissue
transglutaminase 2 IgA (anti-TG2) antibodies is linked with the gastrointestinal disease, anti-TG6 IgG
and IgA antibodies are prevalent in gluten ataxia, independent of intestinal involvement. There is
evidence for cross-reactivity due to molecular mimicry of antigliadin antibodies with the Purkinje
cells, a unique type of neurons located in the cerebellar cortex, of cerebellar IgA deposits that
contain TG-6, and inflammation as a prominent feature in the pathogenesis of this condition [62-66].

Pemphigus is characterized by acantholysis (loss of keratinocyte to keratinocyte adhesion)
induced by the binding of circulating IgG autoantibodies to intercellular adhesion molecules. IgG
autoantibodies against desmoglein 3 are characteristic of mucosal pemphigus vulgaris; those against
desmoglein 1 are linked to pemphigus foliaceus, while those against desmoglein 1 and desmoglein 3
are linked to mucocutaneous pemphigus vulgaris. Dietary factors have been implicated as inducers
of pemphigus vulgaris and pemphigus foliaceus based on case reports. However, the current
evidence does not support a robust link between diet and pemphigus. Diet-related pemphigus linked
to thiol allyl compounds from garlic, leek and onion may be explained by antibody-mediated
immunologic acantholysis related to the inhibition of enzymes that aggregate keratinocytes and
disturbance to cell adhesion by the formation of thiol-cysteine bonds with the release of sequestered
antigens or stimulation of neoantigen formation. Both thiol allyl compounds and tannins, such as
those from red wine, tea and red chilli pepper, may be incorporated into the Malpighian epithelia,
leading to nonimmunologic biochemical acantholysis [67-71].

2.3. Type Il Hypersensitivity Reactions via Immune Complexes

Type III hypersensitivity reactions are abnormal immune responses mediated by the formation
of immune complexes acting as circulating antigen-antibody aggregates, which migrate out of
plasma. The immune complex deposition in tissues activates the classical pathway, leading to the
release of C3a and C5a, which then recruit monocytes and neutrophils, inflammatory cells that
discharge lysosomal enzymes and free radicals at the site of immune complexes, driving
inflammatory tissue damage [72].

Hypersensitivity pneumonitis (HP), also known as extrinsic allergic alveolitis, may be induced
by food-related sources of exposure, such as foodstuff and food processing. Plant or animal proteins
and especially food-associated fungi may cause occupational HP, including nut dust (tiger nut
alveolitis), fish dust (fish meal workers' lung), Penicillium glabrum (salami factory workers' lung), P.
camemberti, P. roqueforti, P. verrucosum, P. caseifulvum and Aspergillus clavatus (cheese-worker's lung,
cheese washer's lung), Botrytis cinerea (wine workers' lung), and Rhizopus/Mucor stolonifer (paprika
slicers' lung) [73-77]. HP's acute phase represents a type III allergic reaction, while its chronic phase
mainly involves a type IVa reaction. Acute HP is mediated by immune complexes, genetically
predisposed individuals exposed to an environmental culprit antigen became sensitized with
detected serum specific antibodies, usually IgG, and with subsequent exposures develop episodic
lung inflammation with immune complex formation and an influx of neutrophils. Subacute and
chronic HP result from CD4+ Thl lymphocyte-mediated delayed hypersensitivity, causing
bronchiolocentric granulomatous lymphocytic alveolitis. This requires, among others, the expression
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of Th1 cytokines, including TNF-a, IL-12, and IFN-vy, as well as a toll-like receptor TLR9-mediated
dendritic cell response, which is believed to promote Thl responses and prevent Th2 skewing during
the expansion of the adaptive immune response. Complex cell recruitment and homing processes
that involve the upregulation of multiple chemokines, such as CCL5, CCL4, CXCL9 and CXCL10,
contribute to interstitial and intra-alveolar immune cell infiltration. IFNy and TNF promote the
accumulation, activation and aggregation of macrophages, resulting in the development of
granulomatous inflammation. During chronic HP, switching from a Thl to a Th2 environment may
contribute to the profibrotic response. Furthermore, increased Th17 cells promote lung inflammation
and may contribute to progressive lung fibrosis due to HP in specific individuals [1,75,77].

In Heiner syndrome, a rare cow's milk-induced pulmonary hypersensitivity syndrome that
primarily affects infants, characterized by food-induced pulmonary hemosiderosis (hemosiderin-
laden macrophages in alveoli), digestive bleeding and poor growth, the formation of immune
complexes (type III reaction) is strongly suspected along with cell-mediated (type IV) reactions and
may contribute to the development of the disease. It was suggested that cow's milk antigens may
trigger immune complex reactions resulting in multiorgan abnormalities at pulmonary,
gastrointestinal and renal levels. Deposits of immunoglobulins, complement, fibrin and milk protein
antigens diffusely scattered in the lung tissue and granular immuno-deposits along the glomerular
basement membrane were described. Although high values of serum specific IgG against bovine milk
proteins were detected, it is not sufficiently explicable why only some children develop such
precipitating antibodies and if these precipitins play a significant causative role [78-80].

In the case of systemic contact dermatitis to foods, the hematogenous spread of the allergens is
supposed to cause cutaneous reactions through mechanisms including type IV and type IIl responses
and unspecific cytokine release. However, the evidence favouring a type-III hypersensitivity reaction
is considered insufficient [46,48,81].

2.4. Type IV Hypersensitivity Reactions via Cell-Mediated Mechanisms
2.4.1. Type IVa via T1 Immune Responses

Allergic contact dermatitis (ACD) is classically considered a type IVa delayed hypersensitivity
reaction. Although ACD to foods is considered relatively rare, a wide variety of allergenic haptens
from vegetables, fruits and many spices have been identified, such as diallyl disulfide from garlic
(Amaryllidaceae/Alliaceae family), allyl isothiocyanate from cabbage, cauliflower, broccoli, radish
(Brassicaceae/Cruciferae family), sesquiterpene lactones such as lactucin and lactucopicrin from
lettuce, endive (Asteraceae family) and costunolide from bay laurel leaf, cinnamic aldehyde
(cinnamal) from cinnamon (Lauraceae family), vanillin from vanilla (Orchidaceae family), eugenol
from cloves (Myrtaceae family), limonene, citral and geraniol from peel of orange, bergamot, lemon,
lime (Rutaceae family), linalool from coriander and falcarinol from carrot (Apiaceae/Umbelliferae
family), urushiol from mango fruit peel and cardol from cashew nut shell oil (Anacardiaceae family).
Food additives may also induce ACD, particularly antioxidants, such as sodium
metabisulfite/sulfites, butylated hydroxyanisole/hydroxytoluene, gallates, tocopherol, and
preservatives such as parabens, benzoic acid/benzoates, sorbic acid/sorbates, and emulsifier
propylene glycol. Bleaching agents such as benzoyl peroxide and persulfates are other potential
triggers but are no longer used in flour in many countries. Domestic and especially occupational
exposures with higher risks involve food handling. Because some agents used as food additives or
naturally present in spices are also possibly present in cosmetics and perfumes, other exposures are
encountered that can result in ACD [46,82-84].

Classically, type IVa hypersensitivity in ACD is considered a T1 response mediated by memory
Thl and Tcl cells. ACD is a complex immunological allergic disease that supposes two temporally
dissociated phases involving complex and interlinked innate and adaptive immune responses. The
initial sensitization phase (afferent or induction phase) includes the events from the first skin contact
with the allergenic hapten to the development of effector T cells. It lasts 10-15 days and usually has
no clinical consequences with no initial hapten-specific skin inflammation. In the advanced elicitation
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phase (effector or challenge phase), when re-exposed to the sensitizing agent, sensitised subjects
present clinical manifestations of ACD, usually within 24-72 h [85-88].

The initiating molecular event for skin sensitization is the binding of a xenobiotic hapten to a
skin protein. Low molecular weight (LMW) reactive chemicals (< 1000 Da) are too small to be
recognized by the immune system and must first react with a carrier protein. The hapten penetrates
the stratum corneum, conjugates with a self-protein or amino acids (a process called haptenization)
via covalent binding (nonmetal haptens), and forms a hapten-protein complex (haptenated protein)
to serve as an allergen that stimulates the immune system and induces sensitization. Food-related
haptens are either electrophilic (such as a-methylene-y-butyrolactones) or nonelectrophilic haptens
(thiol haptenation via disulfide formation, such as diallyl disulfide). Some other are considered
prehaptens (activated by nonenzymatic air oxidation, such as linalool and limonene) or prohaptens
(skin enzymatic activation, such as urushiol oxidized to electrophilic orthoquinone), while others are
prehaptens and prohaptens (such as geraniol) [83,89-92]. Another key event is the hapten activation
of epidermal innate immune responses by complex mechanisms involving damage-associated
molecular patterns (DAMPs), the inflammasome, and inflammatory cytokines. Keratinocyte
activation results in upregulation of inflammatory cytokines, such as IL-la, TNF-a, and IL-18
[87,93,94].

The next key step is the initiation of activation of adaptive responses with the mobilization and
contribution of skin antigen-presenting cells (APCs). LCs are critically important epidermal APC
characterized by the expression of Langerin (CD207, a C-type lectin receptor required for
hapten/antigen recognition), CDla (structurally related to MHC-I), and Birbeck granules
(internalized langerin with hapten/antigen) which reside in the supra-basal keratinocyte layer
(stratum spinosum). Other skin APCs are inflammatory dendritic epidermal cells IDECs) residing in
the basal keratinocyte layer (stratum basale) and dermal dendritic cells (dDCs). Haptens penetrating
the skin either directly activate LCs or form a hapten—carrier protein complex that is taken up by skin-
resident LCs. The hapten-loaded LCs are activated with upregulation of the surface maturation
marker CD83 and costimulatory molecule CD86 and migrate from the skin to local draining lymph
nodes (LNs). Activated LCs present upregulated CXCR4 which ligand is CXCL12 detected in
lymphatic vessels, and CCR7 which interacts with its only two ligands, CCL19 and CCL21, expressed
mainly in the high endothelial venules and lymph node parenchyma. Accordingly, lymphatic
migration is CXCR4- and CCR7-dependent [85,88,95,96].

The central event in immune sensitization is the presentation of the allergen by matured LCs to
antigen-responsive T lymphocytes in the draining LNs resulting in the formation of primed effector
and memory specific T lymphocytes. A large diversity of T cell polarization was reported, with
effector lymphocytes mainly producing typically type 1 (IFN-y and TNF-a), but also type 17 and type
22 cytokines. Therefore, although historically considered a Thl-dominated or a mixed Th1/Th2
response, ACD is increasingly recognized as involving Th17 and Th22 polarization. Moreover, certain
chemicals, such as fragrance components, demonstrated a particularly strong Th2 polarization with
some Th22 and smaller Th1/Th17 contributions [88,95,97].

The second elicitation phase in ACD is dominated by the recruitment of effector T cells toward
the site of the allergen re-exposure to the same (or cross-reactive) sensitizing agent, their activation
being followed by T cell-mediated tissuar damage with keratinocyte-directed cytotoxicity mediated
by CD8+ T-cells and inflammatory cell infiltration mainly comprising of lymphocytes and
neutrophils. T cells represent, together with the directly interacting APCs, the most important effector
cells in this phase of allergic contact dermatitis. CD8+ cytotoxic memory Tc1 cells are considered the
key hapten-specific effector T cells recruited early after exposure both in the epidermis and dermis,
and mainly resonsible for epidermal-dermal interface dermatitis with spongiosis. The skin damage
is associated with the accumulation of Tc1/Thl lymphocytes. CD4+ Thl cells, producing high
amounts of IFN-y and TNF-a, display cytotoxic activity against keratinocytes and may cooperate
with CD8+ T cells in amplifying the inflammatory response. Other cell types than Langerhans cells
also function as APCs in the elicitation phase, including keratinocytes, mast cells and infiltrating
macrophages. Mast cells also contribute to the rapid neutrophil infiltration in response to haptens by
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enhancing neutrophil extravasation from the bloodstream to the skin lesion via degranulation of
TNF-a into the blood vessels. The memory immune response in type IVa reactions is amplified by
innate immune cells ILC1 and classically-activated, Th1l skewed, M1 macrophages, among others.
Activated macrophages release various inflammatory mediators, such as ROS, proteases and pro-
inflammatory cytokines, contributing to tissue damage [1,87,98].

