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Abstract

Scope—Patients with persistent egg allergy have more immunoglobulin E (IgE) against 

sequential than conformational epitopes of ovomucoid (OVO). Here, we aimed to identify 

compounds capable to render sequential epitopes in egg.

Methods and results—Glutathione was used for in vitro reduction of OVO and circular 

dichroism analyses were performed. Glutathione reduced OVO in a concentration-dependent 

manner. Egg white was analyzed for reduced proteins with a thiol probe and by MALDI-TOF/

TOF. In unprocessed total egg white, several reduced proteins were detected by the thiol probe, 

among them reduced ovalbumin could be confirmed with MS analyses.

Egg-allergics or sensitized controls were tested serologically (n = 19) for IgE against native and 

reduced OVO and in skin prick tests (n = 9). More patients had IgE against reduced than native 

OVO in Western blots. In skin prick test, five out of seven persistent egg-allergics and none of the 

controls reacted with reduced OVO.

Conclusion—Reduced egg proteins are present in natural egg white. Glutathione, which is 

present in egg and furthermore is used as texture-improving additive in processed food, is capable 

of reducing OVO. Patients with persistent egg allergy reacted rather to reduce the native OVO. 
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Hence, our data indicate that reduction is a novel natural and processing-associated principle, 

which contributes to the allergenicity of food.
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1 Introduction

Allergy to egg has an estimated prevalence of 0.8–1.6% for children under 2.5 years [1–4], 

but is usually outgrown in later life [1, 5]. Sensitization to egg is often transient and low 

immunoglobulin E-levels (IgE-levels) to egg can occur without any symptoms [6]. The 

majority of allergic reactions are caused by egg white proteins [7] with ovomucoid (OVO, 

Gal d1) identified as most dominant major allergen [8, 9]. OVO is heavily glycosylated [10], 

consists of three Kazal-family inhibitory domains, is very stable due to its nine disulfide 

bridges [11], and remains monomeric even after extensive heating [12].

Cooke and Sampson reported different patterns of IgE reactivity to OVO with some patients 

preferentially recognizing conformational rather than linear epitopes [13]. Patients who do 

not outgrow egg allergy have IgE antibodies against four sequential epitopes on OVO, which 

are not recognized by patients with transient egg allergy [7].

The fact that linear epitopes are more important for adults might be explained by maturation 

of the barrier and enzymatic function of the gastrointestinal tract during infancy and 

adolescence, rendering effective peptide digestion [14]. On the other hand, complete 

cleavage may only occur upon extension of the whole protein. This requires reduction of the 

nine disulfide bonds of OVO in the first instance. There are, however, no known reducing 

conditions in the human intestine. This prompted us to search for natural or commercial 

available food additives, which could fulfill these significant molecular modifications.

We identified glutathione (GSH) as potential reducing agents. GSH is the most abundant 

nonprotein thiol compound in all living organisms being able to directly neutralize free 

radicals and reactive oxygen compounds [15, 16]. Since GSH serves as an immune booster, 

antioxidant, and detoxifier of xenobiotics, it has already been exploited in medicine, as a 

food additive, and in the cosmetic industry [17]. GSH is found in high levels not only in 

protein-rich foods such as milk [18] and eggs [19], but also in fresh legumes and fruits [20]. 

GSH addition in food and beverage products is self-limiting due to its sour taste and sulfur 

odor. The level of L-GSH in food ranges from 0.004 to 6.667%. In products containing eggs 

such as in baked goods and in pastries, GSH concentration varies from 0.250 to 0.333% 

[21].

Our data indicate that the antioxidant GSH is able to linearize OVO and as a consequence 

may foster sensitization. Indeed, in egg white reducing conditions in egg white are present 

suggesting that OVO might already exist in a reduced form in egg white. In addition, we 

investigated the qualitative differences in triggering IgE-crosslinking of conformationally 

intact versus reduced OVO exposing sequential IgE-epitopes in patients with persistent egg 

allergy.
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2 Methods

2.1 Subjects

Serum of 20 subjects sensitized to egg was collected and stored at –20°C until use. All 

controls were tested for food allergens due to the underlying disease (either atopic dermatitis 

or unspecific food-related oral allergy symptoms in connection with allergic rhinitis). 

