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ABSTRACT

Daily food processing has the potential to alter the allergenicity of foods due to modification of the
physico-chemical properties of proteins. The degree of such modifications depends on factors such as
processing conditions, type of food considered, allergenic content, etc. The impact of daily food
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processing like boiling, roasting, frying or baking on food allergenicity have been extensively studied. The
influence of other thermal treatments such as microwave heating or pressure cooking on allergenicity has
also been analyzed. Non-thermal treatment such as peeling impacts on the allergenic content of certain
foods such as fruits. In this review, we give an updated overview of the effects of daily processing
treatments on the allergenicity of a wide variety of foods. The different variables that contribute to the
modification of food allergenicity due to processing are also reviewed and discussed.

Introduction

Foods can be subjected to different processing treatments to
improve organoleptic properties according to culinary tradi-
tions or to make foods suitable for a determined way of
consumption. Thermal processing methods such as boiling, fry-
ing or roasting are frequently applied to certain foods prior
consumption, to improve suitability for specific applications.
Baking, pressure cooking or microwave heating represent addi-
tional food processing methods (Verhoeckx et al., 2015).
Non-thermal food processing such as peeling is applied to cer-
tain foods. Such processing methods may alter the biochemical
characteristics of proteins or generate chemical reactions within
the food matrix components. Importantly, food allergenicity
can be variably affected by the type and conditions of the proc-
essing method applied, the specific chemical structure of a
given protein or its allergenic features (Jimenez-Saiz et al.,
2015). In addition, the allergenic pattern of sensitization of a
specific study population of allergic patients is an important
factor to consider while analyzing the effects of processing on
food allergenicity (Maleki, 2004).

The many factors that can contribute to the impact of process-
ing on the allergenicity of foods have generated a very active area of
research. This review gives an overview of the effects of daily proc-
essing methods on the allergenicity of different foods with a focus
on the different variables that may contribute to allergenic modifi-
cation during food processing (Figure 1). Certain industrial treat-
ments based on food processing methods under research and their
impact on food allergenicity have been considered.

Food processing and allergenicity

Food processing has the potential to alter the allergenicity of foods
in several ways. The degree of such modifications depends on

different factors such as the type of processing applied (i.e. thermal
or non-thermal), the processing conditions, time, environment etc.
The type of food, its structure and its allergenic content are also key
factors that play an important role on the effects of food processing.
In that regard, it has been found that some food allergens are labile
to certain food processing methods. Most of the plant food aller-
gens homolog to the major birch allergen Bet v 1 have been shown
to be less resistant to thermal processing than other types of aller-
gens. Bet v 1 homologs have the potential to unfold and to lose
IgE-binding conformational epitopes upon specific thermal treat-
ments (Mills et al., 2009; Sathe, Teuber, and Roux, 2005). Those
IgE conformational epitopes comprise elements of native tertiary
structure that have the potential to be lost after certain food proc-
essing (Mills and Mackie, 2008). Other allergens, however, have a
high resistance to food processing. That is the case for allergens
belonging to the prolamin superfamily, which includes 2S albu-
mins such as Ara h 2 in peanut or Ana o 3 in cashew. Lipid transfer
proteins (LTPs) belong to the prolamin superfamily, and are char-
acterized by a high resistance to denaturation. The structure of
those allergens is characterized by a conserved scaffold stabilized
by a network of disulphide bonds necessary to keep the tridimen-
sional protein structure. The compact structure of such allergens
enriched in a-helices has been found to be key to keep their stability
to processing as well as resistance to enzymatic degradation, varia-
tions in pH, etc (Mills et al., 2009).

At IgE epitopes level, theoretically, conformational epitopes
are more labile to certain processing methods than linear epito-
pes. Conformational epitopes are associated to secondary pro-
tein structure and are more likely to be disrupted under harsh
conditions of food processing or by enzymatic hydrolysis.
Interestingly, several studies have demonstrated that food proc-
essing can act in a way that can mask or unmask determined
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Figure 1. Overview of the types of daily food processing methods and foods included in this review.

IgE epitopes within the same allergen. Certain conditions of
food processing have been shown to be able to expose portions
of the amino acids sequence, previously buried, which can gen-
erate neoallergens, thus increasing the allergenicity of a given
food. Therefore, the modifications that a given protein is sub-
jected to during food processing can contribute not only to the
disruption of certain IgE epitopes but also to their alteration, to
mask, or unmask them, with a potential impact on the increase
or decrease of allergenicity (Sathe, Teuber, and Roux, 2005;
Mills and Mackie, 2008).

Food processing can also lead to a wide variety of biochemi-
cal reactions among the different components of foods. Foods
are complex mixtures of proteins, sugars, fats, water, etc, and
such biochemical reactions have the potential to modify the
allergenicity of foods. One of these reactions is the Maillard
reaction, which implicates modifications of amino groups of
proteins by reducing sugars. The Maillard reaction has been
found to play a key role for the increase of allergenicity of cer-
tain allergens in roasted peanut (Maleki, 2004).

Peeling and allergenicity

Certain fruits such as peach, apple or pear have shown to
induce more frequent and severe allergic reactions in sensitized
subjects when they are consumed with the peel. A study found
that more than 40% of patients with allergy to pear and apple
tolerated the pulp but reacted to the peel (Fernandez-Rivas and
Cuevas, 1999). Another study evaluated the frequency of toler-
ance to the pulp of peach in children with a history of reactions
after ingestion and/or contact with peach. In more than 90% of
the subjects, pulp tolerance was confirmed (Boyano-Martinez
et al,, 2013). Peel and pulp composition in many fruits belong-
ing to the Rosaceae family (to which the above-mentioned
fruits belong) is different. Peel is rich in protein content and
important allergens such as LTP are mainly located in this part

of the fruit. Ahrazem et al., (2007) found a 250-fold increase in
the content of LTP from peach (Pru p 3) in peel compared with
pulp, confirming previous studies (Carnes et al., 2002). Tissue
localization of Pru p 3 by MALDI-MSI analysis indicated that
this allergen is almost exclusively localized in the peel and
external parts of the pulp in close contact with the peel (Cava-
torta et al., 2009). Similar distribution was found for the LTP
from apple Mal d 3 (Marzban et al.,, 2005). Therefore, it has
been proposed that the mechanical or chemical (treatment with
10% NaOH at 70°C, during 30-60 s) peeling of these fruits can
be a potential strategy to reduce the content of these specific
allergens, with a potential benefit for subjects specifically sensi-
tized to them (Brenna et al., 2004; Bernna et al., 2005; Primavesi
et al., 2006).

