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Preface

Although food allergy was first described a long time ago, as outlined in the chapter ‘Historical background, definitions, and differential diagnosis’, only in recent times has it started to be recognized as one of the major allergic diseases. In the past 50 years since the discovery of IgE by Dr. K. Ishizaka, we have experienced a steep increase in the prevalence of allergic diseases. The prevalence of food allergy around the world has not yet been clarified in detail. It is quite obvious that we have faced a rapid increase in patients with food allergy in both childhood and adulthood in most developed countries in the past 3 decades. The number of publications on food allergy reached 100/year in 1971 based on a PubMed search, and it went up to 500/year at the beginning of the 21st century and finally to more than 1,200/year in 2014. It is clear that food allergy research is currently a very hot topic among academics and that issues related to food allergy attract a lot of attention. We have collaborated with distinguished, world-class professionals on food allergy research and practice to put this book together. The topics are very practical and applicable to your practice. We hope that this book on food allergy will help clinicians, academics, and paramedics to better understand current food allergy practice and research.

Motohiro Ebisawa, Sagamihara
Barbara K. Ballmer-Weber, Zurich
Stefan Vieths, Langen
Robert A. Wood, Baltimore, Md.


Background

Ebisawa M, Ballmer-Weber BK, Vieths S, Wood RA (eds): Food Allergy: Molecular Basis and Clinical Practice.
Chem Immunol Allergy. Basel, Karger, 2015, vol 101, pp 1-7 (DOI: 10.1159/000371644)

______________________

Historical Background, Definitions and Differential Diagnosis

Hugh A. Sampson

Division of Allergy and Immunology, Department of Pediatrics, Jaffe Food Allergy Institute, Icahn School of Medicine at Mount Sinai, New York, N.Y., USA

______________________

Abstract

Although awareness that food can cause adverse symptoms and even death in some individuals has been present since the times of Hippocrates, it was not until the seminal experiment of Prausnitz that the investigation of food allergy had a more scientific basis. In the first half of the 20th century, there were periodic reports in the medical literature describing various food allergic reactions. Until the studies of Charles May and colleagues in the mid- to late ‘70s, there was a great deal of skepticism in the medical world about the relevance of food allergy and how to diagnose it, since standard skin testing was known to correlate poorly with clinical symptoms. With the introduction of the double-blind, placebo-controlled oral food challenge by May, the study of food allergy has become evidence based, and tremendous strides have been made in the study of basic immunopathogenic mechanisms and natural history as well as in the diagnosis and management of food allergies. Today, various IgE- and non-IgE-mediated food allergic disorders have been well characterized, and efforts to reverse these allergies using various immunotherapeutic strategies are well under way.

© 2015 S. Karger AG, Basel

Historical Background

While the first account of food allergy is attributed to Hippocrates, the Chinese emperors Shen Nong (2,735 BC) and Huang Di (2,698-2,598 BC) provided advice in ‘Shi Jin-Jing’ (‘Interdictions concerning food’) for pregnant women to avoid certain foods, e.g. shrimp, chicken and meats, and for individuals with certain skin lesions (possibly eczematous lesions) to avoid certain foods [1]. In the writings of Hippocrates (460-377 BC), he referred to the presence of ‘hostile humors’ in some men that made them ‘suffer badly’ following the ingestion of cheese [1]. One might interpret this hostile humor to be IgE. An often quoted line from a poem of Titus Lucretius Cato (98-55 BC), ‘What is food to one, to another is rank poison’ [1], strongly suggests an understanding of adverse reactions to foods over 2,000 years ago. Case reports of food-hypersensitivity reactions were recorded in the 17th century [1]: Jean Baptiste van Helmont reported asthmatic attacks following the ingestion of fish in Oriatrike, which was published in 1662, and Robert Willan, in his Treatise on Dermatology (a multi-volume publication; 1798-1808), described urticaria following the ingestion of almonds, mushrooms, fish, crab, lobsters and mussels as well as ‘urticaria febrilis’ (fatal anaphylaxis) following the ingestion of mussels and lobsters.

While various reports of reactions to foods occurred periodically in the medical literature, it was not until 1921 that the classic experiment of Prausnitz initiated the scientific investigation of food allergy and established the immunologic basis of allergic reactions [2]. In his experiment, Prausnitz injected sera from a fish-allergic patient, named Kustner, and from a nonallergic control subject into his own skin, and on the following day, he injected fish extract into the same areas. A positive local reaction (Prausnitz-Kustner test) proved that sensitivity could be transferred by a factor in serum (IgE antibodies) from an allergic to a nonallergic individual.

Long before IgE antibodies were identified, studies of food allergy focused on radiologic changes associated with immediate hypersensitivity reactions. In one of the first of these reports on a patient with a wheat allergy, hypertonicity of the transverse and pelvic colon and hypotonicity of the cecum and ascending colon were noted following the ingestion of wheat by the allergic patient [3]. In a later study by Rowe and colleagues [4], fluoroscopy was used to compare the effect of barium contrast material containing food allergens with the effect of standard barium contrast material in 12 food-allergic children. The investigators noted prolonged gastric hypotonia and retention of the allergen test meal, prominent pylorospasm, and increased or decreased peristaltic activity of the intestines.

In an elegant series of experiments over 70 years ago, Walzer and his colleagues in New York utilized sera from food-allergic patients to passively sensitize volunteers and demonstrate that ‘immunologically’ intact antigens can cross the gastrointestinal mucosal barrier and rapidly disseminate throughout the body. The investigators passively sensitized skin on the arms of a large series of adults with serum from a fish-allergic patient and of a large series of children with serum from an egg-allergic patient, as well as with non-allergic control serum [5, 6]. Twenty-four hours later, the adults and children were fed fish or eggs, respectively, and within about 90 min, nearly 90% of the study subjects developed a large wheal and flare response at the site on their arm that had been sensitized with ‘allergic sera’, but not at the site that had been sensitized with ‘non-allergic control sera’. Using a similar approach, colonic mucosa from patients who had previously undergone an ileocolostomy was sensitized with serum from food-allergic patients or normal controls [7]. Sera from allergic patients were injected at the distal site of the ileocolostomy opening. Twenty-four hours later, the study subjects ingested the food allergen, and within 10-15 min, they developed hyperemia at the sensitized, distal colonic site that was followed shortly thereafter by pallor and edema and by prolonged, copious mucus secretion and petechiae at the site. Walzer's group also studied the effects of stomach acidity on food allergen uptake. They demonstrated that increased stomach acidity and the presence of other food in the gut decreased antigen absorption, while decreased stomach acidity, such as from today's H2-blockers and proton pump inhibitors, and ingestion of alcohol increased antigen absorption [8].

In the late 1930s, the rigid gastroscope was used to observe reactions in the stomachs of allergic patients. One study compared 6 patients with gastrointestinal food allergy or wheezing that were exacerbated by the ingestion of a food allergen with control subjects [9]. Thirty minutes after a food allergen was placed on the gastric mucosa, patients with a gastrointestinal food allergy developed markedly hyperemic and edematous patches with overlying thick, gray mucus and scattered petechiae at the site where the allergen was placed, similar to findings reported earlier by Walzer and colleagues on passively sensitized intestinal mucosal sites [8]. Only mild hyperemia of the gastric mucosa was noted in patients with wheezing provoked by food ingestion. A subsequent study by Reimann and Lewin evaluated 30 patients with a gastrointestinal food allergy, which confirmed these earlier observations and established an IgE-mediated mechanism for the reactions [10]. These investigators demonstrated that food-allergic patients had significant food-specific IgE antibodies and increased numbers of intestinal mast cells in the gastric mucosa prior to the laparoscopic placement of food on the gastric mucosa when compared with normal controls. They also found significant decreases in stainable mast cells and tissue histamine content following a positive response to the food allergen.

In 1912, Schloss introduced the concept of using chemically extracted protein from foods for scratch testing in the diagnosis of food allergy [1], but by then, there were already calls for curbing the growing practice of ‘scratching the skin with a few food tests and putting the patient on a weird and impracticable diet which usually accomplishes no result...’ [1]. In 1950, Loveless, in her report of the first blinded, placebo-controlled food trials in patients with milk allergy, demonstrated that the patient's history and presence of food-specific IgE antibodies were often insufficient to diagnose food allergy [11]. In a later report of 89 children being evaluated for milk allergy, Goldman and colleagues suggested that the diagnosis of food allergy could only be considered established when withdrawal of the food (milk) from the diet led to complete resolution of symptoms and when three successive challenges with the food (milk) duplicated the presenting symptoms [12]. Due to the potential severity of the reactions that developed during food challenges, this approach was not widely accepted. Following reports of work by Charles May and colleagues in the mid-70s [13], double-blind, placebo-controlled oral food challenge emerged as the accepted standard for the diagnosis of food allergy, and most recently, a consensus document attempting to standardize double-blind, placebo-controlled oral food challenge was published by the American Academy of Allergy and Immunology and the European Academy of Allergy and Clinical Immunology [14].

