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Hen eggs are an important and inexpensive supply of high quality proteins in the human diet. 11 

Egg, either as a whole or its constituents (egg yolk and white), is a key ingredient in many food 12 

products by virtue of its nutritional value and unique functional properties, such as emulsifying, 13 

foaming and gelling. Nevertheless, egg is also known because of its allergenic potential and, in 14 

fact, it is the second most frequent source of allergic reactions, particularly in children. This 15 

review deals with the structural or functional properties of egg proteins that make them strong 16 

allergens. Their ability to sensitize and/or elicit allergic reactions is linked to their resistance to 17 

gastroduodenal digestion, which ultimately lets them interact with the intestinal mucosa where 18 

absorption occurs. The factors that affect protein digestibility, whether increasing, decreasing it, 19 

or inducing a different proteolysis pattern and their influence in their capacity to induce or 20 

trigger an allergic reaction are discussed. Special attention is paid to the effect of the food 21 

matrix and the processing practices in the capacity of egg proteins to modulate the immune 22 

response. 23 

 24 

 25 

 26 

 27 
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1. Allergy to egg 28 

The International Collaboration in Asthma, Allergy and Immunology (iCAALL) defines food 29 

allergy as an "adverse health effect arising from a specific immune response that occurs 30 

reproducibly on exposure to a given food".1 This definition agrees with other international 31 

guidelines and includes immune responses that are IgE-mediated, non-IgE-mediated and a 32 

combination of both. IgE-mediated food allergy is believed to be responsible for most of the 33 

food-induced hypersensitivity reactions and it is characterized by an acute onset of symptoms 34 

that typically involve the skin (urticaria and angioedema), gastrointestinal tract (vomiting, 35 

diarrhoea, abdominal pain) and respiratory tract (asthma and rhinitis), which, in the most severe 36 

cases, may result in a rapid and progressive systemic reaction that might end up in a 37 

cardiovascular collapse (anaphylaxis).
2
  38 

Briefly, in IgE-mediated allergies, sensitization occurs when antigenic proteins enter the 39 

body, typically through the mucous membranes, and they are taken by antigen presenting cells, 40 

which eventually trigger the differentiation of naive allergen-specific T cells into Th2 cells. This 41 

is followed by the activation of B lymphocytes into IgE antibody-producing plasma cells. IgE 42 

antibodies bind to the surface of tissue mast cells and blood basophils so that, on re-exposure to 43 

the food, the allergens cross-link the cell bound specific IgE, triggering the release of symptom-44 

causing mediators, such as histamine and leukotrienes. Sensitization alone is not sufficient to 45 

define food allergy. Specific signs and symptoms on exposure to the offending food, together 46 

with a measurable food-specific IgE are required.1 47 

The whole process responsible for food allergies still remains unknown, although it is 48 

recognized that susceptibility is greatly influenced by genetic factors. The World Allergy 49 

Organization estimates the prevalence of food allergy in 8% of children and 2% of adults.3,4 
50 

However, the true prevalence is difficult to establish, because most studies differ in their design 51 

and in the definition of food allergy, or they focus strictly on the most common foods.1 52 

Nevertheless, increasing evidence points at the fact that the prevalence of food allergy is 53 

increasing, which suggests an important contribution from environmental influences.5 
54 

Moreover, there are wide variations in each country with respect to the most common food 55 

allergies, which suggests that, in addition to a significant genetic component, the local diet, age 56 

of first exposure, performance of the digestive processes and diversity of gut microbiota, as well 57 

as other factors not as yet identified, may play a role.6 58 

Eggs are, together with milk, the most common allergenic foods in European children.
7
 59 

Meta-analyses of the prevalence of food allergy reveal a self-reported prevalence of egg allergy 60 

from 0.2% to 7%, although this figures are above the estimates based on objective assessments 61 

(skin prick tests, IgE and oral food challenges), which range between 0.2 and 2%.7,8 Egg allergy 62 
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mainly affects children below the age of three but, despite most of them outgrow their allergy 63 

by the early school years, a significant proportion of the population retains egg allergy 64 

throughout life.
9,10

 In this respect, the measurement of specific antibodies to individual egg 65 

white components, as well as the characteristics of the initial reactions, have been shown to 66 

predict different clinical patterns of egg allergy.
10,11

 The prevalence of sensitization and allergy 67 

to egg is greater in children with allergy to cow’s milk and in those suffering from atopic 68 

dermatitis.
12,13

 Furthermore, egg allergy is one of the most common causes of severe 69 

anaphylaxis and it is also a marker of a later sensitization to aeroallergens and development of 70 

asthma.
14

 71 

The typical age of onset of egg allergy is around the first year, matching in most cases the 72 

introduction of eggs in the diet. Children introduced to egg at 4-6 months are less likely to be 73 

allergic than those first exposed after 10 months, particularly if they are given cooked eggs 74 

rather than egg in baked products.
15

 This suggests that delaying the introduction of allergenic 75 

food may paradoxically cause an increase of the risk.16,17 Clinical adverse reactions to eggs have 76 

also been documented in children after the first known exposure.
18

 It is speculated that these 77 

could be due to in utero sensitization, ingestion of allergens through breast milk, or household 78 

contact through non-oral routes, such as the skin.
5,19,20

 In adults, sensitization can also occur via 79 

the respiratory tract, as in workers of bakery industries exposed to inhalation of egg particles.21 80 

Also in adults, an IgE-mediated hypersensitivity designated “bird-egg-syndrome” has been 81 

described, that consists in an association of inhalant and food allergy provoked by bird dander. 82 

As opposed to typical egg allergy, where the responsible allergens are in the egg white, the 83 

allergen responsible for bird-egg syndrome (α-livetin) is found in the yolk.
22

 Cross-reactions 84 

between egg and chicken meat, among the proteins from egg white and yolk and eggs from 85 

different birds have also been described.
 23,24

  86 

The current management of food allergy is limited to strict dietary avoidance, nutritional 87 

counselling and emergency treatment of adverse reactions.
25

 The fact that eggs are very 88 

common food ingredient hinders their avoidance, so transgressions or involuntary ingestions 89 

tend to be frequent and potentially serious. In addition, egg proteins can be found in drugs, 90 

vaccines or cosmetics.26 There have been attempts to desensitize patients with food allergy for 91 

more than 100 years; however there are still no accepted therapies to accelerate the development 92 

of oral tolerance or to provide effective protection from unintentional exposures.27 Oral 93 

immunotherapy, which consists in the gradual administration of increasing amounts of the 94 

allergen, is one of the most promising. The results of oral immunotherapy range from 95 

desensitization to tolerance and, so far, it has shown to be rather well accepted, although its 96 

efficacy has not been formally demonstrated. Further questions about egg oral immunotherapy 97 

remain, including the optimal dosing and length of treatment; whether just desensitization or 98 
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full tolerance can be achieved and the exact cellular mechanisms resulting in protection. 99 

Therefore, more high-quality studies (placebo-controlled and with higher sample sizes) are 100 

necessary before it can be recommended as a viable treatment option.28
  101 

 102 

2. Egg allergens 103 

Despite the great diversity of the human diet, there are relatively few foods responsible for the 104 

majority of food allergies. In children, for example, 80% of the cases are due to milk, eggs and 105 

peanuts. In fact, eight types of food (milk, eggs, fish, shellfish, peanuts, other nuts, soy and 106 

gluten-containing cereals) are responsible for more than 90% of all food allergies, although at 107 

least other 160 foods can cause food allergies. It is proven that the known food allergens, either 108 

animal or vegetable, belong just to some of the thousands of existing protein families, which 109 

confronts the assumption that the allergenic potential of all proteins is equivalent. However, 110 

regardless of this small number of families, the structures and functions of the different 111 

allergens are dissimilar and do not allow to establish common features.
29,30

 112 

The gastrointestinal tract is the gateway of an enormous amount of harmless food proteins 113 

(more than 20 kg per person and year) that the immune system distinguishes under normal 114 

conditions of harmful substances. The fact that certain food proteins cause allergic reactions is 115 

due to a dysfunction in the mechanisms of induction of tolerance that operate normally, 116 

although it is not known exactly what triggers an inappropriate response.30,31 In eggs, as in the 117 

majority of allergy-causing foods, proteins are major constituents.
 32

 In addition, the egg is a 118 

very important component in the diet of children during the second half of the first year of life, 119 

when there is a greater predisposition to develop food allergies. In addition to the genetic 120 

background, there is a higher risk at this age, because it is the time when the child first comes in 121 

contact with foods containing new proteins with allergenic potential, but also because the 122 

digestive processes are not yet fully developed.16 Thus, several factors, such a higher gastric pH, 123 

a lower concentration of digestive enzymes, or an increased intestinal permeability, would allow 124 

the absorption, to a greater extent, of intact allergens or large molecules that may cause 125 

sensitization.33 However, it should be noted that other foods rich in protein and frequent in the 126 

diet during the early years, such as beef, chicken and pork, rarely give rise to allergic 127 

reactions.34 128 

Eggs present allergens both in the egg white and yolk, although the egg white exhibits a 129 

much higher allergenic potential.35,36 The main allergens are: ovomucoid (OM, Gal d 1), 130 

ovalbumin (OVA, Gal d 2), lysozyme (LYS, Gal 4 d) and ovotransferrin (OVT, Gal d 3). 131 

Although no clear consensus has been reached as to the relative allergenicity of the individual 132 
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protein components, several studies imply a more important role of OM, compared with other 133 

proteins, in egg hypersensitivity.37-40 As mentioned, the yolk is less allergenic, being the main 134 

proteins involved α-livetin (Gal 5 d) and protein YGP-42 (Gal d 6).41,42 In addition, two minor 135 

egg white proteins, ovoinhibitor and clusterin, have the ability to bind IgE from egg allergic 136 

patients,43 and also a minor protein in the egg white, riboflavin binding protein, binds IgE, both 137 

in its intact form and after in vitro gastroduodenal digestion.
44

 Indeed, while several publications 138 

have considerably widened our knowledge of the egg white proteome,45,46  the potential 139 

contribution of the minor egg proteins to the allergenicity of egg, either as sensitizing proteins 140 

or through cross-reactivity, has not been fully explored (Fig. 1).  141 

There is a great interest in defining the characteristics that determine a protein to be 142 

allergenic. Nevertheless, as already indicated, it is difficult to find common features, beyond a 143 

great structural stability that makes them resistant to digestion and difficult to alter by 144 

processing, in particular, by heat treatment.29 The amino acid sequence and the structural 145 

characteristics of the main egg allergens are well known. Their primary structure determines the 146 

sequential epitopes, IgE-binding regions with linear layout, and the three-dimensional structure 147 

gives rise to conformational epitopes. Since allergens must be able to cross-link two IgE 148 

molecules to cause the breakdown of the effector cells, they have to possess, at least, two IgE 149 

epitopes reactive to the antibodies to elicit an allergic response. However, while allergens are 150 

normally defined as proteins which are recognized by IgE from egg allergic patients, a 151 

prerequisite of complete allergens, such as egg proteins, is to also contain T-cell epitopes which, 152 

once up taken by antigen presenting cells, enhance T cell immunogenicity and Th2 153 

differentiation, resulting in allergic sensitization.
47-50

 Mapping of IgE and T-cell epitopes on egg 154 

allergens has not allowed so far the discovery of specific sequences or structures especially 155 

designed to induce immune responses. Furthermore, recognition of IgE and T-cell epitopes 156 

varies broadly among allergic individuals.30 157 

Although there is not a particular epitope pattern, proteins with the capacity to induce 158 

sensitization and elicitation of an allergic response must exhibit sufficient molecular stability to 159 

maintain the integrity of their epitopes to induce T-cell differentiation and IgE-mediated 160 

activation of effector cells. This implies that the allergens need to retain a certain structure 161 

during their passage through the gastrointestinal tract, resisting the effects of the low pH of the 162 

stomach, proteolytic enzymes and surfactants, such as phospholipids and bile salts; even if, in 163 

some cases, the rapid occurrence of allergic symptoms in sensitized individuals suggests that 164 

just pregastric contact or absorption of the allergens in the oral cavity or the oesophagus could 165 

induce an allergic reaction.
51,52

 Thus, resistance to digestion is regarded as one of the common 166 

properties to food allergens, although digestibility is not a consistent predictor of 167 

allergenicity.
53-57

 Structural characteristics, such as a compact quaternary structure, the existence 168 
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of disulphide bridges, or the binding of sugars or other ligands, have been associated with a 169 

greater stability of the allergens towards digestion and a reduced accessibility of the potential 170 

peptide bonds to proteolytic enzymes.  171 

OM and LYS are examples of egg allergens whose structure is stabilized by various 172 

disulphide bonds, which likely contribute to their allergenicity. Unfolding by disruption of 173 

intramolecular disulphide bonds usually decreases or even abolishes the allergenicity of proteins 174 

that display conformational IgE epitopes, which indicates their importance compared to 175 

sequential ones.58 Disulphide bonds are also important in the resistance of allergens to 176 

digestion.
44,58-61

 In addition, there are several examples of food allergens that, once digested, 177 

retain the IgE-binding, basophil mediator release capacity and/or T-cell stimulatory properties 178 

of the intact protein, such as Ara h 1 from peanut,
62

 Pers a 1 from avocado,
63

 or Act d 1 and Act 179 

d 2 from kiwifruit,61 mainly because the proteolytic fragments form stable disulphide-bonded 180 

cores. Additionally, these structures may be responsible for an enhanced induction of the 181 

allergic response if digestion unmasks IgE epitopes.64  182 

On the other hand, most egg allergens, such as OVA, OVT and, particularly, OM are 183 

glycosylated. The observation that glycosylation is a common feature to many food allergens 184 

has prompted investigations that showed that glycans may exhibit enhanced immunogenicity 185 

through the activation of innate Th2 responses.30 Furthermore, the carbohydrate chains normally 186 

exert a stabilizing effect on protein structure, offering protection against processing and/or 187 

gastrointestinal digestion, and thus contributing to the allergenic potential.29 Evidence for a 188 

direct implication of low molecular weight oligosaccharides in IgE-mediated anaphylaxis to 189 

cow´s milk formula supplemented with prebiotics supports the immunological and clinical 190 

relevance of the carbohydrate determinants in allergens.
65

 191 

 In addition, the biological activity of certain proteins may promote the necessary 192 

conditions for sensitization or elicitation of the immune response. For instance, the presence of 193 

protease inhibitors, such as OM, as well as of other components, in combination with the 194 

processing to which foods are subjected before being consumed can have a decisive impact on 195 

the digestibility and final immunoreactivity of the allergens.66,67 The behaviour of allergens in 196 

the food matrix has recently become a hot topic of research. Egg proteins are immersed in a 197 

matrix consisting of various compounds such as lipids, carbohydrates and other proteins whose 198 

interactions could facilitate or hinder the digestibility and bioavailability of the allergens,68 and 199 

there is evidence that heating of proteins in the presence of oxidized lipids, sugars and 200 

polyphenols can lead to the formation of new allergens.69  201 
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The main biochemical characteristics of the most important egg proteins and their 202 

relevance to their digestibility and allergenic potential, as well as the behaviour of egg allergens 203 

within the food matrix and during processing are the subject of the following sections. 204 