According to our standard procedure, those allergens to which sensitizations were found, 

e.g. egg, were then checked for their relevance in an open challenge condition by having the 

patients themselves making symptom-related diaries and monitoring their food intake. In all 

patients classified as controls, large quantities of eggs could be tolerated both in cooked as 

well as in partly heated form without any problems; thus, double-blind oral food challenges 

were not performed in these patients and they were declared as sensitized without any 

clinical symptoms. Subjects were considered egg-allergic based on the past medical history 

and oral provocation tests or the results of previous allergic reactions after consuming 

products, which, unbeknown to the patient, had contained egg. Blood of allergic and 

sensitized subjects was taken immediately after consultation with the hospital due to atopic 

dermatitis or food-related allergic symptoms in connection with allergic rhinitis.Patients 

were grouped into clinically reactive patients and “sensitized-only” patients as depicted in 

Table 1. Nine patients with egg-specific IgE were also tested in skin prick test (SPT) for 

OVO or its reduced and alkylated counterpart. Subjects were recruited with informed 

consent and institutional review board approval from the Clinic for Dermatology, 

Venereology and Allergology at the Charité Hospital in Berlin and from the Department of 

Dermatology at the Medical University of Vienna. The attributes of these human individuals 

are summarized in Table 1.

2.2 Reduction of OVO by GSH

Reduction was performed by adding reduced GSH (Sigma-Aldrich, St. Louis, MO, USA; 

added concentration: 1, 0.5, 0.05, 0.01 and 0.002 mg/mL) to 2 mg/mL OVO (Worthington 

Biochemical Corporation, Lakewood, NJ, USA) at room temperature. Immediately after, 

samples were mixed with 4× non-reducing sample buffer (40% glycerol, 10% SDS, 0.33M 

Tris pH6.8, 0.05% bromophenol blue) and cooked for 5 min, before applying on a 12% 

SDS-PAGE. Subsequently, bands were visualized by Coomassie staining. For the gel of Fig. 

1, OVO was dissolved in RPMI medium for better resolution, whereas for the other 

experiments OVO was dissolved in water. Densiometric analysis of the bands were 

performed using the software Image J1.45s of the National Institutes of Health (NIH).

2.3 Reduction and alkylation of OVO

Stabilized reduced OVO was generated as previously described [22] by alkylation using as 

reduction agent either triethylphosphine or GSH (Sigma, Steinheim, Germany). The final 

concentration in the protein solution was 13 mM iodoethanol and 1.7 mM reducing agent, 

respectively. Samples were incubated for 60 min at 37°C under agitation and desalted by gel 

filtration. Protein content was determined at an OD of 280 nm.
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2.4 Circular dichroism analysis of native as well as reduced and alkylated OVO

Circular dichroism (CD) measurements were performed on a Jasco J-715 spectropolarimeter 

with 100 μg/mL sample using a 1-mm path-length quartz cuvette equilibrated at 20°C as 

already described [23]. Spectra were recorded from 190 to 260 nm with 0.2-nm resolution at 

a scan speed of 50 nm/min and resulted from the average of five scans. The final spectra 

were corrected by subtracting the corresponding baseline spectrum obtained under identical 

conditions. Results were expressed as the mean residue ellipticity (Θ) at a given wavelength.

2.5 Detection of reduced egg proteins in raw egg white

Egg whites from fresh (stored <7 days) or old eggs (stored for 6–8 wk) were diluted 1:20 

with distilled water to a concentration of approximately 5 mg/mL protein, homogenized for 

1 min at 13 500 rpm and 2 μM fluorescent-labeled alkylation agent (5-IAF, Molecular 

Probes, Eugene, OR, USA), which reacts with free thiol groups, was added for 1 h at 37°C 

under agitation. As control, 5 mg/mL ovalbumin (OVA) and 5 mg/mL OVO were also 

treated with 2 μM 5-IAF in the presence or absence of the reducing agent. Unbound agent 

was removed by gel filtration. Quality of eluats was controlled by 12% SDS-PAGE under 

nonreducing conditions. Fluorescence bands were visualized using a UV-transilluminator 

(Herolab, Wiesloch, Germany). Gels were further stained by Coomassie.