Photoallergic contact dermatitis (PACD) to foods is considered rare. It is a T cell-mediated
immune response similar to ACD, but the allergen is previously photoactivated by sunlight or
artificial UVA light. Several reported cases of PACD to garlic without occupational exposure have
been reported, the allergen being diallyl disulfide [46,48,99,100].

Fixed food eruption (FFE) is an uncommon condition when ingestion of food causes a skin
reaction in a particular site/sites, similar to a fixed drug eruption. The pathomechanisms may be
similar to fixed drug eruption and different from systemic contact dermatitis. It involves activating
the cutaneous immune system by ingesting the allergen and memory CD8+ T cells specific to food
that reside and persist in the skin. They are reactivated on re-exposure and mediate keratinocyte
apoptosis. Reported causes of FFE include asparagus, strawberries, kiwi fruits, cashew nuts,
almonds, hazelnuts, walnuts, pistachio nuts, peanuts, lentils, fish, molluscs and crustaceans, tonic
water (quinine) and synthetic food colouring (tartrazine) [101-105].

Celiac disease (CD) is considered a Thl disease involving mechanisms of type IVa
hypersensitivity mediated by gliadin-specific Thl cells, which induce chronic intestinal
inflammation. CD is characterized by chronic immune-mediated enteropathy triggered by ingesting
dietary gluten and related prolamines in genetically predisposed individuals (HLA-DQ2 and HLA-
DQ8 haplotypes). The 33-mer peptide, a specific fragment derived from the a-gliadin protein found
in the wheat storage protein gluten, is highly resistant to digestion, its p31-43 and p57-68 sequences
constituting significant shorter fragments. Gliadin peptides containing T-cell epitopes resist
gastrointestinal degradation and enter the lamina propria via transcytosis or paracellular routes.
They are deamidated by tissue transglutaminase (TG2/tTG) present in the gut, which is the main
autoantigen in CD. TG2 modifies glutamine to glutamic acid within gliadin, a critical step that causes
gliadin peptides to have a stronger affinity for HLA-DQ2/DQ8 molecules on antigen presenting cells.
Subsequent presentation to CD4+ T-cells results in inflammation and mucosal epithelial cell damage.
Inflammatory cytokines such as IFN-y, TNF-a, and IL-21 secreted by activated gluten-specific CD4+
T cells perpetuate the Th1 response and induce an inflammatory condition of the small intestine, with
consequential intraepithelial lymphocytosis and an alteration of the duodenal mucosa architecture
with villous atrophy and crypt hyperplasia. Furthermore, T cell-dependent B cells produce of
autoantibodies against tTG and antibodies against deamidated gliadin peptides, which brands CD as
a mixed allergic-autoimmune disease. The undigested gliadin p57-68 peptide induces an adaptive
Th1 pro-inflammatory response, while the p31-43 peptide induces a stress/innate immune response
involving increased expression of IL-15 via alterations in vesicular trafficking and CFIR (cystic
fibrosis transmembrane conductance regulator) inhibition in intestinal epithelial cells. IL-15 is a
cytokine crucial in generating epithelial damage in active CD. Moreover, IL-15 also stimulates the
generation of ILC1, NK, and memory CD8 T cells. It was revealed that it stimulates the expansion of
intestinal intraepithelial lymphocytes (IELs) with cytotoxic activity, inducing enterocyte killing and
enhancing the production of IL-21 by IELs. IEL proliferation and perforin/granzyme-dependent
cytotoxicity is further promoted by IL-21, which also amplifies the Th1l response in CD. Epithelial
damage results in the release of nuclear alarmins such as TSLP, IL-33, and HMGBL1. TSLP can increase
in the initial stages of CD and appear not to be influenced by the gluten-free diet, indicating the
persistence of an underlying inflammation more marked in patients with refractory disease. ILCls
and these alarmins are essential in generating and maintaining inflammation in CD [106-110].

The number of intraepithelial lymphocytes bearing the infrequent y-d T-cell receptor (TCRyd+)
is increased in patients with active CD. However, their pathogenetic role, compared with the lamina
propria lymphocytes, is debatable. Moreover, the relative pathogenic importance of humoral versus
the established role of cellular immunity in CD is also uncertain. Besides the lamina propria effector
CD4+ T cells, activated by the gluten-derived peptides, which represent an effector T cell subset


https://doi.org/10.20944/preprints202410.1966.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2024 d0i:10.20944/preprints202410.1966.v1

11

producing proinflammatory cytokines, additional subsets of T cells have regulatory functions (Treg).
These subsets include CD4+ type 1 regulatory T cells (Tr1) and CD4+CD25+ T cells expressing the
master transcription factor forkhead box P3 (Foxp3) also with important roles in CD pathogenesis.
The major autoantigen in CD is considered tTG-2, and autoantibodies against it are able to block
intestinal epithelial differentiation. The serological determination of CD-associated antibodies has a
crucial diagnosis role, mentioning anti-tTG IgA and IgG antibodies, anti-endomysial IgA antibodies
(targeting tTG-2), along with IgA and IgG antibodies against deamidated gliadin peptide (DGP).
Combing detection of IgA and IgG antibodies against recombinant human tTG and IgG antibodies
to deaminated gliadin-analogue fusion peptide (GAF-3X) ensures a great diagnostic performance
[111-115]. Autoantibodies targeting the TG2 epitopes are produced during gluten intake, and their
production stops on a gluten-free diet [116].

In the chronic phase of atopic dermatitis (AD), the Th1 immune responses play a pathogenesis
role. Particularly in patients with the intrinsic phenotype, where normal serum levels of IgE are
detected, Th1 responses are more robust than in patients with the extrinsic phenotype. Based on IFNG
gene expression and the release of IFN-y by lesional T cells, high and low IFNG DA endotypes
correspond to intrinsic and extrinsic AD phenotypes, respectivelly. Thl cells mainly produce IFN-y,
TNF-a, and GM-CSF, which are detected in the chronic phase of the disease. The Th1 cell infiltration
may be a compensatory reaction to attenuate excessive type 2 deviation in AD. The role of Thl
cytokines in AD skin barrier remains ambiguous, variable effects of TNF-a and IFN-y on epidermal
lipid metabolism and their levels being reported, the Th1l cytokine IFN-y instead induces apoptosis
in keratinocytes and further promotes the alteration of the stratum corneum barrier. The IFN-y
receptor protein complex is the heterodimer of two chains, IINGR1 and IFNGR2. Intracellular
signalling occurs via activating the JAK1-2/STAT1 pathway [117-121].

In patients with moderate-to-severe AD, expression of Thl-related (IFNG, 1L12/23p40, STAT1,
and CXCL9) biomarkers increase with age. The immune system responses in patients with intrinsic
AD reveal increased Thl signalling (IFN-y, CXCL9, CXCL10) and African American AD patients
exhibit a reduction in the Thl responses compared to European Americans. Another mechanism
possibly intricated in Thl and Th17/Th22 cell infiltration in chronic AD involves endothelin 1
produced by keratinocytes participating in the complex chronic immune responses in inflammatory
skin conditions. IL-25 up-regulates the production of endothelin 1, while this peptide also up-
regulates the production of IL-25 in keratinocytes [117,122-125].

In patients with delayed-type food allergy and chronic AD, Th1 cells mainly drive pathogenesis.
Moreover, activated eosinophils produce matrix metalloproteinase-9 (MMP-9), leading to the
independent release of IL-1 3 by the inflammasome/caspase-1. Eosinophils may be responsible for
switching Th2-dominated immune responses to Thl ones in chronic lesions and delayed-type food
allergy via IL-12 production. Moreover, it is presumed that conditions mediated by an independent
Th1 pathway, such as delayed-type food allergy, will reveal a lower expression of Th17- and Th2-
related cytokines. CXCL9, a chemokine related to Thl responses, is a potential AD biomarker in this
framework, and a CXCL9-high AD endotype was revealed [126-130]. Moreover, endothelin-1, a
peptide involved in dendritic cell-mediated Thl responses, related to chronicity of AD and
decreasing ocular surface mucin from conjunctival goblet cells, has been recently reported with an
endotype-phenotype association [127,130].

2.4.2. Type IVDb via T2 Immune Responses

The most characteristic expressions of type IVb hypersensitivity reactions are revealed in
eosinophilic oesophagitis (EoE), atopic dermatitis (T2 endotype), and protein-contact dermatitis.
Type IVDb reactions are mediated by Th2 cells, which get their phenotype upon exposure to IL-4,
basophils or NK-T cells. Th2 cells produce high amounts of IL-4, IL-5, IL-9, IL-13, IL-31 and eotaxins
1-3. IL-4 and IL-13 are the key cytokines of type IVb hypersensitivity and induce a class switch to IgE
in B cells. IL-13 is responsible for the tissue remodelling accompanying chronicity in type IVb
hypersensitivity, while IL-5 mediates the bone marrow expansion of eosinophils, circulating
eosinophilia and recruitment of eosinophils to the sites of inflammation and their survival in the
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tissues. Eosinophils degranulate releasing their endogenous proteases into the microenvironment
causing further tissue injury, chronic tissue damage and barrier disruption. IL-31 mainly produced
by Th2 cells causes neurogenic inflammation, and IL-9 produced by Th9 cells enhances IL-4-mediated
synthesis of IgE by B cells and is an important growth factor for mast cells. Most of the identified
pathogenic drivers of this type 2 inflammation are mainly related to these cells. Epithelial barrier
defects and dysbiotic microbiomes are also involved in chronic type 2 inflammatory conditions
[1,132].

Eosinophilic gastrointestinal diseases (EGID) are chronic, immune-mediated disorders
characterized by a pathologic increase in eosinophil-predominant inflammation in specific regions of
the gastrointestinal tract in the absence of secondary causes of eosinophilia. Besides eosinophilic
esophagitis (EoE) with esophageal involvement alone, any other location of involvement is termed
non-EoE EGID, including eosinophilic gastritis (EoG), eosinophilic enteritis (EoN), and eosinophilic
colitis (EoC). Normally, eosinophils are resident cells in the lamina propria of the gastrointestinal
tract, with their numbers increasing toward the distal segments, peaking in the cecum and appendix,
but are absent in the esophagus. Therefore, in contrast to the esophagus, establishing histologic
thresholds indicative of pathology is more challenging [133-135].

Eosinophilic esophagitis (EoE) is a chronic and progressive immune-mediated disease of the
esophagus defined clinically by symptoms of esophageal dysfunction and histologically by an
eosinophil-predominant infiltration of the esophageal squamous epithelium. It is characterized by
allergen-driven type IVb hypersensitivity responses with eosinophilic Th2-predominant
inflammation and epithelial barrier defects, along with tissue remodelling. Esophageal inflammation
in EoE involves more frequently the entire esophagus, followed by isolated distal and proximal
involvement. EoE may progress from an eosinophil-rich inflammatory stage to a fibrostenotic one,
with subepithelial collagen deposition, smooth muscle hypertrophy, and angiogenesis [136-138].

EoE may be provoked by either ingested food allergens or by local contact with aeroallergens.
The six most common foods identified to trigger EoE are milk, wheat, egg, soy, tree nuts/peanuts,
and fish/shellfish. Aeroallergens possibly incriminated are either inhaled and locally deposited or, in
some cases, swallowed (oral or sublingual immunotherapy), the interplay between respiratory and
food allergens being complex since they may also cross-react. Although EoE has a genetic
predisposition, environmental factors appear to have a more significant role. The impairment of
esophageal epithelium integrity, potentially facilitated by gastric acid exposure and/or carriage of
genetic variants altering epithelial barrier function, permits entrance of food or aeroallergens with
initiation of immune responses [139-143].