Even before Prausnitz's classic experiment demonstrating that a transferable factor, i.e. IgE, was likely involved in the pathogenesis of food allergy, physicians began experimenting with immunotherapeutic approaches to treat food allergy. The first report of successful oral immunotherapy (OIT) was published in the Lancet in 1908 and described the successful treatment of a child with egg-induced anaphylaxis [15]. A few scattered case reports followed, including a report by Keston that reported very limited details on a ‘...method as outlined above has been effective in desensitizing about fifty patients with allergic symptoms’ [16] and reports by Edwards [17] and Unger [18] that were equally sparse on results, e.g. ‘Twelve of thirteen patients attempted have been successfully desensitized by the oral method’ [17]. In 1998, Patriarca and colleagues described a protocol used to desensitize a small cohort of children with food allergy [19] and noted that ‘...although further studies (such as a randomized trial) are needed to reinforce the conclusions of this paper, oral desensitization may represent an alternative and safe approach in children with food allergy….’ [20]. In the past decade, over three dozen studies evaluating the effects of OIT, as well as other forms of immunotherapy, have been published, but most authorities agree that OIT is not yet ready for general use in the clinic [21].

Definitions and Differential Diagnosis

Some of the confusion in the minds of patients and general practitioners regarding food allergies likely stems from the use of disparate terms when referring to food-hypersensitivity reactions. This is somewhat complicated by the fact that the terminology used by investigators in the field of food allergy differs slightly in different parts of the world. The following represents the current terminology in the United States [21]. An adverse food reaction is a generic term indicating any untoward reaction that occurs following the ingestion of a food or food additive and may be the result of toxic or nontoxic reactions. Toxic reactions occur in any individual who is exposed to a sufficient quantity of the offending agent, whereas nontoxic reactions depend on individual susceptibilities and may be immune-mediated (food allergy or food hypersensitivity) or nonimmunemediated (food intolerance). Food intolerances are responsible for most adverse food reactions and are categorized as enzymatic, pharmacologic, or idiopathic food intolerances. Secondary lactase deficiency, an enzymatic intolerance resulting in bloating, nausea, abdominal cramping, gas and diarrhea, affects the vast majority of adults throughout the world, whereas most other enzyme deficiencies are rare, inborn errors of metabolism and thus primarily affect infants and children. Pharmacologic food intolerances are present in individuals who are unusually reactive to substances such as vasoactive amines, which are normally present in some foods (e.g. tyramine in aged cheeses). Confirmed adverse food reactions for which the physiologic mechanism is not known are generally classified as idiopathic intolerances. Food allergies are usually characterized as IgE-mediated (‘immediate’) or non-IgE-mediated (‘delayed’); the latter are presumed to be cell-mediated. IgE-mediated food allergies may provoke a variety of typical allergic symptoms, as noted in table 1. In general, food allergies are categorized according to the target organs that are affected and the mechanisms that are presumed to be responsible, as outlined in table 2.

The differential diagnosis of food allergy can be quite broad and depends upon the involved organ systems. With the onset of acute symptoms, many factors need to be considered in order to exclude the role of environmental allergens, e.g. pollens, animal dander, bee stings, etc., or medications in provoking immediate hypersensitivity reactions. A thorough clinical history generally provides guidance for the further evaluation of a potential food allergic reaction and helps to differentiate reactions provoked by nonallergic causes. In addition to the general medical history of a patient, including their age and atopic status, the clinical history should include the following information when evaluating a patient for food allergy: (1) the food suspected of provoking the reaction and the quantity and form of the food that was ingested, e.g.cooked or raw, (2) the time between ingestion of the suspected food and the development of symptoms, (3) the types of symptoms elicited by the ingestion, (4) whether the patient has ingested the suspected food in the past and experienced similar symptoms on those occasions, (5) whether other inciting factors, such as exercise, alcohol or NSAIDs, may have been involved, and (6) the period of time since the last reaction to the food occurred. It is also important to know whether the patient was experiencing a viral illness at the time, which may induce rashes or urticaria and exacerbate symptoms similar to allergic rhinoconjunctivitis and asthma. Although very uncommon, a number of disorders, such as systemic mastocytosis, mast cell activation syndrome, hereditary or acquired angioedema syndrome, and pheochromocytoma, can mimic anaphylaxis provoked by food allergy. Table 3 lists a number of nonallergic disorders that may need to be considered in the evaluation of a food-allergic patient, the majority of which involve gastrointestinal symptoms.

Table 1. Symptoms associated with food-allergic reactions


	Cutaneous

	Pruritus


	 

	Erythema/flushing


	 

	Urticaria


	 

	Angioedema


	Ocular

	Pruritus


	 

	Tearing


	 

	Conjunctival injection


	 

	Periorbital edema


	Respiratory

	 


	Upper

	Pruritus


	 

	Nasal congestion


	 

	Rhinorrhea


	 

	Sneezing


	 

	Hoarseness


	 

	Laryngeal edema


	Lower

	Cough


	 

	Wheezing


	 

	Dyspnea


	 

	Chest tightness/pain


	Gastrointestinal

	Oral pruritus


	 

	Oral angioedema (lips, tongue, or


	 

	palate)


	 

	Pharyngeal pruritus/tightness


	 

	Colicky abdominal pain


	 

	Nausea


	 

	Vomiting


	 

	Diarrhea


	Cardiovascular

	Tachycardia


	 

	Dizziness


	 

	Hypotension


	 

	Loss of consciousness/fainting


	Miscellaneous

	Metallic taste in mouth


	 

	Uterine cramping/contractions


	 

	Sense of impending doom



 

Table 2. Classification of food-allergic reactions


	IgE-mediated

	Mixed IgE- and non-IgE-mediated

	Non-IgE mediated (cellular)


	Skin

	 

	 


	Urticaria

	Atopic dermatitis

	Dermatitis herpetiformis


	Angioedema

	 

	Contact dermatitis


	Erythematous morbilliform rash

	 

	 


	Flaring

	 

	 


	Respiratory

	 

	 


	Allergic rhinoconjunctivitis

	Asthma

	Food-induced pulmonary hemosiderosis


	Acute bronchospasm

	 

	(Heiner’s syndrome)


	Gastrointestinal

	 

	 


	Oral allergy syndrome

	 

	 


	Acute gastrointestinal spasm

	Eosinophilic esophagitis

	Food protein-induced enterocolitis syndrome


	 

	Eosinophilic gastritis

	Food protein-induced proctocolitis syndrome


	 

	Eosinophilic gastroenteritis

	Food protein-induced enteropathy syndrome Celiac disease


	Cardiovascular

	 

	 


	Dizziness and fainting

	 

	 


	Anaphylaxis

	 

	 


	Food-associated, exercise-induced anaphylaxis

	 

	 


	Miscellaneous

	 

	 


	Uterine cramping and contractions

	 

	 


	Feeling of ‘pending doom’

	 

	 




Recent History and the Future

In the past 35 years, we have witnessed remarkable changes in our basic understanding of food-allergic disorders, which have elevated food allergy from a collection of unsubstantiated anecdotes that were largely discounted by investigators and clinicians to a science annually generating hundreds of publications in high-impact scientific journals, as will be summarized in subsequent chapters. This increase has paralleled an apparent increase in the prevalence of food allergy, from 0.2 to 0.3% of the pediatric population to about 10% of children today [22]. Severe food-allergic reactions were rare 35 years ago, but these reactions now represent the single-leading cause of anaphylaxis treated in emergency departments in the United States. Certain potential pathogenic factors, such as the gut microbiota, were barely discussed 3 decades ago, whereas today, new technologies have enabled investigators to focus on this new frontier. Although many of the same diagnostic tools that were utilized 30 years ago are still used to diagnose food allergy today, these tools have been refined. Thirty-five years ago, skin tests and patient history were used by most allergists to diagnose food allergy, in vitro, food-specific IgE measurements were rarely utilized, and few allergists performed oral food challenges, whereas today, oral food challenges are the accepted ‘gold standard’, and efforts have been made to standardize the procedure worldwide [14]. The management of food allergy today is not much different from how it was 30 years ago, when food labels were not very informative, but self-injectable epinephrine was not typically prescribed, unlike today. Until recently, it was believed that strict allergen avoidance was the only hope for ‘outgrowing’ food allergies, and the concept of patients with different allergic phenotypes, i.e. reacting differently to conformational and sequential epitopes, was not known [21]. Although the first case of OIT was published in 1908, no immunotherapeutic approaches to treat food allergy were being pursued 35 years ago. Today, many investigators are evaluating OIT and other immunotherapeutic strategies. However, 35 years ago, there were no specific recommendations for trying to prevent food allergies. In the 1980s, mothers were told to eliminate major food allergens from their diets during pregnancy and lactation and to withhold major allergens from their newborns to prevent food allergies, whereas recent studies suggest that early introduction of food allergens may actually prevent the development of allergies. Clearly, tremendous progress has been made in the diagnosis and management of food allergy over the past 3½ decades, and new information has dramatically altered our concept of food allergy. However, many more questions remain regarding the immunopathogenesis, diagnosis, management and prevention of food allergies and will likely keep investigators occupied for at least the next 30 years [21].