2.6 Western blot analysis

Conformationally intact, reduced, or reduced and alkylated OVO were run on a preparative 

12% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes. After 

blocking with 5% dry milk in tris-buffered saline containing 0.05% Tween-20 (TBS-T), 

membranes were cut into strips, incubated overnight with 1:20 diluted sera from 19 patients, 

following incubation with horseradish peroxidase-conjugated goat anti-human IgE (KPL, 

Gaithersburg, MD, USA) and bands were visualized using SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA). Stripes were then 

exposed to an X-ray film (Thermo Scientific). Between each step, washing was performed 

with TBS-T.

Similarly, for the anti-OVO antibody Western blot, OVO, OVA, ovotransferrin, and natural 

egg white were applied in the presence or absence of GSH as a reducing agent (end 

concentration 0.2% w/v) on a 12% SDS-PAGE. After transfer onto a PVDF membrane and 

blocking with 5% dry milk in TBS-T, the membrane was incubated for 3 h with rabbit anti-

OVO antibody (Abbomax, San Jose, CA, USA), followed by detection with horseradish-

peroxidase-conjugated donkey-anti-rabbit-IgG (GE Healthcare, Vienna, Austria) diluted 

1:2500, using the same chemiluminescent substrate as above. Membrane was then exposed 

to an X-ray film. Between each step, washing was performed with TBS-T.

2.7 Skin prick tests

Skin prick tests (SPTs) were performed with a sterile prick needles. Wheal size of egg and 

histamine response were measured after 20 min and expressed as a ratio to exclude 

variations due to different personnel or devices. In seven patients, alkylated serum albumin 

was included as additional negative control in SPT. SPTs were performed in two different 
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centers by trained personnel. Color intensity of reactions to samples compared to the 

histamine-control was also measured [24].

3 Results

3.1 GSH reduces OVO in vitro

Since patients with persistent egg allergy preferentially have IgE against sequential epitopes, 

we sought to investigate ingredients in food with reducing potential. As depicted in Fig. 1A 

and B, GSH reduces OVO in a concentration-dependent manner, rendering a lower band at 

approximately 30 kDa (black box in Fig. 1A and black bars in Fig. 1B), whereas unreduced 

OVO showed a band at approximately 45 kDa (gray box in Fig. 1A and gray bars in Fig. 

1B). Densiometric analyses clearly showed that increasing amounts of GSH increase the 

intensity of the reduced OVO (lower bands, black bars), whereas the relative amount of 

native OVO, upper band (gray bars), diminishes.

Since reduced proteins might refold in absence of reducing agents, reduced OVO was 

stabilized by alkylation [7] for further structural analysis. CD analysis revealed a shift of the 

two minima of native OVO toward a single minimum measured at 200 nm (Fig. 1B) 

indicating loss of the secondary structure. Hence, our data demonstrate that GSH is able to 

reduce OVO.

3.2 Reduced egg proteins are found in natural egg white

To test whether OVO occurs in a reduced state in egg itself, we sought to detect linearized 

egg proteins in old and fresh eggs. Hence, a fluorescent probe that only recognized free thiol 

groups was added to egg white and applied on a gel. As depicted in Fig. 2B, all bands were 

labeled by this probe indicating the presence of reduced proteins in egg white.

OVA and OVO ran similarly in SDS-PAGE around 30 kDa and in total egg white a single 

band at a height of 70 kDa was recognized by a putative OVO-specific antibody (Fig. 3A 

and B). Therefore, we were not able to differentiate between the two, even not when 

applying MS analyses that only identified OVA (Supporting Information). This might be due 

to the heavy glycosylation of OVO [10, 11], or to the dominance of OVA. Glycosylation is a 

well-known methodological problem in MS [25]. Further, no differences between old and 

fresh eggs were detected by SDS-PAGE.