Exogenous antigens trigger the production of epithelial-derived alarmin cytokines TSLP and IL-
33, the latest via activating the intracellular allergen sensor RIPK1-caspase-8 ripoptosome. The
esophageal mucosal barrier dysfunction due to dysregulated endogenous proteases and an abnormal
epithelium allows the translocation of allergens to the dendritic cells, which process and present them
to CD4+ T cells. TSLP and IL-33 influence the dendritic cells to mature Th2-biased effector T cells and
stimulate group 2 innate lymphocytes (ILC2s). Both secrete type 2 cytokines, IL-4, IL-5, and IL-13,
which recruit and activate eosinophils, basophils and mast cells. Mast cells in the oesophagus are
resident cells, as opposed to eosinophils, mainly involved in the earliest phases of EoE pathogenesis.
TSLP is a member of the IL-2 cytokine family functioning as a regulator of the T2 response by driving
the production of IL-4, IL-5, IL-9, and IL-13, as well as by having pro-inflammatory effects. TSLP-
induced STATS5 transcription factor phosphorylation in circulating CD4+ T cells is important, the
number of circulating and esophageal CD4+ T cells responsive to TSLP being correlated with the
number of esophageal eosinophils. EoE presents increased baseline expression of markers for
eosinophilic inflammation (eosinophil cationic protein), genes associated with a mast cell signature
(carboxypeptidase CPA3) or those involved in Th2 associated allergic inflammation (IL5 and IL13)
including the hallmark EoE genes for eosinophil chemotaxis (CCL26), T cell activation (TSLP), tissue
remodeling periostin (POSTN) and barrier function desmoglein (DSG1I) [141,142,144,145].

Esophageal eosinophilia in EoE is mainly driven by STAT6-dependent local expression of CCL26
(eotaxin-3). STATS is the key transcription factor activated by IL-4 and IL-13 which has a role in the
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development of Th2 cells, promotes type 2 immune responses, and induces calpain 14 (CAPN14)
expression involved in epithelial repair. GATA-3, a master transcription factor of Type 2 immune
responses, was also found to have increased expression in EoE. IL-4 mediated induction of eotaxin-3
secretion is sensitive to Ca2+ signaling and the non-gastric P2-type H+/K+ ATPase ATP12A, expressed
in esophageal epithelium and upregulated in active EoE, may be an essential factor in this pathway.
Moreover, IL-13 stimulated secretion of eotaxin-3 by esophageal epithelial cells is dependent on the
aryl hydrocarbon receptor (AHR) functioning as an environmental sensor [138,142,144,146,147].

IL-13, produced in the esophagus by infiltrating immune cells, including Th2 cells, eosinophils
and mast cells, has a central role, its up-regulation in the esophageal tissue driving esophageal
eosinophilia, epithelial hyperplasia, and esophageal remodelling (fibrosis, angiogenesis).
Additionally, IL-13 induces the expression of CCL26, which promotes eosinophil chemotaxis and
recruitment into the tissue. Mast cells and eosinophils propagate allergic inflammation through
cytokine and inflammatory mediator production (e.g., PGD2, leukotrienes, granule enzymes), further
contributing to immune cell activation and epithelial changes impairing barrier function. Immune
activation is characterised by an increase in type 2 cells, allergic effector cells (eosinophils, mast cells,
basophils) and elevated soluble Th2 mediators (IL-13, IL-4, IL-5, CCL26). A feed-forward cycle
progresses, causing chronic inflammation that stimulates tissue remodelling/fibrosis via cytokine
TGF-B, epithelial-mesenchymal transition, and pro- and anti-fibrotic mediator modulation. Enhanced
infiltration of amphiregulin-producing Th2 cells is detected in the fibrotic areas; therefore, it is
considered that amphiregulin further contributes to esophageal fibrosis in EoE. TGF- produced by
infiltrating eosinophils and mast cells is increased in EoE esophageal tissue and promotes esophageal
remodelling by inducing fibroblast activation and secretion of extracellular matrix (ECM) proteins
(e.g., collagen, fibronectin). Moreover, the decreased expression of the membrane protein tetraspanin
12 (TSPAN12) in endothelial cells induces profibrotic mediators in fibroblast, and thrombospondin-1
(TSP-1) expression is capable of inducing fibroblast collagen I production, suggesting a profibrotic
role in EoE. Although IgE and IgG4 antibodies derived from B-cells are increased in EoE, they do not
have a prominent role in the development of EoE [138,139,142,148,149].

Despite being a phenotypic feature of EoE and contributing to its pathogenesis, eosinophils are
not the main pathophysiological driver of the disease and are secondarily attracted to the
oesophagus. Furthermore, EoE-like variants devoid of eosinophils have been recently identified,
suggesting that the spectrum of inflammatory conditions targeting the esophagus is complex. The
role of eosinophils in EoE might be less critical than type 2 inflammatory players residing in the
esophageal mucosa, such as Treg cells and mast cells [136,141,142,146].

In eosinophilic gastritis (EoG)/eosinophilic enteritis (EoN), eosinophilic infiltration of the
gastrointestinal tract is a fundamental histopathological characteristic and is driven by several Th2-
dependent cytokines and induced by ingested food allergens similar to those involved in EoE. The
Th2-mediated inflammatory cytokines IL-4, IL-5, and IL-13 play essential roles in eosinophilic release,
migration, and degranulation. In the bone marrow compartment, IL-3, IL-5, and GM-CSF stimulate
the maturation of eosinophils. Further, IL-5 regulates the release of eosinophils from the bone
marrow, while eotaxin-1 promotes chemotaxis and migration toward tissue. IL-5 and GM-CSF
additionally regulate eosinophil activation and survival. It was suggested that eosinophils
accumulate in tissues when eotaxin-1 levels surpass IL-5 levels, whereas higher IL-5 levels promote
their presence in peripheral blood. Eotaxin-1 and a4{37 integrin regulate eosinophilic migrating into
the gastrointestinal mucosa. Enhanced IL-4, IL-5, and IFN-y expression in peripheral T cells is
revealed in patients with EoG/EoN. The Th2 cytokines IL-4, IL-5, IL-13 and the eosinophil-related
chemokine eotaxin-3 CCL26 are upregulated in gastric biopsy specimens, while IL-3, IL-5, and GM-
CSF are detected in duodenal and colonic tissue in the vast majority of patients with EoG/EoN. Upon
reaching the target tissue, eosinophils are activated and degranulate, releasing toxic proteins like
major basic protein (MBP), eosinophil peroxidase (EPO), eosinophil-derived neurotoxin (EDN), and
eosinophil cationic protein (ECP), which are cytotoxic to the gastrointestinal epithelium and secrete
cytokines that enhance the inflammatory responses. Epithelial cells secrete the long isoform of TSLP
with pro-inflammatory actions. Activated B cells produce IgE, which binds to the FceRI receptor on
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mast cells, inducing mast cell degranulation. The chemoattractant receptor CRTH2 is located on the
surface of eosinophils, mast cells, and basophils and mediates chemotaxis. Sialic acid-binding
immunoglobulin-like lectin Siglec-8, highly specific for eosinophils and mast cells, is involved in
eosinophil apoptosis [134,150-153].

The eosinophilic colitis (EoC) pathophysiology is multifactorial and involves Th2 reactions. In
addition to eosinophil-predominant inflammation, the accumulation of mast cells in the interstitium
of the colon wall suggests their pathogenic role. In adults, the pathogenesis is believed to be mainly
CD4+ mediated, while in children, it is more linked to food allergies, such as cow’s milk allergy. It's
important to note that the most common manifestation of EoC is food protein-induced allergic
proctocolitis, primarly involving important type V reaction [152,154].

Protein contact dermatitis (PCD) may also reveal characteristics of a type IVb hypersensitivity
reaction. Th2 cells are the leading players in this T2 immune response. Repeated epicutaneous
exposure to papain, but not bovine serum albumin, induces serum allergen-specific antibody
production and Th2 differentiation in skin-draining lymph nodes. Papain is used in meat tenderizer
powders, marinades and spice mixes. Such an allergenic protein with protease activity may
differentiate Th17 and induce Th2 and Th17/Th22 recall responses at epicutaneous challenge sites.
Moreover, in the case of occupational repeated epicutaneous exposure to fish parasite Anisakis
proteins, IL-4 drives systemic sensitization, while IL-13 plays a central role in the case of PCD. Protein
contact dermatitis (PCD) may also reveal characteristics of a type IVb hypersensitivity reaction. Th2
cells are the leading players in this T2 immune response. Repeated epicutaneous exposure to papain,
but not bovine serum albumin, induces serum allergen-specific antibody production and Th2
differentiation in skin-draining lymph nodes. Papain is used in meat tenderizer powders, marinades
and spice mixes. Such an allergenic protein with protease activity may differentiate Th17 and induce
Th2 and Th17/Th22 recall responses at epicutaneous challenge sites. Moreover, in repeated
occupational epicutaneous exposure to fish parasite Anisakis proteins, IL-4 drives systemic
sensitization, while IL-13 plays a central role in the case of PCD [1,155-157].

Systemic contact dermatitis (SCD) or systemically reactivated allergic contact dermatitis
represents a type of hypersensitivity reaction caused by systemic exposure to a specific or chemically
related hapten in a patient with previous T cell-mediated contact sensitization by cutaneous route.
SCD induced by ingested food is uncommon, and its pathogenesis involves mainly specific type IV
T cell responses. Thl and Th2 cells, cytotoxic T lymphocytes, and NK cells play a crucial role by
secreting many proinflammatory cytokines. Immediate type I reactions and components of the
complement system are also suspected to be involved [48,158,159]. Some foods, spices and drinks
containing hapten ingredients to which subjects become sensitized topically and have the potential
to cause SCD. Allergenic triggers present in unheated garlic (diallyl disulfide), lettuce (lactucin and
lactucopicrin), bay laurel leaf (costunolide), raw cashew nuts contaminated with cashew nut shell oil
(cardol, anacardic acid), tonic water (quinine), and food additives (emulsifier propylene glycol,
sweetener aspartame) are also known to cause food-related SCD [81,160-163].

Diverse naturally occurring food fragrances/flavourings acting as allergenic triggers in SCD are
commonly found in spices such as cinnamon (eugenol, cinnamates, benzoates), cloves (eugenol,
vanillin), nutmeg (isoeugenol), vanilla (vanillin, benzoic acid), curry (eugenol, cinnamates, vanillin,
ferulic acid), but also in citrus peels (cinnamates and ferulic acid), tomatoes (eugenol, cinnamates,
ferulic acid, coniferyl alcohol). Other similar compounds are found in flavoured confections with
artificial vanilla (vanillin, added eugenol), chocolate (eugenol, cinnamates, vanillin), cola drinks
(eugenol, cinnamates, vanillin, ferulic acid) and flavoured alcoholic beverages, such as vermouth and
liqueurs. All these favouring haptens are Balsam of Peru/Myroxylon pereirae resin ingredients and
fragrances, usually representing the contact sensitizers in patients with SCD to the mentioned foods.
They may be classified as cinnamate (cinnamal/cinnamic aldehyde, cinnamyl alcohol, benzyl
cinnamate), eugenol, vanillin, benzoate, ferulic acid or coniferin groups. Patients with contact
dermatitis and sensitization to Myroxylon pereirae resin and/or fragrances may develop SCD from the
above mentioned spices, flavourings, and foods. Possible explanations are cross-reactivity
(structurally related fragrances), metabolization or oxidation of one fragrance molecule into another,
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such as cinnamyl alcohol into cinnamal, concomitant sensitizations from coupled exposures or
independent sensitizations over time [46,48,164-166]. Myroxylon pereirae resin ingredients may
provoke a Th2 response in certain individuals. The role of Th2 pathways is also supported by studies
demonstrating the beneficial effects of disrupting the Th2 pathway for the treatment of SCD.
Moreover, SCD also requires antigen-specific cutaneous leukocyte antigen CLA-positive T
lymphocytes and skin-resident memory lymphocytes [167-169].

SCD may be caused by metals such as nickel, cobalt, chromium in sensitized patients following
oral ingestion. Oral exposure to nickel is not known to sensitise, but high nickel content in the diet of
some nickel-sensitive subjects can provoke/aggravate eczematous lesions, condition known as
haematogenous contact eczema or SCD, and various cutaneous and extra-cutaneous manifestations
defined as systemic nickel allergy syndrome (SNAS). The peripheral CLA+CD45+RO+CD8+ cells are
reduced after oral challenge with nickel, these being presumably skin homing effector cells in SCD.
In SNAS, a nickel-related mucosa pro-inflammatory process alters the intestinal barrier functions
[170-172]. Foods associated with a high nickel intake include cocoa, chocolate, coffee, crustaceans
and molluscs, and seeds of leguminous plants. In addition, canned meat and acidic foods cooked
using stainless steel cookware and utensils are important sources of nickel and chromium. Chromium
may also be present as picolinate, polynicotinate, or chloride in food supplements [81,173-176].