Boiling and allergenicity

Boiling is used to process a wide variety of foods before con-
sumption. Studies on the effects of boiling on allergenicity have
been carried out in several foods such as legumes, nuts, wheat,
eggs, milk, fish, or crustaceans (Figure 1, Table 1).

Legumes like lentils, green beans, or chickpeas are usually
subjected to extensive boiling upon consumption. Several stud-
ies have shown that boiling treatment has little effect on aller-
gens from lentils, chickpeas (Cuadrado et al., 2009; Martinez
San Ireneo et al,, 2000; Ibanez Sandin et al. 1999), grean beans
(Asero et al., 2001; Pastorello et al., 2010; Kasera et al., 2013) or
peas (Sanchez Monge et al., 2004; Bogdanov et al., 2016). Even
the inhalation of the boiling vapors of these legumes has been
reported to be able to produce allergic reactions in sensitized
patients (Vitaliti et al., 2012; Kalogeromitros et al., 1996;
Pascual et al,, 1999). Other legumes allergens such as soybean
have also been found to be resistant to boiling, tested as whole
protein extract (Son et al., 2000). However, when individual
allergens from soybean were analyzed, more variable results



Table 1. Effects of boiling on IgE reactivity / antigenicity of specific food allergens sources.
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Boiling
Allergen Conditions IgE reactivity / antigenicity” Ref.
Peanut Arah2,6,7 100°C, 6 h l Turner et al. 2014
Arah 2 100°C, 15 min J Zhang et al,, 2016
Arah1 100°C 15 min N Blanc et al. 2011
PE 100°C, 1 h ~J Cabanillas et al. 2012
PE 100°C, 12 h 1 Tao et al. 2016
Soybean PE — = Son et al. 2000
Gly m Bd 30K (P34) 100°C, 1 h (in Tris-HCl) I Wilson et al., 2008
Glym7 — = Riascos et al. 2016
Lentil PE 100°C,upto1h =(~]) Cuadrado et al. 2009
Chickpea PE 100°C,upto1h =(~]) Cuadrado et al. 2009
Green bean PE 100°C, 20 min = Asero et al. 2001
LTP 100°C, 15 min = Pastorello et al. 2010
31 kDa allergen 100°C,upto1h = Kasera et al. 2013
Pea PE 30 min = Sanchez Monge et al. 2004
Pine nut Pinp1 100°C, 2 h = Cabanillas et al. 2016
Almond PE 100°C, 5 and 10 min = Su et al. 2004
Cashew Anao1l,23 100°C, 10 min ~ Venkatachalam et al. 2008
Wheat LTP 100°C, ™ ) Pastorello et al. 2007
a-amylase/trypsin family and gliadins 100°C, ™ = Pastorello et al. 2007
Tria 36 10 min = Baar et al. 2012
Milk PE 100°C, 2h I Shandilya et al. 2013
Egg PE 100°C (in water) = Liu et al. 2013
PE 100°C (in tea solution) N Liu et al. 2013
Fish Parvalbumins 95°C, 20 min =(~]) Kuehn et al. 2010
(pilchard) PE 95°C, 20 min 4 Van der Ventel et al. 2011
(pomfret) PE 90°C, 10 min (in PBS) l Chatterjee et al. 2006
(hilsa) PE 90°C, 10 min (in PBS) J Chatterjee et al. 2006
(mackerel) PE 90°C, 10 min (in PBS) = Chatterjee et al. 2006
(bhetki) PE 90°C, 10 min (in PBS) =(~1) Chatterjee et al. 2006
Crustacean
(shrimp) Tropomyosin 10 min ~1 Liu et al., 2010b
Litv3 5 min = Ayuso et al. 2008
PE 15 min (in PBS) 4 Carnes et al 2007
(lobster) PE 15 min (in PBS) kO Carnes et al 2007
(crab) PE 20 min (in PBS) 4 Abramovitch et al. 2013
(prawn) PE 20 min (in PBS) b Abramovitch et al. 2013

*IgE reactivity / antigenicity measured by different techniques and conditions (more detailed information in the text and in specific references). Legend: 1; |; ~1; ~|,

are a symbolic representation of the global effect of the specific treatment on IgE-reactivity / antigenicity of a given food ( =, similar; 1, increase; |, decrease; ~1,

slight increase; ~ |, slight decrease). PE: protein extract.

**time of boiling in this study was specified as: wheat flour was added to cold water, heated to reach boiling temperature and immediately removed from the heat.

were found. Wilson et al, found that the antigenicity of the soy-
bean allergen Gly m Bd 30K (or P34) decreased with increased
times of boiling (Wilson, Martinez-Villaluenga, and de Mejia,
2008). A recent study in which a new allergen from soybean
was described (Gly m 7), found that this new allergen was resis-
tant to boiling (Riascos et al., 2016).

Other legumes such as peanuts are consumed in boiled form
only in some countries such as China, while roasting or frying
are typical thermal treatments for peanuts in the U.S. or
Europe. Interestingly, in spite of the fact that the consumption
of peanut in China and the U.S. is similar, the prevalence of
peanut allergy seems to be significantly higher in the U.S. than
in China (Beyer et al., 2001). In contrast, the prevalence of pea-
nut allergy in the Chinese-American population seems to be
similar to the prevalence of the general U.S. population (Beyer
et al., 2001). Therefore, differences in genetics of the popula-
tions seem not to be a key factor for the discrepancies in the
prevalence of peanut allergy observed. Thus, it has been sug-
gested that the method of processing of peanut may result in
chemical and functional modifications in the peanut proteins
with a direct impact on their allergenic properties.