 205 

3. Digestibility of egg allergens 206 

While a general agreement on the proteolytic stability of many food allergens exists, a lack of 207 

correlation between in vitro digestibility and allergenicity has been reported by many authors.
53-

208 

56 This is probably because the digestibility of a protein, as measured by in vitro assays, is 209 

greatly influenced by the hydrolysis conditions, which have commonly implied enzyme to 210 

substrate ratios that are orders of magnitude greater than the ratios found in vivo, or ignore the 211 

interactions of proteins with other digestive or food components. In addition, even when certain 212 

proteins are consistently degraded in the in vitro assays, it cannot be discarded that small 213 

proportions of intact material escape digestion in an immunologically active form in an in vivo 214 

situation.57 Furthermore, it is important to investigate the properties of the proteolytic products 215 

generated during digestion, as they may be immunogenic or have the potential to elicit an 216 

allergic response. Thus, while the small molecular mass of certain fragments makes it unfeasible 217 

that they contain more than a single IgE binding epitope, suggesting a marginal biological 218 

activity in terms of basophil activation properties,70 immunization of rats with small peptides 219 

can induce antibody responses, which could be attributed to their aggregation into complexes of 220 

larger sizes.
71

 221 

So far, the studies investigating the gastrointestinal stability of egg allergens have been 222 

performed in vitro by the use of enzymes of bovine or porcine origin as part of different 223 

digestion models, ranging from simple one-step hydrolyses,53,72 to more physiologically relevant 224 

systems where subsequent gastric and duodenal digestions are conducted under conditions that 225 

mimic the in vivo processes in infants and adults,73-77 or by the use human gastric and duodenal 226 

juices.
78

 These studies have highlighted the effect that the enzyme to substrate ratio, pH and 227 

concentration of physiological surfactants, such as phospatidylcholine (PC) and bile salts (BS) 228 

exert on gastrointestinal stability and their influence in the resulting immunoreactivity of the 229 

digests. Phospholipids (being PC the most abundant) and BS are synthesised by the liver and 230 

transported in the bile in the form of mixed micelles to the proximal small intestine. PC is also 231 

secreted by the stomach mucosa and it takes part in gastric digestion.79,80  However, the 232 

parameters relevant to digestion, such as enzyme activity, volume of digestive juices secreted, 233 

pH or surfactants level, vary widely among individuals, and also with the type and amount of 234 

food ingested and the time of the day, making in vivo conditions very difficult to simulate.
57,81,82

  235 
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3.1. Ovalbumin  236 

Ovalbumin (OVA), the most abundant protein in egg white (54% w/w of its protein content), is 237 

considered a major allergen. It is a phosphoglycoprotein with a molecular mass of 45 kDa. Its 238 

sequence comprises 385 amino acids, a disulphide bridge, between Cys73 and Cys120, and four 239 

free sulfhydryl groups.
45,83

 OVA belongs to the Serpin superfamily although, unlike other 240 

members of this group, it does not exhibit protease inhibitor activity.84  241 

There is a general agreement that OVA partially resists degradation by pepsin, even when 242 

the literature reports the use of very different enzyme to protein ratios to perform the hydrolysis, 243 

such as 19:1,
85

 13:1,
53

 8:1,
54

 and 3:1, w:w.
72,86

 With a pepsin to protein ratio assumed as 244 

representative of a physiological situation, 1:20, w:w, (182 U/mg),59,87 intact protein can be 245 

detected even after 120 min of digestion at pH values ≥ 2.
74

 The pH (1.2-3.2) greatly influences 246 

proteolysis of OVA, particularly when low relative amounts of pepsin are used, which can be of 247 

importance in children or adults with impaired stomach functions that imply an elevated gastric 248 

pH or immature digestive secretions.74,88 Despite pepsin exhibits its optimum activity at pH 2.5 249 

and maintains it over a broad pH range, up to 4, it should be considered that after ingestion of a 250 

meal, and because of its buffering effects, the pH of the gastric contents increases to above 5, 251 

decreasing gradually thereafter at a rate that depends on the rate of gastric emptying, and only 252 

dropping to around  3-1 at the end of this process,89  or just to 4-3 in infants.90 Similarly, in vivo, 253 

the enzyme to substrate ratio to which food is exposed is normally only reached at half-gastric 254 

emptying time.82 255 

The main degradation products of OVA by pepsin are two fragments of ~40.1 and 4.1 256 

kDa.54,72,86 The 40.1 kDa polypeptide was identified as Ala23-Pro385,74 resulting of the pepsin 257 

cleavage of OVA between His22 and Ala23
91,92

.  Moreover, digestion products of ~21.7 and 258 

17.8  kDa are also formed,73 which, in addition to OVA, its ~40 kDa fragment and the smaller 259 

peptides of ~ 4 kDa, strongly bind IgE.
43,78

 260 

The susceptibility of OVA to digestion by pepsin does not change when PC is included in 261 

the in vitro digestion medium.
74

 The protective effect of PC on pepsin digestion of certain food 262 

proteins, such as α-lactalbumin (α-La), is attributed to the adoption by these proteins of a 263 

partially unfolded molten globule at acidic pH, which favours their partial penetration into PC 264 

vesicles. An enhanced flexibility, together with the exposure of hydrophobic amino acid side 265 

chains, is likely to be a prerequisite for insertion.87 However, the digestion of proteins that 266 

maintain a high degree of structural stability at low pH, such as β-lactoglobulin (β-Lg), which 267 

are also very resistant to pepsin action,
93

 is not affected by the addition of PC.
94,95

 It is known 268 

that OVA assumes a highly ordered molten globule conformation at pH 2.2, with the intra-chain 269 
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disulphide bond adding stability to this structure.
96

 This may explain its resistance to proteolysis 270 

by pepsin, as well as the observation that it does not adopt enough flexibility to penetrate into 271 

PC vesicles, even if the interaction between OVA and PC may be promoted at acidic pH, 272 

because the protein displays a high degree of surface hydrophobicity.97  273 

OVA and its hydrolysis product of ~40.1 kDa are also quite resistant to pancreatic 274 

enzymes,53,72  although the interaction with biological surfactants influences the rate of in vitro 275 

duodenal digestion. On the one hand, PC enhances OVA proteolysis, probably because, at 276 

neutral pH, and by virtue of its negative charge, OVA associates with the vesicle surface, and 277 

this increases its exposure to proteases.
74

 The behaviour of Bet v1, the major allergen from birch 278 

tree pollen, which interacts with vesicle forming phospholipids in a pH depending manner, 279 

illustrates this point. At pH 3.9, Bet v1, positively charged, is inserted deeply into the membrane 280 

by hydrophobic interactions and this prevents a general degradation of the protein on incubation 281 

with pepsin; however, at pH 7.2, Bet v1, negatively charged, loosely associates to the outer 282 

surface of the vesicle through electrostatic interactions, and this makes it more sensitive to 283 

proteolytic degradation by trypsin.
98

  284 

On the other hand, when BS are present in the simulated duodenal medium, the digestion 285 

of both OVA and its fragment is considerably favoured.
74

 In this respect, it has been reported 286 

that BS accelerate the cleavage by trypsin and chymotrypsin of several dietary proteins (for 287 

instance, β-Lg, myoglobulin and bovine serum albumin), probably through the destabilization of 288 

their tertiary structure.
99

 Proteolysis of intact OVA and its high molecular mass fragment is 289 

further enhanced when PC is also present in combination with the BS mixture.74 Above their 290 

critical micelle concentrations, BS form mixed micelles with phospholipids, cholesterol and 291 

lipolysis products of digestion, that facilitate lipid digestion and fat absorption in the duodenum. 292 

The impact of mixed micelles on the enhancing effect on proteolysis exerted by BS is protein 293 

dependent, as it was found that they accelerate the proteolysis of myoglobulin, but protect β-Lg. 294 

This observation could be attributed to the differential effect that free BS (whose availability is 295 

reduced as the presence of other lipids induce their incorporation into micelles) exert on protein 296 

denaturation and exposure of peptide bonds to pancreatic proteinases.80,94,99  297 

A further study that investigated the digestibility of OVA under conditions mimicking the 298 

in vivo processes in infants has highlighted the influence that, in addition to the pH and enzyme 299 

levels, the concentration of physiological surfactants exerts on its gastrointestinal stability.
73

 In 300 

the infant model, the pH of gastric digestion is higher (3 vs 2.5) and pepsin concentration is 301 

decreased by a factor of 8; while, in the duodenal medium, BS concentration is reduced by a 302 

factor of 4, and trypsin, chymotrypsin and PC are reduced by a factor of 10. OVA is hydrolysed 303 

more slowly by pepsin in the infant model, with 41.1% of the protein remaining after the gastric 304 
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phase versus 22.3% in the adult model, but neither intact OVA nor its pepsin degradation 305 

products are digested at all during the subsequent duodenal phase.73 306 

The presence of intact protein and the accumulation of degradation fragments with IgE-307 

binding properties, following in vitro gastroduodenal digestion, could contribute to the potential 308 

allergenicity of digested OVA,
43,74

 which retains the basophil activation capacity of the intact 309 

protein.100 Several high frequency IgE-binding epitopes were detected among the fragments of 310 

molecular mass lower than 3 kDa present in the digests, such as OVA (125-134), OVA (159-311 

172), OVA (141-154), OVA (188-198), OVA (326-336) and OVA (370-385),78 all of them 312 

related to previously defined allergenic epitopes.
101-103

 In particular, the C-terminal fragment, 313 

OVA (370-385), shows a very high IgE-binding frequency. Interestingly, the peptide, OVA 314 

(375-384), is recognized by IgE from orally sensitized BALB/c mice but not from mice 315 

submitted to intraperitoneal or subcutaneous immunization,104 what suggests that it is 316 

specifically exposed as a result of digestion (Fig. 2).  317 

OVA turns into a more heat-stable protein, S-ovalbumin (S-OVA), during the storage of 318 

eggs.
105

 S-OVA represents up to 5% of OVA from fresh egg whites, but more than half of the 319 

OVA is converted to S-OVA by the time the eggs reach the consumer. The content of S-OVA in 320 

eggs is usually related to a loss of functionality of the egg white and, therefore, most of the 321 

work on S-OVA has focused on the quality of stored eggs and related products.106 However, its 322 

higher structural stability provides it with higher resistance to proteolysis, particularly to pepsin, 323 

which may help it to keep its integrity through the gastro duodenal tract, although the in vitro 324 

gastroduodenal digests of both OVA and S-OVA protein forms are similar in terms of binding 325 

to IgE from egg allergic patients.107 326 

 The comparison of the proteolysis of OVA with human and simulated digestive fluids at 327 

equivalent enzyme to protein ratios showed that degradation of OVA is faster when digested 328 

with human fluids.
78

 In particular, a more efficient performance of pepsin of human origin as 329 

compared with porcine pepsin was observed, despite specificity is similar, as judged by the 330 

existence of 52 identical cleavage sites and an analogous peptide pattern with 47 peptides in 331 

common. A high homology between human and porcine pepsin (84%) has been reported.82 
332 

Human duodenal fluids also cause a more extensive proteolysis of the gastric digests than the 333 

simulated fluids although, in this case, the peptide pattern differs from that produced by bovine 334 

trypsin and α-chymotrypsin, what could be, at least partially, attributed to the presence of 335 

exopeptidases in the human pancreatic extracts.
78

 336 

 337 

 338 

Page 10 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



11 

 

3.2. Ovomucoid  339 

Ovomucoid (OM) (11% w/w of the egg white protein content) is a glycoprotein with trypsin 340 

inhibitor activity and a molecular mass of, approximately, 28 kDa.
108

 As already mentioned, 341 

OM has been regarded as the major antigenic and allergenic egg white protein,109 with the 342 

presence of OM-specific IgE appearing as a very good predictor of clinical allergy to egg, as 343 

well as of broader sensitization to environmental allergens.110,111 OM is characterized by a high 344 

structural stability and resistance to denaturation, properties that are attributed to the presence in 345 

its molecule of 9 disulphide bridges.112 The reduction of the disulphide bridges of OM enhances 346 

its digestibility and may lower its allergenic potential.
113

 The polypeptide chain consists of 186 347 

amino acids, forming three structurally independent tandem domains each of 60 amino acids in 348 

length.
35

 The three domains bear multiple conformational and linear epitopes that are recognized 349 

by IgE antibodies from egg allergic patients.38 In addition to there being numerous IgE-binding 350 

epitopes distributed along the whole OM structure, there are also very many differences in 351 

epitope recognition among patients depending on their sensitivity to the allergen, so that the 352 

investigation of serum IgE antibodies to specific conformational epitopes of OM was proposed 353 

as a screening instrument for persistent egg allergy.11,114 354 

A particular characteristic of OM is its high carbohydrate content (between 20–25%), 355 

with two carbohydrate chains on each of the first and second domains, and one chain present on 356 

about 50% of the third domain.
35

 The relevance of the carbohydrate moiety of OM on its 357 

potential to sensitize or elicit an allergic response is controversial.38,39,115,116 Benedé et al.77 
358 

showed that sera from most of the egg allergic patients studied (8 out of 10 sera) exhibit lower 359 

IgE binding to deglycosylated OM as compared with OM and that, in some patients, IgE 360 

reactivity to OM cannot be inhibited by pre-incubation with the deglycosylated form, what 361 

indicates that these patients might be sensitized not only to peptide epitopes, but also to 362 

carbohydrate-containing structures. Evidence for the sensitizing potential of glycosylated 363 

allergens in humans, beyond carbohydrate-based cross-reactivity, has been provided.117 364 

However, while antibodies specific to carbohydrate determinants are frequently detected, for 365 

instance, in patients allergic to plant proteins, they are regarded as clinically irrelevant.118 In 366 

addition to a direct implication of the carbohydrate chains of OM on its IgE binding, whose 367 

clinical importance remains to be established, they contribute to an increased resistance to 368 

proteolysis, particularly during the first stages of gastric digestion, which may play a role in its 369 

allergenic potency (Fig. 3).
77

 370 

The pH also has a very important effect on OM hydrolysis by pepsin, which is impaired 371 

at values higher than 3.
88

 However, and unlike OVA, OM is degraded rapidly during simulated 372 

gastric digestion at a pepsin to protein ratio of 1:20, w:w, and pH 2.119 Under those conditions 373 
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and after, approximately, 10 min of hydrolysis, fragments with molecular masses of ~25, 18, 14 374 

and <10 kDa (as estimated by SDS-PAGE which does not allow an accurate calculation due to 375 

the presence of carbohydrate chains) are formed, that could act as allergens, albeit they exhibit a 376 

reduced IgE-binding activity as compared with the native protein (Fig. 3).77,113,119 These 377 

degradation products were identified as OM (1-133), OM (21-133), OM (134-186) and OM (51-378 