Inborn errors of immunity with atopic phenotypes are suspected when red flags represented by
high levels of Th2 biomarkers, such as increased total serum IgE and eosinophilia, are detected.
Among hyper-IgE syndromes (HIES), the prototypic one caused by mutations in the transcription
factor STAT3 gene and identified as autosomal dominant HIES (AD-HIES or STAT3-HIES), formerly
known as Job syndrome, tends to present with lower lifetime frequency and severity of food allergy
than atopic dermatitis patients, despite extremely high total serum IgE levels, this being at least
partially explained by the essential role of STAT3 signalling in mast cell degranulation. Instead, the
dominant-negative loss-of-function pathogenic variants of the caspase activation and recruitment
domain CARDI11 gene, encoding a scaffold protein required for lymphocyte antigen receptor
signalling, result in a distinctive HIES known as CARDI11-associated atopy with dominant
interference of NF-xB signalling (CADINS) disease. Patients with CADINS present Th2 skewed
immune response with increased IgE level and eosinophilia, severe atopic dermatitis with food
allergy, chronic urticaria, recurrent infections and autoimmunity [177-179].

A combined immunodeficiency generally less profound than severe combined immune
deficiency (SCID), known as autosomal recessive DOCKS deficiency, due to a genetic defect in the
dedicator of cytokinesis DOCKS8 gene, impairing T-cell receptor signalling and cytoskeletal
remodelling, is characterized by severe dermatitis with food allergies, elevated serum IgE levels and
eosinophilia, associated with recurrent and severe infections with human papilloma virus, herpes
viruses, molluscum contagiosum and other bacterial and fungal infections, risk of malignancies and
autoimmunity. The mechanisms involved in the increased prevalence and severity of food allergy in
DOCKS deficiency include inadequate ability to activate STAT3 during TLR9 stimulation for
inhibition of IgE isotype switching, defective immune synapse formation diminishing TCR signal
strength, thereby favouring Th2 polarization, augmented TFh13 cells promoting high-affinity
allergen-specific IgE for mast cell degranulation and anaphylaxis, cytothripsis of migrating
mononuclear phagocytes with IL-1f3 secretion inducing GM-CSF production by T cells, which in turn
boosts overall T cell production of IL-4, IL-5, and IL-13, and increased ILC2 cells in the gastrointestinal
tract via the DOCKS's ability to promote Cdc42 activity [177,179,180].

Wiskott—Aldrich syndrome (WAS) is an X-linked recessive disease due to mutations in the WAS
protein (WASp), which plays a critical role along with DOCKS in the initiation of TCR-driven actin
polymerization. WAS is characterized by atopic dermatitis with an increased prevalence of food
allergy, thrombocytopenia with small platelets, and combined immune deficiency with recurrent
bacterial/viral infections. A combined immunodeficiency associated with susceptibility to EBV
lymphoproliferative conditions named RLTPR (RGD, leucine-rich repeat, tropomodulin and proline-
rich-containing protein) deficiency due to mutations in capping protein regulator and myosin linker
CARMIL? affecting the CD28-responsive pathway in T cells and the BCR-responsive pathway in B
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cells, presents high IgE levels, severe atopic dermatitis with food allergies, allergic asthma and cold
urticaria, as well as a predisposition to a variety of other severe infectious diseases. Among SCID,
atopic dermatitis with food allergy and eosinophilia are frequently reported in Adenosine deaminase
(ADA)-SCID. Other severe primary immune deficiencies with elevated IgE and increased Th2
cytokine production include IPEX and Omenn syndromes [177,179].

Comel-Netherton syndrome (CNS) is rare autosomal recessive HIES characterized by the
diagnostic triad of chronic inflammatory skin lesions (congenital ichthyosiform erythroderma and
ichthyosis linearis circumflexa), specific bamboo-like hair-shaft defect (trichorrhexis invaginata), and
high serum IgE levels and a high prevalence of allergic rhinitis, asthma and food allergies. CNS is
caused by loss-of-function mutations in the SPINK5 gene encoding LEKTI, which is expressed in the
stratified epithelium of the skin and sinonasal mucosa. The consequence of LEKTI deficiency is a loss
of inhibition of serine proteinases, leading to unopposed activity of kallikrein-related peptidase 5
(KLK5), which activates KLK7, KLK14, and elastase 2 (ELA2), leading to a profound skin barrier
defect with an early and accelerated percutaneous allergen sensitization. KLK5 also activates
protease-activated receptor PAR-2 expressed on the surface of keratinocytes with increased
production of thymic stromal lymphopoietin (TSLP), enhancing the allergic predisposition.
Moreover, PAR-2 leads to increased expression of TNF-a, IL-8, and ICAM-1, thus augmenting the
inflammatory process. IL-4 and IL-13 are key cytokines of the Th2 inflammation present in CNS.
Allergic reactions are predominantly associated with such Th2 responses in patients with ichthyosis
linearis circumflexa CNS phenotype, while Th9 responses are prominent in those with the scaly
erythroderma CNS phenotype. Notably, the IL-17/IL-36 pathways predominate in both clinical
subtypes. IgE-mediated food allergies in CNS are common, often multiple and with a high risk of
anaphylaxis. Specific IgE antibodies to allergens triggering clinical symptoms are against common
food allergens, such as cow’s milk, egg, wheat, and nuts. Limited data revealed that all patients with
CNS have serum IgE antibodies against multiple potentially anaphylactic stable allergens, such as
LTPs, storage proteins and tropomyosins, and against at least one cross-reactive allergen such as PR-
10 protein or profilin panallergens. The severe skin barrier defect in CNS with increased allergen
penetration contributes to rapid and vast allergic IgE sensitization. Because LEKTI is not expressed
in the gut epithelium, further studies are needed to elucidate whether the early and broad
sensitization to LTP allergens, which are more ingestion than inhalation-induced, could be explained
in CNS by a functional barrier defect of the intestinal mucosa and whether the intestinal microbiome
may contribute to this effect. Moreover, EoE was reported in Netherton syndrome and both LEKTI
deficiency in the esophagus and high level of IgE-mediated food reactivity were suspected to be
involved [181-185].

Genetic connective tissue disorders with hypermobility syndromes, such as Loeys-Dietz
syndrome (an autosomal dominant HIES due to mutations in TGF-f receptors 1 and 2, with enhanced
TGEF-f signalling), ERBIN deficiency (an autosomal dominant HIES due to ERBB2-interacting protein
deficiency with increased TGF- pathway activation via STAT-3), and hypermobile Ehlers-Danlos
syndrome (with increased activity of TGF-f due to altered binding by extracellular matrix), are
associated with Th2 responses and high prevalence of EoE. These inherited diseases link the TGF-f3
pathway defects with Th2 responses in humans [186-188].

Atopic dermatitis (AD), a common chronic systemic inflammatory disease with skin
manifestations affecting children and adults, has a complex pathophysiology involving dysregulated
T cell-mediated immune response mainly involving type 2 cytokines (IL-4, IL-13, IL-31) and
JAK/STAT signalling pathways, but also other T cell responses, neuroinflammation mediators and
epidermal barrier dysfunction. The dysregulated activity of specific types of immune cells as the
driving force involved in non-IgE-associated intrinsic AD phenotype (the “inside-out hypothesis”),
while the epithelial barrier dysfunction is critical in the IgE-associated extrinsic AD phenotype (the
“outside-in hypothesis”) [7,189-191]. According to the dual allergen exposure hypothesis,
sensitization to food allergens may occur in genetically susceptible individuals with inflamed
eczematous skin and impaired skin barrier enableling enhanced penetration of food antigens, when
they are cutaneously exposed to low-dose of such allergens in early life, prior to obtaining tolerance
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by oral exposure, causing T cell deviation towards a Th2 allergenic type and subsequent food allergy;
whereas oral tolerance to food antigens is generally promoted through early higher dose oral
exposure causing T cell deviation towards tolerogenic Th1 and Treg subtypes [192-195].

The hallmark T2 cytokines, IL-4, IL-13, and IL-31, and their inflammatory pathways
synergistically contribute to AD's pathogenesis regarding immune and barrier abnormalities and
critical symptoms, such as pruritus [196]. Acute lesions in AD are primarily triggered through IL-22,
with lesser contributions from IL-17 and IFN-y, significantly accompanied by Th2 cytokines
including IL-4/IL-13 and IL-31, while the expression of Th2 and Th22 cytokines is further increased
in chronic lesions, with a higher activation of Th1 and Th17 responses [122.197].

IL-4 and IL-13 are the critical cytokines driving the initiation and chronicity of type 2 (12)
inflammation, a dominant inflammatory pathway in AD. The most common endotypes for AD are
type-2 (T2) and non-T2. Other recently distinguished are type-17 and type-22 subtypes and mixed
types such as T2/type 1 and T2/type 17, revealing the significant involvement of effector Th2, Th22,
Th1, and Th17 cells and associated pro-inflammatory cytokine expression [198-200].

The alarmins TSLP, IL-25, and IL-33 released from keratinocytes stimulate a type 2 response
through ILC2, Th2 cells, and Tfh2 cells, generated after activation of Langerhans cells and
inflammatory dendritic epidermal cells. IL-4, IL-13, and IL-5 are released from such lymphocytes. IL-
4 and IL-13 activate type I (IL-4Ra/CD132) and type II (IL-4Ra/IL-13Ral) receptors on B cells,
keratinocytes, and sensory neurons, activating JAK-STAT pathways. They are critical drivers of T2
inflammation in AD, aggravating the genetically inherited skin barrier dysfunction, inducing itch and
contributing to microbiome dysbiosis. Neuronal itch is induced by type 2 cytokines IL-4, IL-13, IL-31,
and alarmins IL-33 and TSLP, involved in the itch-scratch cycle. Furthermore, IL-4 and IL-13
upregulate the production of TSLP, IL-25, and IL-33 in keratinocytes. Antimicrobial peptides, such as
human (3-defensin 3, are decreased in keratinocytes in response to IL-4 and IL-13. T2 cytokines also
exacerbate the imbalance of skin microbiota, while IL-5 is recruiting eosinophils, thus perpetuating a
vicious circle. IL-13 upregulates dipeptidyl peptidase-4 (DPP-4) and periostin expression, which are
indicators of IL-13 activity. Recently, IL-13-high AD, DPP-4-high AD, periostin-high AD and
eosinophil-high AD endotype-phenotype associations were revealed [117,128,201,202]. Malassezia
cells and their allergens, recognized by TLR2 on keratinocytes and dendritic cells, cause the release
of pro-inflammatory cytokines, elicit the production of fungal specific IgE antibodies through
dendritic cells and T cell-mediated activation of B cells, and via autoreactive T cells which can
crossreact between fungal and human manganese-dependent superoxide dismutase play a role in the
pathogenesis of AD and associated head and neck dermatitis as another endotype-phenotype
association [203,204].

When dealing with food allergies in patients with AD, it's crucial to differentiate between
children and adults, immediate and delayed reactions, and IgE- and non-IgE-mediated reactions.
Additionally, both genetic and dietary factors play a role in the ethnic variations in food allergies
related to AD [205,206].

AD and food allergy represent a unique phenotype distinguishable from AD without food
allergy. A complex combination of epidermal structural genetic mutations and cytokine activation
causes alterations in nonlesional skin surface with reduced content of the structural protein filaggrin,
its breakdown products, urocanic acid and pyroglutamic acid, functioning as natural moisturizing
factor ingredients, and ultralong-chain lipids, such as omega-esterified fatty acid sphingosine
ceramide, which control skin water retention and prevent allergen penetration. Children with AD
and food allergy also exhibit a high dendritic cell and immune activation (including type 2) signature
in their nonlesional skin, comparable to lesional skin, involving type 2 cytokines, such as IL-4/IL-13,
IL-31, TSLP, and IL-33 or inflammatory cytokines such as TNF-a which can cause a substantial
reduction in filaggrin expression. Moreover, increased expression of cytokeratins such as KRT16, a
marker of keratinocyte proliferation, may be considered an indicator of enhanced type 2 responses
in the nonlesional, clinically normal-appearing skin of patients with AD and food allergy, which can
also explain the association of pruritus and food allergy [207]. Children with AD and multiple
allergen sensitization to foods may undergo the so-called atopic march, which is currently considered
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a not-so-frequent evolution trajectory due to the persistence of fetal T2 signalling. IL-33 and IL-9,
often associated with early sensitization, are upregulated in AD infants [208].