Boiling processing of peanuts has caught attention over the
years since studies carried out in 2001 showed that this process-
ing method could modify the allergenicity of peanuts, by
decreasing it (Beyer et al., 2001). In more recent years, several
studies have tried to understand the effect of boiling on specific
peanut allergens. Some of these studies have concluded that
during boiling low molecular weight peanut allergens such as
Ara h 2, Ara h 6, and Ara h 7 are transferred from the seed to
cooking water, which can explain the decrease in content of
these specific allergens in the seeds after boiling (Turner et al.,
2014; Mondoulet et al., 2005). Other peanut allergens such as
Ara h 1 seems to be also affected by boiling (Blanc et al., 2011).
Mechanisms such as modification of the structure of allergens
or even aggregation have been proposed to operate during boil-
ing of peanuts (Comstock et al, 2016; Zhang et al.,, 2016).
Extensive boiling up to 12 hours has been recently found to
lead to a decrease of the IgE-binding capacity of peanut aller-
gen, while their capability to stimulate T cells was retained
(Tao et al., 2016).

Tree nuts are not commonly subjected to boiling, however,
experimentally some studies have investigated the impact of
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boiling on the IgE-binding resistance of purified allergens from
certain tree nuts. For instance, the major pine nut allergens Pin
p 1 (2S albumin from Pinus pinea) showed high resistance to
boiling up to 2 hours (Cabanillas et al., 2016). Another allergen
from pine nut, Pin k 2 (vicilin from Pinus koraiensis), also has
been found to be highly resistant to thermal processing (Zhang
et al, 2016). Another study showed that the antigenicity of wal-
nut and almond proteins remained stable after boiling for 5
and 10 minutes (Su et al., 2004). In the same study, similar sta-
bility of the antigenicity of cashew proteins was found, however
in another study that used specific antibodies against the main
cashew allergens Ana o 1, Ana o 2, and Ana o 3, a decreased
detection of those allergens could be found after boiling cashew
for 10 minutes. Interestingly, authors found that the lower
detection of the mentioned allergens was due to transfer of part
of them to the cooking water (Venkatachalam et al., 2008).

Wheat. A study population of wheat allergic patients from
Italy and Denmark had same symptoms with raw and cooked
(boiled) wheat when double-blind placebo-controlled food
challenges (DBPCFC) were performed (Scibilia et al., 2006). In
vitro, the IgE-reactivity to the three Osborne protein fractions
containing wheat allergens (albumin/globulin, gliadins and glu-
tenins) was similar in cooked and raw wheat for most of the
patients’ sera. However, some differences could be found at the
level of individual allergens. LTP from wheat showed a
decreased IgE-binding capacity in heated wheat when some of
the wheat allergic patients sera were tested. Other allergens
such as the ones belonging to the a-amylase/trypsin family or
gliadins maintained their IgE-reactive capacity after heating
(Pastorello et al., 2007). Allergens from the glutenin fraction,
such as Tri a 36, have been also shown to be resistant to boiling
(Baar et al., 2012).

For milk, boiling for 2 hours decreased the intensity of the
bands corresponding to whey proteins o-lactalbumin, B-lacto-
globulin, and lactoferrin. Serum albumin had a higher resis-
tance (Nowak-Wegrzyn and Fiocchi, 2009). In a mouse model
of milk allergy, boiling and sterilization of cow and buffalo
milk led to a decrease of allergenicity, measured as cell-medi-
ated and humoral responses (Shandilya et al., 2013). However,
baking at specific processing conditions, has been demon-
strated to induce tolerance to baked products containing milk
in clinical trials with milk allergic patients (Nowak-Wegrzyn
et al., 2008).

Other foods such as eggs contain heat-resistant allergens
such as ovomucoid and heat-labile allergens such as ovalbumin.
A study in 2013 showed in vitro and in a mouse model of egg
allergy that egg subjected to water boiling did not modify its
allergenicity. However, a traditional Chinese boiling method
(boiling in tea solution) was able to reduce partially the IgE-
binding properties of specific egg allergens and allergic symp-
toms in egg sensitized mice (Liu et al., 2013). Another study
focused on purified ovalbumin subjected to boiling for
10 minutes. Irreversible changes of the secondary protein struc-
ture could be found, those changes lead to activation of differ-
ent T cell subpopulations with a shift to Thl responses and
reduction in allergenicity (Golias et al., 2012). However, as in
the case of milk, another daily processing method of eggs (bak-
ing) has been demonstrated to be capable to induce tolerance
in egg allergic patients (Lemon-Mule et al., 2008).

Fish. The effect of boiling on fish allergenicity has been
shown to be species dependent and also dependent on the spe-
cific allergens to which fish allergic patients are sensitized
(Chatterjee et al., 2006). The allergen parvalbumin is the major
allergen in several fish species, being one of the most heat-resis-
tant allergens, which also shows resistance to enzymatic
digestion (Cai et al., 2010; Griesmeier et al., 2010; Liu et al.,
2010a). Parvalbumins are localized in white muscles of lower
vertebrates. Gal ¢ 1 is the parvalbumin of codfish, one of the
best studied fishes in relation to fish allergy (Tsabouri et al.,
2012). Boiling has been found to have little effect on the extrac-
tion and serological detection of parvalbumin in several fish
species (Kuehn et al, 2010). Using a mouse model of fish
allergy, it was found that cooked fish (pilchard) extract induced
higher levels of specific IgE than raw extract. Authors hypothe-
sized that the effect could be due to an enrichment of parvalbu-
min, which was a major allergen in the protein remaining after
cooking (van der Ventel et al., 2011). In spite of the high ther-
mal resistance of fish allergens such as parvalbumin, other fish
allergens have been described to be thermolabile. In a study of
Indian fish species, it was found that allergens from two fish
species (pomfret and hilsa) were sensitive to boiling, while two
other species (mackerel and bhetki) showed allergenic resis-
tance to the same thermal processing method (Chatterjee et al.,
2006).