73).113 It has been postulated that patients that positively react to small digestion resistant IgE-379 

binding products of 7 and 4.5 kDa are unlikely to outgrow their egg-allergy, what implies that 380 

the investigation of IgE reactivity towards epitopes that are stable to pepsin degradation may 381 

provide a tool for the diagnosis of persistent egg allergy.
120-122

 382 

OM is a potent trypsin inhibitor and the peptides released by pepsin retain trypsin 383 

inhibitory activity, what helps to maintain OM peptide fragment integrity during subsequent 384 

duodenal digestion.113,122 Thus, the fragments of ~14 and ≤ 10 kDa persist in the gastroduodenal 385 

digests, partially contributing to their residual IgE binding.
77

 In addition, the digests contain 386 

numerous high-frequency IgE-binding peptides,77 that, either totally or partially, coincide with 387 

known epitopes.
38-40,50,110,123 

Although Benedé et al.
77 

did not identify disulphide linked 388 

fragments, it is feasible that, despite proteolytic cleavage, multiple epitopes within each domain 389 

remain linked by disulfide bonds, giving rise to complex sequences with the ability to cross-link 390 

IgE molecules and activate effector cells. Nevertheless, according to Martos et al.,100 in vitro 391 

gastroduodenal digestion of OM greatly diminishes its basophil activating capacity, what opens 392 

up other hypothesis to explain the remarkable allergenicity of this protein, such as the 393 

possibility that digestion may promote its sensitizing potential or abrogate its tolerizing 394 

capacity. 395 

 396 

3.3. Lysozyme  397 

Egg white lysozyme (LYS) is one of the best chemically and immunologically characterized 398 

proteins. With 129 amino acid residues (14.3 kDa), an isoelectric point of 10.7 and four 399 

disulfide bonds that confer it a stable tertiary structure, it has emerged as a model for 400 

investigations on protein structure and function.35 In addition to its valuable biological 401 

properties, LYS is also a major allergen in egg white, although its allergenic potential has not 402 

been studied in depth and few relevant IgE-binding epitopes have been identified.
52,76

 At least 403 

35% of patients with clinically observed hen egg hypersensitivity have IgE against LYS,
124,125

 404 

and this high frequency of sensitization poses a risk, not only when egg is consumed, but also 405 

when LYS of egg origin is used as an antibacterial additive to prevent the spoilage of cheese, 406 

wine or other foods,
126

 or in medicinal products.
52

 LYS structure plays an important role in its 407 

immunogenicity. Partial denaturation of LYS by urea treatment increases its IgE-binding 408 
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activity, while severe denaturation by reduction and S-alkylation significantly decreases it.
40

 409 

Conversely, reduction and S-alkylation of LYS makes it 100 times more potent in T-cell 410 

stimulation than the native protein, which is attributed to a higher susceptibility of the unfolded 411 

form to be processed by antigen presenting cells.127,128 In fact, immunization of mice with LYS 412 

derivatives of different conformational stability revealed that the least stable derivative leads to 413 

the most potent Th2 response and IgE production.129 414 

While it is generally recognized that LYS is resistant in vitro to pepsin action,
86,130

 there 415 

are some discrepancies regarding the proteolytic susceptibility of this protein. Mine et al.131 
416 

reported its complete hydrolysis after 60 min of treatment at pH 1 and an enzyme to substrate 417 

ratio of 1:25, w:w; while, according to Fu et al.,53 it resists more than 60 min at pH 1.2, at an 418 

enzyme to substrate ratio of 13:1, w:w. Ibrahim et al.
132

 described the hydrolysis of 40% of the 419 

original LYS, after 120 min of digestion at an enzyme to substrate ratio of 1:50, w:w, and pH 4, 420 

resulting in three peptides with potent bactericidal activity. According to these authors, this 421 

observation suggests an important biological role of the gastric hydrolysis of LYS from human 422 

milk as a defense system in the newborn.
132

 However, other reports showed that LYS is resistant 423 

to pepsin (at an enzyme to substrate ratio of 1:20, w:w) at pH values ≥3.2, partially hydrolysed 424 

at pH 2, and completely hydrolysed at pH 1.5 (Fig. 4).
75

 LYS presents a highly stable, native-425 

like structure at pH 2 but, at lower pH values (1.5), it gives rise to a partially folded 426 

intermediate, characterized by a substantial secondary structure, exposure of non-polar clusters 427 

and a disrupted tertiary structure; and this increased flexibility is regarded as responsible for its 428 

susceptibility to digestion.
130,133

 429 

As it is the case of other proteins, such as α-La, that partially escape pepsin digestion by 430 

inserting into PC vesicles,87 the presence of PC, during pepsin hydrolysis of LYS at pH 2, 431 

slightly protects the protein from the enzyme action.75 As mentioned above, while α-La attains a 432 

flexible molten globule estate at pH 2, LYS maintains its native structure.
130

 Nevertheless, LYS 433 

could still interact with neutral phospholipids, such as PC, mainly through hydrophobic but also 434 

polar interactions, that could lead to its association to PC vesicles.
134,135

 In fact, certain 435 

biological functions of LYS, such as its antimicrobial and immunomodulatory properties, have 436 

been attributed to its ability to interact with membrane phospholipids and to penetrate into lipid 437 

bilayers.136,137 438 

Intact LYS, surviving in vitro gastric digestion at pH 2 and 3.2, subsequently precipitates 439 

under simulated duodenal conditions, which helps it to skip digestion by pancreatic enzymes.75 440 

This is probably due to electrostatic interactions (LYS has a high isoelectric point, near 11) with 441 

the negatively charged BS (with pKa between 1 and 4).138 In fact, LYS precipitation increases 442 

with the BS concentration, although it is partially prevented by the concomitant presence of PC, 443 
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what suggests that the formation of mixed BS-PC micelles exerts a positive effect on LYS 444 

solubility.75 The concentration of physiological surfactants in the upper intestine increases after 445 

a meal.
139

 Consequently, in an in vivo situation, LYS may precipitate in the duodenum at pH 446 

values, BS and PC concentrations representative of a fed state and, to a lesser extent, of a fasted 447 

state.
 75

 The observation that the intestinal absorption of orally administered LYS (as used for 448 

the treatment of chronic sinusitis and to promote expectoration in the case of respiratory 449 

disease) is negatively affected by food intake further illustrates this point.
140,141

 Furthermore, the 450 

nature of the antigen determines its route of uptake, with soluble antigens generally being less 451 

immunogenic than particulate ones, because the latter use Peyer’s patches to be absorbed rather 452 

than epithelial cells, what promotes allergic sensitization.142 Therefore, LYS precipitation in the 453 

presence of BS could impair its hydrolysis by pancreatic enzymes, affect the amount of 454 

immunoreactive protein that is effectively absorbed and its presentation to the immune system. 455 

On the other hand, even under conditions that favor its solubility (such as in the presence 456 

of low concentrations of BS), LYS is partially resistant to trypsin and chymotrypsin. Part of the 457 

intact protein, a high relative mass fragment lacking the N-terminal 1-23 residues [LYS (24-458 

129), which is stabilized by 3 disulfide bridges and presumably maintains many of the IgE-459 

binding epitopes of the intact protein], as well as smaller IgE-binding disulfide-linked fragments 460 

resist in vitro gastroduodenal digestion.76 Accordingly, the in vitro gastroduodenal digests of 461 

LYS maintain allergenic potential, as determined by their residual IgE-binding and ability to 462 

activate basophils from egg allergic patients, and preserve T-cell immunogenicity, although to a 463 

somewhat lesser extent than the original protein.
76

 464 

 465 

4. Effect of the food matrix and processing on egg allergenicity  466 

In addition to the intrinsic structural characteristics of food proteins, factors such as the food 467 

matrix and the processing conditions, as indicated before, alter their allergenic potential by 468 

affecting the way in which proteins are degraded during digestion, absorbed through the 469 

gastrointestinal tract, recognized at the cellular level and presented to the immune system and, 470 

thus, they determine the generated response.
69,143,144

 Therefore, the combined study of the 471 

influence of the food matrix, processing and gastrointestinal digestion, is the most realistic 472 

approach to clarify many issues surrounding the ability of food proteins to sensitize or elicit 473 

allergic reactions. 474 

 The resistance of proteins to digestion may be altered in the presence of various 475 

components that form part of the food matrix, such as soluble polysaccharides,145 lipids,95 or 476 

protease inhibitors.
146

 Martos et al.
43

 evaluated some general matrix effects on the proteolytic 477 
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stability and resultant IgE-binding of the main egg allergens by comparing their susceptibility to 478 

in vitro digestion as part of egg white and whole egg with previous results on isolated proteins. 479 

Intact OVA and LYS remain after the duodenal phase of digestion of egg white, with the 480 

appearance, at that stage, of several IgE-binding fragments within a wide range of molecular 481 

masses.
43 

The observation that a comparably higher content of intact proteins is found following 482 

simulated gastroduodenal hydrolysis of egg white could be attributed to the residual trypsin 483 

inhibitor activity of pepsin-digested OM.
113,122

 Furthermore, Western blotting evidenced OM-484 

specific antibody binding to intact OM in the gastric and gastroduodenal digests, suggesting that 485 

this generally pepsin-labile protein is also protected from the enzymatic action in the egg white 486 

matrix.43  487 

In general terms, the presence of egg yolk does not exert a major influence on the 488 

digestion of egg white proteins, except for a slight increase in their susceptibility to hydrolysis, 489 

which, however, does not significantly change the IgE-binding of the resulting gastroduodenal 490 

digests.43 Nevertheless, an increased amount of intact LYS is detected after in vitro 491 

gastroduodenal digestion of egg white in the presence of yolk, which indicates that LYS 492 

precipitation due to BS could be prevented by yolk components. In fact, low density 493 

lipoproteins (that account for 66% of total yolk dry matter) are able to bind BS.
147

 In addition, 494 

there is also a high concentration of PC in egg yolk (approximately 1.7 mmol), which partially 495 

avoids LYS precipitation induced by BS, presumably through the formation of mixed micelles 496 

what would leave less BS molecules available for interaction.75  497 

As well as modifying its digestibility, the fat content of egg yolk can affect the uptake of 498 

allergens through the intestinal mucosa. In fact, egg phospholipids, and especially PC, increase 499 

the bioavailability of egg peptides, presumably by enhancing their intestinal absorption.
148

 In 500 

general terms, fat augments allergen bioavailability and boosts the adverse reactions 501 

experienced after allergen ingestion.
149

 Furthermore, fat is considered to increase the 502 

sensitizating capacity of the allergens.150 Dietary long-chain triglycerides (>12 C-atoms) 503 

stimulate OVA transport in chylomicrons through the mesenteric lymph nodes, promoting its 504 

intestinal absorption and systemic dissemination, in contrast to medium-chain triglycerides (<12 505 

C-atoms), which lead to less antigen absorption.
151

 Interestingly, while the long-chain 506 

triglyceride-induced formation of chylomicron particles promotes oral tolerance towards OVA 507 

and protects against anaphylaxis, co-administration of medium-chain triglycerides induces a 508 

marked allergic sensitization to OVA in mice, which was associated to a significant intestinal 509 

expression of Th2-biasing cytokines and an increased uptake through Peyer’s patches.152 510 

Therefore, there is evidence that lipids alter digestion and gastrointestinal absorption of 511 

allergens and that they act as adjuvants activating the innate immunity and enhancing allergen-512 
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specific immune responses.
153

 However, the effect of the egg yolk on the sensitizating or 513 

eliciting properties of egg proteins has not been investigated yet. 514 

Interactions of proteins with lipids to form emulsions and other structures are deliberately 515 

introduced during the preparation of foods or may occur in the gastrointestinal tract as a 516 

consequence of the digestive process. Proteins, due to their amphipathic nature, adsorb 517 

efficiently at the oil/water interfaces, lowering the surface tension and stabilizing these systems 518 

and, as a consequence, they may undergo conformational changes with influence in their 519 

digestibility. Thus, the rate of pepsin digestion of β-Lg and β-casein is increased when they are 520 

presented in emulsions.
95,154

 However, egg white proteins, as part of an emulsion system made 521 

with whole egg and olive oil, do not become a much more effective substrate for pepsin, what 522 

indicates that, in this case, there are not adsorption-induced changes that would considerably 523 

increase their flexibility and proteinase susceptibility.155 This is probably because the more 524 

flexible and surface-active yolk lipoproteins are better suited to stabilize emulsions than the 525 

globular egg white proteins, which adsorb to the fat interfaces covered with yolk lipoproteins 526 

only to a limited extent.
156

 527 

Foods are complex multicomponent mixtures that can contain, in addition to proteins, 528 

polysaccharides, in many cases interacting as mixed biopolymers.
157

 The IgE-binding of OVA 529 

and OM is considerably increased in the presence of pectin, gum arabic and xylan, functional 530 

biopolymers commonly used in the food industry, and their susceptibility to digestion is 531 

diminished as compared with the isolated proteins. As a result, the in vitro gastroduodenal 532 

digests obtained in the presence of polysaccharides exhibit a higher IgE-binding than the digests 533 

of the isolated proteins.158 In fact, it has been shown that the presence of soluble polysaccharides 534 

commonly used in the preparation of a wide range of foods, as stabilizers, thickeners and 535 

emulsifiers, reduces protein digestibility. The increase of mixture viscosity, the interactions 536 

between the two types of macromolecules and the inhibition of enzymatic activity have been 537 

pointed out to explain this observation, which underlines the importance of the food matrix in 538 

the digestibility of food allergens and in their potential to trigger an immune response.
145,159

  539 

Heat treatment of egg proteins leads to the loss of their allergenic potential. In fact, 540 

approximately 70% of the egg allergic children tolerate extensively heated eggs, with the 541 

ingestion of a baked egg diet accelerating the development of tolerance and associated 542 

immunological changes, such as decreased OVA-specific IgE levels and increased OVA and 543 

OM-specific IgG4 levels.
160-163

  544 

Physicochemical changes caused by heat treatment on pure egg proteins are often 545 

associated with either a decrease in allergenicity or with no significant effect, depending on the 546 

heat liability of the proteins and their susceptibility to unfold and lose conformational 547 
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epitopes.
38

 A heat treatment at 95ºC for 15 min lowers the IgE-binding of OVA and OM, but it 548 

does not significantly affect that of LYS. Heating has much a higher impact on OVA structure 549 

than on OM and LYS structures, observations that underline the concept that most OVA-550 

specific IgE recognize mainly sequential epitopes, while OM- and LYS-specific IgE recognize 551 

both sequential and conformational epitopes.
40

 In any case, and as it was described for its 552 

proteolysis fragments,120-122 the reactivity of IgE from egg allergic patients towards native or 553 

heated OM varies depending on their individual susceptibility.
112

 In this respect, identification 554 

of specific IgE to OM is considered a marker of the severity and persistence of the egg 555 

hypersensitivity and of reactivity to heated egg.
11,37,38

 556 

In the case of certain allergens, such as the milk whey protein β-Lg, while heat-induced 557 

denaturation is not sufficient to abolish its allergenicity, it increases its digestibility, 558 

contributing to a decreased the ability of the protein to elicit an allergic response.164
 Similarly, 559 