Table 3. Nonallergic adverse reactions to foods


	Condition

	Symptoms

	Mechanism


	Cutaneous

	 

	 


	Auriculo-temporal

	Facial flush in trigeminal nerve distribution associated

	Neurogenic reflex, frequently associated with birth


	syndrome (Freye syndrome)

	with spicy foods

	trauma to the trigeminal nerve (forceps delivery)


	Respiratory

	 

	 


	Gustatory rhinitis

	Profuse, watery rhinorrhea associated with spicy foods

	Neurogenic reflex


	Gastrointestinal

	 

	 


	Lactose intolerance

	Bloating, abdominal pain, diarrhea (dose-dependent)

	Lactase deficiency


	Fructose intolerance

	Bloating, abdominal pain, diarrhea (dose-dependent)

	Fructose deficiency


	Pancreatic insufficiency

	Malabsorption

	Deficiency of pancreatic enzymes


	Gallbladder/liver disease

	Malabsorption

	Deficiency of liver enzymes


	Food poisoning

	Pain, fever, nausea, emesis, diarrhea

	Bacterial toxins in food


	Scombroid fish poisoning

	Flushing, angioedema, hives, abdominal pain

	In spoiled fish, histidine is metabolized to histamine


	Caffeine

	Tremors, cramps, diarrhea

	Pharmacologic effects of caffeine in susceptible individuals


	Cardiovascular

	 

	 


	Vasovagal response

	Fainting

	Neurogenic response


	Panic disorder

	Subjective reactions, fainting upon smelling or seeing the food

	Psychological
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Abstract

Food allergy includes a number of diseases that present with adverse immunological reactions to foods and can be IgE-mediated, non-IgE-mediated, or a combination of both mechanisms. IgE-mediated food allergy involves immediate hypersensitivity through the action of mast cells, whereas non-IgE-mediated food allergy is most commonly cell-mediated. These food allergies are thought to occur as a result of a breakdown in oral tolerance and, more specifically, from an aberrant regulatory T-cell response. Ongoing studies of experimental treatments for food allergy strive to induce oral tolerance and to teach us more about the pathogenesis of food allergy.

© 2015 S. Karger AG, Basel

Introduction

The term food allergy is used colloquially to describe a broad range of reactions that are associated with food ingestion. These reactions can include those that are immune-mediated or nonimmunemediated. As the term allergy implies the involvement of an immune response, food allergy is more properly defined as an adverse health effect from a specific immune response that reproducibly occurs upon exposure to a given food [1].

Nonimmune-mediated reactions to foods are far more common than immune-mediated food allergies and can occur from food poisoning and other toxic reactions, host gastrointestinal disorders, food intolerances, and psychological reactions (table 1). Similar to food allergy, some of these reactions can be reproducible, e.g. as for certain food intolerances, but others could potentially be life threatening, e.g. as for toxic reactions. However, the majority of these nonimmune-mediated food reactions would be expected to be intermittent and mild in severity.

Immune-mediated food allergy can be broadly divided into IgE-mediated, non-IgE-mediated, and mixed-immune reactions (table 2). The following section will review the mechanisms underlying these types of reactions in the context of representative food allergy diseases. The section will conclude with a review of oral tolerance and a discussion of the recent advances in the quest to induce oral tolerance in food-allergic persons.

Table 1. Examples of nonimmunologic food reactions


	Toxic reactions


	Scombroidosis


	Food poisoning (S. aureus, B. cereus, Salmonella)


	Host gastrointestinal diseases


	Lactase deficiency


	Fructose malabsorption


	Sucrose-isomaltase deficiency


	Gastroesophageal reflux


	Pancreatic insufficiency


	Gall bladder/liver disease


	Food intolerances


	Histamine (tomato, strawberry, chocolate, alcohol)


	Tyramine (aged cheeses)


	Caffeine


	Monosodium glutamate


	Psychological reactions


	Food aversion


	Food phobias



IgE-Mediated Food Allergy

In 1963, Gell and Coombs defined 4 distinct types of immune-mediated hypersensitivity reactions. Type 1 reactions, described as immediate hypersensitivity reactions, are the mechanistic basis behind IgE-mediated food allergy reactions. Peanut allergy, which has been in the public eye because of its steady increase in prevalence [2] as well as its potential for life-threatening reactions [3], is a classic example of an IgE-mediated food allergy.

The allergic process begins with an initial exposure to peanut antigen. This exposure typically does not result in significant clinical symptoms but triggers B-cells to mature into plasma cells that then secrete IgE molecules specific to various epitopes within the peanut protein. This peanut-specific IgE then binds through its Fc portion to mast cells in the skin and basophils in the circulation via the high-affinity IgE receptor. Interestingly, in clinical practice, it is often unknown when this initial sensitization has occurred, as many patients describe symptoms with their first known exposure to peanut [4]. This, in part, has led to investigations regarding sensitization and the transfer of peanut proteins through the placenta while in utero [5] or postnatally through breastfeeding [6]. Thus far, although evidence suggests that food proteins indeed pass through the placenta and are present in breast milk, the causation of food allergy remains unclear [7].

Re-exposure of the sensitized patient to peanut results in binding of the peanut antigen to IgE molecules on the surfaces of mast cells and basophils. Cross-linking of IgE on these cells leads to a signaling cascade that triggers the release of inflammatory mediators that are responsible for the allergic response. Different characteristics of the effector cells and mediators are responsible for the acute-phase reaction and the late-phase reaction that makes up the overall allergic response. Mast cells are tissue-dwelling cells that contain numerous granules filled with various preformed mediators, such as histamine, tryptase, and heparin (fig. 1). Basophils reside in the circulation and similarly contain granules, although these almost exclusively contain histamine. It is these preformed mediators that primarily account for the acute-phase reaction, with most symptoms occurring within minutes of exposure. Histamine is the best recognized of these mediators and causes vasodilation and vasopermeability, bronchospasm, increased mucus, gastric smooth muscle constriction and increased gastric acid, and xintense pruritus. These effects result in the clinical symptoms commonly associated with anaphylaxis, including hives and flushing, wheeze and cough, rhinorrhea and congestion, abdominal pain and emesis, and hypotension. A second important preformed mediator that is found primarily in mast cells is tryptase. During an acute allergic reaction, the clinical effects of tryptase are more limited than for histamine, with it playing a role mostly in bronchospasm [8]. However, it has been used as a helpful tool in diagnosing suspected allergic reactions. The β-tryptase form of tryptase peaks 1 hour after the initial insult and remains elevated for 6-8 hours [9], providing a laboratory means of confirming mast cell degranulation. Interestingly, for food allergy, an increase in tryptase is often not seen after an acute allergic reaction. A greater role for basophils, which release minimal tryptase, as well as the possibility of localized mast cell degranulation or slower diffusion of tryptase from mucosal mast-cell sites, has been hypothesized [10].

Table 2. Examples of immune-mediated food allergy


	IgE-mediated

	Non-IgE-mediated

	Mixed


	Anaphylactic food allergy

	Celiac disease

	Atopic dermatitis


	Pollen-food allergy syndrome

	Food-protein-induced enterocolitis syndrome

	Eosinophilic esophagitis


	 

	Food-protein-induced enteropathy

	Eosinophilic gastroenteritis


	 

	Food-protein-induced proctitis/proctocolitis

	Eosinophilic colitis


	 

	Food-induced pulmonary hemosiderosis

	 


	 

	(Heiner syndrome)
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Fig. 1. The mast cell and its mediators. (Figure used with permission from Adkinson NF, Busse WW, Bochner BS, Holgate ST, Simons ER, Lemanske RF: Middleton's Allergy Principles and Practice, ed 7. Philadelphia, PA, Mosby/Elsevier, 2009, pp 319-323, Copyright Elsevier 2009.)