In the case of crustacean, such as shrimp, lobster, crab,
prawn, or crawfish, the allergen tropomyosin has been found to
be an important and highly resistant allergen to boiling. The
IgE-binding capacity of tropomyosin purified from boiled
shrimp was found to be even higher than tropomyosin isolated
from raw shrimp (Liu et al., 2010b). Other major shrimp aller-
gens such as the myosin light chain Lit v 3 has also shown high
resistance to boiling (Ayuso et al., 2008). Using whole protein
extracts from raw and boiled shrimps and two types of lobsters,
it was found that the wheal sizes in SPT in allergic patients and
their specific IgE levels were significantly higher for boiled than
raw protein extracts (Carnes et al., 2007). Similar increase in
IgE-reactivity was found in protein extracts from boiled crab
and boiled prawn using ELISA, western blot and basophil acti-
vation test (Abramovitch et al., 2013). Table 1 summarizes the
effects of boiling on IgE-reactivity / antigenicity of specific food
allergen sources.

Baking and allergenicity

Baking treatment and its effects on allergenicity have caught
attention due to studies that have shown that baked foods such
as eggs or milk might be better tolerated by certain allergic
patients. The high temperatures reached during baking and the
interaction of allergens with food during the baking process,
can reduce exposure of specific allergenic epitopes or generate
chemical interactions of specific allergen with proteins in the
food matrix. For those reasons, baking may have a higher
impact on the modification of egg and milk allergy than boiling
(Leonard et al., 2015). In clinical trials, it has been found that
around 70% children allergic to milk or egg, were able to toler-
ate baked milk or egg and incorporate baked products into their
diets. After 3 months of consuming baked milk or egg,
increased levels of specific IgG4 antibodies against specific milk



or egg allergens and decreased skin prick test (SPT) wheals size
were found (Lemon-Mulé et al., 2008; Nowak-Wegrzyn et al,,
2008).

For wheat, the effects of baking on the allergenicity have been
also analyzed. Previous studies showed that baking may induce a
higher resistance to digestion of certain wheat allergens, keeping
their immunological active form when they reach the gut
mucosa. However, the effect of baking on other wheat allergens
such as a-amylase inhibitors has been demonstrated to act in a
way that decreases its IgE-binding capacity (Simonato et al,
2001). More recent studies have confirmed the decreased IgE-
binding capacity of certain wheat allergens after baking (de Gre-
gorio et al,, 2009). Interestingly, the decrease in IgE-reactivity of
certain wheat allergens after bake heating may explain why most
of the patients suffering from bakers’asthma (which involves
respiratory symptoms after exposure to raw wheat flour) can tol-
erate the ingestion of thermal processed foods based on wheat
(Armentia et al,, 2009; Simonato et al., 2001).

Frying and allergenicity

The effects of frying on allergy have been studied in foods
derived from animal origin such as beef meat or fish and plant
origin such as peanut or tree nuts (Figure 1, Table 2).

Concerning beef meat, frying seems to have certain impact
on reducing the IgE-reactive capacity of beef proteins, however
several a-Gal containing allergens could be still found after fry-
ing beef for 20 minutes when compared with the raw form
(Apostolovic et al., 2014).

For fish, a study showed that the parvalbumin from carp
resisted conditions of fish frying in oil at 180°C for a time of
8 minutes, detected by novel developed antibodies against parval-
bumins (Bublin et al,, 2015). In a study analyzing Indian fish spe-
cies, the effect of frying over fish allergenicity was dependent on
the fish species considered and the specific IgE sensitization of the
fish allergic patients included in the study (Chatterjee et al., 2006).
Fumes generated while frying fish have been demonstrated to
have the potential to elicit allergic reactions in fish allergic patients
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(Crespo et al., 1995). Therefore, the allergenicity of fish after frying
seems to be persist, however frying can have a variable impact on
allergenicity depending on the fish species and/or the allergic sen-
sitization of a determined fish allergic patient.

The allergenicity of other foods from animal origin such as
frog legs has been described to persist after frying, being able
to produce severe allergic reactions as reported by Hilger et al.,
2002. -Parvalbumin was found to be the allergen involved in
the described case of severe IgE-mediated anaphylaxis after the
consumption of fried frog legs. Interestingly, the report was the
first which implicates a key role of parvalbumin in allergic reac-
tions outside fish species (Hilger et al., 2002).

In foods from plant origin, the effects of frying on allergenic-
ity have been studied in peanut and tree nuts mainly. Conflict-
ing results have been obtained when analyzing the allergenicity
of fried peanut. Previous studies found that frying was able to
decrease the IgE-reactivity of peanut proteins (Beyer et al,
2001), however later studies have not found major differences
in the allergenicity of fried peanut when compared with raw
peanut (Schmitt et al., 2010; Cabanillas et al., 2012; Verhoeckx
et al., 2015). In the case of tree nuts such as cashew, almond,
walnut or Brazil nut, the antigenicity of their proteins was
found to remain stable after frying in vegetable oil at 191°C for
1 minute (Su et al, 2004; Sharma, Roux, and Sathe, 2009).
Table 2 summarizes the effects of frying on IgE-reactivity /
antigenicity of specific food allergen sources.