The skin-gut mechanisms by which inflamed skin communicates to the intestine to modulate
the intestinal epithelial and immune environment, to promote pathologic type 2-skewed immune
responses and the development of food allergy, involve the systemic circulation of inflammatory
mediators and cells. Elevated circulating IgE may help to shape the intestinal immune environment
by promoting mast cell maturation and survival through the engagement of FceRI. IL-33, an alarmin
released from damaged keratinocytes elevated in lesional skin and in the serum of patients with AD,
is thought to act on intestinal ILC2s to promote production of IL-13. The IL-4/IL-13 signalling is also
involved in the enrolment of intestinal mast cells related to food allergy. The influence of IL-31 in the
intestine is not well understood but may also contribute to a pro-inflammatory state and promote
Th2 cytokine responses [209,210].

Patterns of clinical reactivity to foods in children with AD include, besides IgE-mediated
immediate-type noneczematous reactions, non-IgE-mediated AD delayed exacerbation reactions,
and IgE- and non-IgE-mediated mixed noneczematous and eczematous reactions. The pattern of
delayed exacerbation of AD is not clearly defined in adult-onset AD [211-215]. More than 50% of
children with AD that can be exacerbated with foods will react with a worsening of skin eczema alone
or in addition to immediate symptoms. The most common foods in children are cow’s milk, hen’s
egg or peanuts, and soy, wheat, rye, oat, or corn. Older patients with AD also react to foods, although
reactions to food allergens such as hen’s eggs or cow’s milk are not as common as in children.
Subgroups of both age groups with AD can also react to pollen-associated foods. Excess feeding with
foods containing nickel, such as chocolate, possibly exacerbates skin lesions in some patients with
non-IgE-associated AD. IgE-associated and IgE-independent T-cell-mediated responses appear
relevant in clinical eczematous mixed reactions. Ingestion of food allergens triggering dermatitis in
sensitized patients requires a Th2-skewed immune response with CLA+T cells homing to sites where
resident memory T lymphocytes reside. Food-triggered AD can, to some extent, be regarded as a
form of systemic contact dermatitis [101,215-218].

Late eczematous reactions to foods in AD are typically non-IgE-mediated and associated with
antigen-specific T cells. IL-22 is considered a critical cytokine for the pathogenicity of skin-activated
allergen-specific T cells that can migrate and induce such reactions [217,219,220]. In addition, late-
onset reactions to oral food challenges may be linked to low serum IL-10 concentrations, while IL-17-
and IL-32-producing regulatory B cells, which are CD5+CD19low cells producing IL-10 and TGF-3
and expressing the Foxp3 transcription factor, are related to tolerance to food allergens in terms of
late eczematous reactions in AD [221-223]. Skin-homing CLA+ T cells migrate into the skin via
molecular interactions of CLA, LFA-1, and VLA-4 expressed on T cells, with E-selectin, ICAM-1 and
VCAM-1 present on cutaneous endothelial cells. Supplementary interactions between CCR4 and
CCR10 expressed on CLA+ T cells, and their ligands CCL17 and CCL27 produced by keratinocytes,
are needed during this process. Local activation of CLA+ T cells is involved in cutaneous immune
responses. The migration of activated T cells to other target organs of inflammation has been
demonstrated in food allergen-specific and skin-homing T cells sensitized in the gut and can migrate
into the skin, causing AD lesions [224,225]. Most skin-infiltrating lymphocytes in AD patients express
CCR10, indicating that CCL27/CTACK-CCR10 interactions are critical in T cell-mediated skin
inflammation. Besides this cutaneous T cell-attracting chemokine expressed by keratinocytes, which
mediates the migration of lymphocytes into the skin, additional emerging potential AD biomarkers
include other Th2-related chemokines, such as CCL18/pulmonary and activation-regulated
chemokine, CCL17/thymus and activation-regulated chemokine CCL22/macrophage-derived
chemokine and CCL26/eotaxin-3 [128,129,226,227]. CCL17/TARC, CCL18/PARC, and CCL22/MDC,
all associated with Th2 pathogenesis, are upregulated in AD with food allergen sensitization profiles.
Although blood biomarkers can correlate with AD disease activity, their interpretation may be
limited by the potential contribution within the circulation from other allergic comorbidities such as
asthma and allergic rhinitis [207,228]. CLA+ T cells are memory cells that recognize epitopes in food
allergens such as milk and peanuts. T-cell activation in AD also suggests that ongoing skin
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inflammation is driven by cutaneous T-cell reservoirs and lymph node-homing populations,
explaining disease exacerbations across different skin regions. Moreover, IL-13, together with IL-4
and Th2-related chemokines CCL17 and CCL22, are preferentially produced by circulating memory
CLA+T cells upon activation [194,229-232]. When comparing T cells from AD and psoriasis patients,
differential expression of the CCL22 gene in CD8+ T cells was detected, and increased expression of
IL-19 and IL-24 has been linked with severe AD [233].

2.4.3. Type IVc via T3 Immune Responses

In type IVc hypersensitivity, Th17 cells play a crucial role by producing IL-17 family cytokines
that recruit and activate neutrophils and enhance Th2 cytokine production, leading to inflammation.
This mechanism is particularly relevant to conditions like atopic dermatitis with normal serum IgE
levels and greater susceptibility to irritant contact dermatitis. IL-17 is a pleiotropic cytokine belonging
to the IL-17 family, including IL-17A (commonly known as IL-17), IL-17E (also known as IL-25), and
IL-17F. IL-17A and IL-17F are the closest members, with 50% homology [1,234].

In food allergy, inflammatory responses involving IL-17 may be involved. Few studies found
increased serum IL-17 levels in adults and children with food IgE-mediated hypersensitivity. In adult
patients with an elevated concentration of allergen-specific IgE, serum IL-17A concentrations are
higher than in healthy subjects. Furthermore, increased food allergen-specific IgE levels are positively
correlated to IL-17E serum concentrations in children [235-237].

Food protein-induced enterocolitis syndrome (FPIES) is a non-IgE-mediated food allergy in
which the mechanisms responsible for immune recognition of food antigens are unclear. An increase
in circulating neutrophils post-challenge is part of the criteria for defining positive FPIES oral food
challenges, and acute FPIES reactions are associated with significant IL-17 inflammatory signatures.
It was recently revealed that pediatric FPIES reactions are associated with a significant Th17 cytokine
response with systemic release of IL-17A, IL-17C, and IL-22 during challenges. Such reactions are
associated with activating CD3+CD4-CD8- CD161+ and ee+T lymphocytes; however, the potential
sources of IL-17 include Th17 cells. Similarly, in adult FPIES patients an elevation in serum IL-17
following a positive oral food challenge has been reported [238-240].

Celiac disease (CD) is classically considered a Th1 disease, but Th17, IL-17A, and IL-21 also have
complex roles in its pathogenesis. Both Th1 and Th17 cells are present in duodenal biopsies from CD
patients. The mucosal Th17 cells participate in the onset and development of CD. Th17 cells from CD
patients but not from control subjects proliferate in response to the gliadin challenge. Gluten
peptides, as well as CD-associated bacteria, induce IL-17A responses. In active CD, IL-17A is
produced by both duodenal gliadin-reactive Th17 and Tc17. Levels of IL-17A are significantly higher
in biopsies from patients with active CD compared to controls. The IL-17A-producing cells from CD
patients also express two cytokines with dual, opposite effects, IL-22 and TGFf, both having anti-
inflammatory and pro-inflammatory actions. It is essential to mention that there is an overproduction
of IL-21 in the intestinal mucosa of active CD, and the blockade of IL-21 activity reduces Thl-
associated transcription factor T-bet and IFNYy secretion of Thl cells infiltrating the upper bowel
mucosa in CD [108,241-244]. An increased mucosal IL-17A response has been suggested to correlate
with villous atrophy. Mucosal upregulation of Th17 immunity occurs at the late stage of disease and
is downregulated with gluten-free diet [245-247].

Dermatitis herpetiformis (DH) is a gluten-induced skin disorder characterized by subepidermal
granular IgA deposits and a variable degree of enteropathy identical to CD. The increase in small
bowel mucosal intraepithelial TCRyd lymphocytes, an almost pathognomonic finding in CD, is
present in nearly 95% of DH patients with villous atrophy and about 70% of those with non-atrophic
damage. However, many patients have no gastrointestinal symptoms. The epidermal
transglutaminase (TG3/eTG) found in the skin is the main autoantigen in DH, as opposed to TG2 in
CD. DH starts as a TG2 immune response in the gut, which evolves into a TG3 response in the
papillary dermis. By epitope spreading, circulating IgA class autoantibodies also form against TG3.
Both patients with CD and DH produce anti-TG3 antibodies. Still, in DH, these have high affinity and
thus form immune complexes with TG3 produced by keratinocytes and deposit within dermal
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papillae, triggering a local inflammatory response that is predominantly neutrophilic. The
histopathological hallmarks of DH are neutrophilic microabscesses in the dermal papillae. The serum
levels of cytokine IL-17A, anti-tTG and anti-DGP are significantly higher in patients with DH than in
healthy controls. DH patients reveal an increased frequency of skin-derived T cells producing TNE-
a compared to those with CD. Moreover, a cross-reactive T-cell response toward the two
transglutaminases isoforms, TG2 and TGS3, is detected. Serum anti-TG2 IgA is a specific marker for
gluten-induced enteropathy in both CD and DH, but most DH patients also have circulating anti-
TG3 IgA even if anti-TG2 ones are absent [248-252].

In several atopic dermatitis (AD) phenotypes, including pediatric AD, AD in patients of Asian
ancestry, and non-IgE-associated AD, the role of Th17 pathway has been documented, therefore it is
considered that the Th17 pathway plays a role in chronic AD, with differences depending on ethnicity
and age [122,253-255]. It was revealed that peripheral blood IL-17+ CD4+ T-cells are increased in
number in AD patients and correlated with the disease severity. IL-17 produced by Th17 lymphocytes
is thought to coordinate local tissue inflammation by increasing the synthesis of proinflammatory
and neutrophil chemotactic cytokines, such as IL-6, GM-CSF, TNF-a or IL-13 [255-258]. In patients
with moderate-to-severe AD, expression of Th17-related (IL17A and IL20) biomarkers increase with
age. Moreover, a high activation of Th17 responses is observed in chronic AD lesions [122,125,259].
The immune system responses in patients with intrinsic AD reveal increased Th17/Th22 activation
(IL-17A, CCL20, Elafin, and IL-22). This even suggests some immunological overlap with psoriasis.
The Asian AD phenotype is characterized by greater expression of Th17-related markers (IL-17A, IL-
19, CCL20) along with upregulation of IL-22 and the IL-17/IL-22-induced S100A12 in comparison to
European-American patients with AD, but not tothe levels found in psoriasis. Additionally, African
American AD patients exhibit a reduction in the Th17 compared to European Americans [122—
124,129]. During the chronic phase of AD, Th17 and Th22 cytokines cooperatively modulate local
inflammation by upregulating proinflammatory cytokines that stimulate epidermal hyperplasia. IL-
17A is produced mainly by Thl7 cells, while the key source for IL-17C is epithelial cells. IL-17C
appears to trigger a stimulation autocrine loop in keratinocytes. In these cells, IL-17A has two
receptor complexes, IL-17RA/IL-17RC and IL-17RA/IL-17RD. Intracellular signalling of both
receptors occurs via downstream adaptor protein ACT1, engaging TNF receptor-associated factor
TRAF6, thus activating the p38 MAPK and NF-kB pathways. Thus, IL-17A promotes keratinocyte
proliferation directly, but it also indirectly stimulates it by inducing the production of IL-19 from
them. IL-17A is unlikely to trigger JAK-STAT pathways directly but may activate STAT3 via IL-19
signalling. IL-17A can enhance the expression of involucrin and filaggrin-2, and may not directly
induce skin barrier dysfunction. Moreover, IL-17-associated AD epidermal lesions and skin lipid
abnormalities attributed to IL-17 direct effect or via activation of Th2 responses are not clearly
identified [117,120,261]. A potential AD biomarker in this context is CXCL2, a chemokine associated
with Th17 responses. Moreover, IL-17 and IL-32-producing Foxp3-expressing regulatory B cells are
related to tolerance to food allergens regarding late eczematous reactions in AD [126,221,222].