In addition to the release of preformed mediators, mast cells and basophils synthesize pro-inflammatory molecules de novo as part of the allergic response. These molecules include products of the arachidonic acid pathway, such as the leukotrienes and prostaglandins, as well as various cytokines (fig. 1). Some of these newly formed mediators, such as LTB4, LTC4, cysteinyl leukotrienes, and PGD2, are rapidly synthesized and released within minutes and thereby contribute to the acute-phase reaction [11]. In contrast, cytokines and chemokines act more slowly and, through their direct action and the recruitment of other leukocytes, are responsible for the late-phase reaction [12]. Symptoms of the late-phase reaction involve more chronic edema and smooth muscle constriction and typically occur hours after initiation of the allergic response.

Table 3. Common cross-reactions in the pollen-food allergy syndrome


	Birch pollen

	Ragweed

	Mugwort


	Peach

	Banana

	Celery


	Apple

	Cantaloupe

	Carrot


	Pear

	Honeydew

	Green pepper


	Plum

	Watermelon

	Onion


	Cherry

	Cucumber

	Garlic


	Carrot

	Zucchini

	 


	Celery

	 

	 


	Peanut

	 

	 


	Soybean

	 

	 


	Hazelnut

	 

	 


	Almond

	 

	 



Whereas peanut allergy involves the recognition of proteins specific only to peanut by IgE, another type of IgE-mediated food allergy, called pollen-food allergy syndrome (oral-allergy syndrome), involves the recognition of proteins common to multiple foods. Patients with pollen-food allergy syndrome have IgE antibodies to certain aeroallergens, such as birch tree pollen and ragweed pollen, as part of their allergic rhinitis. These IgE antibodies target certain allergens, such as Bet v1 within birch pollen, that have been found to cross-react with proteins that are commonly found in many fruits and vegetables as well as in certain nuts and spices [13] (table 3). Mast cells localized to the mouth and oropharynx are primarily involved and cause itching, tingling and occasional swelling of the lips, tongue, palate, throat and ears. Other target organs are rarely involved, causing some to think of pollen-food allergy syndrome as a form of contact dermatitis rather than a systemic disease. Symptoms are typically transient and mild, although they can increase in intensity during the corresponding pollen season (spring for birch pollen, fall for ragweed pollen, etc.). Raw forms of the food are typically implicated, as cooking of the foods has been found to disrupt the binding epitopes, usually allowing for the safe ingestion of the foods [14]. An important exception to this phenomenon is seen with peanuts and tree nuts, as roasting seems to enhance the allergenicity of these foods.

An interesting exception to the immediate nature of IgE-mediated reactions has recently been described. Patients in the southern United States have reported allergic reactions after the ingestion of mammalian meats such as beef, pork, and lamb. IgE specific to a carbohydrate, galactose-alpha-1,3-galactose, that is present on the tissues of nonprimate mammals have been implicated [15]. These patients develop typical symptoms of histamine release such as flushing, hives, abdominal pain, emesis, cough, and wheeze; however, these symptoms typically do not present for up to 3-6 hours after ingestion. A relation to tick bites, specifically Amblyomma americanum (The Lone Star tick), has been suggested to explain the regional predilection [16]. The reasons for the delayed onset of reaction remain unclear, although the involvement of lipid absorption and chylomicrons has been proposed [17].

Non-IgE-Mediated Food Allergy

Non-IgE-mediated food allergies are more heterogeneous than IgE-mediated food allergies but are generally thought to involve cell-mediated immunity. One well-described example of this type of food allergy is celiac disease or gluten-sensitive enteropathy. With celiac disease, genetically susceptible people with the MHC Class II alleles HLA-DQ2 and HLA-DQ8 undergo activation of T-cells after the ingestion of gluten. These T-cells in turn release IFN-γ and other cytokines that cause tissue damage, resulting in the villous atrophy and crypt hypertrophy that are classically found upon endoscopy [18]. Clinically, these events lead to the malabsorption, watery diarrhea, and weight loss that are typical for celiac disease. With strict avoidance of gluten, the inflammatory response subsides, and the symptoms resolve.

Additional examples of non-IgE-mediated food allergy are food-protein induced gastrointestinal disorders. Food protein-induced enterocolitis syndrome (FPIES) is the most severe form of these disorders and affects infants in the first few months of life. Most commonly, with the introduction cow's milk or soy formula to the infant, these children develop recurrent emesis and diarrhea, with severe cases even leading to dehydration and hypotension. FPIES is thought to result from an inflammatory response in the gut, leading to increased intestinal permeability and fluid shift [19]. IgE testing is nearly always negative. Instead, FPIES has been presumed to be due to a cell-mediated T-cell response, perhaps through an overproduction of TNF-α and a deficiency of TGF-β [20]. However, at this time, definitive studies continue to be lacking. As with celiac disease, with strict avoidance, the symptoms promptly resolve and the child returns to normal.

Some clinicians, researchers, and laboratories have promoted the idea of food allergy driven by IgG molecules specific to foods. At this stage, the role of food-specific IgG is not entirely clear; however, there have been no definitive studies demonstrating a negative allergic response triggered by food-specific IgG. As such, the use of IgG testing for the diagnosis of food allergy has been strongly discouraged [1, 21]. In contrast, food-specific IgG is thought to represent prior exposure and tolerance to the food, with examples of this having been seen in studies of oral immunotherapy for food allergy [22].

Mixed-Immune Food Reactions

A third class of immune-mediated food reactions involves a mix of IgE-mediated and non-IgE-mediated responses. Atopic dermatitis and eosinophilic esophagitis (EoE) are two examples of mixed-immune food allergy. Atopic dermatitis is a chronic inflammatory skin disease that affects mostly children, although it can affect patients of all ages. It presents with extremely dry skin and itch that leads to scratching and a characteristic lichenified rash. An inflammatory response ensues, worsening the dry skin and continuing the itch-scratch cycle. A mixed-immune response involving IgE specific to foods and/or environmental allergens and excessive TH2 signaling has classically been thought to cause the impaired barrier function seen in atopic dermatitis [23]; however, more recent studies have suggested that deficiencies of certain barrier proteins, such as filaggrin, may instead be the initial insult causing the barrier dysfunction [24]. With this new theory, the inherent, increased permeability of the skin permits allergen exposure to the immune system and the development of an IgE and T-cell response. This inflammatory response is then thought to exacerbate the barrier dysfunction, leading to what has been called the outside-inside-outside cycle [25]. The frequency of food allergy in atopic dermatitis patients has been shown to be increased, and avoidance has frequently led to improvement of the disease [26]. In addition, exacerbations of atopic dermatitis have been demonstrated during food challenges [27]; however, with this new paradigm, the exact role of foods is less clear.

Eosinophilic gastrointestinal diseases are another example of mixed-immune food allergic diseases, with EoE being the most recognized. EoE typically presents with abdominal pain, recurrent vomiting and food aversion in children and dysphagia and food impaction in adults. Endoscopies in these patients demonstrate increased eosinophils (>15 eos/hpf) and often other inflammatory changes [28]. A complex interplay between cell-mediated and IgE-mediated responses is thought to be responsible for these changes. The TH2 response seems to play the major role in the pathogenesis of EoE, ultimately leading to the recruitment and maintenance of eosinophils in the esophagus [29]. Supporting a role for IgE in this process, the involvement of mast cells has been demonstrated [30], and clinical studies have shown symptomatic and histologic improvement with avoidance of skin test-identified food triggers [31]. However, like atopic dermatitis, much remains to be learned about this complex disease.

Oral Tolerance

The term tolerance is used to indicate a state of immunologic unresponsiveness to a stimulus. For food allergy, tolerance is typically used more specifically in reference to oral tolerance. All food antigens are foreign to the human immune system; however, the vast majority of foods do not cause symptoms upon ingestion due to oral tolerance. A defect in oral tolerance is thought to be the underlying cause of food allergy [32]. When food is ingested, mechanical digestion and the action of gastric acid and enzymes act as a first line of defense by breaking down food proteins. Secretory IgA also protects against potentially harmful food proteins by binding them and thereby preventing absorption. The remaining food proteins are then taken up by intestinal epithelial cells and dendritic cells through direct sampling or by specialized M cells in Peyer's patches and then presented to the immune system (fig. 2). Professional antigen-presenting cells then transport the antigen to the mesenteric lymph nodes, where tolerance is often induced. Depending on the dose of antigen, tolerance is achieved by two means, anergy or clonal deletion for high-dose exposures or suppression by regulatory T-cells for low-dose exposures[33] (fig. 3). Anergy occurs when a T-cell interacts with an antigen-presenting cell without the appropriate co-stimulatory signals, while clonal deletion occurs via Fas-mediated apoptosis. Different subsets of regulatory T-cells, including the classical CD4+CD25+FoxP3+ regulatory T cell, the TH3 cell and the TR1 cell, have been described. These cells act to maintain tolerance by direct cell-to-cell contact, as in the case of the CD4+CD25+FoxP3+ regulatory T cell or through the secretion of pro-tolerogenic cytokines such as IL-10 by the TR1 cell and TGF-β by the TH3 cell. In addition to regulatory T-cells, suppressive CD8+ T-cells have been found to promote tolerance. A defect in this T-cell-induced suppression is suspected to result in the development of food allergy [34].