Roasting and allergenicity

Roasting is a thermal processing method that involves heating
of foods under dry conditions in pans or roasters. Roasting can
reach temperatures up to 200°C. Foods such as nuts and seeds
are usually subjected to this thermal processing method
(Figure 1, Table 3). In the case of peanut, this nut is normally
consumed roasted in the U.S. or Europe. An extensive investi-
gation on the effects of roasting on peanut allergenicity has
been carried out in the last years, since it was suggested that
roasting was able to increase the allergenicity of peanut (Maleki

Table 2. Effects of frying on IgE reactivity / antigenicity of specific food allergen sources.

Frying

Allergen Conditions IgE reactivity / antigenicity” Ref.
Beef meat a-Gal containing allergens 80°C, 20 min ~] Apostolovic et al. 2014
Fish
(carp) Parvalbumin 180°C, 8 min = Bublin et al. 2015
(pomfret) PE Temperature N.I, 5 min J Chatterjee et al. 2006
(hilsa) PE Temperature N.I, 5 min N Chatterjee et al. 2006
(mackerel) PE Temperature N.I, 5 min = Chatterjee et al. 2006
(bhetki) PE Temperature N.I, 5 min =(~1) Chatterjee et al. 2006
Frog legs Parvalbumin N.L = Hilger et al. 2002
Peanut PE 5 or 10 min N Beyer et al. 2001

PE fried commercial brand =(~]) Cabanillas et al. 2012
160°C, 50 min = Schmitt et al. 2010

Cashew PE 191°C, 1 min =(~]) Su et al. 2004
Almond PE 191°C, 1 min = Su et al. 2004
Walnut PE 191°C, 1 min =(~]) Su et al. 2004
Brazil nut PE 191°C, 2 min = Sharma, Roux, and Sathe 2009

*IgE reactivity / antigenicity measured by different techniques and conditions (more detailed information in the text and in specific references). Legend: 4; |; ~1; ~|,
are a symbolic representation of the global effect of the specific treatment on IgE-reactivity / antigenicity of a given food ( =, similar; 1, increase; |, decrease; ~1,
slight increase; ~, slight decrease). PE: protein extract. N.I.: Not indicated
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Table 3. Effects of roasting on IgE reactivity / antigenicity of specific food allergen sources.

Roasting
Allergen Conditions IgE reactivity / antigenicity” Ref.
Peanut PE roasted commercial brand 1 Maleki et al. 2000
PE 170°C, 20 min 0 Beyer et al. 2001
Arah1 roasted commercial brand 0 Mondoulet et al. 2005
Arah?2 roasted commercial brand 0 Mondoulet et al. 2005
Arah?2 — 1 Kim et al. 2013
Arah 8 roasted commercial brand 0 Petersen et al. 2014
Oleosins roasted commercial brand 0 Schwager et al. 2017
Hazelnut PE 140°C, 40 min J Hansen et al. 2003
PE 144°C, time N.I. J Worm et al. 2009
Walnut PE 160°C, 30 min and 177°C, 12 min = Su et al. 2004
PE 180°C, 20 min = Downs et al. 2016b
Cashew Anaol,2,3 200°C, 15 min ~1 Venkatachalam et al. 2008
PE 180°C, 15 min = de Leon et al. 2003
Almond PE 160°C, 30 min; 177°C, 12 min = Su et al. 2004
PE 180°C, 15 min = de Leon et al. 2003
Brazil nut PE Up to 160°C, 30 min; up to 177°C, 12 min = Sharma, Roux, and Sathe 2009
PE 180°C, 15 min = de Leon et al. 2003
Pecan PE 137°C, 30 min; 148°C, 30 min; 160°C, 30 min; = Venkatachalam et al. 2006

168°C, 12 min; 176°C, 12 min

*IgE reactivity / antigenicity measured by different techniques and conditions (more detailed information in the text and in specific references). Legend: 1; |; ~1; ~|,
are a symbolic representation of the global effect of the specific treatment on IgE-reactivity / antigenicity of a given food ( =, similar; 1, increase; |, decrease; ~1,

slight increase; ~, slight decrease). PE: protein extract. N.I.: Not indicated

et al., 2000; Beyer et al., 2001). At a molecular level, it has been
demonstrated that allergens from roasted peanut have higher
capacity to bind peanut-specific IgE from the sera of peanut
allergic patients than raw, boiled or fried peanut (Maleki et al.,
2000; Beyer et al., 2001; Mondoulet et al., 2005). The chemical
reactions that occur during roasting seem to play a pivotal role
in the increased capacity of peanut allergens to bind serum pea-
nut-specific IgE. One of the reactions that has been implicated
in the increase is the Maillard reaction. This reaction is a non-
enzymatic chemical reaction that occurs during roasting that
implies modifications of amino groups of proteins by reducing
sugars that generate glycated proteins named advanced glyca-
tion end (AGE) adducts (Maleki et al., 2000). The high temper-
atures reached during roasting would facilitate the reaction.
This chemical reaction has been shown to have the potential to
increase the IgE-binding capacity of peanut allergens such as
Arah 1, Ara h 2 (Maleki et al., 2000; Kim et al., 2013). Recently
a higher IgE-binding capacity of the peanut allergens oleosins
has been described in roasted peanut (Schwager et al., 2017).
Furthermore, roasting has the potential to increase the function
of Ara h 2 as a trypsin inhibitor, which theoretically can protect
itself and other peanut allergens from trypsin degradation
(Maleki et al., 2000; Maleki et al., 2003). Higher resistance to
gastric and pancreatic enzymes after roasting were also found
in Ara h 8 (Petersen et al., 2014). The chemical reactions during
roasting have been also found to be able to produce higher IgE
crosslinking capacity of Ara h 1 and degranulation of effector
cells of allergy (Vissers et al., 2011).