OVA heated at 90ºC for 15 min or 100ºC for 5 min is much more susceptible to in vitro 560 

proteolysis than native OVA and, consequently, the resulting gastric and gastroduodenal digests 561 

exhibit a lower IgE-binding.
 72,119

  An enhanced digestibility and reduced immunoreactivity 562 

were also found in vivo when heated OVA, as compared to native OVA, was orally 563 

administered to mice.
165

 Conversely, and in agreement with more limited structural changes, 564 

heat treatment does not affect the digestibility of OM.100,119 However, it should be noted that 565 

heating results in a time-dependent decrease in OM trypsin inhibitory activity, particularly at the 566 

pH of fresh egg white (7.6) as compared to higher pHs, and in the presence of other egg white 567 

constituents.
166

 568 

Despite these differences, Martos et al.100 found that neither heated (100°C, 30 min) OVA 569 

nor OM induced anaphylaxis in sensitized mice. The observation that mice were tolerant to the 570 

heat-treated proteins administered through the oral, but not the systemic route, points at the 571 

enhanced digestibility of OVA as a factor responsible for a diminished allergenicity; but also at 572 

the possibility that the heat treatments prevent the absorption, in an immunologically active 573 

form, of the fraction of these proteins that could resist digestion. Nevertheless, it should be 574 

noted that Urisu et al. 37 found that almost all the patients sensitive to heat treated egg white do 575 

tolerate OM-depleted egg white, so it seems likely that, at least in some individuals, intact 576 

heated OM or the fragments of heated OM produced during digestion are intestinally absorbed 577 

and trigger an allergic reaction. 578 

In addition to structural alterations induced by unfolding or denaturation, heat processing 579 

also causes aggregation of food proteins. Heating of OVA (80ºC for 6 hours) under pH and 580 

ionic strength conditions that promote the formation of aggregates with different structures 581 

showed that aggregation increases its digestibility, with the linear aggregates being more 582 
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extensively hydrolysed that the spherical ones.
167

 The morphology of OVA aggregates also 583 

modulates the accessibility of peptide bonds to hydrolysis and thus, it influences the peptides 584 

released.
168

 Regarding, OM, while the presence of other egg white proteins or even milk 585 

proteins do not affect is solubility, heating at 180ºC for 10 min with gluten proteins, such in 586 

bread-making, renders it markedly insoluble, presumably through polymerization in high 587 

molecular weight aggregates though tiol-disulphide interchange reactions, and this reduces its 588 

antigenicity and may also impact its digestibility.
169,170

  589 

Non-enzymatic glycation by Maillard reaction is the most common chemical 590 

modification during food processing. Interaction with sugars can modify the tertiary structure of 591 

proteins (and, therefore, their conformational epitopes), by masking IgE-binding sites, creating 592 

new ones, or exposing previously unavailable sites.
69

 Different, and sometime conflicting, 593 

results have been reported regarding the influence of Maillard reaction on the IgE binding of 594 

food allergens which vary, not only depending on the allergen itself, but also on the type of 595 

sugar and the extent of the reaction, as glycation gives rise to very different and complex 596 

compounds and protein aggregates. The covalent modification of the peanut allergen Ara h1 by 597 

sugar molecules during roasting increases its IgE-binding properties and makes it less 598 

digestible.
171

 However, while roasted peanuts exhibit an enhanced ability to trigger effector 599 

cells, they do not possess a higher sensitizing capacity.172 On the contrary, Maillard reaction 600 

decreases the IgE-binding capacity of hazelnut,
173

 Pru av1, the major allergen from cherry,
174

 601 

and tropomyosin.175 602 

In the industrial practice, egg products are submitted to a desugaring step, prior to the 603 

conventional spray drying process, to protect the proteins against Maillard reaction with glucose 604 

(that amounts, approximately, 4% of the solids in egg white) and avoid undesirable colours and 605 

tastes.176 However, during the drying process and subsequent storage, and depending on the 606 

efficiency of the desugaring process, it cannot be excluded that the free amino groups of egg 607 

proteins are glycated. The effect of Maillard reaction on the IgE-binding and susceptibility to 608 

proteolysis of the egg allergens OVA and OM differs with the intensity of the treatment and 609 

their intrinsic resistance to denaturation and digestive enzymes. Maillard reaction (with 1:0.05 610 

glucose, w/w, for 96 h, at 50ºC and 0.65 water activity) reduces the IgE binding of OVA, but it 611 

increases the binding of OM, a protein more resistant to denaturation. On the other hand, 612 

glycation impairs OVA digestibility, particularly by gastric enzymes, but it does not affect the 613 

digestibility of OM, whose native form is normally quickly degraded by pepsin.
119

 In egg white, 614 

heating and resulting protein aggregation, at least partially mediated by Maillard reaction, has 615 

been reported to produce less allergic symptoms in a murine model of OVA allergy.
177

 616 
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While there seems to be a general agreement that severe heating reduces the capacity of 617 

egg proteins to trigger allergic reactions by increasing their digestibility and preventing the 618 

intestinal uptake of the immunologically active forms,
100,165,178

 much less is known on the effect 619 

of processing on their sensitizing potential. Mice systemically sensitized (by intraperitoneal 620 

injection) with OVA heated at 70ºC for 10 min are less prone to Th2-biased responses and 621 

develop lower levels of OVA-specific IgE and higher levels of IgG2a as compared with native 622 

OVA.
179

 Even if the administration route may have masked the impact of digestion and 623 

absorption in the gastrointestinal tract on their immunogenicity, these experiments point at a 624 

lower sensitization capacity of the heated proteins. On the other hand, nitration of OVA tyrosine 625 

residues (as it can occur as a consequence of pollution or inflammatory conditions) was reported 626 

to enhance its basophil activation and intraperitoneal sensitization capacity, but to reduce its oral 627 

sensitizing capacity as a consequence of an enhanced digestibility.180 628 

In contrast, evidence shows that glycated OVA may be more immunogenic than native 629 

OVA. Immature dendritic cells are able to internalize glycation products of OVA more 630 

efficiently that native OVA, and this leads to the induction of a stronger Th2- and a weaker Th1- 631 

cytokine response on autologous CD4(+) T-cells.181,182 In fact, it has been demonstrated that the 632 

mannose receptor, a C-type lectin expressed by dendritic cells, mediates the internalization of 633 

diverse allergens from mite (Der p 1 and Der p 2), dog (Can f 1), cockroach (Bla g 2), and 634 

peanut (Ara h 1) through their carbohydrate moieties, and it subsequently contributes to T cell 635 

polarization towards the development of Th2 responses.183  636 

 637 

5. Egg products in the treatment of egg allergy 638 

It was already mentioned that the introduction of extensively heated egg in the diet of heated 639 

egg-tolerant individuals contributes to the induction of tolerance towards unheated egg.
161,162

 In 640 

this respect, and although an earlier report stated that boiling of egg white proteins abrogates 641 

their tolerizing capacity when administered by the oral route,
178

 heated egg white preparations 642 

are preferred to induce tolerance o desensitization to unheated egg proteins by virtue of their 643 

reduced allergenicity.
26

 Furthermore, heat denatured allergens may exhibit Th1-polarizing 644 

properties, increasing the production of neutralizing IgG antibodies and presenting an enhanced 645 

immunotherapeutic potential as compared with their native forms.
184

  In particular, heated and 646 

OM-depleted egg white, less allergenic than heated or freeze-dried full egg white,37 647 

administered to egg white sensitized mice reduces the markers of clinical outcomes following 648 

oral challenge (histamine and IgE), induces a marked increase in IL-10, the Th1/Th2 ratio, and 649 

the levels of specific IgG, IgG2a and IgA.
185

 For its part, extensively heated OM, which is 650 

unable to elicit anaphylaxis, can effectively desensitize OM-sensitized mice.186 651 
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The use of protein hydrolysates or peptide fragments also appears as an attractive 652 

alternative to improve the safety and clinical efficacy of the immunotherapy treatments. The 653 

small size of the sequences reduces their ability to cross-link allergen specific IgE on the surface 654 

or effector cells and the clinical symptoms, while they could keep their T-cell epitopes and, 655 

thus, their ability to stimulate T lymphocytes.
187,188

 The administration of hydrolysates of egg 656 

proteins (OVA, OM or egg white) or combinations of synthetic peptides to mice sensitized 657 

towards those proteins protects against anaphylaxis and reduces serum concentrations of 658 

specific IgE antibodies and histamine. Some studies report a reduction in the proliferation of 659 

antigen-specific T cells and in the intestinal expression of genes in charge of the production of 660 

cytokines characteristics of Th1 (IL-12, INF-γ) and Th2 responses (IL-4 and IL-13), without 661 

modifying that of IL-10;189 while others refer a reestablishment of the Th1/Th2 balance (with an 662 

increased production of IL-12 or INF-γ and a diminished production of IL-4) and a concomitant 663 

stimulation of the production of the regulatory cytokines TGF-β and IL-10 and/or the FoxP3 664 

transcription factor.190,191  665 

Although there are very few studies comparing the effectiveness of immunotherapy 666 

treatments using hydrolysates or pure peptides with the intact proteins from which they 667 

derive,
192

 the results available so far suggest that, in addition to having lost their ability to 668 

induce anaphylactic reactions, certain peptides could present immunomodulatory properties and 669 

so, they could specifically derive immune responses in a certain direction. In this respect, it 670 

should be noted that, so far, little is known about the structural characteristics of peptides that 671 

confer immunomodulating properties, which would explain the discrepancies that exist in the 672 

literature regarding the efficacy and the mechanism of action of hydrolysates.189 On the other 673 

hand, prior administration of hydrolysed and heated egg white with low IgE-binding to mice can 674 

prevent subsequent sensitization and development of egg allergy.193,194 675 

Concerning the production of hypoallergenic products, and because food allergens are 676 

generally resistant to heat and proteases, most processing practices applied in food manufacture 677 

may not be sufficiently effective, with the exception of extensive enzymatic hydrolysis, as used 678 

on milk proteins for infant formula, that has led to marketed hypoallergenic products. However, 679 

when using hydrolysis to destroy epitope structures, the main challenge is to maintain the 680 

palatability, nutritional and functional properties of the original protein,193 and thus, extensive 681 

enzymatic hydrolysis may not represent a viable alternative for egg proteins, which are used as 682 

ingredients in food products for their unique functional properties, such as foaming, emulsifying 683 

and gelling. In this respect, hydrolysis under high hydrostatic pressure unfolds proteins and 684 

exposes new targets to the enzymes, leading to an important reduction in the allergenicity, with 685 

no need for extensive proteolysis.
195,196 

Consequently, the hydrolysates show improved heat 686 

stability and emulsion capacities.197 Treatment of OVA with proteolytic enzymes under 687 
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hydrostatic pressures up to 400 MPa promotes its hydrolysis and changes the proteolytic pattern, 688 

rapidly removing the intact protein and leading to an important reduction in the IgE-binding 689 

properties of the hydrolysates, although their functional properties and allergenic potential 690 

remain to be established.198,199  691 

 692 

6. Concluding remarks 693 

Undoubtedly, more research is required to discern the factors that affect the sensitizing and 694 

eliciting properties of the egg allergens, and how these are affected by the fact that they are 695 

present in a complex matrix and submitted to different processing practices. The differential 696 

capacity of the main egg allergens to sensitize or trigger the manifestations of food allergy 697 

remains a matter for further investigation and, in particular, the influence of other egg 698 

components on the immune responses they generate has not yet been elucidated. In this respect, 699 

it should be considered that egg white proteins are never ingested in an isolated form, but it is 700 

not know to what extent the presence of other proteins and components of the egg white, or the 701 

simultaneous ingestion of egg yolk, whose main constituents are lipids, affect the allergenic 702 

properties of proteins by modifying their digestibility and intestinal absorption, or providing 703 

adjuvant stimuli to the specialized gut mucosal immune system. Similarly, while cooked eggs 704 

are likely to be the most frequent source of immunization, the sensitizing potential of the heat-705 

treated egg proteins, as compared to that of their native counterparts, has not been studied in 706 

depth; neither whether non-oral exposure to egg proteins may contribute to sensitization 707 

So far, digestibility of egg proteins has been investigated as a crucial factor in their 708 

intrinsic ability to act as allergens. However, when considering their gastrointestinal processing, 709 

the interactions of these proteins and their digestion products with intestinal epithelial cells, 710 

anatomically and functionally poised to participate in the regulation of the gut mucosal immune 711 

responses, has been largely ignored. More research is required into the cellular and molecular 712 

mechanisms that underlie sensitization and anaphylaxis, taking into account that only an 713 

integrated approach will allow a better understanding of the conditions that predispose egg to be 714 

one of the most allergenic foods, and how these can be modulated to induce a tolerogenic 715 

response.   716 

Acknowledgements 717 

Financial support was received from the project AGL2011-24740 from MINECO (Spain). The 718 

authors are participants in the COST-Action ImpARAS FA1402. S. B. and I. L-E thank CSIC 719 

for their JAE-Pre grant and JAE-Doc contract, respectively. 720 

Page 21 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



22 

 

References 721 

1. J. A. Boyce, A. Assa'ad, A. W. Burks, S. M. Jones, H. A. Sampson, R. A. Wood, M. Plaut, 722 

S. F. Cooper,  M. J. Fenton, S. H. Arshad, S. L. Bahna, L. A. Beck, C. Byrd-Bredbenner, 723 

C. A. Camargo, L. Eichenfield, G. T. Furuta, J.M.  Hanifin, C. Jones, M. Kraft, B. D. Levy, 724 

P. Lieberman, S. Luccioli, K. M. McCall, L. C. Schneider, R. A. Simon, F. E. Simons, S. J. 725 

Teach, B. P. Yawn and J. M. Schwaninger, Guidelines for the diagnosis and management 726 

of food allergy in the United States: Summary of the NIAID-sponsored expert panel report, 727 

J. Allergy Clin. Immunol., 2010, 126, 1105-1118. 728 

2. A. W. Burks, M. Tang, S. Sicherer, A. Muraro, P. A. Eigenmann, M. Ebisawa, A. Fiocchi, 729 

W. Chiang, K. Beyer, R. Wood,  J. Hourihane, S. M. Jones, G. Lack and  HA Sampson, 730 

ICON: food allergy, J. Allergy Clin. Immunol., 2012, 129, 906-920. 731 

3. B. Pereira, C. Venter,  J. Grundy, C. B. Clayton, S.H. Arshad and T. Dean, Prevalence of 732 

sensitization to food allergens, reported adverse reaction to foods, food avoidance, and 733 

food hypersensitivity among teenagers, J. Allergy Clin. Immunol., 2005, 116, 884-892. 734 

4. C. Venter, B. Pereira, K. Voigt,  J. Grundy, C. B. Clayton, B. Higgins, S. H. Arshad and T. 735 

Dean, Prevalence and cumulative incidence of food hypersensitivity in the first 3 years of 736 

life, Allergy, 2008, 63, 354-359. 737 

5. M. C. Berin and H. A. Sampson, Mucosal immunology of food allergy, Curr. Biol., 2013, 738 

23, 389-400.  739 

6. G. Lack, Update on risk factors for food allergy, J. Allergy Clin. Immunol., 2012, 129, 740 

1187-1197. 741 

7. B. Nwaru, L. Hickstein, S. S. Panesar, G. Roberts, A. Muraro and A. Sheikh, Prevalence of 742 

common food allergies in Europe: a systematic review and meta-analysis, Allergy, 2014, 743 