A category of type IV reactions in AD involves Th22 cells, playing a tissue-protective role in the
early stages and involved in tissue remodelling in the chronic phase. The activation of Th22 cells
predominates mainly in the acute phase of AD, accompanied by a shift in balance towards Th2
responses. These cells appeared to downregulate genes involved in terminal differentiation of
epidermal keratinocytes and tight junction products such as claudins, contributing to skin barrier
impairment. Nevertheless, in the chronic phase of AD, Th2 and Th22 responses are also enhanced
despite predominant Thl responses. Patients with Asian ancestry have higher Th22 activation than
Europeans, while African Americans have this activation reduced [1,257]. Th22 is an important source
of IL-22, documented as one of the pathogenic cytokines in AD. Th17 cells also produce IL-22, along
with IL-26, which may play a significant role in combining Th17 and Th2 responses, leading to the
development of AD. IL-22, mainly produced by these cells, is a crucial mediator of epidermal
hyperplasia. It binds IL-22R1/IL-10R2 complex, activates the JAK1/TYK2-STAT3 pathway and inhibits
the expression of filaggrin, loricrin, and involucrin. IL-22 induces keratinocyte proliferation and
epidermal thickening in AD. At the same time, it inhibits differentiation and maturation and
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downregulates the expression of barrier function-related factors, contributing to lichenification
[118,119,256-258]. In addition, IL-22 is a critical cytokine for the pathogenicity of skin-activated
allergen-specific T cells able to migrate and induce late eczematous reactions to food allergens in AD.
Recently, IL-22-high AD and CXCL2-high AD endotypes were revealed [128,219].

Comel-Netherton syndrome (CNS), an inherited HIES due to biallelic mutations in the serine
protease inhibitor Kazal-type 5 (SPINK5) gene and characterised by a high prevalence of food
allergies, also displays a prevailing Th17 immune response. The role of Thl7 responses in its
pathogenesis has recently been demonstrated for inflammatory skin lesions [181,263-265].

2.5. Type V Tissue-Driven Hypersensitivity Reactions via Epithelial Barrier Impairment

Food allergies particularly linked to epithelial barrier dysfunction include food anaphylaxis
dependent on augmentation factors increasing intestinal permeability, food protein-induced
enterocolitis syndrome, food protein-induced enteropathy, food protein-induced allergic
proctocolitis, eosinophilic esophagitis and celiac disease. Although FPIAP manifestations are isolated
to the gastrointestinal tract, the other disorders have symptoms and signs beyond the gastrointestinal
tract [79].

Regarding food anaphylaxis dependent on cofactors/augmentation factors increasing intestinal
permeability, extensive research has explored the role of exercise and other cofactors in food allergic
reactions. The most prevalent cofactor altering intestinal permeability is exercise, along with alcohol
and NSAIDs ingestion. Exercise may enhance allergen bioavailability by increasing intestinal
permeability and allergen absorption, but this seems specific to patients with food allergies and does
not occur in control subjects. Exercise may also induce increased blood circulation in skeletal muscles,
heart, skin and lungs, resulting in relative hypoperfusion of the gastrointestinal tract with increased
permeability. In the case of exercise and NSAID cofactors, it was suggested that an increase in
gastrointestinal permeability occurs independently of mast cell activation due to disrupted tight
junctions caused by the inhibition of PGE2 production in enterocytes mediated by CIC-2 chloride
channels [24,28,266-268]. Alcohol increases intestinal permeability mainly through oxidative stress
with damaging the intestinal mucosa and increasing the risk of developing anaphylaxis [28,269].

Non-IgE-mediated food allergies, typically presenting in breastfed infants, which involve type
V tissue-driven hypersensitivity reactions, include food protein-induced enterocolitis syndrome
involving the entire gastrointestinal tract, food protein-induced enteropathy affecting the small
bowel, and food protein-induced allergic proctitis and proctocolitis involving the rectum and colon
[1,270].

In food protein-induced enterocolitis syndrome (FPIES), food allergens, such as cow's milk, soya,
rice, oats, wheat, avocado and fish, may activate T cells in the intestinal epithelial lining, causing local
inflammation and increased intestinal permeability with fluid shifts and augmentation in antigen
influx. The amount of food required to provoke symptoms varies widely, reflecting the individual
degree of hypersensitivity. Key manifestations in FPIES are repetitive protracted vomiting after food
ingestion in its acute form and intermittent progressive vomiting and diarrhoea in its chronic form
[8,271,272].

FPIES reactions with increased intestinal permeability are associated with broad systemic innate
immune activation (neutrophils, monocytes, eosinophils, natural killer cells, lymphocytes), marked
Th17 cytokine response and mucosal barrier damage. This innate immune activation in peripheral
blood is noticed in the absence of a detectable food antigen-specific antibody response in the FPIES
acute form and a lack of direct evidence for a pathogenic antigen-specific T cell response.
Symptomatic pediatric FPIES challenges are associated with significant elevations of innate
inflammatory markers, such as IL-8, LIF, TNFa, IL-10, and IL-6, along with increased levels of IL-2 (T
cell activation marker), cytokines of the IL-17 family, macrophage inflammatory protein CCL20
(ligand of CCR6 on Thl17 cells) and mucosal damage marker REG1A. These biomarkers are not
increased in asymptomatic challenges or IgE-mediated allergy. Moreover, activating the purinergic
pathway during FPIES reactions reveals a mechanism connecting inflammation to neuronal
pathways mediating vomiting. The purine metabolite adenosine induces serotonin release from the
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enterochromaffin cells of the upper gastrointestinal epithelium, which activates vagal afferent nerves
that terminate in the vomiting center [273,274]. Circulating and intestinal mucosal tissue eosinophils
are activated in acute FPIES reactions, which are associated with the systemic immune events. A
significant increase in CD69 expression on eosinophils after an acute reaction was detected, with no
significant change in peripheral eosinophil numbers, but with a post-challenge increase in levels of
fecal eosinophil-derived neurotoxin (EDN), considered a granule-derived alarmin [275,276].

In food protein-induced enteropathy (FPE), cell-mediated hypersensitivity to food antigens,
such as cow's milk, soya, egg, and wheat, may occur due to disruption in the mucosal intestinal
barrier. Food-specific T cell infiltration, cytotoxic CD8+ T cells and increased density of intraepithelial
v0-TCR+ cells were reported. The structural damage to the jejunal mucosa is associated with
malabsorption, the cardinal manifestations of FPE being chronic diarrhoea and failure to thrive.
Typical celiac disease antibodies are absent in FPE [270,272,277].

In food protein-induced allergic proctocolitis (FPIAP), it is suggested that the delayed
development of the gastrointestinal immune system with impaired communication between local
and systemic immunity is linked to increased intestinal permeability, leading to hypersensitivity to
specific foods such as cow's milk, hen's egg, and soya. The main clinical manifestation is rectal
bleeding with mucus-bloody stools in an otherwise healthy-looking infant. Interestingly, it was
recently discovered that the serum levels of the macrophage inflammatory protein CCL20 are
reduced in FPIAP. A localized rectosigmoid inflammatory response may be explained by the fact that
immunoglobulins in breast milk bind to dietary proteins, which are only released after being
enzymatically cleaved in the distal colon [270,272,277-279]. Eosinophils are the dominant
inflammatory cells present in rectosigmoid biopsies of patients with FPIAP. When activated, they
secrete eosinophil-derived neurotoxin (EDN), its elevated fecal/rectal swab levels been correlated
with the eosinophil activation and degranulation [275,280,281].

Other non-IgE-mediated food allergies or with mixed mechanisms involving type V tissue-
driven hypersensitivity reactions are celiac disease and eosinophilic esophagitis, respectively.

In celiac disease (CD) pathogenesis, disassembling the epithelial tight junction (TJ) and
augmented paracellular permeability is an obvious hallmark. Gliadin specific peptides or bacteria
cause a chemokine receptor CXCR-3-mediated, MyD88-dependent luminal zonulin release from
intestinal epithelial cells (IECs). Zonulin binds epidermal growth factor receptor (EGFR) in IECs
directly binding and/or through protease activated receptor 2 (PAR2) transactivation, leading to PCK-
a dependent tight junction disassembly. Increased intestinal permeability leads to paracellular flux
of antigens into the lamina propria where they are able to interact with the immune system. The
immune reaction leads to TNFP and IFNy production, which alter the MLCK activity leading to
higher TJs disruption and increased permeability. At the same time, activated B cells differentiate into
IgA plasma cells, including secretory IgA antibodies (sIgA) that are secreted to the luminal area. The
disruption of the epithelial junctional complex, especially tight junctions (TJs), increases intestinal
permeability and triggers an enhanced immune response to gluten, leading to the development of
CD. In the active disease, anomalies in desmosomes, dilatation of intercellular space, and shorter
microvilli are reported, along with broader adherence junctions. The inflammatory environment in
CD favours damage to the epithelial cells and alterations of the barrier with villous atrophy. TSLP
levels can increase in the initial stages of the disease and then lower in the more advanced stages of
inflammation. Moreover, serum TSLP appears not to be influenced by the gluten-free diet [108,282—
284].

In active CD, the secretory IgA antibodies (sIgA), which in homeostasis represent the luminal
immunoglobulin that protects intestinal epithelia from antigens, create immune complexes with
gliadin and allow intestinal epithelial transcellular transport of intact gliadin peptides into the lamina
propria via binding to the transferrin receptor CD71 at the apical surface, promoting an enhanced
loop activation of the immune system. This receptor is confined in homeostasis to the basolateral
membrane but shows an ectopic expression at the apical membrane of enterocytes in CD. Thus, the
retrotransport of IgA-gliadin immune complexes in active CD triggers exacerbated adaptive and
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innate immune responses and promotes an enhanced loop immune activation that results in mucosal
lesions [282,284,285].

Non-celiac wheat sensitivity (less accurately named non-celiac “gluten sensitivity”) is a not well-
defined condition more common than CD, characterized by both intestinal and extra-intestinal
manifestations related to the consumption of gluten-containing foods in the absence of a diagnosis of
celiac disease or wheat allergy (autoimmunity and IgE-mediated hypersensitivity are not
pathogenetic mechanisms). An increase in the Claudin-4 component of tight junctions, responsible
for paracellular permeability, has been observed. This suggests an impaired intestinal barrier.
Additionally, it has been noted that serum zonulin, a protein involved in regulating intestinal barrier
permeability, decreases with a gluten-free diet. Furthermore, it is believed that intestinal dysbiosis
may contribute to the symptoms of non-celiac wheat sensitivity (NCWS), possibly due to increased
fermentation. Fermentable oligosaccharides, disaccharides, monosaccharides, and polyols
(FODMAPs) are also implicated in this condition [23,286-289].

Eosinophilic esophagitis (EoE) pathogenesis is dominated by impaired epithelial barrier
function and dysregulated immune cell responses influenced by genetic polymorphisms, generating
a feed-forward cycle leading to loss of immunologic tolerance to exogenous allergens and chronic
eosinophilic inflammation. Esophageal barrier dysfunction in EoE is mainly driven by the type 2
cytokines IL-13 and IL-4 through effects on epithelial differentiation and causing loss of barrier
proteins, such as the desmosome desmoglein-1 (DSG1) and epithelial differentiation proteins
filaggrin (FLG) and involucrin (IVL). Likewise, a dysregulated protease/antiprotease response has
been revealed in the esophageal epithelium in active EoE. In addition to inflammatory mediators,
genetic predisposition and environmental factors contribute to the establishment and maintenance
of esophageal barrier dysfunction [138,139,290]. In EoE, the abnormal epithelial barrier is associated
with reduced intercellular junction protein expression. Thus, antigens can easily penetrate the
epithelium and initiate inflammatory responses and systemic sensitization. An increased expression
of thymic stromal lymphopoietin (TSLP), cathelicidin and proteases, such as the kallikrein-5 and -7,
was reported along with an abnormal expression of epithelial cell proteins especially those implicated
in adhesion and integrity, such as a reduced expression of lymphoepithelial Kazal-type-related
inhibitor (LEKTI), filaggrin, E-cadherin, claudin, occludin, demoglein-1, independent of
corticosteroid therapy. Furthermore, lower cathelicidin expression and numbers of CD1a+ cells were
noted in corticosteroid-treated EoE. Expression of epithelial-derived nuclear alarmins TSLP, IL-25,
and IL-33 is elevated in esophageal biopsies, TSLP being correlated with eosinophil extracellular
traps (EETs) formation due to infiltrating eosinophils. TSLP high expression is also associated with
exaggerated basophil responses. Therefore, the TSLP-basophil axis is essential in the pathogenesis of
EoE. In addition, IL-33 may play a pivotal role in the etiology of EoE by activating the IL-13 pathway.
Tissue eosinophils express the IL-33 receptor ST2 and type 2 cytokines in EoE, and those that lack
antigen-specific T cell receptors maintain their ability to respond to IL-33, thus explaining the
continued inflammation after removal of dietary antigens [275,291-294].