Nevertheless, the fact that the OVA is present in a reduced form in egg white suggested that 

other egg proteins might be similarly present in a reduced form. We hypothesized that food 

processing factors that cause reduction of OVO might promote exposure of sequential 

epitopes.

3.3 Patients with persistent egg allergy recognize reduced rather than native OVO

In order to evaluate the potential impact of reduction on IgE binding to OVO, we first 

subjected native and reduced OVO to Western blot analysis. Typically, IgE binding revealed 

rather fuzzy bands due to heavy glycosylation of OVO [10, 11]. IgE binding to native OVO 

was observed for 15 of 19 egg-allergic patients, whereas 18 of 19 recognized reduced OVO 

(#11, 15, 25 in addition). Alkylation unfortunately negatively affected the IgE-epitopes, 
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since alkylation abrogated IgE binding of patient #12 and #25 (Fig. 4A). Two patients (#11, 

#15) solely reacted to reduced, whereas patient #12 solely recognized native OVO. 

Therefore, at this point it seemed that for the majority of our patient cohort reduction of 

OVO was important for IgE binding.

3.4 Qualitative assessment of SPTs to conformationally intact and stably reduced OVO

To compare the clinical relevance of reduced to native OVO; SPTs were performed with 

reduced and alkylated OVO to exclude the possibility of refolding. Nine individuals were 

recruited, from which seven still had clinical reactivity to egg and two not (Table 1). Patients 

with no clinical symptoms (#3, 10), as well as patients with oral allergy syndrome (#5, 7) 

had a negative prick to either form of OVO. Of the remaining five patients with clinical 

symptoms, three (#2, 6, 9) reacted to both, native, and linearized/reduced OVO and two 

(#26, 28) only to linearized allergen (Fig. 5A for representative examples). Patients’ wheals 

to reduced OVO appeared faster and were more intense in color, but wheal diameters were 

comparable to those achieved with native OVO (Fig. 5B). To exclude false positive reactions 

of IgE against alkylated protein, alkylated HSA was pricked in seven patients, which all 

remained negative. Hence, the results of the SPTs emphasize the importance of reduced 

OVO as a mediator in type I hypersensitivity reaction in patients with persistent egg-allergy.

4 Discussion

Egg allergy is usually outgrown within the first years of life. However, a small percentage of 

individuals remain allergic. Earlier studies demonstrated that sera obtained from patients 

with persistent egg allergy had high IgE binding activity to pepsin-treated OVO [12] and that 

they usually had IgEs against sequential epitopes of OVO and OVA, which were not 

recognized by transient egg-allergic patients [7]. We defined two groups of patients either 

with persistent egg allergy or sensitized-only to egg. The median age among the egg-

allergics was 28 years, thus much higher than the usual egg-allergic patient, which are 

children under the age of 5. The recruitment scheme was based on (i) patients’ history, (ii) 

length of interval between clinical reactivity and serum sampling, (iii) by high specific IgE-

levels, and (iv) (not in all cases) by positive SPT and/or provocation (one case). The rational 

for relying mostly on (i)–(iii) derived from literature suggesting that high IgE-levels are 

predictors of clinical reactivity and can eliminate the need to perform oral challenge tests 

[26–30].