69, 992-1007.  744 

8. R. J. Rona, T. Keil,  C. Summers,  D. Gislason, L. Zuidmeer,  E. Sodergren, S. T. 745 

Sigurdardottir, T. Lindner, K. Goldhahn, J. Dahlstrom, D. McBride and C. Madsen, The 746 

prevalence of food allergy: a meta-analysis, J. Allergy Clin. Immunol., 2007, 120, 638-646. 747 

9. J. H. Savage, E. C. Matsui, J. M. Skripak and R.A. Wood, The natural history of egg 748 

allergy J. Allergy Clin. Immunol., 2007, 120, 1413-1417. 749 

10. S. H. Sicherer, R. A. Wood, B. P. Vickery, S. M. Jones, A. H. Liu, D. M. Fleischer, p. 750 

Dawson, L. Mayer, A. W. Burks, A. Grishin, D. Stablein and H. A. Sampson, The natural 751 

history of egg allergy in an observational cohort, J. Allergy Clin. Immunol., 2014, 133, 752 

492-499.  753 

11. J. C. Caubet, Y. Kondo, A. Urisu and A. Nowak-Węgrzyn, Molecular diagnosis of egg 754 

allergy, Curr. Opin. Allergy Clin. Immunol., 2011, 11, 210-215.  755 

Page 22 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



23 

 

12. J. M. Skripak, E.C. Matsui, K. Mudd and R.A. Wood, The natural history of IgE-mediated 756 

cow's milk allergy, J. Allergy Clin. Immunol., 2007, 120,1172-1177.  757 

13. F. M. De Benedictis, F. Franceschini, D. Hill, C. Naspitz,  F. E. R. Simons, U. Wahn, J.O. 758 

Warner, and M. De Longueville, The allergic sensitization in infants with atopic eczema 759 

from different countries, Allergy, 2009, 64, 295–303. 760 

14. A. Martorell, E. Alonso, J. Boné, L. Echeverría, M. C. López, F. Martín, S. Nevot and A. 761 

M Plaza, Position document: IgE-mediated allergy to egg protein, Allergol. Immunopathol., 762 

2013, 41, 320-336.  763 

15.  J. J. Koplin, N. J. Osborne, M. Wake, P. E. Martin, L. C. Gurrin, M. N. Robinson, D. Tey, 764 

M. Slaa, L. Thiele, L. Miles, D. Anderson, T. Tan, T. D. Dang, D. J. Hill, A. J. Lowe, M. 765 

C. Matheson, A. L. Ponsonby, M. L. Tang, S. C. Dharmage and K. J. Allen, Can early 766 

introduction of egg prevent egg allergy in infants? A population-based study, J. Allergy 767 

Clin. Immunol., 2010, 126, 807-813.  768 

16. J. J. Koplin and K. J. Allen, Optimal timing for solids introduction - why are the guidelines 769 

always changing?, Clin. Exp. Allergy, 2013, 43, 826-834.  770 

17. C. Roduit, R. Frei, M. Depner, B. Schaub, G. Loss, J. Genuneit, P. Pfefferle, A. Hyvärinen, 771 

A. M. Karvonen, J. Riedler, J. C. Dalphin, J. Pekkanen, E. von Mutius, C. Braun-772 

Fahrländer, R. Lauener and the PASTURE study group, Increased food diversity in the first 773 

year of life is inversely associated with allergic diseases, J. Allergy Clin. Immunol., 2014, 774 

133, 1056-1064.  775 

18.  D. De Boissieu and C. Dupont, Natural course of sensitization to hen's egg in children not 776 

previously exposed to egg ingestion, Eur. Ann. Allergy Clin. Immunol., 2006, 38, 113-117. 777 

19.  G. H. S. Vance, S. A. Lewis, K. E. C. Grimshaw, P. J. Wood, R. A.  Briggs, C. A. 778 

Thornton and J. O. Warner, Exposure of the fetus and infant to hens' egg ovalbumin via the 779 

placenta and breast milk in relation to maternal intake of dietary egg, Clin. Exp. Allergy, 780 

2005, 35, 1318-1326. 781 

20. D. J. Palmer, M. S. Gold and M. Makrides, Effect of cooked and raw egg consumption on 782 

ovalbumin of human milk: a randomized, double-blind, cross-over trial, Clin. Exp. Allergy, 783 

2005, 35, 173-178. 784 

21. G. Roberts and G. Lack, Food allergy and asthma-what is the link?, Paed. Resp. Rev., 785 

2003, 4, 205-212. 786 

22.  J. F. Crespo and J. Rodriguez, Food allergy in adulthood, Allergy, 2003, 58, 98-113. 787 

23. B. J. Walsh , C. Elliott, R. S. Baker, D. Barnett, R. W. Burley, D. J. Hill and M. E. 788 

Howden, Allergenic cross-reactivity of egg-white and egg-yolk proteins. An in vitro study, 789 

Int. Arch. Allergy Appl. Immunol. 1987, 84, 228-232. 790 

 791 

 792 

Page 23 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



24 

 

24. B. E. García and M. T. Lizaso, Cross-reactivity syndromes in food allergy, J. Investig. 793 

Allergol. Clin. Immunol., 2011, 21, 162-170.  794 

25. A. Muraro, K. Hoffmann-Sommergruber, T. Holzhauser, L. K. Poulsen, M. H. Gowland, 795 

C. A. Akdis, E. N. Mills, N. Papadopoulos, G. Roberts, S. Schnadt, R. van Ree, A. Sheikh 796 

and S. Vieths, EAACI Food Allergy and Anaphylaxis Guidelines. Protecting consumers 797 

with food allergies: understanding food consumption, meeting regulations and identifying 798 

unmet needs, Allergy, 2014, 69, 1464-1472.  799 

26. A. H. Benhamou, J. C. Caubet, P. A. Eigenmann, A. Nowak-Wegrzyn, C. P. Marcos, M. 800 

Reche and A. Urisu, State of the art and new horizons in the diagnosis and management of 801 

egg allergy, Allergy,  2010, 65, 283-289.  802 

27. A. Nowak-Wegrzyn and H.A. Sampson, Future therapies for food allergies. J. Allergy Clin. 803 

Immunol., 2011, 127, 558-573. 804 

28. B. P. Vickery, Egg oral immunotherapy, Curr. Opin. Allergy Clin. Immunol., 2012 ,12, 805 

278-282. 806 

29. H. Breiteneder and E. N. C. Mills, Molecular properties of food allergens, J. Allergy Clin. 807 

Immunol., 2005, 115, 14-23. 808 

30. B. Ruiter and W. G. Shreffler, Innate immunostimulatory properties of allergens and their 809 

relevance to food allergy, Semin. Immunopathol,. 2012, 34, 617-632.  810 

31. M. C. Berin and W. G. Shreffler, T(H)2 adjuvants: implications for food allergy, J. Allergy 811 

Clin. Immunol., 2008, 121, 1311-1320. 812 

32. R. Houpalahti, R. López-Fandiño, M. Antón and R. Schade, R., Bioactive egg compounds. 813 

ISBN-13:978-3-S40-37883-9, Springer Verlin Heidelberg New York, 2007. 814 

33. C. Perrier and B. Corthésy, Gut permeability and food allergies, Clin. Exp. Allergy, 2011, 815 

41, 20-28. 816 

34. G. Longo, I. Berti, A. W. Burks, B. Krauss and E. Barbi, IgE-mediated food allergy in 817 

children, Lancet, 2013, 16, 1656-1664.  818 

35. Y. Mine and M. Yang, Recent advances in the understanding of egg allergens: basic, 819 

industrial, and clinical perspectives. J. Agric. Food Chem., 2008, 56, 4874-4900. 820 

36. M. Egger, C. Alessandri, M. Wallner, P. Briza, D. Zennaro, A. Mari, F. Ferreira and G. 821 

Gadermaier, Is aboriginal food less allergenic? Comparing IgE-reactivity of eggs from 822 

modern and ancient chicken breeds in a cohort of allergic children, PLoS One, 2011, 6, 823 

e19062.  824 

37. A. Urisu,  H. Ando, Y. Morita, E. Wada, T. Yasaki,  K. Yamada, K. Komada, S. Torii, M.  825 

Goto and T. Wakamatsu, Allergenic activity of heated and ovomucoid-depleted egg white, 826 

J. Allergy Clin. Immunol., 1997, 100, 171-176. 827 

38. S. K. Cooke and H. A. Sampson, Allergenic properties of ovomucoid in man, J. Immunol., 828 

1997, 159, 2026-2032. 829 

Page 24 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



25 

 

39. J. W. Zhang and Y. Mine, Characterization of IgE and IgG epitopes on ovomucoid using 830 

egg-white allergic patients' sera,  Biochem. Biophys. Res. Commun., 1998, 253, 124-127. 831 

40. Y. Mine and J. W. Zhang, Comparative studies on antigenicity and allergenicity of native 832 

and denatured egg white proteins, J. Agric. Food Chem., 2002, 50, 2679-2683. 833 

41. S. Quirce, F. Marañón, A. Umpiérrez, M. de las Heras, A. Jiménez,  E. Fernández-Caldas 834 

and J. Sastre, Identification of chicken serum albumin as a thermolabile egg allergen (Gal d 835 

5) responsible for the bird-egg syndrome. J. Allergy Clin. Immunol., 2005, 10, S136–S137. 836 

42. A. Amo, R. Rodriguez-Perez, J. Blanco, J. Villota, S. Juste, I. Moneo and M. L. Caballero, 837 

Gal d 6 is the second allergen characterized from egg yolk, J. Agric.Food Chem., 2010, 58, 838 

7453-7457. 839 

43. G. Martos, R. López-Fandiño and E. Molina, Immunoreactivity of hen egg allergens: 840 

influence on in vitro gastrointestinal digestión of the presence of other egg white proteins 841 

and off egg yolk, Food Chem., 2013, 136, 775-781. 842 

44. G. Martos, C. Pineda-Vadillo, B. Miralles, E. Alonso-Lebrero, R. López-Fandiño, E. 843 

Molina and J. Belloque, Identification of an IgE reactive peptide in hen egg riboflavin 844 

binding protein subjected to simulated gastrointestinal digestion. J. Agric. Food Chem., 845 

2012, 60, 5215-5220.  846 

45. C. Guérin-Dubiard, M. Pasco, D., Mollé, C. Désert, T. Croguennec and F. Nau, Proteomic 847 

analysis of hen egg white, J. Agric. Food Chem., 2006, 54, 3901-3910. 848 

46. K. Mann and M. Mann, In-depth analysis of the chicken egg white proteome using an LTQ 849 

Orbitrap Velos, Proteome Sci., 2011, 9, 7. 850 

47. G. Nledermann, S. But, H. G. Ihlenfeldt, R. Grimm, M. Lucchlarl, H. Hoschlifzky, G. 851 

Jung, B. Maler and K. Elchmann, Contribution of proteasome-mediated proteolysis to the 852 

hierarchy of epitopes presented by major histocompatibility complex class I molecules, 853 

Immunity, 1995, 2, 299-299.  854 

48. K. D. Moudgil, D. Sekiguchi, S. Y. Kim and E. E. Sercarz, Immunodominance is 855 

independent of structural constraints: each region within hen eggwhite lysozyme is 856 

potentially available upon processing of native antigen, J. Immunol., 1997, 159, 2574-2579. 857 

49. E. Holen and S. Elsayed, Specific T cell lines for ovalbumin, ovomucoid, lysozyme and 858 

two OA synthetic epitopes, generated from egg allergic patients' PBMC, Clin. Exp. Allergy, 859 

1996, 26, 1080-1088. 860 

50. E. Holen, B. Bolann and S. Elsayed, Novel B and T cell epitopes of chicken ovomucoid 861 

(Gal d 1) induce T cell secretion of IL-6, IL-13, and IFN-gamma, Clin. Exp. Allergy, 2001, 862 

31, 952-964.  863 

51. C. G. Dirks, M. H. Pedersen, M. H. Platzer, C. Bindslev-Jensen, P. S. Skov and L. K. 864 

Poulsen, Does absorption across the buccal mucosa explain early onset of food-induced 865 

allergic systemic reactions? J. Allergy Clin. Immunol., 2005, 115, 1321-1323. 866 

Page 25 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



26 

 

52. S. Benedé, I. Pérez-Rangel, D. Lozano-Ojalvo, E. Molina, M. D. Ibañez, R. López-Fandiño 867 

and I. López-Expósito, Anaphylaxis induced by a drug containing lysozyme and papain: 868 

influence of papain on the IgE response, Int. Arch. Allergy Immunol., 2014, 165, 83-90. 869 

53. T. J. Fu, U. R. Abbott and C. Hatzos, Digestibility of food allergens and nonallergenic 870 

proteins in simulated gastric fluid and simulated intestinal fluid- A comparative study, J. 871 

Agric. Food Chem., 2002, 50, 7154-7160. 872 

54. R. J. Dearman, H. Caddick, S. Stone, J. G. Kenna, D. A. Basketter and I. Kimber, 873 

Immunogenic properties of rapidly digested food proteins following gavage exposure to 874 

mice: a comparison of ovalbumin with a potato acid phosphatase preparation, Food Chem. 875 

Toxicol. 2002, 40, 625-633. 876 

55. F. J. Moreno, Gastrointestinal digestion of food allergens: effect on their allergenicity, 877 

Biomed Pharmacother., 2007, 61, 50-60.  878 

56. E. Untersmayr and E. Jensen-Jarolim, The role of protein digestibility and antacids on food 879 

allergy outcomes, J. Allergy Clin. Immunol., 2008, 121, 1301-1308. 880 

57. M. Wickham, R. Faulks and E. N. C. Mills, In vitro digestion methods for assessing the 881 

effect of food structure on allergen breakdown, Mol. Nutr. Food Res., 2009, 53, 952-958.  882 

58. S. Hazebrouck, B. Guillon, M. F. Drumare, E. Paty, J. M. Wal and H. Bernard, Trypsin 883 

resistance of the major peanut allergen Ara h 6 and allergenicity of the digestion products 884 

are abolished after selective disruption of disulfide bonds,  Mol. Nutr. Food Res., 2012, 56, 885 

548-57. 886 

59. F. J. Moreno, F. A. Mellon, M. S. J. Wickham, A. R. Bottrill and E. N. C. Mills, Stability 887 

of the major allergen Brazil nut 2S albumin (Ber e 1) to physiologically relevant in vitro 888 

gastrointestinal digestion, FEBS J,. 2005, 272, 341-352. 889 

60. E. Vassilopoulou, N. Rigby, F. J. Moreno, L. Zuidmeer, J. Akkerdaas, I. Tassios, N. G. 890 

Papadopoulos, P. Saxoni-Papageorgiou, R. van Ree and E. N. C. Mills, Effect of in vitro 891 

gastric and duodenal digestion on the allergenicity of grape lipid transfer protein, J. Allergy 892 

Clin. Immunol., 2006, 118, 473-480.  893 

61. M. Bublin, C. Radauer, A. Knulst, S. Wagner, O. Scheiner, A. R. Mackie, E. N. C. Mills 894 

and H. Breiteneder, Effects of gastrointestinal digestion and heating on the allergenicity of 895 

the kiwi allergens Act d 1, actinidin, and Act d 2, a thaumatin-like protein, Mol. Nutr. Food 896 