Mast cells accumulate in the epithelium of patients with EoE and disrupt the function of the
esophageal epithelial barrier. IgE-activated mast cells induce this dysfunction via the downregulation
of barrier proteins and antiprotease expression, which may in part be mediated by OSM, a member
of the IL-6 cytokine family, among other proinflammatory mediators. OSM expression is increased
in active EoE and OSM receptor-expressing esophageal epithelial cells are detected within the
esophageal tissue in EoE. Stimulation of such esophageal epithelial cells with oncostatin M (OSM)
decreases the expression of filaggrin and desmoglein-1 and increases the protease calpain-14
(CAPN14) involved in epithelial homeostasis. CAPN14, a calcium-dependent cysteine protease
specific to the esophagus, is also induced by IL-13 and, being overexpressed by the esophageal
epithelia in EoE. IL-13 epithelial stimulation results overexpression of CAPN14 with diminished
barrier function and architectural changes indicative of barrier impairment, such as epidermal
clefting and loss of the normal expression of filaggrin and DSG1. Evidence highlighting the essential
contribution of this pathway in EoE is the fact that severe dermatitis-multiple allergies-metabolic
wasting (SAM) syndrome also known as congenital erythroderma-hypotrichosis-recurrent
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infections-multiple food allergies syndrome, a rare genodermatitis caused by recessive homozygous
or compound heterozygous loss-of-function mutations in DSG1 gene, or dominant heterozygous
mutations in desmoplakin (DSP) gene, is associated with disrupted epithelial barrier and EoE
[187,290,295-297].

The SAM syndrome is classified among the inherited skin disorders with food allergies having
the cutaneous barrier dysfunction as important pathogenetic mechanism, together with Comel-
Netherton syndrome (mutations in the SPINKS5 gene), ichthyosis vulgaris (mutations in filaggrin FLG
gene), and the inflammatory peeling skin syndrome (mutations in corneodesmosin CDSN gene)
[177,179,298].

The autosomal dominant CARD14 deficiency is associated with atopic dermatitis (AD) and
recurrent infections, the mechanism involving skin barrier dysfunction. Loss-of-function mutations
in the caspase recruitment domain-containing protein CARD14 gene, a major regulator of nuclear
factor kB (NF-kB), are associated severe AD and food allergy, while dominant gain-of-function
mutations in the same gene are associated with psoriasis. AD-associated mutations in CARD14
impair NF-kB activation and CARD14 loss of function impairs epidermal secretion of antimicrobial
peptides hBD1, hBD2, and hCCL20, involved in regulation of cutaneous inflammatory circuits and
protecting the skin against infections [177,179,259].

Atopic dermatitis (AD) is a common chronic inflammatory disorder marked by skin barrier
dysfunction. High levels of IgE and dysfunctional/low levels of filaggrin may predispose patients
with AD to food allergy. Although only some patients with AD and food allergies have filaggrin gene
mutations, this strong association indicates that cutaneous barrier impairment contributes to the
development of both conditions [129,207,299,300]. The downregulation of epidermal differentiation
complex molecules, such as filaggrin, involucrin, and loricrin, is the fundamental characteristic of the
lesional skin of AD and is associated with skin barrier dysfunction. In AD, the disturbed epidermal
barrier leads to increased permeation of allergens, which encounter Langerhans and dendritic cells,
activating Th2 lymphocytes to produce IL-4 and IL-13. Th2 and Th22 cytokines (IL-4/IL-13 and IL-22)
can inhibit terminal differentiation and contribute to barrier defects [117,261,301]. IL-4 and especially
IL-13, the two central T2 cytokines associated with AD pathogenesis produced by ILC2s and Th2
cells, via binding to IL-4Ra/IL-13Ral on keratinocytes and activating downstream JAK1/TYK2/JAK2
and subsequently STAT6/STAT3, down-regulate the aryl hydrocarbon receptor-mediated
transcription of filaggrin, loricrin and involucrin, inhibit the nuclear translocation of the Ovo-like
transcriptional repressor OVOLL1, thus disrupting the skin barrier function. Pathogenic abnormality
in the barrier and water-holding functions of the stratum corneum in AD is mainly attributable to
decreased levels of total ceramides. Th2-associated cytokines downregulate fatty acid elongase and
[-glucocerebrosidase involved in lipid chain elongation and ceramide synthesis. The decrease in
ceramide is also due to abnormal expression of sphingomyelin/glucosylceramide deacylase, the p-
subunit of acid ceramidase. Moreover, IL-4 and IL-13 also stimulate the expression of 3-f-
hydroxysteroid dehydrogenase-1, resulting in decreased levels of triglyceride concentration in
keratinocytes, further damaging the skin barrier, and concomitantly increase collagen disposition,
resulting in skin remodelling and lichenification. The barrier dysfunction triggers the colonization of
Staphylococcus aureus and transepidermal entry of allergens. IL-18, a proinflammatory cytokine-
stimulated by epithelial damage and staphylococcal colonization, promotes T2-mediated
inflammation by activating basophils and mast cells [117,120,190,302]. IL-4/IL-13-mediated STAT6
activation upregulates periostin and then enhances IL-24 production. IL-24 binds to IL-20R3/IL-22Ra
or IL-20RB/IL-20Ra, activates the JAK1/TYK2-STAT3 pathway, and inhibits the expression of
filaggrin. Moreover, IL-22 binds the IL-22R1/IL-10R2 complex, activates the JAK1/TYK2-STAT3
pathway, and inhibits the expression of filaggrin, loricrin, and involucrin [117,161].

2.6. Type VI Tissue-Driven Hypersensitivity Reactions via Metabolic-Induced Immune Dysrequlation

Such hypersensitivity reactions should be primary approached in the framework of adipose
tissue inflammation and metabolic dysfunction in obesity and high-fat diets (HFDs). Obesity is
characterized by chronic low-grade inflammation due to the release of adipokines and
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proinflammatory cytokines from adipose tissue, such as TNF-a, IL-6 and leptin. The persistent
inflammatory state disrupts normal immune regulation and alters the function of immune cells,
including T-lymphocytes and macrophages [303-305].

Many metabolic changes impair the function of immune cells and affect their ability to manage
dietary antigens properly, leading to an overactive immune response to food allergens. In addition,
obesity and HFDs also lead to intestinal inflammation with an increased number of T-lymphocytes,
mature dendritic cells and macrophages. Proinflammatory cytokines, including TNF-a, IFN-y and
IL-1pB, contribute to the development of inflammation in the epithelial compartments and intestinal
lamina propria, which generates a deterioration of the intestinal barrier function. Moreover, obesity
and HFDs decrease the expression of anti-inflammatory receptors PPARYy and change the
composition of the intestinal microbiome, leading to a further alteration of intestinal wall
permeability [306,307]. The disruption of immune tolerance and the increased permeability of the
intestinal barrier, driven by altered metabolism and inflammation in obesity, facilitate the
development of food allergies. Type VI hypersensitivity reactions associated with inflammation and
tissue damage favour food allergy manifestations ranging from urticaria and gastrointestinal distress
to severe anaphylaxis. Therefore, obesity and HFDs are associated with the development and course
of food allergy. The interplay between metabolic disorders and immune dysfunction highlights the
complex pathogenesis of food allergies in obese individuals, emphasizing the need for combined
targeted interventions [306,309].

PGM3 deficiency, a rare congenital glycosylation disorder classified as an autosomal recessive
HIES caused by mutations of the phosphoglucomutase PGM3 gene, links glycosylation defects to
severe dermatitis with elevated serum IgE and food allergies, autoimmunity, immune deficiency, and
neurocognitive impairment. PGMS3 is a crucial enzyme in the synthesis of uridine diphosphate N-
acetylglucosamine, critical for multiple glycosylation pathways. Altered protein glycosylation can
lead to multisystem abnormalities, such as impaired immune functions, PGM3-deficient T cells
producing excessive Th17 and Th2 cytokines which contribute to inflammatory and autoimmune
manifestations, and abnormal neuronal development with probable brain hypomyelination
[177,297,310,311].

Another important issue to be discussed at this point is the approach of non-immune adverse
reactions to foods represented by “intolerances” due to metabolic (e.g. lactose intolerance) or
disturbed transport mechanisms (e.g. fructose malabsorption). Such food intolerances can present
some symptoms similar to food allergy but does not involve the immune system [5,312].

Food intolerances due to metabolic causes are not immunologically mediated and, therefore,
they are not exactly type VI hypersensitivity reactions, but are worth discussing briefly. Examples of
such nonallergic adverse food reactions due to enzyme deficiencies include lactose intolerance (due
to primary lactase deficiency or lactase non-persistence, secondary, congenital or developmental
lactase deficiency), hereditary fructose intolerance (aldolase B deficiency) and non-hereditary
fructose malabsorption, congenital saccharose intolerance and acquired forms of sucrase-isomaltase
deficiency. Hereditary galactosemia is due to defects in galactokinase, galactose-1-phosphate
uridylyltransferase and UDP-galactose 4-epimerase. Other metabolic conditions are aldehyde
dehydrogenase deficiency with flushing after alcohol, and glucose-6-phosphate dehydrogenase
deficiency with hemolysis after ingestion of vicine and covicine-containing fava beans. In intolerance
to FODMAPs (fermentable oligosaccharides, disaccharides, monosaccharides and polyols), short-
chain carbohydrates that include lactose, fructose when in excess of glucose, sugar polyols such as
sorbitol and mannitol, fructans, and galactooligosaccharides such as stachyose and raffinose, are
involved, being poorly absorbed and fermented by intestinal bacteria. The consumption of high
amounts of FODMAPs leads to the excessive production of short-chain fatty acids and a large amount
of gas, including carbon dioxide, hydrogen, and methane, which are responsible for luminal
distention and water retention [3,289,313-315].

2.7. Type VII Hypersensitivity Reactions via Direct Cellular and Inflammatory Responses to Chemical
Substances
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Hypersensitivity related to direct cellular responses to chemicals is involved in the
pathophysiological mechanisms of food-dependent NSAID-induced anaphylaxis, non-
immunological contact urticaria, phototoxic contact dermatitis to foods, as well as other often not
well understood so-called “idiosyncratic” or “pseudo-allergic reactions”.

The role of nonsteroidal anti-inflammatory drugs is well documented as triggering cofactor in
food-dependent NSAID-induced anaphylaxis (FDNIA) related to food lipid transfer proteins (LTPs),
in circa 35% of cases, but also to wheat, peanuts, sunflower seeds and shellfish. In the complex
pathophysiological mechanisms of FDNIA, nonselective NSAIDs inhibit COX-1, leading to the
inhibition of mucosal protective prostaglandin synthesis, thus exposing the gastrointestinal tissues
to the harmful effects of gastric acid and bile. NSAIDs also uncouple mitochondrial oxidative
phosphorylation and induce mitochondrial damage that leads to epithelial dysfunction with
increased intestinal permeability and allergen absorption. Moreover, NSAIDs directly impact mast
cells and basophils IgE activation, amplifying their activation and degranulation. An increased
expression of the adenosine receptors ADORA3 and enzymes involved in nucleotide metabolism was
revealed in patients with FDNIA related to food LTPs, thus the amplified expression of ATP
ectonucleotidases and robust activation of ADORAS3 potentiate FceRI-induced degranulation of mast
cells in FDNIA. Interestingly, in cases of FDNIA related to wheat, augmentation by
acetylsalicylic/acid aspirin in a dose-dependent manner but also urticaria/anaphylaxis to food
additives or foods with natural salicylates such as pickles and curry was reported [28,316-319].

Non-immunological contact urticaria (NICU) to food represents a transient wheal-and-flare
reaction occurring in individuals without previous sensitization, restricted to the skin area in contact
with the eliciting food. Common contact low molecular weight agents in foods causing NICU are
usually natural organic compounds commonly used as a food preservatives, such as sorbic acid and
benzoic acid, or flavoring agents, such as benzaldehyde with almond-like aroma and cinnamic acid
and cinnamaldehyde with cinnamon-like aroma [46—48,320].