Recently, the use of food protein, in flour form, that is ingested (oral immunotherapy) and protein extract, in liquid form, that is held under the tongue (sublingual immunotherapy) has been investigated as potential treatments for food allergy. Similar to subcutaneous immunotherapy, which is used for allergic rhinitis and asthma, these therapies attempt to use a buildup and maintenance-dosing protocol to desensitize and ultimately induce tolerance. The preliminary results of these studies suggest that desensitization is possible, as demonstrated by the significant increase in the threshold of food allergen that is required to trigger a reaction while on the treatment [35-39]. This clinical improvement has been associated with the suppression of basophils, decrease in specific IgE and increase in specific IgG4 as well as the induction of regulatory T-cells [37, 38]. However, the exact mechanisms of the therapies remain unclear. In addition, the potential for these treatments to induce true immunological tolerance is unclear. Some food allergy research centers have described a small subset of patients who are able to successfully pass a blinded food challenge up to 3 months after discontinuing immunotherapy (unpublished data). Although this has been deemed by some to represent ‘clinical tolerance’, this is far from a cure, as important questions remain: What biomarkers define a tolerant state? How is a prolonged desensitized state differentiated from a truly tolerant state?

[image: Img]

Fig. 2. Antigen uptake in the intestinal lumen. (Reprinted from Chehade M, Mayer L: Oral tolerance and its relation to food hypersensitivities. J Allergy Clin Immunol 2005; 115:3-12, with permission from Elsevier.)

Conclusion

Although foods can cause a wide variety of reactions, the term food allergy is used to describe an abnormal immunological reaction to the ingestion of food. These reactions can be IgE-mediated, non-IgE-mediated, or a mixture of both. IgE-mediated reactions occur through the involvement of mast cells and their mediators, while non-IgE-mediated reactions are more heterogeneous but typically involve a delayed T-cell response. The pathogenesis of mixed reactions is frequently unclear but seems to revolve around a chronic T-cell inflammatory response with acute, IgE-driven exacerbations. All of these food allergy diseases likely stem from a breakdown of oral tolerance, which is the process by which humans can safely ingest foods. Current studies are seeking to artificially induce oral tolerance, but further work remains to be done.

[image: Img]

Fig. 3. Dose-dependent mechanisms of tolerance induction. (Reprinted from Chehade M, Mayer L: Oral tolerance and its relation to food hypersensitivities. J Allergy Clin Immunol 2005;115:3-12, with permission from Elsevier.)

References

1 Boyce JA, Assa'ad A, Burks AW, Jones SM, Sampson HA, Wood RA, Plaut M, Cooper SF, Fenton MJ, Arshad SH, Bahna SL, Beck LA, Byrd-Bredbenner C, Camargo CA Jr, Eichenfield L, Furuta GT, Hanifin JM, Jones C, Kraft M, Levy BD, Lieberman P, Luccioli S, McCall KM, Schneider LC, Simon RA, Simons FE, Teach SJ, Yawn BP, Schwaninger JM: Guidelines for the diagnosis and management of food allergy in the United States: report of the NIAID-sponsored expert panel. J Allergy Clin Immunol 2010;126(6 suppl): S1-S58.

2 Sicherer SH, Munoz-Furlong A, God-bold JH, Sampson HA: US prevalence of self-reported peanut, tree nut, and sesame allergy: 11-year follow-up. J Allergy Clin Immunol 2010;125:1322-1326.

3 Bock SA, Munoz-Furlong A, Sampson HA: Further fatalities caused by anaphylactic reactions to food, 2001-2006. J Allergy Clin Immunol 2007;119:1016-1018.

4 Hourihane JO, Dean TP, Warner JO: Peanut allergy in relation to heredity, maternal diet, and other atopic diseases: results of a questionnaire survey, skin prick testing, and food challenges. BMJ 1996;313:518-521.

5 Lopez-Exposito I, Song Y, Jarvinen KM, Srivastava K, Li XM: Maternal peanut exposure during pregnancy and lactation reduces peanut allergy risk in offspring. J Allergy Clin Immunol 2009; 124:1039-1046.

6 Vadas P, Wai Y, Burks W, Perelman B: Detection of peanut allergens in breast milk of lactating women. JAMA 2001; 285:1746-1748.

7 Kramer MS, Kakuma R: Maternal dietary antigen avoidance during pregnancy or lactation, or both, for preventing or treating atopic disease in the child. Cochrane Database Syst Rev 2012; 9: CD000133.

8 Caughey GH: Roles of mast cell tryptase and chymase in airway function. Am J Physiol 1989;257: L39-L46.

9 Schwartz LB, Yunginger JW, Miller J, Bokhari R, Dull D: Time course of appearance and disappearance of human mast cell tryptase in the circulation after anaphylaxis. J Clin Invest 1989;83:1551-1555.

10 Jarvinen KM: Food-induced anaphylaxis. Curr Opin Allergy Clin Immunol 2011;11:255-261.

11 Boyce JA: Mast cells and eicosanoid mediators: a system of reciprocal paracrine and autocrine regulation. Immunol Rev 2007;217:168-185.

12 Galli SJ, Tsai M, Piliponsky AM: The development of allergic inflammation. Nature 2008;454:445-454.

13 Katelaris CH: Food allergy and oral allergy or pollen-food syndrome. Curr Opin Allergy Clin Immunol 2010;10:246-251.

14 Hofmann A, Burks AW: Pollen food syndrome: update on the allergens. Curr Allergy Asthma Rep 2008;8:413-417.

15 Commins SP, Satinover SM, Hosen J, Mozena J, Borish L, Lewis BD, Woodfolk JA, Platts-Mills TA: Delayed anaphylaxis, angioedema, or urticaria after consumption of red meat in patients with IgE antibodies specific for galactose-alpha-1,3-galactose. J Allergy Clin Immunol 2009;123:426-433.

16 Commins SP, James HR, Kelly LA, Pochan SL, Workman LJ, Perzanowski MS, Kocan KM, Fahy JV, Nganga LW, Ron-mark E, Cooper PJ, Platts-Mills TA: The relevance of tick bites to the production of IgE antibodies to the mammalian oligosaccharide galactose-alpha-1,3-ga-lactose. J Allergy Clin Immunol 2011; 127:1286-1293.e6.

17 Commins SP, Platts-Mills TA: Delayed anaphylaxis to red meat in patients with IgE specific for galactose alpha-1,3-ga-lactose (alpha-gal). Curr Allergy Asthma Rep 2013;13:72-77.

18 Kagnoff MF: Celiac disease: pathogenesis of a model immunogenetic disease. J Clin Invest 2007;117:41-49.

19 Caubet JC, Nowak-Wegrzyn A: Current understanding of the immune mechanisms of food protein-induced enterocolitis syndrome. Expert Rev Clin Immunol 2011;7:317-327.

20 Chung HL, Hwang JB, Park JJ, Kim SG: Expression of transforming growth factor beta1, transforming growth factor type I and II receptors, and TNF-alpha in the mucosa of the small intestine in infants with food protein-induced enterocolitis syndrome. J Allergy Clin Immunol 2002;109:150-154.

21 Stapel SO, Asero R, Ballmer-Weber BK, Knol EF, Strobel S, Vieths S, Kleine-Tebbe J, Force ET: Testing for IgG4 against foods is not recommended as a diagnostic tool: EAACI Task Force Report. Allergy 2008;63:793-796.

22 Jones SM, Pons L, Roberts JL, Scurlock AM, Perry TT, Kulis M, Shreffler WG, Steele P, Henry KA, Adair M, Francis JM, Durham S, Vickery BP, Zhong X, Burks AW: Clinical efficacy and immune regulation with peanut oral immunotherapy. J Allergy Clin Immunol 2009;124:292-300.e1-e97.