Res., 2008, 52, 1130-1139. 897 

62. T. Eiwegger, N. Rigby, L. Mondoulet, H. Bernard, M. T. Krauth, A. Boehm, E. Dehlink, P. 898 

Valent, J. M. Wal, E. N. C. Mills and Z. Szépfalusi, Gastro-duodenal digestion products of 899 

the major peanut allergen Ara h 1 retain an allergenic potential, Clin. Exp. Allergy, 2006, 900 

36, 1281-1288. 901 

Page 26 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



27 

 

63. A. Díaz-Perales, C. Blanco, R. Sánchez-Monge, J. Varela, T. Carrillo and G. Salcedo, 902 

Analysis of avocado allergen (Prs a 1) IgE-binding peptides generated by simulated gastric 903 

fluid digestion. J. Allergy Clin. Immunol., 2003, 112, 1002-1007. 904 

64. A. Pomes, Relevant B cell epitopes in allergic disease, Int. Arch. Allergy Immunol., 2010, 905 

152, 1-11. 906 

65. W. C. Chiang, C. H. Huang,  G. V. Llanora, I. Gerez, S. H. Goh, L. P. Shek , A. J. Nauta , 907 

W. A. Van Doorn, J. Bindels, L. H. Ulfman, K. Knipping, D. J. Delsing, E. F. Knol and B. 908 

W. Lee, Anaphylaxis to cow’s milk formula containing short-chain galacto-909 

oligosaccharide, J. Allergy Clin. Immunol., 2012, 130, 1361-1367. 910 

66. A. Bufe, The biological function of allergens: relevant for the induction of allergic 911 

diseases?, Int. Arch. Allergy Immunol.,  1998, 117, 215-219. 912 

67. K. Thomas, C. Herouet-Guicheney, G. Ladics, G. Bannon, A. Cockburn, R. Crevel, J. 913 

Fitzpatrick, E. N. C. Mills, L. Privalle and S. Vieths, Evaluating the effect of food 914 

processing on the potential human allergenicity of novel proteins: International workshop 915 

report, Food Chem. Toxicol., 2007, 45, 1116-1122. 916 

68. S. S. Teuber, Hypothesis: the protein body effect and other aspects of food matrix effects, 917 

Ann. NY Acad. Sci., 2002, 964, 111-116. 918 

69. E. N. C. Mills, A. I. Sancho, N. M. Rigby, J. A. Jenkins and A. R. Mackie, Impact of food 919 

processing on the structural and allergenic properties of food allergens, Mol. Nutr. Food 920 

Res., 2009, 53, 963-969.  921 

70. M. Albrecht, Y. Kuhne, B. K. Ballmer-Weber, W. M. Becker, T. Holzhauser, I. Lauer, A. 922 

Reuter,  S. Randow, S. Falk, A. Wangorsch, J. Lidholm, G. Reese, and S. Vieths, 923 

Relevance of IgE binding to short peptides for the allergenic activity of food allergens, J. 924 

Allergy Clin. Immunol., 2009, 124, 328-336. 925 

71. K. L. Bøgh, V. Barkholt, N. M. Rigby, E. N. C. Mills, and C. B. Madsen, Digested Ara h 1 926 

loses sensitizing capacity when separated into fractions, Clin. Exp. Allergy, 2012, 60, 2934-927 

2942. 928 

72. K. Takagi, R. Teshima, H. Okunuki and J. I. Sawada, Comparative study of in vitro 929 

digestibility of food proteins and effect of preheating on the digestion. J. Biol. Pharm. 930 

Bull., 2003, 26, 969-973. 931 

73. D. Dupont, G. Mandalari, D. Molle, J. Jardin, J. Léonil, R. M. Faulks, M. S. J. Wickham, 932 

E. N. C. Mills and A. R. Mackie, Comparative resistance of food proteins to adult and 933 

infant in vitro digestion models, Mol. Nutr. Food Res., 2010, 54, 767-780. 934 

74. G. Martos, P. Contreras, E. Molina and R. López-Fandiño, Egg white ovalbumin digestion 935 

mimicking physiological conditions. J. Agric. Food Chem., 2010, 58, 5640-5648. 936 

Page 27 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



28 

 

75. R. Jiménez-Saiz, G. Martos, W. Carrillo, R. López-Fandiño and E. Molina, Susceptibility 937 

of lysozyme to in vitro digestion and immunoreactivity of its digests, Food Chem., 2011, 938 

127, 1719-1726. 939 

76. R. Jiménez-Saiz, S. Benedé, B. Miralles, I. López-Expósito, E. Molina and R. López-940 

Fandiño, Immunological behavior of in vitro digested egg-white lysozyme, Mol. Nutr. 941 

Food Res., 2014, 58, 614-624.  942 

77. S. Benedé, R. López-Fandiño, M. Reche, E. Molina and I. López-Expósito, Influence of the 943 

carbohydrate moieties on the immunoreactivity and digestibility of the egg allergen 944 

ovomucoide, PLoS One, 2013, 8, e800810. 945 

78. S. Benedé, I. López-Expósito, R. López-Fandiño and E. Molina, Identification of IgE-946 

binding peptides in hen egg ovalbumin digested in vitro with human and simulated 947 

gastroduodenal fluids, J. Agric. Food Chem., 2014, 62, 152-158. 948 

79. A. Mackie and A. Macierzanka, Colloidal aspects of protein digestion. Curr. Op. Colloid 949 

Interface Sci., 2010, 15,102-108.   950 

80. J. Maldonado-Valderrama, P. Wilde, A. Macierzanka and A. Mackie, The role of bile salts 951 

in digestion, Adv Colloid Interface Sci, 2011, 165, 36-46.  952 

81. S. J. Hur, B. O. Lim, E. A. Decker and D. J. McClements, In vitro human digestion models 953 

for food applications, Food Chem., 2011, 125, 1-12. 954 

82. M. Minekus, M. Alminger, P. Alvito, S. Ballance, T. Bohn, C. Bourlieu, F. Carriere, R. 955 

Boutrou, M. Corredig, D. Dupont, C. Dufour, L. Egger, M. Golding, S. Karakaya, B. 956 

Kirkhus, S. Le Feunteun, U. Lesmes, A. Macierzanka, A. Mackie, S. Marze, D. J. 957 

McClements, O. Ménard, I. Recio, C. N. Santos, R. P. Singh, G. E. Vegarud, M. S. J. 958 

Wickham, W Weitschies, and A. Brodkorb, A standardised static in vitro digestion method 959 

suitable for food-an international consensus, Food Funct., 2014, 5, 1113-1124.  960 

83. M. Zemser, M. Friedman, J. Katzhendler, L. L. Greene, A. Minsky and S. Gorinstein, 961 

Relationship between functional properties and structure of ovalbumin, J Protein Chem., 962 

1994, 13, 261-274. 963 

84. P. E. Stein, A. G. Leslie, J. T. Finch, W. G. Turnell, P. J. McLaughlin and R. W. Carrell, 964 

Crystal structure of ovalbumin as a model for the reactive centre of serpins, Nature, 1990, 965 

347, 99-102. 966 

85. J. D. Astwood,  J. N. Leach and R. L. Fuchs, Stability of food allergens to digestion in 967 

vitro, Nat. Biotechnol., 1996, 14, 1269-1273. 968 

86. K. Thomas,  M. Aalbers, G. A. Bannon, M. Bartels, R. J. Dearman, D. J. Esdaile, T. J. Fu, 969 

C. M. Glatt, N. Hadfield, C. Hatzos, S. L. Hefle, J. R. Heylings, R. E. Goodman, B. Henry, 970 

C. Herouet, M. Holsapple, G. S. Ladics, T. D. Landry, S. C. MacIntosh, E. A. Rice, L. S. 971 

Privalle, H. Y. Steiner, R. Teshima, R. van Ree, M. Woolhiser, and  J. Zawodny, A multi-972 

Page 28 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



29 

 

laboratory evaluation of a common in vitro pepsin digestion assay protocol used in 973 

assessing the safety of novel proteins,  Regul. Toxicol. Pharm., 2004, 39, 87-98. 974 

87. F. J. Moreno, A. R. Mackie, and E. C. N. Mills, Phospholipid interactions protect the milk 975 

allergen alpha-lactalbumin from proteolysis during in vitro digestion, J. Agric. Food 976 

Chem., 2005, 53, 9810-9816. 977 

88. K. Yoshino, K. Sakai, Y. Mizuha, A. Shimizuike and S. Yamamoto, Peptic digestibility of 978 

raw and heat-coagulated hen's egg white proteins at acidic pH range, Int. J. Food Sci. Nutr. 979 

2004, 55, 635-640. 980 

89. F. Carrière, C. Renou, E. Ville, P. Grandval and R. Laugier, Advantage of expressing the 981 

variations in some digestive parameters as a function of gastric emptying instead of time, 982 

Digestion, 2001, 64, 46-53. 983 

90. C. Bourlieu, O. Ménard, K. Bouzerzour, G. Mandalari, A. Macierzanka, A.R. Mackie and 984 

D. Dupont, Specificity of infant digestive conditions: some clues for developing relevant in 985 

vitro models, Crit. Rev. Food Sci. Nutr. 2014, 54, 1427-1457.  986 

91. N. Kitabatake, K. Indo and E. Doi, Limited proteolysis of ovalbumin by pepsin, J. Agric. 987 

Food Chem., 1988, 36, 417-420. 988 

92. Y. Mine, C. Kazuhiro and T. Masahiro, Effects of a Limited Proteolysis of Ovalbumin on 989 

Interfacial Adsorptivity Studied by 31P Nuclear Magnetic Resonance, J. Agric. Food. 990 

Chem., 1992, 40, 22-26. 991 

93. I. M. Reddy, N. K. D. Kella and J. E. Kinsella, Structural and conformational basis of the 992 

resistance of .beta.-lactoglobulin to peptic and chymotryptic digestion, J. Agric. Food 993 

Chem., 1988, 36, 737-741. 994 

94. G. Mandalari, A. Mackie, N. M. Rigby, M. S. J. Wickham and E. N. C. Mills, 995 

Physiological phosphatidylcholine protects bovine beta-lactoglobulin from simulated 996 

gastrointestinal proteolysis, Mol. Nutr. Food Res., 2009, 53, 131-139. 997 

95. A. Macierzanka, A. I. Sancho, E. N. C. Mills, N. M. Rigby and A. R. Mackie, 998 

Emulsification alters simulated gastrointestinal proteolysis of β-casein and β-lactoglobulin, 999 

Soft Matter, 2009, 5, 538-550. 1000 

96. E. Tatsumi, D. Yoshimatsu and M. Hirose, Conformational state of disulfide-reduced 1001 

ovalbumin at acidic pH, Biosci. Biotech. Biochem., 1999, 7, 1285-1290. 1002 

97. Y. Mine, H. Kobayashi, K. Chiba and M Tada, 31P NMR study on the interfacial 1003 

adsorptivity of ovalbumin promoted by lysophosphatidylcholine and free fatty acids, J. 1004 

Agric. Food. Chem. 1992, 40, 1111-1115. 1005 

98. J. E. Mogensen, M. Ferreras, R. Wimmer, S. V. Petersen, J. J. Enghild and D.E.  Otzen, 1006 

The major allergen from birch tree pollen, Bet v 1, binds and permeabilizes membranes, 1007 

Biochem., 2007, 46, 3356-3365. 1008 

Page 29 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



30 

 

99. J. Gass, H. Vora, A. G. Hofman, G. M. Gray and C. Khosla, Enhancement of dietary 1009 

protein digestion by conjugated bile acids. Gastroenterol.,  2007, 133, 16-23. 1010 

100. G. Martos, I. López-Expósito, R. Bencharitiwong, M.C. Berin, and A. Nowak-Wegrzyn, 1011 

Mechanisms underlying differential food allergy response to heated egg. J. Allergy Clin. 1012 

Immunol., 2011, 127, 990-997.  1013 

101. Y. Mine and P. Rupa, Fine mapping and structural analysis of immunodominant IgE 1014 

allergenic epitopes in chicken ovalbumin, Protein Eng., 2003, 16, 747-752. 1015 

102. S. Elsayed, J. Apold, E. Holen, H. Vik, E. Florvaag and T. Dybendal, The structural 1016 

requirements of epitopes with IgE binding capacity demonstrated by three major allergens 1017 

from fish, egg and tree pollen, Scand. J. Clin. Lab. Invest., 1991, 204, 17-31. 1018 

103. K. Honma, Y. Kohno, K. Saito, N. Shimojo, T. Horiuchi, H. Hayashi, N. Suzuki, T. 1019 

Hosoya, H. Tsunoo and H. Niimi, Allergenic epitopes of ovalbumin (OVA) in patients with 1020 

hen’s egg allergy: inhibition of basophil histamine release by haptenic ovalbumin peptide, 1021 

Clin. Exp. Immunol., 1996, 103, 446-453. 1022 

104. Y. Mine and M. Yang, Epitope characterization of ovalbumin in BALB/c mice using 1023 

different entry routes, BBA-Proteins Proteomics, 2007, 1774, 200-212. 1024 

105. J. W. Donovan, C. J. Mapes, J. G. Davis and J. A. Garibaldi, Differential scanning 1025 

calorimetric study of stability of egg-white to heat denaturation, J. Sci. Food Agric., 1975, 1026 

26, 73-83. 1027 

106. J. A. Huntington and P. E. Stein, Structure and properties of ovalbumin, J. Chromatogr. B, 1028 

Biomedical Applications, 2001, 756, 189-198. 1029 

107. R. Jiménez-Saiz, C. Pineda-Vadillo, R. López-Fandiño and E. Molina, Human IgE binding 1030 

and in vitro digestion of S-OVA, Food Chem., 2012, 13,1842-1847.  1031 

108. I. Kato, J. Schrode, W. J. Kohr and M. Laskowski Jr., Chicken ovomucoid: determination 1032 

of its amino acid sequence, determination of the trypsin reactive site, and preparation of all 1033 

three of its domains, Biochemistry, 1987, 26, 193-201. 1034 

109. J. Bernhisel-Broadbent, H. M. Dintzis, R. Z. Dintzis and H. A. Sampson, Allergenicity and 1035 

antigenicity of chicken egg ovomucoid (Gal d III) compared with ovalbumin (Gal d I) in 1036 

children with egg allergy and in mice, J. Allergy Clin. Immunol., 1994, 93,1047-1059. 1037 

110. H. Ando, R. Movérare, Y. Kondo, I. Tsuge, A. Tanaka, M. P. Borres and A. Urisu, Utility 1038 

of ovomucoid-specific IgE concentrations in predicting symptomatic egg allergy, J. Allergy 1039 

Clin. Immunol., 2008, 122, 583-588.  1040 

111. C. Alessandri, D. Zennaro, E. Scala, R. Ferrara, M. L. Bernardi, M. Santoro, P. Palazzo and 1041 

A. Mari, Ovomucoid (Gal d 1) specific IgE detected by microarray system predict 1042 

tolerability to boiled hen's egg and an increased risk to progress to multiple environmental 1043 

allergen sensitisation, Clin. Exp. Allergy, 2012, 42, 441-450.  1044 

Page 30 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



31 

 