In contrast to inhaled allergens, the structure of food allergens can be affected by food 

processing, enzymatic digestion, and cooking prior to uptake [31–35]. Hence, we sought to 

explore circumstances, which could generate sequential epitopes. Given that the OVO fold is 

stabilized by nine disulfide bridges, we looked for antioxidants used in the food industry that 

favor reduction of OVO. We identified GSH with a potential role in this process. GSH is the 

most prominent antioxidant of every cell and as such also present in the hen oocyte. It is 

predominantly present in the reduced form and is a marker for oxidative stress in humans 

[36] with cellular concentrations ranging from 0.5 to 10 mM [37]. We provide evidence that 

GSH is capable of reducing OVO in a concentration-dependent manner in vitro and that egg-

white proteins such as OVA are already present in a reduced form in egg white. The data 
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with the fluorescent probe binding to free sulfhydryl-groups also suggests that other egg 

proteins such as OVO might be present in a reduced state. Since GSH is abundantly present 

in eggs [15, 19, 38–40], it will likely contribute to the reducing conditions in egg white. The 

observed difference found in the conformation between purified versus OVO in its natural 

context, has also been reported with other proteins, e.g. human α-lactalbumin, which 

changes its conformation upon purification [41, 42].

To our knowledge, this is the first study offering a mechanistic explanation how sensitization 

to sequential epitopes might occur. Methods in food preparation and food processing as well 

as food additives providing reducing conditions or stabilizing unfolded proteins may 

consequently promote sensitization to sequential epitopes of unfolded OVO.

In a next step, we investigated differences in skin prick reactions to reduced versus native 

OVO. In our study, 50% of our patients had egg white- and OVO-specific IgE without being 

clinical reactive to egg, underlining the fact that allergen-specific IgE is a marker of allergic 

sensitization and not of allergic disease. Nine individuals were recruited with IgE antibodies 

against egg white, two were considered sensitized-only, because of the lack of clinical 

symptoms. Of the seven egg-allergics, two had mild allergic symptoms (oral allergy 

syndrome) and had a negative prick to either native or reduced OVO (2 of 7). All remaining 

patients with clinical reactivity (5 of 7) had a positive prick against reduced OVO, but not 

always to native OVO (3 of 7). Hence, two egg-allergic patients solely reacted to unfolded 

OVO highlighting the fact that IgE against sequential epitopes were responsible for the 

allergic manifestation. Notably, positive prick reactions to native and reduced OVO seemed 

to be qualitatively different. Application of reduced OVO was associated with a faster and 

more intense wheal color compared to native OVO, even though wheal sizes between both 

types of OVO were comparable. The faster and more intense wheal color in the skin prick 

response to reduced OVO might be due to exposure of additional sequential IgE-epitopes or 

facilitated cross-linking potential compared to native OVO. Thus, we propose reduced OVO 

as an important sensitizer and elicitor of type I hypersensitivity reactions in patients with 

persistent egg allergy.

In conclusion, our data confirm that sequential rather than conformational epitopes are 

important in the induction of an allergic reaction in patients with persistent egg allergy. 

Importantly, we found evidence of reduced proteins in egg white and that GSH, as a likely 

natural source in egg, might be responsible for reduction of these proteins. In this respect, 

we showed a concentration-dependent reduction of OVO with GSH in vitro.

GSH is used in the food industry, since it softens the dough as reducing agent. It is 

especially applied for cakes and pastries, which often also contain eggs, to stop pastry 

textures becoming too heavy [43]. Hence, specifically the addition of GSH in food 

containing eggs might promote sensitization to sequential epitopes of OVO.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Reduction of ovomucoid (OVO) with glutathione. (A) OVO was separated in the presence of 

glutathione in the w/w-ratio 2:1, 4:1, 10:1 by SDS-PAGE (under nonreducing condition) and 

stained with Coomassie. (B) Peak intensity of upper (gray box) and lower (black box) bands 

in the different lanes were analyzed using ImageJ software analysis. (C) Circular dichroism 

(CD) analysis of native (solid line) and glutathione-reduced and alkylated OVO (dashed 

line).
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Figure 2. 
Analysis of reduced ovomucoid (OVO) in fresh and old egg white. (A) Egg white derived 

from new and old eggs was separated by SDS-PAGE under nonreducing conditions and 

stained by Coomassie and (B) free thiol groups of reduced OVO were detected by addition 

of fluorescence-labeled probe to egg white. Proteins labeled with the probe were visualized 

using a UV-transilluminator.
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Figure 3. 
Coomassie and Western blot with anti-OVO antibody. (A) Ovalbumin (OVA), ovomucoid 