Phototoxic contact dermatitis (PTCD) to food or phytophotodermatitis is typically due to topical
skin exposure to certain plant-derived substances that cause a phototoxic reaction. It usually occurs
by co-exposure to edible plants with parts contaning furocoumarins and solar radiation. The most
common inducers of PTCD are stems and leaves of Apiaceae (Umbelliferae) vegetables, especially
celery, parsley, parsnip, and peel and pulp of Rutaceae fruits such as lemon, lime, bergamot orange,
grapefruit. These contain methoxypsoralen furocoumarins, which are inactive but, following
exposure to UVA radiation (320-400 nm), became toxic for keratinocytes and cause dermatitis with
unusual configurations and long lasting residual hyperpigmentation. Bartenders who prepare mixed
drinks by squeezing citrus fruits outdoors, photo-exposed gardeners, and food industry workers who
handle vegetables such as celery are at greater risk. Generalized phototoxic reactions may occur when
ingesting large amounts of celery following PUVA therapy or tanning salon sessions [46—48,320].

In non-celiac wheat sensitivity (NCWS), amylase/trypsin inhibitors in wheat, proteins with
parasitic enzyme-inhibiting properties, activate the toll-like receptor TLR4-MD2-CD14 complex on
intestinal innate immune cells, triggering the secretion of proinflammatory chemokines and
cytokines. This process promotes intestinal and extra-intestinal inflammation, contributing to the
symptoms of NCWS. In patients classified as NCGS an increased number of duodenal intraepithelial
lymphocytes and the presence of eosinophils at the lamina propria level were reported
[23,286,289,321,322].

Finally, another issue to be mentioned is the approach of non-immune (not immunologically
mediated) adverse reactions to food chemicals represented by the often not well-understood so-called
other idiosyncratic or pseudo-allergic reactions. Neither serum specific IgE nor IgG against food
allergens is involved. Food-specific IgG4 does not indicate food intolerances but rather a
physiological response of the immune system after exposure to food components [5,312,323].

Natural food chemicals have been attributed to a wide range of adverse food reactions. Biogenic
amines in foods are produced by bacteria during fermentation, storage or decay, and may be involved
in pseudoallergic reactions when ingested. Pathophysiological discussions are frequently focussed
on high histamine-containing foods, even though other vasoactive amines such as phenylethylamine,
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serotonin, tyramine, tryptamine, cadaverine and/or biogenic diamine putrescine and its polyamine
metabolites spermine and spermidine, also cause adverse reactions or may affect histamine
metabolism [324-326]. For some individuals, ingesting foods with high levels of natural biogenic
amines can cause symptoms that may mimic IgE-mediated food reactions. High histamine-
containing foods (e.g. aged cheese, fermented meat/fish, sauerkraut), histamine-releasing foods (e.g.
strawberry, papaya, kiwi, pineapple, wine), phenylethylamine (chocolate), serotonin (banana,
tomato), tyramine (pickled fish, aged cheese) and tryptamine (tomato, plum) may induce
pseudoallergic reactions by pharmacological-type mechanisms [3,79,313]. The amount of these
biogenic amines in food ingested tends to be more directly related to the severity of manifestations
than immunologic reactions to food. Moreover, some additives affect biogenic amine content; for
example, strawberries treated with ascorbic acid show a noticeable decrease in histamine
concentration [313,327].

Regarding so-called histamine intolerance, ingesting histamine-rich foods is often suspected of
causing (non-specific) symptoms, even though supporting scientific data are limited. No
pathophysiologic mechanism, such as deficiency in one of the enzymes that degrade histamine, has
been demonstrated in prospective, controlled studies. Histamine is degraded in the intestine by
diamine oxidase and histamine N-methyl-transferase. There are still no objective biomarkers for the
adverse reactions to ingested histamine. Several medications, such as metamizole, metronidazole,
metoclopramide, and verapamil, have been supposed to have a negative effect on histamine-
degrading enzymes, primarily diamine oxidase, but the relevance of these interactions needs to be
further validated [313,324].

Salicylate intolerance has been defined as a nonspecific pseudoallergic reaction to salicylic acid,
its derivatives or other related organic or inorganic acids of similar chemical structure. Acetyl
salicylate is a potent inhibitor of COX-1, an isoform of the enzyme cyclooxygenase (COX), which
prevents the conversion of arachidonic acid to cyclic prostanoids, whereas salicylic acid inhibits COX-
2 gene expression. Spices containing high levels of natural salicylates have a high bioavailability and
inhibit both COX-1 and COX-2, which may indicate additional dietary factors involved [326,328,329].

Food additive intolerance occurs less often than is supposed by patients and the media. Despite
the high number of food additives, only several chemicals have been suspected in pseudoallergic
adverse reactions, mediated through non-immunologic mechanisms. Although case reports have
pointed to the potential for IgE-mediated anaphylaxis to natural dyes carmine (E120) from
Dactylopius coccus, annatto (E160b) from Bixa orellana, and natural emulsifiers/thickeners such as
plant-derived cellulose gum/carboxymethyl cellulose (E466), guar gum (E412) from Cyamopsis
tetragonolobus, gum arabic (E414) from Acacia spp., fruit-derived pectin (E440), seaweed-derived
carrageenan (E417), and animal collagen-derived gelatin (E441), the mechanisms behind sodium
benzoate (E211) preservative and monosodium glutamate (E621) flavor enhancer food-associated
reactions are not clearly elucidated, rare case reports suggesting involvement of non-IgE mediated
basophil activation [326,330-333].

Chronic urticaria, recurrent angioedema and nonallergic asthma have been associated with
pseudoallergic reactions to food additives. This association is controversial for atopic dermatitis and
gastrointestinal diseases. Food additives that may be used in selected cases for in vivo and/or ex vivo
provocations include synthetic food colours, such as azo dyes tartrazine (E102, now considered well-
tolerated in patients with aspirin-exacerbated respiratory disease), sunset yellow (E110), azorubine
(E122), amaranth (E123), cochineal red (E124), brilliant black (E151), and quinoline yellow (E104),
xanthene erythrosine (E127), triarylmethane Patent blue V (E131), indigo carmine (E132) dyes;
preservatives sorbic acid (E200), sodium benzoate (E211), propylparaben (E216), potassium
metabisulfite (E224); flavour enhancer monosodium glutamate (E621), and artificial non-saccharide
sweetener aspartame (E951). Monosodium glutamate (MSG), used primarily in Asian cuisine, may
induce a nonallergic MSG symptom complex (formerly named the Chinese restaurant syndrome)
when ingested in quantities more significant than those encountered in a regular European diet, the
mechanism proposed involving an exaggerated sensitivity to this compound, which is metabolized
after ingestion to glutamate, a major excitatory amino acid neurotransmitter [330,332-335].
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Sulphur dioxides and sulphites (E220-E228) can cause potentially severe exacerbations in as
many as 5% of patients with asthma, whereas individuals without asthma are rarely affected. Sulfite-
sensitive patients more often have severe asthma. They may also cause urticaria and angioedema,
and, less commonly, anaphylaxis. Both the European Union and the US Food and Drug
Administration have regulated the use of these preservatives, requiring foods containing more than
10 ppm (10 mg/kg) to be labelled, but there is significant variation between levels for the same foods.
Sulphites, readily metabolized to sulphate by sulphite oxidase, mainly occur in the human diet due
to the addition of sodium/potassium sulphite/metabisulphite to foods to prevent enzymatic and non-
enzymatic browning, control oxidation and prevent bacterial growth. The highest levels of sulfites
are found in commercially prepared dried fruits (such as apricots) and processed potatoes, cider, beer
and wines, wine vinegar and sauerkraut juice and some seafood such as shrimps. Sulphite
preservatives are banned in fresh fruits and vegetables. The probability of a reaction is dependent on
the nature of the food, the level and form of residual sulfite, the sensitivity of the patient, and the
mechanism of the sulfite-induced reaction. Increased histamine and other mediators release from
blood basophils was postulated in anaphylaxis, with no specific IgE detected, and monoclonal mast
cell activation syndrome was reported as possibly associated. Other mechanisms are more probably
involved in most reactions, with inhalation of sulphur dioxide, generated in the stomach from
ingested sulphites causing bronchospasm by stimulation of irritant receptors and cholinergic
pathways, or deficiency of mitochondrial sulphite oxidase in urticaria [20,326,331,333].

Gustatory nonimmunologic reactions induced especially by spicy foods are due to abnormal
gustatory reflexes involving parasympathetic innervation are present in gustatory rhinitis, Frey
syndrome or gustatory sweating, ‘crocodile tear syndrome’ or gustatory lacrimation, and gustatory
otorrhoea. Transient receptor potential cation channel agonists present in foods are involved in the
pathophysiology of gustatory rhinitis, a non-allergic, non-inflammatory condition characterized by
rhinorrhea triggered by ingesting hot and spicy foods. TRPV1 agonist capsaicin, a pungent agent in
chili peppers, red cayenne, tabasco sauce, horseradish, red and black pepper, and TRPA1 agonists
found in garlic, such as organosulfur compounds allicin, diallyl disulfide and allyl isothiocyanate,
activate primary sensory neurons via these thermosensitive chemical sensors. Stimulation of C fibres
leads to the local release of several neuropeptides, including substance P and calcitonin gene-related
peptide, with increased vasodilation and vascular permeability. Moreover, enhanced chemosensory
sensitivity was detected in idiopathic rhinitis [336-339]. Spicy and sour foods may also induce
gustatory sweating and/or unilateral flushing in the cutaneous distribution of the auriculotemporal
nerve as a consequence of aberrant regenerated parasympathetic nerve fibers after parotid surgery in
adults or facial trauma in childhood, condition known as auriculotemporal (Frey) syndrome [340-
342].

Toxic nonimmunologic reactions can occur due to direct noxious effects of contaminated foods.
Bacterial food poisoning is a main example that can produce gastrointestinal and neurologic
manifestations [79].

Noninfectious food poisoning provoked by biotoxins are usually represented by amatoxin-
containing wild mushroom poisoning, shellfish and pufferfish poisoning syndromes, and scombroid
poisoning. The a-amanitin and other amatoxins are produced primarily by Amanita, Lepiota, and
Galerina species of mushrooms. Marine dinoflagellate-produced saxitoxin, brevetoxin and okadaic
acid from bivalve molluscs are involved in paralytic, neurotoxic, and diarrheic shellfish poisoning,
respectively, while tetrodotoxin in pufferfish poisoning, and ciguatoxins in ciguatera tropical fish
poisoning. Histamine intoxication most commonly occurs following the consumption of spoiled fish,
particularly from the family Scombridae. Scombroid poisoning is related to fish with high levels of
free histidine in their muscle tissues are refrigerated inadequately at sea or improperly stored at any
time before consumption, and bacterial overgrowth sustains the conversion of histidine into
histamine by bacterial enzyme histidine decarboxylase. Dark-fleshed fish from the Scombridae
family, such as mackerel and tuna, and nonscombroid representatives, such as amberjack, have also
been implicated; thus, this condition is better termed histamine fish poisoning. Toxic levels of
histamine and other toxins are not destroyed by cooking or subsequent refrigeration. Although direct


https://doi.org/10.20944/preprints202410.1966.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2024 d0i:10.20944/preprints202410.1966.v1

29

cellular responses to toxins are incriminated in such food poisonings and their clinical manifestations
may overlap with food allergies, they must not be considered hypersensitivity reactions, as they can
affect anyone who ingests contaminated food [343-347].

3. Conclusion

The significant advantage of the immune response and tissue-based new nomenclature
approach in food allergies is helping to move the field towards precision and personalized medicine.
An up-to-date classification of non-IgE-mediated hypersensitivity reactions to foods focused on
mechanisms with a detailed pathophysiological approach and endotype-driven thinking in food
allergies supports the fundamental aim of clinical immunology to lead to new diagnostic and
therapy-related biomarkers, better understanding of clinical manifestations, improved
immunotherapy and targeted therapeutic strategies, including monoclonal antibodies and small
molecule drugs, and thus to refine disease management and improve the patients” quality of life. The
rationale for the use and the potential development of molecular biomarkers are kept in mind, such
as disease risk, diagnostic, disease staging, and disease prognostic biomarkers, along with proof-of-
mechanism, drug activity, pharmacodynamic and therapeutic response predictive biomarkers.
Moreover, molecularly targeted therapies such as biological therapeutics, also called biologics, are
constantly considered in precision medicine judgment. Endotype thinking and molecular decision-
making can also support future translational and clinical research, encouraging professionals to
continue their scientific work to explore more innovative strategies.
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