23 Leung DY, Soter NA: Cellular and immunologic mechanisms in atopic dermatitis. J Am Acad Dermatol 2001; 44(1 suppl): S1-S12.

24 Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, Goudie DR, Sandilands A, Campbell LE, Smith FJ, O'Regan GM, Watson RM, Cecil JE, Bale SJ, Compton JG, DiGiovanna JJ, Fleckman P, Lewis-Jones S, Arseculeratne G, Sergeant A, Munro CS, El Houate B, McElreavey K, Halkjaer LB, Bisgaard H, Mukhopadhyay S, McLean WH: Common loss-of-function variants of the epidermal barrier protein filaggrin are a major predisposing factor for atopic dermatitis. Nat Genet 2006;38:441-446.

25 Elias PM, Schmuth M: Abnormal skin barrier in the etiopathogenesis of atopic dermatitis. Curr Opin Allergy Clin Immunol 2009;9:437-446.

26 Sicherer SH, Sampson HA: Food hypersensitivity and atopic dermatitis: pathophysiology, epidemiology, diagnosis, and management. J Allergy Clin Immunol 1999;104: S114-S122.

27 Breuer K, Heratizadeh A, Wulf A, Baumann U, Constien A, Tetau D, Kapp A, Werfel T: Late eczematous reactions to food in children with atopic dermatitis. Clin Exp Allergy 2004;34:817-824.

28 Prasad GA, Talley NJ, Romero Y, Arora AS, Kryzer LA, Smyrk TC, Alexander JA: Prevalence and predictive factors of eosinophilic esophagitis in patients presenting with dysphagia: a prospective study. Am J Gastroenterol 2007;102:2627-2632.

29 Straumann A, Bauer M, Fischer B, Blaser K, Simon HU: Idiopathic eosinophilic esophagitis is associated with a T(H)2-type allergic inflammatory response. J Allergy Clin Immunol 2001; 108:954-961.

30 Abonia JP, Blanchard C, Butz BB, Rainey HF, Collins MH, Stringer K, Putnam PE, Rothenberg ME: Involvement of mast cells in eosinophilic esophagitis. J Allergy Clin Immunol 2010;126:140-149.

31 Spergel JM, Brown-Whitehorn TF, Cianferoni A, Shuker M, Wang ML, Verma R, Liacouras CA: Identification of causative foods in children with eosinophilic esophagitis treated with an elimination diet. J Allergy Clin Immunol 2012; 130:461-467.e5.

32 Burks AW, Laubach S, Jones SM: Oral tolerance, food allergy, and immunotherapy: implications for future treatment. J Allergy Clin Immunol 2008;121:1344-1350.

33 Friedman A, Weiner HL: Induction of anergy or active suppression following oral tolerance is determined by antigen dosage. Proc Natl Acad Sci U S A 1994; 91:6688-6692.

34 Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, Kelly TE, Saulsbury FT, Chance PF, Ochs HD: The immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet 2001; 27:20-21.

35 Buchanan AD, Green TD, Jones SM, Scurlock AM, Christie L, Althage KA, Steele PH, Pons L, Helm RM, Lee LA, Burks AW: Egg oral immunotherapy in nonanaphylactic children with egg allergy. J Allergy Clin Immunol 2007; 119:199-205.

36 Skripak JM, Nash SD, Rowley H, Brereton NH, Oh S, Hamilton RG, Matsui EC, Burks AW, Wood RA: A randomized, double-blind, placebo-controlled study of milk oral immunotherapy for cow's milk allergy. J Allergy Clin Immunol 2008;122:1154-1160.

37 Varshney P, Jones SM, Scurlock AM, Perry TT, Kemper A, Steele P, Hiegel A, Kamilaris J, Carlisle S, Yue X, Kulis M, Pons L, Vickery B, Burks AW: A randomized controlled study of peanut oral immunotherapy: clinical desensitization and modulation of the allergic response. J Allergy Clin Immunol 2011;127:654-660.

38 Kim EH, Bird JA, Kulis M, Laubach S, Pons L, Shreffler W, Steele P, Kamilaris J, Vickery B, Burks AW: Sublingual immunotherapy for peanut allergy: clinical and immunologic evidence of desensitization. J Allergy Clin Immunol 2011; 127:640-646.e1.

39 Fleischer DM, Burks AW, Vickery BP, Scurlock AM, Wood RA, Jones SM, Sicherer SH, Liu AH, Stablein D, Henning AK, Mayer L, Lindblad R, Plaut M, Sampson HA, Consortium of Food Allergy Research (CoFAR): Sublingual immunotherapy for peanut allergy: a randomized, double-blind, placebo-controlled multicenter trial. J Allergy Clin Immunol 2013;131:119-127.e1-e7.

Edwin H. Kim, MD
Division of Rheumatology, Allergy and Immunology
Department of Medicine
University of North Carolina at Chapel Hill
3300 Thurston Bldg., CB#7280
Chapel Hill, NC 27599 (USA)
E-Mail edwinkim@med.unc.edu


Background

Ebisawa M, Ballmer-Weber BK, Vieths S, Wood RA (eds): Food Allergy: Molecular Basis and Clinical Practice.
Chem Immunol Allergy. Basel, Karger, 2015, vol 101, pp 18-29 (DOI: 10.1159/000371647)

______________________

Food Allergens: Molecular and Immunological Aspects, Allergen Databases and Cross-Reactivity

Anne-Regine Lorenz · Stephan Scheurer · Stefan Vieths

Paul-Ehrlich-Institut, Langen, Germany

______________________

Abstract

The currently known food allergens are assigned to a relatively small number of protein families. Food allergens grouped into protein families share common functional and structural features that can be attributed to the allergenic potency and potential cross-reactivity of certain proteins. Molecular data, in terms of structural information, biochemical characteristics and clinical relevance for each known allergen, including isoforms and variants, are mainly compiled into four open-access databases. Allergens are designated according to defined criteria by the World Health Organization and the International Union of Immunological Societies Allergen Nomenclature Sub-committee. Food allergies are caused by primary sensitisation to the disease-eliciting food allergens (class I food allergen), or they can be elicited as a consequence of a primary sensitisation to inhalant allergens and subsequent IgE cross-reaction to homologous proteins in food (class II food allergens). Class I and class II allergens display different clinical significance in children and adults and are characterised by different molecular features. In line with this, high stability when exposed to gastrointestinal digestion and heat treatment is attributed to many class I food allergens that frequently induce severe reactions. The stability of a food allergen is determined by its molecular characteristics and can be influenced by structural (chemical) modifications due to thermal processing. Moreover, the immunogenicity and allergenicity of food allergens further depends on specific T cell and B cell epitopes. Although the T cell epitope pattern can be highly diverse for individual patients, several immuno-prominent T cell epitopes have been identified. Such conserved T cell epitopes and IgE cross-reactive B cell epitopes contribute to cross-reactivity between food allergens of the same family and to clinical cross-reactivity, similar to the birch pollen-food syndrome.
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Molecular Features of Food Allergens

Allergen Families

Only a small number of proteins to which humans are exposed via the inhalative, ingestive or cutaneous route are known as allergens. In order to attribute the allergenic potency of a certain protein to molecular features, known allergens have been grouped into protein families according to common structural features [1].

Currently, more than a thousand allergens are included in the AllFam (http://www.meduniwien.ac.at/allergens/allfam/) database. The protein families in AllFam refer to those of the Pfam database (http://pfam.sanger.ac.uk/), which is a large collection of protein families. Proteins generally comprise one or more functional domains, and identifying the domains present in a protein can provide insights into the function of that protein. The Pfam 27.0 (March 2013) database contains 14,831 protein families and includes about 80% of all sequence entries in the UniProt Knowledgebase. The majority of allergens in the AllFam database belong to a restricted number of 186 protein families, and the current AllFam database includes 399 food allergens that are grouped into 71 protein families. Remarkably, the majority of food allergens (>60%, n = 257) are assigned to only 10 protein families:

1. Prolamin superfamily (n = 65).

2. Cupin superfamily (n = 41).

3. EF-hand domain protein family (n = 37).

4. Tropomyosins (n = 35).

5. Profilins (n = 25).

6. Bet v 1-like proteins (n = 18).

7. Alpha/beta caseins (n = 10).

8. Hevein-like proteins (n = 9).

9. Thaumatins (n = 9).

10. Class I chitinases (n = 8).

The prolamin superfamily derives its name from the alcohol soluble proline- and glutamine-rich storage proteins of cereals. Members of this family are characterised by the presence of a conserved pattern of six or eight cysteine residues that form three or four intra-molecular disulphide bonds and the presence of an alpha-helical globular domain. Members of the prolamin superfamily include, among others, cereal proteins such as glutenin and gliadin, the non-specific lipid transfer proteins (nsLTPs) (e.g. Pru p 3 from peach, Hel a 3 from sunflower seed) and the 2S albumins, which are seed-storage proteins (e.g. Sin a 1 from yellow mustard, Ber e 1 from Brazil nut, Jug r 1 from English walnut, Cor a 14 from hazelnut, and Ara h 2 and Ara h 6 from peanut). Cupins are a large superfamily of proteins that have a common origin and immensely diverse functions. Allergenic cupins comprise the 7/8S globulins (vicilins) (e.g. Ara h 1 from peanut, Jug r 2 from walnut) and the 11S globulins (legumins) (e.g. Ara h 3 from peanut, Fag e 1 from buckwheat). Proteins with EF-hand domains include calcium-binding proteins such as parvalbumins, which are allergens from fish (e.g. Sal s 1 from salmon) and amphibians (e.g. Ran e 1 and 2 from edible frog), as well as troponin C and sarcoplasmic calcium-binding protein in crustaceans (e.g. Hom a 6 from lobster and Cra c 4 from shrimp, respectively). Tropomyosins have been identified as food allergens in crustaceans (e.g. Pen a 1 from shrimp, Cha f 1 from crab) and molluscs (e.g. Hel as 1 from snail, Tod p 1 from squid). Interestingly, vertebrate tropomyosins seem to be non-allergenic. Profilins are ubiquitous in all eukaryotic cells and therefore constitute a pan-allergenic structure. However, allergenic profilins are found almost exclusively in plants. Bet v 1-like proteins belong to the pathogenesis-related PR-10 protein family and are known as birch pollen-related food allergens (e.g. Mal d 1 from apple, Cor a 1.04 from hazelnut, Dau c 1 from carrot, Gly m 4 from soybean, and many others). The allergens from the alpha/beta caseins include milk allergens from cow, sheep and goat. Hevein-like proteins are characterised by a hevein-like domain, which is thought to be involved in the recognition or binding of chitin subunits (e.g. the hevein-like domain is the N-terminus of the major latex allergen prohevein (Hev b 6.01)). A number of plant and fungal proteins contain one or more copies of the hevein-like domain (e.g. wheat allergen Tri a 18, which contains four hevein-like domains). Thaumatin-like proteins in plants are pathogenesis-related proteins of the PR-5 family that are induced during ripening (e.g. Cup a 1 from bell pepper, Pru av 2 from cherry). Class I chitinases catalyse the hydrolysis of chitin polymers and function in the plant's defence against fungal and insect pathogens by destroying their chitin-containing cell wall (e.g. Mus a 2 from banana, Cas s 5 from chestnut, and Pers a 1 from avocado). Noteworthy, class I chitinases contain an N-terminal hevein-like domain that is homologous to latex hevein. Consequently, the above-mentioned class I chitinases also belong to the group of hevein-like domains.

In addition to allocating allergens to protein families, Radauer and colleagues classified allergens by their structural and functional features [1]. Using the Structural Classification of Proteins database, allergens with known 3-dimensional structure were grouped into 138 structural families, representing only 5% of all known families in the Structural Classification of Proteins database. Functional features were assigned to allergens according to the Gene Ontology (GO) database, which discriminates the functions of protein families by hierarchical order. Radauer and colleagues [1] assigned many but not all of the allergens to 351 different GO terms, such as (1) Molecular function, (2) Biological process and (3) Cellular component, which are three heading GO terms that contain many of the allergens. Within these three major GO terms are subcategories containing food allergen families. Examples of such further GO terms and assigned protein families are the following: (1) Molecular function, e.g. calcium ion-binding (sarcoplasmic calcium-binding proteins, parvalbumins, troponin C), nsLTPs, nutrient reservoir (prolamin and cupin superfamilies) or hydrolase activity (class I chitinases); (2) Biological process: e.g. transport(nsLTP, serum albumin, caseins); and (3) Cellular component: e.g. cytoskeleton (profilins). As allergen families without GO annotations, tropomyosins and thaumatin-like proteins, among others, were described by Radauer and colleagues.

Intrinsic immune-modulating properties similar to the MD2/TLR2-binding activity of the house dust mite allergen Der p 2 [2] have not yet been described for food allergens. However, few studies have investigated the influence of food allergens, e.g. milk proteins, on the tight junctions of intestinal epithelial cells that form a barrier against paraepithelial transport of ingestive proteins. The milk allergens β-lactoglobulin and bovine serum albumin have a stabilising effect on intestinal tight junctions, whereas hydrolysed peptides of the two allergens have an opposite effect on tight junctions [3]. Moreover, a peptide of cow's milk, derived from casein Bos d 10, enhanced epithelial barrier function [4].

Allergen Databases

Apart from the above-mentioned AllFam database, more open-access databases have compiled molecular and sometimes clinical data of allergens. The Allergen Nomenclature database represents the official list of allergens that have been approved by the World Health Organization and the International Union of Immunological Societies (WHO/IUIS) Allergen Nomenclature Subcommittee (http://www.allergen.org/). The Allergen Nomenclature system was founded in 1986 and was revised in 1994. This database lists all allergens based on an official denomination that has been approved by the Allergen Nomenclature Subcommittee. The criteria for official acceptance are that the allergen binds to specific IgE antibodies from the sera of at least 5 patients and that the prevalence of IgE reactivity is at least 5% in the respective patient collective. The allergen needs to be characterised by amino acid or DNA sequence and by additional molecular characteristics such as molecular weight or post-translational modifications. Two (or more) members of the Executive Committee of the Allergen Nomenclature Subcommittee will review the submission and assess whether the allergen fulfils the molecular and immunological requirements for inclusion into the Allergen Nomenclature database. The allergen's official name is assigned according to the taxonomic name of the source organism (used by UniProt and NCBI), in Latin, and consists of the genus (3-4 letters) and the species (1-2 letters) as well as a subsequent numbering that usually indicates a certain protein family. Example: The first birch (Betula verrucosa) pollen allergen to be characterised according to the criteria of the Allergen Nomenclature Subcommittee has been named Bet v 1. Additionally, the Allergen Nomenclature database contains isoallergens that are of the same molecular weight, have identical biological function, belong to the same protein family and share an amino acid sequence identity of at least 67%. An important prerequisite for acceptance is demonstration of the IgE-binding activity of isoallergens, which are characterised by the subsequent two numbers, e.g. Bet v 1.01 and Bet v 1.02. Allergen sequences with closely related amino acid sequences (≥97% amino acid identity) are called isovariants and are designated by two additional numbers, e.g. Bet v 1.0201 and Bet v 1.0202 (the first two numbers characterise the isoallergen, and the last two numbers identify the isovariant). The Allergen Nomenclature database represents a uniform system of characterisation and denomination of allergens and is widely accepted in the field of allergology. The database from March 2014 comprises 771 allergens, of which 264 are food allergens.

The database ‘Allergome - The Platform for Allergen Knowledge’ (http://www.allergome.org) provides comprehensive information on allergenic sources and single allergens, including various aspects such as biochemistry, structure, function, molecular biology, immunochemistry, allergenicity, genetics, and epidemiology, and provides information on source tissues, route of exposure and isoallergens. Links are given to sequence databases, and pictures of the allergen sources are presented. Allergome started in 2002 but actually contains data from back to 1987 and (with gaps) even data from the early sixties of the last century, thus providing approximately 7,000 entries. Similar to the IUIS Database, Allergome focuses on molecules causing type I allergies. The information in Allergome is extracted from international, peer-reviewed scientific journals, other publications, and web-based sources. Allergome not only lists allergens that have been officially accepted by the IUIS Allergen Nomenclature Subcommittee but also additional molecules that have been reported as potential allergens. The Allergome database is usually updated several times per week. In contrast to the IUIS database, the scientific information in Allergome that has been extracted from the literature is not peer-reviewed by an independent expert panel.