The above-mentioned studies have shown that roasted pea-
nut allergens seem to have an increased capacity to bind pre-
formed peanut-specific IgE, in the elicitation phase of the
allergic response than other forms of peanut. However, less
information is available regarding the role of the chemical
modifications in roasted peanut allergens in the initial phase of
allergy, named sensitization phase, where an immunological
priming towards an allergic response takes part. Some studies

have found that allergens with glycosylated / carbohydrate
structures can be recognized by dendritic cells (DCs) through
specific type of receptors, increasing the allergen uptake by
DCs, and Ty2 response induction (Hilmenyuk et al.,, 2010;
Royer et al,, 2010). The peanut allergen Ara h 1 is naturally gly-
cosylated and can activate human monocyte-derived dendritic
cells (MDDCs) through recognition by the C-type lectin recep-
tor DC-SIGN to induce T2 differentiation. When Ara h 1 was
chemically deglycosylated, however, the allergen lost its Ty2-
skewing capacity (Shreffler et al., 2006). Recently, it was found
that sensitization of peanut allergens by DCs may occur by
interaction with the receptor for AGE (RAGE). The study
showed that RAGE interacts with AGE-modified rAra h 1, but
failed to bind rAra h 1 without AGE modifications (Mueller
et al., 2013).

Interestingly in tree nuts such as hazelnut, the effect of
roasting has been found to depend on the specific pattern of
allergic sensitization of the patients. Two clinical studies involv-
ing patients from northern parts of Europe with birch pollen
and hazelnut allergy found that roasting at 140°C decreased the
allergenicity of hazelnut by challenging with DBPCFC. In both
studies the elicited doses were higher for roasted hazelnut com-
pared to the raw form. SPT and basophil activation and degran-
ulation tests were reduced with roasted hazelnut (Hansen et al.,
2003; Worm et al., 2009). The patients considered in both stud-
ies were allergic to birch pollen and their hazelnut allergy could
be explained in a context of birch pollen-related hazelnut
allergy. In fact, one of the studies found that all patients consid-
ered were sensitized to the hazelnut allergen Cor a 1.04 which is
a homolog of the birch pollen allergen Bet v 1 (Hansen et al.,
2003). It is known that Bet v 1 homologs have the common fea-
ture of being heat-labile. Therefore, roasting could have specifi-
cally decreased the IgE-binding and IgE-crosslinking properties
of the hazelnut allergen to which this study populations from
northern regions of Europe were mainly sensitized to (Cor a 1).
But it could be different with other hazelnut allergens, since in



the study patients did not have specific IgE to the more
heat-resistant hazelnut LTP allergen Cor a 8 (Hanzen et al.
2003). Therefore, the reduction of hazelnut allergenicity due to
roasting in those study populations seem to be due to the spe-
cific pattern of sensitization to Bet v 1 homologs, which is char-
acteristic for populations of North Europe. The effects of
roasting on hazelnut allergenicity in other study populations
with different allergenic sensitization patterns could have given
different results. In fact, in a more recent study in which hazel-
nut allergy was analyzed in 3 different European regions (Den-
mark, Switzerland, and Spain), it was found that all Spanish
patients considered reported symptoms to roasted hazelnut,
which correlated to a pattern of sensitization to the hazelnut
allergen Cor a 8, a heat-stable LTP. Spanish patients also had
higher sensitization to Cor a 9 (a seed storage protein). How-
ever, only one third of the patients from Denmark and Switzer-
land reacted to roasted hazelnut and they had a predominance
in sensitization to Cor a 1, homolog of Bet v 1 (Hansen et al.,
2009). The resistance of Cor a 8 to different heat treatments
such as roasting (at 140°C) has been demonstrated in other
studies using sera from patients sensitized to this allergen (Pas-
torello et al., 2002).

In other tree nuts such as walnut, previous studies found
that the antigenicity of walnut proteins remained stable to
different conditions of roasting (Su et al., 2004). A recent
study analyzed the effects of roasting on walnut at 132°C or
180°C for 5, 10, or 20 minutes using mass spectrometric
analysis. Authors found that walnut allergens are affected
differently by roasting. Proteins such as 2S albumin or LTP
had little changes in their abundance after roasting, how-
ever the mature 7S globulin and 11S globulin was signifi-
cantly higher detected after roasting at 180°C for
20 minutes (Downs et al., 2016a). Same authors observed a
decrease in walnut protein solubility after dry roasting at
180°C, 20 minutes. However, both soluble and insoluble
protein fractions showed similar pattern of IgE-reactivity
using sera from walnut allergic patients (Downs, et al.,
2016b).

For cashew, stability to roasting at 200°C for 15 minutes or
even an increased allergen content was found by western blot
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using antibodies against the main cashew allergens (Ana o 1,
Ana o 2, and Ana o 3) or when samples were roasted at 180°C
for 15 minutes (Venkatachalam et al., 2008; de Leon et al.. 2003).

Other tree nuts such as almond, pecan or Brazil nut
showed stability of antigenicity after roasting (Sharma, Roux,
and Sathe, 2009; Venkatachalam et al., 2006; Su et al., 2004).
The stability of the IgE-binding proteins from Brazil nut and
almond were confirmed using sera from patients sensitized to
tree nuts (de Leon et al., 2003). Table 3 summarizes the effects
of roasting on IgE-reactivity / antigenicity of specific food aller-
gen sources.

Pressure cooking and allergenicity

Pressure cooking involves a sealed pot with a valve for the con-
trol of the pressure inside. Domestic pressure cookers are
designed to cook at a maximum operating pressure of around 1
atmosphere (atm) (equivalent to ~1 bar or ~15 psi), with a
maximum cooking temperature of ~121°C. Several studies
have analyzed the effect of pressure cooking on the allergenicity
of foods. Some of those studies have focused on the operating
conditions of domestic pressure cookers (Su et al., 2004; Venka-
tachalam et al., 2008; Sharma, Roux, and Sathe 2009), while
others have investigated the effect of higher pressure and tem-
perature only able to be reached with food grade tabletop auto-
claves (Cabanillas et al., 2014; Cabanillas et al., 2015) (Figure 1,
Table 4).