(OVO), ovotransferrin (ot), and egg white (EW) were analyzed by SDS-PAGE in the absence 

(–) or presence (+) of glutathione. (A) Protein-staining by Coomassie. (B) Western blot with 

epitope-purified rabbit anti-OVO antibody.
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Figure 4. 
Ovomucoid specific IgE of patients’ serum in Western blot. Sera from 18 patients sensitized 

to eggs or with clinical reactivity (underlined) were tested for IgE against native, reduced, 

and reduced and alkylated OVO.
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Figure 5. 
Skin prick reactions to native and reduced ovomucoid. (A) Skin prick tests (SPTs) of 

patients with persistent egg allergy were performed using samples as indicated on photos. 

Results of two patients with positive SPTs are shown as examples. SPT results were 

analyzed according to wheal size (B) and color intensity as objective parameters (C).
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Table 1
Clinical characteristics of patients

Western Blot SPT

Patient Number Sex Age Symptoms after 
consumption of egg 
products

OFC sIgE 
egg 
white 
(kUA/
L)

total IgE (kU/L) OVO ovora OVO ovora Whole egg

Patients with hen egg allergy

  8 w   6 Angioedema, urticaria n.d.a) 22 >5000 +++ + n.d. n.d. ++

  5 w 19 OAS n.d.a) 1.1   1023 ++ ++ − − +

20 m 21 Anahylaxie 
(angioedema, abdominal 
pain, nausea)

angioedema. 
abdominal pain, 
vomiting, global 
sensation and 
dysphagie

3.66     782 ++ + n.d. n.d. +++

  2 w 24 Diarrhea, abdominal pain n.d.a) 7.29   2055 +++ +++ + ++ +++

  6 m 27 Angioedema, urticaria angioedema, urticaria 28.4 >5000 ++ ++ + ++ n.d.

  7 m 29 OAS n.d.a) 9.62 >5000 + + − − +

26 f 31 Angioedema, dyspnoe n.d.a) n.d. >5000 +++ +++ − ++ +

28 F 32 abdominal pain n.d.a) 53.9 >5000 +++ +++ − ++ n.d.

  9 W 37 OAS, dyspnea n.d.a) 7.07     701 +++ ++ ++ +++ +++

14 W 41 Angioedema, dyspnoe n.d.a) 3.74     913 +++ ++ n.d. n.d. +++

Controls sensitized to hen eggb)

24 M   5 No (AD) n.d. 0.37    74,7 − − n.d. n.d. n.d.

25 F 11 No n.d. 0.46     287 − − n.d. n.d. −

12 W 22 No n.d. 5.23 n.d. +++ − n.d. n.d. −

13 W 30 No n.d. 1.5   1501 ++ ++ n.d. n.d. −

16 M 36 No n.d. 1.34     719 − − n.d. n.d. −

10 W 42 No n.d. n.d.     480 + + − − −

15 W 42 No n.d. 1.37   4363 − + n.d. n.d. −

  3 M 50 No n.d. 1.24   1972 + + − − −

  1 M 53 No (AD) n.d. 1.75 >5000 +++ ++ n.d. n.d. n.d.

11 M 75 No n.d. 0.86 >5000 − +++ n.d. n.d. n.d.

a)
Symptoms based on past medical history, through the results of previous allergic reactions after consuming products that, unbeknown to the 

patient, had contained egg.

b)
Controls were chosen based on positive sensitization upon routine IgE-testing for the suspicion of food allergy that then could be ruled out as 

clinically relevant in the case of hen’s egg after open challenge
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OAS, oral allergy syndrome; OFC, oral food challenge; AD atopic dermatitis; OVO, ovomucoid, ovora, OVO reduced and alkylated ovomucoid; 
n.d., not done.
Patients who were tested for OVO and ovora (reduced and alkylated ovomucoid) in SPT are marked in light gray.
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