112. J. Hirose, N. Kitabatake, A. Kimura and H. Narita, Recognition of native and/or thermally 1045 

induced denatured forms of the major food allergen, ovomucoid, by human IgE and mouse 1046 

monoclonal IgG antibodies, Biosci. Biotechnol. Biochem., 2004, 68, 2490-2497.   1047 

113. J. Kovacs-Nolan, J. W. Zhang, S. Hayakawa and Y. Mine, Immunochemical and structural 1048 

analysis of pepsin-digested egg white ovomucoid, J. Agric. Food Chem., 2000, 48, 6261-1049 

6266. 1050 

114. K. M. Järvinen, K. Beyer, L. Vila, L. Bardina, M. Mishoe and H. A. Sampson, Specificity 1051 

of IgE antibodies to sequential epitopes of hen's egg ovomucoid as a marker for persistence 1052 

of egg allergy, Allergy, 2007, 62,758-765. 1053 

115. T. Matsuda, R. Nakamura, I. Nakashima, Y. Hasegawa and K Shimokata, Human IgE 1054 

antibody to the carbohydrate-containing 3rd domain of chicken ovomucoid, Biochem. 1055 

Biophys. Res. Commun., 1985, 129, 505-510. 1056 

116. M. Besler, H. Steinhart and A. Paschke, Allergenicity of hen’s egg-white proteins: IgE 1057 

binding of native and deglycosylated ovomucoid, Food Agr. Immunol., 1997, 9, 277-288. 1058 

117. S. Blank, F. I. Bantleon, M. McIntyre, M. Ollert and E. Spillner, The major royal jelly 1059 

proteins 8 and 9 (Api m 11) are glycosylated components of Apis mellifera venom with 1060 

allergenic potential beyond carbohydrate-based reactivity, Clin. Exp. Allergy, 2012, 42, 1061 

976-985. 1062 

118. F. Altmann, The role of protein glycosylation in allergy, Int. Arch. Allergy Immunol., 2007, 1063 

142, 99-115. 1064 

119. R. Jiménez-Saiz, J. Belloque, E. Molina and R. López-Fandiño, Human immunoglobulin 1065 

(Ig)E binding to heated and glycated ovalbumin and ovomucoid before and after an in vitro 1066 

digestion, J. Agric. Food Chem., 2011, 59, 10044-10051. 1067 

120. A. Urisu, K. Yamada, R. Tokuda, H. Ando, E. Wada, Y. Kondo and Y. Morita, Clinical 1068 

significance of IgE-binding activity to enzymatic digests of ovomucoid in the diagnosis and 1069 

the prediction of the outgrowing of egg white hypersensitivity, Int. Arch. Allergy Immunol., 1070 

1999, 120,192-198. 1071 

121. K. Yamada, A. Urisu, M. Kakami, H. Koyama, R. Tokuda, E. Wada, Y. Kondo, H. Ando, 1072 

Y. Morita and S. Torii, IgE-binding activity to enzyme-digested ovomucoid distinguishes 1073 

between patients with contact urticaria to egg with and without overt symptoms on 1074 

ingestion, Allergy, 2000, 55, 565-569. 1075 

122. K. Takagi, R. Teshima, H. Okunuki, S. Itoh , N. Kawasaki, T. Kawanishi, T. Hayakawa, Y. 1076 

Kohno, A. Urisu  and J. Sawada, Kinetic analysis of pepsin digestion of chicken egg white 1077 

ovomucoid and allergenic potential of pepsin fragments, Int. Arch. Allergy Immunol., 2005, 1078 

136, 23-32. 1079 

123. J. Martínez-Botas, I. Cerecedo, J. Zamora, C. Vlaicu, M. C. Dieguez, D. Gómez-Coronado, 1080 

V. de Dios, S. Terrados and B. de la Hoz,  Mappping of the IgE and IgG4 sequential 1081 

Page 31 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



32 

 

epitopes of ovomucoid with a peptide microarray immunoassay, Int. Arch. Allergy 1082 

Immunol., 2013, 161, 11-20. 1083 

124. S. Frémont, G. Kanny, P. Nicolas and D. A. Moneret-Vautrin, Prevalence of lysozyme 1084 

sensitization in an egg-allergic population, Allergy, 1997, 52, 224-228. 1085 

125. B. J. Walsh, D. J. Hill, P. Macoun, D. Cairns and M. E. H. Howden, Detection of four 1086 

distinct groups of hen egg allergens binding IgE in the sera of children with egg allergy, 1087 

Allergol. Immunopathol., 2005, 33, 183-191. 1088 

126. P. Weber, H. Kratzin, K. Brockow, J. Ring, H. Steinhart and A. Paschke, Lysozyme in 1089 

wine: a risk evaluation for consumers allergic to hen´s egg. Mol. Nutr. Food Res., 2009, 53, 1090 

1469-1477. 1091 

127. T. So, H. O. Ito, M. Hirata, T. Ueda and T. Imoto, Depression of T-cell epitope generation 1092 

by stabilizing hen lysozyme, J. Biol. Chem. 1997, 272, 32136-32140. 1093 

128. N. C. Peters, D. H. Hamilton and P. Bretscher, Analysis of cytokine-producing Th cells 1094 

from hen egg lysozyme-immunized mice reveals large numbers specific for "cryptic" 1095 

peptides and different repertoires among different Th populations, Allergy, 2011, 41, 20-28. 1096 

129. T. So, H. O. Ito, M. Hirata, T. Ueda and T. Imoto, Contribution of conformational stability 1097 

of hen lysozyme to induction of type 2 T-helper immune responses.  Immunol., 2001, 104, 1098 

259-268. 1099 

130. P. Polverino de Laureto, E. Frare, R. Gottardo, H. Van Dael and A. Fontana, Partly folded 1100 

status of members of the lysozyme/lactalbumin superfamily: A compartive study by 1101 

circular dichroism spectroscopy and limited proteolysis, Protein Sci., 2002, 11, 2932-2946. 1102 

131. Y. Mine, F. Ma and S. Lauriau, Antimicrobial peptides released by enzymatic hydrolysis of 1103 

hen egg white lysozyme, J. Agric. Food Chem., 2004, 52, 1088-1094. 1104 

132. H. R. Ibrahim, D. Inazaki, A. Abdou, T. Aoki and M. Kim, Processing of lysozyme at 1105 

distinct loops by pepsin: a novel action for generating multiple antimicrobial peptide motifs 1106 

in the newborn stomach, Biochim. Biophys. Acta, 2005, 1726, 102-114. 1107 

133. K. R. Babu and V. Bhakuni, Ionic-strength-dependent transition of hen egg-lysozyme at 1108 

low pH to a compact state and its aggregation on thermal denaturation. Eur. J. Biochem., 1109 

1997, 245, 781-789. 1110 

134. E. Posse, B. F. De Arcuri and R. D. Morero, Lysozyme interactions with phospholipid 1111 

vesicles: relationships with fusion and release of aqueous content. Biochim. Biophys. Acta., 1112 

1994, 1193, 101-106. 1113 

135. W. Witoonsaridsilp, B. Panyarachun, N. Sarisuta and C. C. Müller-Goymann, Influence of 1114 

microenvironment and liposomal formulation on secondary structure and bilayer 1115 

interaction of lysozyme, Colloid. Surface. B., 2010, 75, 501-509. 1116 

Page 32 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



33 

 

136. G. P. Gorbenko, V. M. Loffe and P. K. J. Kinnunen, Binding of lysozyme to phospholipid 1117 

bilayers: evidence for protein aggregation upon membrane association, Biophys. J., 2007, 1118 

93, 140-153. 1119 

137. B. Yuan,  L. L. Xing, Y. D. Zhang, Y. Lu, Y. Y. Luo, Z. H. Mai and M. Li, Penetration and 1120 

saturation of lysozyme in phospholipids bilayers, J. Phys. Chem. B., 2007, 111, 6151-6155. 1121 

138. C. Cakir-Kiefer, L. Miclo, F. Balandras, A. Dary, C. Soligot and Y. A. Le Roux, Transport 1122 

across caco-2 cell monolayer and sensitivity to hydrolysis of two anxiolytic peptides from 1123 

αS1-casein, α-casozepine, and αS1-casein-(f91-97): effect of bile salts, J. Agric. Food 1124 

Chem., 2011, 59, 11956-11965. 1125 

139. E. S. Kostewicz, U. Brauns, R. Becker and J. B. Dressman, Forecasting the oral absorption 1126 

behaviour of poorly soluble weak bases using solubility and dissolution studies in 1127 

biorelevant media, Pharm. Res., 2002, 19, 345-349. 1128 

140. M. Takano, Y. Koyama, H. Nishikawa, T. Murakami and R. Yumoto, Segment-selective 1129 

absorption of lysozyme in the intestine, Eur. J. Pharmacol., 2004, 502,149-155. 1130 

141. S. Hashida, E. Ishikawa, N. Nakamichi and H. Sekino, Concentration of egg white 1131 

lysozyme in the serum of healthy subjects after oral administration, Clin. Exp. Pharmacol. 1132 

P., 2002, 29, 79-83. 1133 

142. F. Roth-Walter, M. C. Berin, P. Arnaboldi, C. R. Escalante, S. Dahan, J. Rauch, E. Jensen-1134 

Jarolim and L. Mayer, Pasteurization of milk proteins promotes allergic sensitization by 1135 

enhancing uptake through Peyer's patches, Allergy, 2008, 63, 882-890.  1136 

143. A. Nowak-Wegrzyn and A. Fiocchi, Rare, medium, or well done? The effect of heating and 1137 

food matrix on food protein allergenicity, Curr. Opin. Allergy Clin. Immunol., 2009, 9, 1138 

234-237.  1139 

144. R. Jiménez-Saiz R, S. Benedé, E. Molina and I López-Expósito, Effect of Processing 1140 

technologies on the allergenicity of food products, Crit. Rev. Food Sci., 2014 (on line, doi. 1141 

10.1080/10408398.2012.736435). 1142 

145. N. Polovic, M. Blanusa, M. Gavrovic-Jankulovic, M. Atanoskovic-Markovic, L. Burazer, 1143 

R. Jankov and T. Cirkovic Velickovic, A matrix effect in pectin-rich fruits hampers 1144 

digestion of allergen by pepsin in vivo and in vitro. Clin. Exp. Allergy, 2007, 37, 764-771.  1145 

146. S. J. Maleki, O., Viquez, T. Jacks, H. Dodo, E. T. Champagne, S. Y. Chung and S. J. 1146 

Landry, The major peanut allergen, Ara h2, functions as a trypsin inhibitor, and roasting 1147 

enhances this function, J. Allergy Clin. Immunol., 2003, 112,190-195. 1148 

147. S. Ceryak, B, Bouscarel and H. Fromm, Comparative binding of bile-acids to serum-1149 

lipoproteins and albumin, J. Lipid Res., 1993, 34, 1661-1674. 1150 

148. H. Fujita, R. Sasaki and M. Yoshikawa, Potentiation of the antihypertensive activity of 1151 

orally administered ovokinin, a vasorelaxing peptide derived from ovalbumin, by 1152 

Page 33 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



34 

 

emulsification in egg phosphatidylcholine, Biosci. Biotechnol. Biochem., 1995, 59, 2344-1153 

2345. 1154 

149. K. E. Grimshaw, R. M. King, J. A. Nordlee, S. L. Hefle, J. O. Warner and J. O. Hourihane, 1155 

Presentation of allergen in different food preparations affects the nature of the allergic 1156 

reaction-a case series, Clin. Exp. Allergy., 2003, 33, 1581-1585. 1157 

150. F. van Wijk, S. Nierkens, I. Hassing, M. Feijen, S. J. Koppelman, G. A. de Jong, R. Pieters 1158 

and L. M. Knippels, The effect of the food matrix on in vivo immune responses to purified 1159 

peanut allergens, Toxicol. Sci., 2005, 86, 333-341.  1160 

151. Y. Wang, S. Ghoshal, M. Ward, W. de Villiers, J. Woodward and E. Eckhardt, 1161 

Chylomicrons promote intestinal absorption and systemic dissemination of dietary antigen 1162 

(ovalbumin) in mice, PLoS One, 2009, 4, e8442. 1163 

152. J. Li, Y. Wang, L. Tang, W. J. de Villiers, D. Cohen, J. Woodward, F. D. Finkelman and E. 1164 

R. Eckhardt, Dietary medium-chain triglycerides promote oral allergic sensitization and 1165 

orally induced anaphylaxis to peanut protein in mice, J. Allergy Clin. Immunol., 2013, 131, 1166 

442-450. 1167 

153. M. Bublin, T. Eiwegger and H Breiteneder, Do lipids influence the allergic sensitization 1168 

process?, J. Allergy Clin. Immunol., 2014,134, 521-529. 1169 

154. A. Sarkar, D. S. Horne and H. Singh, Interactions of milk protein-stabilized oil-in-water 1170 

emulsions with bile salts in a simulated upper intestinal model, Food Hydrocol., 2010, 24, 1171 

142-151. 1172 

155. R. Jiménez-Saiz, V. M. P. Ruiz-Henestrosa, R, López-Fandiño and E. Molina, In vitro 1173 

digestibility and allergenicity of emulsified hen egg, Food Res. Int., 2012, 48, 404-409. 1174 

156. A. Drakos and V, Kiosseoglou, Depletion flocculation effects in egg-based model salad 1175 

dressing emulsions, Food Hydrocol., 2008, 22, 218-224. 1176 

157. E. Dickinson, Stability and rheological implications of electrostatic milk protein-1177 

polysaccharide interactions, Trends Food Sci. Technol., 1998, 9, 347-354.  1178 

158. R. Jiménez-Saiz, I. López-Expósito, E. Molina, R. López-Fandiño, Intestinal stability of 1179 

egg allergens in the presence of polysaccharides, Food Hydrocol., 2013, 30, 597-605.  1180 

159. J. Mouecoucou, C. Sanchez, C. Villaume, O. Marrion, S. Fremont, F. Laurent and L. 1181 

Mejean, Effects of different levels of gum arabic, low methylated pectin and xylan on in 1182 

vitro digestibility of beta-lactoglobulin, J. Dairy Sci., 2003, 86, 3857-3865. 1183 

160. A. Des Roches, M. Nguyen, L. Paradis, M. N. Primeau and S. Singer, Tolerance to cooked 1184 

egg in an egg allergic population, Allergy, 2006, 61, 900–901. 1185 

161. G. N. Konstantinou, S. Giavi, A. Kalobatsou, E. Vassilopoulou, N. Douladiris, P. Saxoni-1186 

Papageorgiou and N. G. Papadopoulos, Consumption of heat-treated egg by children 1187 

allergic or sensitized to egg can affect the natural course of egg allergy: hypothesis-1188 

generating observations, J. Allergy Clin. Immunol., 2008, 122,414-415.  1189 

Page 34 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



35 

 

162. H. Lemon-Mulé, H. A. Sampson, S. H. Sicherer, W. G. Shreffler, S. Noone and A. Nowak-1190 

Wegrzyn, Immunologic changes in children with egg allergy ingesting extensively heated 1191 

egg, J. Allergy Clin. Immunol., 2008, 122, 977-983.e1 1192 

163. S. A, Leonard, H. A. Sampson, S. H. Sicherer, S. Noone, E. L. Moshier, J. Godbold and A. 1193 

Nowak-Węgrzyn, Dietary baked egg accelerates resolution of egg allergy in children, J. 1194 