For tree nuts such as cashew, Venkatachalam et al., found
that cashew allergens had high stability to a wide variety of
treatments. Interestingly, although highly stable, cashew aller-
gens Ana o 1, Ana o 2 and Ana o 3 seemed to be affected at
some extent only by pressure cooking at 121°C, 15 psi for
20 minutes (Venkatachalam et al., 2008). The same treatment
in combination with a pre-treatment of y-irradiation had an
impact on the decrease of cashew antigenicity (Su et al., 2004).
For almond or Brazil nut, however, the antigenicity remained
stable to such processing methods (Su et al., 2004; Venkatacha-
lam et al., 2002; Sharma, Roux, and Sathe 2009). In the case of
walnut or pecan, pressure cooking at 121°C, 15 psi for
30 minutes seemed to cause a decrease in antigen detection (Su

Table 4. Effects of pressure cooking on IgE reactivity / antigenicity of specific food allergen sources.

Pressure cooking

Allergen Conditions IgE reactivity / antigenicity” Ref.

Cashew Anao1l,23 121°C, 15 psi, 30 min $ Venkatachalam et al. 2008

PE 121°C, 15 psi, 30 min 1 Su et al. 2004
Almond PE 121°C, 15 psi, 30 min = Venkatachalam et al. 2002

PE 121°C, 15 psi, 30 min = Su et al. 2004
Brazil nut PE 121°C, 15 psi, 30 min = Su et al. 2004

PE 121°C, 15 psi, 30 min =(~) Sharma, Roux, and Sathe 2009
Pecan PE 121°C, 15 psi, 30 min ~] Venkatachalam et al. 2006
Walnut PE and Jugr4 138°C, 2.8 atm (37 psi), 15 and 30 min 1 Cabanillas et al. 2014
Peanut PEandArah1,2,3,6 138°C, 2.8 atm (37 psi), 15 and 30 min J Cabanillas et al. 2012; 2015
Lupine PE 138°C, 2.8 atm (37 psi), 15 and 30 min i Alvarez-Alvarez et al. 2005
Lentil PE 138°C, 2.8 atm (37 psi), 15 and 30 min ¥ Cuadrado et al. 2009
Chickpea PE 138°C, 2.8 atm (37 psi), 15 and 30 min I Cuadrado et al. 2009

*IgE reactivity / antigenicity measured by different techniques and conditions (more detailed information in the text and in specific references). Legend: 4; |; ~4; ~,
are a symbolic representation of the global effect of the specific treatment on IgE-reactivity / antigenicity of a given food ( =, similar; 1, increase; |, decrease; ~1,

slight increase; ~ |, slight decrease). PE: protein extract.
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et al, 2004; Venkatachalam et al, 2006). In another study
performed in walnut, harsh conditions of pressure and temper-
ature: autoclaving at 2.8 atm (37 psi), 138°C for 15 or
30 minutes, were found to lead to fragmentation of proteins
that went along with a reduced IgE-binding and IgE crosslink-
ing capacity. The results were confirmed by different in vitro
and in vivo techniques (Cabanillas et al., 2014).

For peanut and other legumes such as lupine, lentil or chick-
pea similar effects of IgE-binding reduction were found when
autoclaving conditions of 2.8 atm (37 psi), 138°C for 15 or
30 minutes were applied to these legumes (Cuadrado et al,
2009; Cabanillas et al., 2015; Alvarez-Alvarez et al., 2005). The
combination of pressure and heat at specific conditions during
autoclaving, has been found to lead to protein fragmentation
that seems to resemble the effects of certain enzymes on protein
extracts (Kulis et al., 2012). Interestingly, other food treatments
that involve high pressure and low temperature did not have the
same effect as autoclave conditions (Cabanillas et al., 2014; Hus-
band et al., 2011). Therefore, the combination of heat and pres-
sure during autoclaving seems to be key for protein degradation
and potential decrease in IgE-reactivity. For the mentioned
decrease, a potential loss of protein solubility can be the respon-
sible for the decrease of IgE-reactivity of those foods. However,
recent studies have demonstrated that extensive protein solubili-
zation of the pressure/heat-treated food material renders the
same profile of protein degradation with a decreased capacity to
bind IgE from allergic patients’ sera (Cabanillas et al., 2015).
Table 4 summarizes the effects of pressure cooking on IgE-reac-
tivity / antigenicity of specific food allergen sources.

Microwave heating and allergenicity

Heating through microwaves ovens is reached after interaction
of microwaves and the medium by volumetric dissipation of
electromagnetic energy in form of heat. Microwaves travel
through the lossy medium producing an increase of the
medium temperature. This heating property has made micro-
wave ovens to be widespread used around the world for home
food thermal processing (Feng, Yin, and Tang, 2012). Micro-
waves have the potential to alter the native structure of proteins
and therefore might potentially have an impact on the ability of
certain proteins to be recognized by IgE of sensitized subjects
(Jimenez-Saiz et al., 2015). Several studies have analyzed the

capacity of microwave ovens to modify the allergenicity of cer-
tain foods (Figure 1, Table 5). Lupines subjected to microwave
heating for 30 min at 750 and 900 W in water were found to
present minimal changes in the IgE-binding profile of lupine
proteins (Alvarez-Alvarez et al., 2005). In other foods such as
wheat, microwave heating at 70, 200, and 500 W up to
5 minutes, did not decrease the IgE-reactivity of wheat gliadin
(Leszczynska et al., 2003). In tree nuts such as almond, cashew
or walnut, the protein profile and antigenicity of certain pro-
teins remained stable after several thermal processing treat-
ments including microwave heating at 500 W for 1 or
3 minutes (Su et al, 2004) confirming previous results for
almond (Venkatachalam et al., 2002). The stability to micro-
wave heating of cashew allergens to even more strong condi-
tions (1000 W for 2 minutes) was further demonstrated using
monoclonal antibodies against main cashew allergens Ana o 1,
Ana o 2, and Ana o 3 (Venkatachalam et al., 2008). Other tree
nuts such as Brazil nut has also shown immunogenic stability
to microwave heating (Sharma, Roux, and Sathe, 2009). Table 5
summarizes the effects of microwave heating on IgE-reactivity
/ antigenicity of specific food allergen sources.