The database ‘Allfam - A Database of Allergen Families’ (http://www.meduniwien.ac.at/allergens/allfam/) is maintained by the Biochemistry and Bioinformatics group located in the Department of Pathophysiology and Allergy Research of the Medical University of Vienna, Austria [1]. AllFam groups allergens into protein families and tries to help answer questions such as the following: What makes a protein an allergen? Which allergens potentially facilitate IgE cross-reactivity? However, it has to be kept in mind that the vast majority of members of an allergen-containing protein family are usually not allergenic and that not all allergenic members of a protein family are cross-reactive. The sources of AllFam are the two databases Allergome and Pfam. In Pfam, allergens with known sequences are grouped into a protein family based on sequence alignments and hidden Markov models. Allergens that are multidomain proteins are merged into a single AllFam family if the Pfam domain of these allergens occurs only in combination with a single other Pfam domain (e.g. propeptides of proteases that occur only with certain catalytic domains). Domains that are a part of proteins from different families represent separate AllFam families, e.g. the hevein-like domain. The actual update of the March 2014 AllFam is from 2011-09-12 and is based on Allergome version 2011-09-06 and Pfam 25.0 of March 2011 (the current version in March 2014 is Pfam 27.0 of March 2013). The actual version of the March 2014 AllFam contains 1,091 allergens, of which 995 are assigned into 186 protein families, and the 399 food allergens in AllFam are restricted to 71 protein families.

Allergen Online (http://www.allergenonline.org/) is a comprehensive allergen database that is maintained by the Food Allergy Research and Resource of the Department of Food Science and Technology at the University of Nebraska in Lincoln. AllergenOnline is intended for the identification of proteins that may present a potential risk of allergenic cross-reactivity, and it contains allergen sequences that have been peer-reviewed according to defined criteria. In Allergen Online, allergens are accepted only after a review process involving two international experts per allergen entry. According to the level of clinical information that is available for the respective protein sequences, potential allergens are classified as ‘allergen’, ‘putative’, or ‘unproven’. The database is intended to compare the sequences of new proteins (in genetically modified crops or in a novel food) with known allergens as part of the safety assessment of, for example, genetically modified crop plants. Using the FASTA format, the database performs full-length alignments of newly identified allergens with allergens already existing in AllergenOnline. It is assumed that cross-reactivity is not likely for proteins with less than 50% identity over the entire protein sequence, but cross-reactivity is fairly common for those with higher than 70% identity. As a second option, AllergenOnline offers scans of each possible 80 amino acid segment of the target protein, looking for matches of at least 35% identity; this method has been suggested as a more reliable threshold for evaluating proteins in genetically modified crops by a Codex Alimentarius publication in 2003. As a third option, eight identical consecutive amino acids have been suggested in a Food and Agriculture Organization (FAO)/WHO 2001 document to assess the allergenicity of genetically modified food, but this approach results in many false-positive hits. The project is funded by the agro-biotech industry. AllergenOnline is updated once a year, usually in February. The actual version, #14, is from 2014-01-20 and includes 1,706 sequences in 645 taxonomic groups.

Class I Food Allergens/Class II Food Allergens

Food allergies are allergic reactions that occur after ingestion of food. These allergic reactions are either caused by primary sensitisation to disease-eliciting food allergens, leading to symptoms upon secondary contact when ingesting the same allergen (class I food allergen), or can be elicited as a consequence of a primary sensitisation to inhalant allergens and subsequent IgE cross-reaction to homologous proteins in food (class II food allergens).

Class I Food Allergens

It is assumed that several food allergens act as a primary sensitising agent via the gut and elicit an allergic reaction upon ingestion of the food. These class I food allergens are also called ‘classical’, ‘true’ or ‘complete’ food allergens. There is some evidence that primary sensitisation to peanut may also occur by exposure to the skin [5]; however, urticaria elicited by skin contact with food proteins is not classified as a food allergy.

Examples of class I food allergens include the peanut allergens Ara h 1 and Ara h 2, the crustacean allergen tropomyosin, the bovine milk allergens β-lactoglobulin Bos d 5 and α-lactalbumin Bos d 4, the hen's egg allergens Gal d 1 and Gal d 2, soybean allergens (e.g. Gly m 5, Gly m 6), the fish allergen parvalbumin (e.g. Gad c 1 from codfish), and probably nsLTP allergens in plant-derived food (e.g. Pru p 3 from peach, Mal d 3 from apple). Food allergy in infants and small children is usually caused by class I food allergens. It has been reported that several class I food allergens display linear IgE epitopes (see the section on B cell epitopes), and the presence of linear epitopes has been associated with food allergies persisting after childhood [6]. Sensitisation to class I food allergens is often associated with severe and sometimes anaphylactic reactions and is thought to be related to the high stability of most of these allergens to digestive enzymes and high temperature.

Class II Food Allergens

Class II food allergens are considered to possess low immunogenicity upon ingestion. IgE reactivity to class II food allergens results from primary sensitisation to homologous allergens from a different source, particularly inhalant allergens such as weed, tree or grass pollen, and subsequent cross-reactivity of IgE antibodies with the respective food proteins from the same protein family. IgE cross-reactivity can develop upon primary sensitisation by a mechanism described as epitope spreading [7]. Class II food allergens are mainly involved in certain allergy syndromes, such as the birch-food syndrome (birch pollen-related food allergy), mugwort-celery/spices syndrome, plane tree pollen-food syndrome, birdhen's egg syndrome, or latex-fruit syndrome. Several class II allergens are considered as pan-allergens and are highly conserved in many plant or animal species. Examples of class II allergens are food allergens from the Bet v 1 family (e.g. Mal d 1 and Cor a 1.04), Bet v 6-homologous proteins, profilins (e.g. Mal d 4 and Cor a 2), and serum albumins (e.g. Gal d 5 from hen's egg, which contributes to the bird-egg syndrome). In contrast to class I food allergens, sensitisation to class II food allergens is more prevalent in adolescents and adults. Sensitisation to class II food allergens is frequently associated with mild oral or mild systemic reactions, presumably due to the relatively low stability of these allergens. A typical clinical symptom of pollen-related food allergy is the oral allergy syndrome.

Resistance to Food Processing and Digestion

Many class I food allergens are highly stable when exposed to gastrointestinal digestion and heat treatment. Stable allergens are presented to the immune system of the gut in a more or less intact form. Examples of such molecules are Ara h 2 and Ara h 6 from peanut or nsLTP allergens from several plant-derived foods. In contrast, class II food allergens, such as Bet v 1-related proteins or profilins, are relatively unstable when exposed to digestive enzymes and thermal processing. Nevertheless, the impact of the food matrix on the sensitisation capacity and properties eliciting allergic symptoms needs to be considered for both, class I and class II allergens.

Thermal Stability of Allergens

Heat treatment is the most important step in food processing, e.g. cooking, roasting, baking, sterilisation or pasteurisation, for increasing the storage stability of food products. Heat treatment results in denaturation of proteins, which is characterised by loss of tertiary structure and sometimes oligomerisation and crosslinking of proteins, and therefore a loss of conformational IgE epitopes. Other possible modifications of proteins during heating are alterations of the amino acid side-chains and reactions of the protein allergens with other molecules (proteins, carbohydrates and fatty acids) of the food matrix. Protein stability to thermal processing has been shown for several class I food allergens, e.g. the peanut allergens Ara h 1 and Ara h 2, nsLTPs in plant food, the hen's egg allergens Gal d 1 and Gal d 2, the bovine milk allergens casein, β-lactoglobulin, Bos d 5 and immunoglobulin Bos d 7, allergenic tropomyosin from crustaceae and other seafood, as well as the fish allergen parvalbumin. Molecular features enhancing the thermal stability of proteins include the following:

Intramolecular Disulphide Bonds. Prolamins (including 2S albumins and nsLTPs) are small, tightly packed, globular, alpha-helical proteins characterised by up to five intramolecular disulphide bonds that contribute to their high thermal resistance. In line with this, the 2S albumin-like peanut allergens Ara h 2 and Ara h 6 showed no change in secondary conformation when heated to 90°C [8]. Like prolamins, the β-lactoglobulins are globular proteins that are stabilised by two disulphide bonds, and their folding is not altered when heated to 65°C [9]. Likewise, the apple allergen nsLTP Mal d 3 was found to be very stable, and only intense heating led to the loss of one disulphide bond through oxidation and the decrease of IgE-binding activity and biological activity [10].

Ion-Binding. Parvalbumin, a protein with three EF-hands is considered to be stabilised by Ca2+-binding, which is required for its structural integrity. Calcium depletion resulted in a change in its structure, as determined by circular dichroism spectroscopy [11]. This might explain why parvalbumin, despite it being cooked, retains the capacity to sensitise patients [12]. In contrast, it has been reported that no differences in thermal stability were found for the calcium-bound or calcium-depleted form of natural cod parvalbumin [13].

Protein Oligomerisation. It has been suggested that the tendency of certain parvalbumin iso-forms to form oligomers might contribute to the maintenance of its allergenicity during heat processing [14]. Furthermore, the secondary structure of amandin, a hexameric major allergen of approximately 370 kDa from almond, was not affected by temperatures up to 90°C, whereas monomeric basic and acidic polypeptides showed lower thermal stability [15].

Chemical Modification.
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