Allergy Clin. Immunol., 2012, 130, 473-480.e1.  1195 

164. B. M. Ehn, B. Ekstrand, U.  Bengtsson and S. Ahlstedt, Modification of IgE binding during 1196 

heat processing of the cow's milk allergen beta-lactoglobulin, J. Agric. Food Chem., 2004, 1197 

52, 1398-1403. 1198 

165. K. Joo and Y Kato, Y, Assessment of allergenic activity of a heat-coagulated ovalbumin 1199 

after in vivo digestion, Biosci. Biotechnol. Biochem., 2006, 70, 591-597. 1200 

166. I. Van der Plancken, M.Van Remoortere, A. Van Loey and M. E. Hendrickx, Trypsin 1201 

inhibition activity of heat-denatured ovomucoid: a kinetic study, Biotechnol. Prog., 2004, 1202 

20, 82-66. 1203 

167. K. Nyemb, C. Guérin-Dubiard, D. Dupont, J. Jardin, S. M. Rutherfurd and F. Nau F, The 1204 

extent of ovalbumin in vitro digestion and the nature of generated peptides are modulated 1205 

by the morphology of protein aggregates, Food Chem., 2014, 157, 429-438.  1206 

168. K. Nyemb, J. Jardin, D. Causeur, C. Guerin-Dubiard, D.  Dupont, S. M. Rutherfurd and F. 1207 

Nau, Investigating the impact of ovalbumin aggregate morphology on in vitro ovalbumin 1208 

digestion using label-free quantitative peptidomics and multivariate data analysis, Food 1209 

Res. Int., 2014, 63, 192-202.  1210 

169. Y. Kato, H. Watanabe and T. Matsuda, Ovomucoid rendered insoluble by heating with 1211 

wheat gluten but not with milk casein, Biosci. Biotechnol. Biochem., 1999, 63,198-201.  1212 

170. M. Shin, J. Lee, K. Ahn, S. I. Lee and Y. Han, The influence of the presence of wheat flour 1213 

on the antigenic activities of egg white proteins, Allergy Asthma Immunol. Res., 2013, 5, 1214 

42-47.  1215 

171. S. Maleki, S. Y. Chung, E. T., Champagne and J. P. Raufman, The effects of roasting on 1216 

the allergenic properties of peanut proteins, J. Allergy Clin. Immunol., 2000, 106, 763-768.   1217 

172. S. Kroghsbo, N. M. Rigby, P. E. Johnson, K. Adel-Patient, K. L. Bøgh, L. J. Salt, E. N. C.  1218 

Mills and C. B. Madsen, Assessment of the sensitizing potential of processed peanut 1219 

proteins in Brown Norway rats: roasting does not enhance allergenicity, PLoS One, 2014, 1220 

9, e96475.  1221 

173. K. S. Hansen, B. K. Ballmer-Weber, D. Luttkopf, B. Wuthrich, C. Bindslev-Jensen, S. 1222 

Vieths and L. K. Poulsen, Roasted hazelnuts-allergenic activity evaluated by double-blind 1223 

placebo-controlled food challenge, Allergy, 2003, 58, 132-138. 1224 

Page 35 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



36 

 

174. P. Gruber, S. Vieths, A. Wangorsch, J. Nerkamp, T. Hofmann, Maillard reaction and 1225 

enzymatic browning affect the allergenicity of Pru av 1, the major allergen from cherry 1226 

(Prunus avium), J. Agric. Food Chem., 2004, 52, 4002-4007. 1227 

175. A. Nakamura, F. Sasaki, K. Watanabe, T. Ojima, D. H. Ahn, and H. Saeki, Changes in 1228 

allergenicity and digestibility of squid tropomyosin during the Maillard reaction with 1229 

ribose, J. Agric. Food Chem., 2006, 54, 9529-9534. 1230 

176. C. Sisak, Z. Csanadi, E. Ronay and B. Szajani, Elimination of glucose in egg white using 1231 

immobilized glucose oxidase, Enzyme Microb. Technol., 2006, 39, 1002-1007. 1232 

177. H. Watanabe, M. Toda, H. Sekido, A. Wellner, T. Fujii, T. Henle, S. Hachimura and H. 1233 

Nakajima-Adachi, Heat treatment of egg white controls allergic symptoms and induces oral 1234 

tolerance to ovalbumin in a murine model of food allergy, Mol. Nutr. Food Res., 2009, 53, 1235 

952-958.  1236 

178. H. J. Peng, Z. N. Chang, L. C. Tsai, S. N. Su, H. D. Shen and C. H. Chang, Heat 1237 

denaturation of egg-white proteins abrogates the induction of oral tolerance of specific Th2 1238 

immune responses in mice, Scand. J. Immunol., 1998, 48, 491-496. 1239 

179. J. Golias, M. Schwarzer, M. Wallner, M. Kverka, H. Kozakova, D. Srutkova, K. 1240 

Klimesova, P. Sotkovsky, L. Palova-Jelinkova, F. Ferreira, and L. Tuckova, Heat-induced 1241 

structural changes affect OVA-antigen processing and reduce allergic response in mouse 1242 

model of food allergy, PLoS One, 2012, 7, e37156. 1243 

180. E. Untersmayr, S. C. Diesner, G. J. Oostingh, K. Selzle, T. Pfaller, C. Schultz, Y. Zhang, 1244 

D. Krishnamurthy, P. Starkl, R. Knittelfelder, E. Förster-Waldl, A. Pollak, O. Scheiner, U. 1245 

Pöschl, E. Jensen-Jarolim  and A. Duschl, Nitration of the egg-allergen ovalbumin 1246 

enhances protein allergenicity but reduces the risk for oral sensitization in a murine model 1247 

of food allergy, PLoS One, 2010, 5, e14210.  1248 

181. T. Hilmenyuk, I. Bellinghausen, B. Heydenreich, A. Ilchmann, M. Toda, S. Grabbe and J. 1249 

Saloga, Effects of glycation of the model food allergen ovalbumin on antigen uptake and 1250 

presentation by human dendritic cells, Immunology, 2010, 129, 437-445.  1251 

182. A. Ilchmann, S. Burgdorf, S. Scheurer, Z. Waibler, R. Nagai, A. Wellner, Y. Yamamoto, 1252 

H. Yamamoto, T. Henle, C. Kurts, U. Kalinke, S. Vieths and M. Toda, Glycation of a food 1253 

allergen by the Maillard reaction enhances its T-cell immunogenicity: role of macrophage 1254 

scavenger receptor class A type I and II, J. Allergy Clin. Immunol., 2010, 125, 175-183.e1-1255 

11. 1256 

183. P. J. Royer, M. Emara, C. Yang, A. Al-Ghouleh, P. Tighe, N. Jones, H. F. Sewell, F. 1257 

Shakib, L- Martinez-Pomares, M. Amir and A. M. Ghaemmaghami, The mannose receptor 1258 

mediates the uptake of diverse native allergens by dendritic cells and determines allergen-1259 

induced T cell polarization through modulation of IDO activity, J. Immunol., 2010, 185, 1260 

1522-1531. 1261 

Page 36 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



37 

 

184. P. Johansen, G. Senti, J. M. Martínez Gómez, B. Wüthrich, A. Bot and T. M. Kündig, Heat 1262 

denaturation, a simple method to improve the immunotherapeutic potential of allergens, 1263 

Eur. J. Immunol., 2005, 35, 3591-3598. 1264 

185. R. Jiménez-Saiz, P. Rupa and Y. Mine, Immunomodulatory effects of heated ovomucoid-1265 

depleted egg white in a BALB/c mouse model of egg allergy, J. Agric Food Chem., 2011, 1266 

59, 13195-13202. 1267 

186. S. A. Leonard, G. Martos, W. Wang, A. Nowak-Węgrzyn and M. C. Berin, Oral 1268 

immunotherapy induces local protective mechanisms in the gastrointestinal mucosa,  J. 1269 

Allergy Clin. Immunol., 2012, 129, 1579-1587. 1270 

187. M. Yang and Y. Mine, Novel T-cell epitopes of ovalbumin in BALB/c mouse: potential for 1271 

peptide-immunotherapy, Biochem. Biophys. Res. Commun., 2009, 378, 203-208.  1272 

188. D, Moldaver and M. Larché, Immunotherapy with peptides, Allergy, 2011, 66, 784-791. 1273 

189. M. Yang, C. Yang, F. Nau, M. Pasco, L. R. Juneja, T. Okubo and Y. Mine, 1274 

Immunomodulatory effects of egg white enzymatic hydrolysates containing 1275 

immunodominant epitopes in a BALB/c mouse model of egg allergy, J. Agric. Food 1276 

Chem., 2009, 57, 2241-2248. 1277 

190. M. Yang, C. Yang, and Y. Mine, Multiple T cell epitope peptides suppress allergic 1278 

responses in an egg allergy mouse model by the elicitation of forkhead box transcription 1279 

factor 3- and transforming growth factor-beta-associated mechanisms, Clin. Exp. Allergy., 1280 

2010, 40, 668-678. 1281 

191. P. Rupa and Y. Mine, Oral immunotherapy with immunodominant T-cell epitope peptides 1282 

alleviates allergic reactions in a Balb/c mouse model of egg allergy, Allergy, 2012, 67, 74-1283 

82. 1284 

192. M. Kulis, I. Macqueen, Y. Li, R. Guo, X. P. Zhong and A. W. Burks, Pepsinized cashew 1285 

proteins are hypoallergenic and immunogenic and provide effective immunotherapy in 1286 

mice with cashew allergy, J. Allergy Clin. Immunol., 2012, 130, 716-723. 1287 

193. S. Hildebrandt, H. D. Kratzin, R. Schaller, R. Fritsché, H. Steinhart and A. Paschke, In 1288 

vitro determination of the allergenic potential of technologically altered hen's egg, J. Agric. 1289 

Food Chem., 2008, 56, 1727-1733.  1290 

194. F. Hacini-Rachinel, Y. M. Vissers, R. Doucet-Ladevéze, C. Blanchard, A. Demont, M. 1291 

Perrot, A. Panchaud, G. Prioult, A. Mercenier, S. Nutten, Low-allergenic hydrolyzed egg 1292 

induces oral tolerance in mice, Int. Arch. Allergy Immunol., 2014, 164, 64-73.  1293 

195. I. López-Expósito, R. Chicón, J. Belloque, R. López-Fandiño and M. C.  Berin, In vivo 1294 

methods for testing allergenicity show that high hydrostatic pressure hydrolysates of β-1295 

lactoglobulin are immunologically inert, J. Dairy Sci., 2012, 95, 541-548. 1296 

196. J. Somkuti and L. Smeller, High pressure effects on allergen food proteins, Biophys. 1297 

Chem., 2013, 183, 19-29. 1298 

Page 37 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



38 

 

197. R. Chicón, J. Belloque, E. Alonso and R. López-Fandiño, Antibody binding and functional 1299 

properties of whey protein hydrolysates obtained under high pressure, Food Hydrocol., 1300 

2009, 23, 593-599. 1301 

198. A. Quirós, R. Chicón, I. Recio and R. López-Fandiño, The use of high hydrostatic pressure 1302 

to promote the proteolysis and release of bioactive peptides from ovalbumin, Food Chem., 1303 

2007, 104, 1734-1739. 1304 

199. I. López-Expósito, R. Chicón, J. Belloque, I. Recio, E. Alonso and R. López-Fandiño, 1305 

Changes in the ovalbumin proteolysis profile by high pressure and its effect on IgG and 1306 

IgE binding, J. Agric. Food Chem., 2008, 56, 11809-11816.  1307 

  1308 

Page 38 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



39 

 

Figure legends 1309 

 1310 

Fig. 1. Two-dimensional electrophoresis (IEF followed by SDS-PAGE) with Coomassie 1311 

staining (A) and Western blotting, using a pool of sera of egg allergic patients (mean specific 1312 

IgE level to egg white: 13.2 kU/L) (B), of egg white proteins. In addition to the main egg 1313 

allergens: ovalbumin (OVA), ovomucoid (OM) and lysozyme (LYS), two minor egg white 1314 

proteins, tentatively identified as ovoinhibitor (OvoI) and clusterin, bound IgE from egg-allergic 1315 

patients. Reprinted with permisson from ref. 43 (Copyright 2014 Elsevier).  1316 

Fig. 2. Representation of the IgE-binding epitope ovalbumin (370-385) in the 3D structure of 1317 

the protein. This fragment, protected within the native structure, could be released as a result of 1318 

gastrointestinal digestion. Reprinted with permission from ref 78 (Copyright 2014 American 1319 

Chemical Society). 1320 

Fig. 3. SDS-PAGE with Coomassie staining (a, b) and Western blotting, using a pool of sera of 1321 

egg allergic patients (c, d), of ovomucoid (OM) (a, c) and enzymatically deglycosylated 1322 

ovomucoid (dOM) (b, d) after subsequent in vitro oral, gastric and duodenal digestions. M: 1323 

molecular mass marker; lanes 1: OM (a, c) and dOM (b, d); lanes 2: oral digest; lanes 3-13: 1324 

gastric digests after 1, 2, 3, 4, 5, 7, 10, 15, 20, 30 and 60-min; lanes 14: duodenal digests (60 1325 

min of gastric digestion followed by 30 min of duodenal digestion). OM was degraded during 1326 

the first minutes of gastric digestion, leaving no intact protein at the end of the gastric phase, but 1327 

dOM was degraded more rapidly. The ~25, ~15 and <10 kDa fragments formed during gastric 1328 

digestion of OM and those of ~15 and <10 kDa formed during gastric digestion of dOM were 1329 

able to bind IgE from egg-allergic patients. Once the duodenal digestion was completed, the 1330 

bands corresponding to ~15 and <10 kDa, present in OM and dOM digests, still had detectable 1331 

IgE-binding capacities. Reprinted from ref. 77. 1332 

Fig. 4. SDS-PAGE with Coomassie staining of lysozyme (LYS) after in vitro gastric digestions 1333 

at different pHs and hydrolysis times. Lane 1: molecular mass marker; lane 2: LYS; lanes 3, 4 1334 

and 5: LYS digested at pH 1.2 for 0, 60 and 120 min; lanes 6 and 7: LYS digested at pH 2.0 for 1335 

60 and 120 min; lanes 8 and 9: LYS digested at pH 3.2 for 60 and 120 min; lanes 10 and 11: 1336 

LYS digested at pH 4.0 for 60 and 120 min; lanes 12 and 13: LYS digested at pH 4.5 for 60 and 1337 

120 min. LYS is completely hydrolysed at pH 1.5, partially hydrolysed at pH 2 and resistant to 1338 

pepsin  at pH values ≥3.2. Reprinted with permission from ref. 75 (Copyright 2014 Elsevier). 1339 
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Fig. 1 1344 

 1345 

 1346 

  1347 

Page 40 of 43Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



41 

 

Fig 2.  1348 

 1349 

 1350 

 1351 

 1352 

  1353 

Page 41 of 43 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



42 
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Fig. 4. 1361 
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