Discussion and conclusion

Daily processing has the potential to modify the allergenicity of
foods due to numerous physico-chemical modifications that
may be induced during processing in the complex matrixes
that constitute foods. The extent of such modifications and its
impact on allergenicity depends on factors such as type, condi-
tions, and time of the processing method applied or the physi-
cal, chemical, and allergenic properties of the food itself.

In the present article, we have reviewed the effects of daily
processing methods on the allergenicity of several foods. Some
processing methods have a direct impact on the allergenic
properties of certain foods, while others have been found to
have little or no effect on food allergenicity (Figure 2). Non-
thermal processing such as peeling seems to be effective in
decreasing the content of specific allergens such as LTP in cer-
tain fruits belonging to the Rosaceae family (Bernna et al,
2005; Primavesi et al., 2006). This effect may constitute a bene-
fit in the future for subjects with specific sensitization to LTP
from Rosaceae family fruits. Daily processing of boiling has
been found to potentially decrease the content of peanut

Table 5. Effects of microwave heating on IgE reactivity / antigenicity of specific food allergen sources.

Microwave heating

Allergen Conditions IgE reactivity / antigenicity” Ref.

Cashew Anao1l,2,3 1000 W, 2 min = Venkatachalam et al. 2008

PE 500 W, 3 min = Su et al. 2004
Almond PE 500 W, 3 min = Su et al. 2004

PE 50% power, 3 min = Venkatachalam et al. 2002
Walnut PE 500 W, 3 min = Su et al. 2004
Brazil nut PE 500 W, 3 min = Sharma, Roux, and Sathe 2009
Lupine PE 900 W, 30 min = Alvarez-Alvarez et al. 2005
Wheat Gliadin 500 W, 5 min = Leszczynska et al. 2003

*IgE reactivity / antigenicity measured by different techniques and conditions (more detailed information in the text and in specific references). Characteres: = ; 1; |; ~1;
~ ., are a symbolic representation of the global effect of the specific treatment on the IgE-reactivity / antigenicity of a given food (=, similar; 4, increase; |, decrease;

~4, slight increase; ~, slight decrease). PE: protein extract.
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Figure 2. Squematic representation of the effects of different daily processing treatments on the allergenicity of peanut.

allergens Ara h 2, Ara h 6, and Ara h 7, due to transfer of those
allergens to the cooking water (Turner et al., 2014; Mondoulet
et al., 2005) (Figure 2). Baking of eggs or milk has been also
found to alter the allergenic potential of those foods, by
decreasing it (Lemon-Mulé et al., 2008; Nowak-Wegrzyn et al.,
2008). However, other treatments, such as roasting has the abil-
ity to chemically modify certain allergens from peanut in the
way that they can bind increased levels of specific IgE from
allergic subjects (Maleki et al., 2000; Petersen et al., 2014)
(Figure 2). On the other hand, processing treatments such as
microwave heating has been found to have little effect on food
allergenicity. The effects frying or pressure cooking on food
allergenicity are variable and need further research.

Most studies evaluated the capacity of processed foods to
bind specific IgE from allergic patients, through in vitro
methods such as IgE-western blot or IgE-ELISA. However,
there is an increased necessity for more physiologically rele-
vant assays, since alterations in the IgE-binding properties
of processed food proteins not always correlate with alter-
ation in allergenicity. Assays, such as basophil activation
tests or SPT, in which the IgE-cross liking capacity of proc-
essed food allergens are analyzed, are closer to the real
effect that processing may produce in food allergenicity. In
addition, clinical trials in which DBPCFC (the gold stan-
dard for food allergy diagnosis) are performed would give
the definitive answer of the potential of a processing
method to alter the allergenicity of a specific food.

Importantly, the study of the effects of processing on food
allergenicity has been mainly focused in the evaluation of proc-
essed allergens to bind preformed IgE from allergic patients
(Verhoeckx et al., 2015). However, the potential of processed
foods to modify the immunological priming towards an allergic
response, which takes place in the sensitization phase of allergy,
has caught less attention and has been evaluated only in recent
years (Hilmenyuk et al., 2010; Mueller et al., 2013). The poten-
tial alterations of processing in the chemical composition of
certain food proteins, may increase the recognition of such pro-
teins by DC through specific receptors, increasing uptake and
potentially leading to a T2 response. More studies would be
necessary in the future to evaluate the effects of processing in
the sensitization phase of allergy.

Finally, food processing research would benefit from a
higher standardization of the experimental conditions and

methods used to evaluate their impact on allergenicity.
This review has highlighted the highly variable experi-
mental conditions applied for a given processing treat-
ment. The variances make it sometimes difficult to
compare studies and to draw conclusions. Studies that
aim to assess the effect of daily food processing on
allergenicity should experimentally analyze conditions that
ideally resembles the ones used for a given method in
daily life. If the aim is to assess experimental conditions
beyond the ones used in daily life, more variability may
be expected. However, the field of research of food proc-
essing and allergenicity would benefit from a higher
experimental standardization.

Overall, this review has shown that several complex fac-
tors impact on the alteration of the allergenicity of foods
due to daily food processing. That complexity requires a
careful evaluation of the experimental conditions of the
processing method applied, the analysis of the physico-
chemical and allergenic properties of the food under study,
and a careful characterization of the allergic study popula-
tions used. Some daily processing methods have been
shown to be effective in decreasing the content of specific
allergens in certain foods, which may open a future path
for hypoallergenic food development or pave the way the
use of specifically processed foods for tolerance induction.
Other treatments, however, have the capacity to increase
the allergenicity of certain foods. Future research will hope-
fully increase our knowledge about the effects of processing
on the properties of allergenic food sources.
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