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Preface

Allergy-related diseases are today recognized as reaching epidemic
proportions, with up to 30% of the general population suffering
from clinical symptoms ranging from urticaria, rhinitis and asthma
to life-threatening anaphylactic reactions.

The main contributors to the increasing prevalence of allergy
seem to be very diverse including increasing immunological
predisposition (‘atopy’), changing food consumption and well as
living conditions. The dramatic increase of allergic diseases is not
only seen in the developed world, but increasing evidence indicates
that also developing countries are considerably affected. Already
over fifty percent of the world population is living in Asia, where
not only food consumption, but also food allergies are very different
from what is mainly published from Western countries. In the
research efforts in the field of food allergy two main questions are
often asked: What makes one person allergic to a particular food and
not the other? Furthermore, Why are some foods and food proteins
more allergenic than others? In addition it is very difficult to predict
the severity of clinical reaction and the amount of allergen required
to elicit these reactions.

Major food allergens from a small number of sources were
identified and purified as early as the 1970s. A boost in the number
of newly identified allergens was elicited by the general availability
of recombinant DNA technology in the late 1980s. The ever-growing
IUIS Allergen Nomenclature Database contains currently over 840
allergens from 252 sources and their isoforms and variants. Currently
we know about 290 food allergens from 98 different food sources.
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Recent developments into the molecular nature of allergenic
proteins enabled us to classify most allergens into few protein
families with limited biochemical function. Allergenic proteins can
be classified into approximately 130 Pfam protein families, while the
most important plant and animal food allergens can be found in 8
protein superfamilies and is discussed in detail in Chapters 1 and 2.

The correct diagnosis of a food allergy can be complex, but
includes a convincing clinical history as well as the presence of
elevated levels of specific IgE antibody to allergenic proteins in a
given food. Therefore, detailed knowledge about the food specific
allergenic proteins is central to a specific and sensitive diagnostic
approach. The different allergens of peanut, egg, fish, shellfish and
food contamination parasites and their diagnostic application are
detailed in Chapters 3 to 7.

The food industry is one of the largest employers of workers with
about 10% and therefore is the allergic sensitisation to food borne
proteins at the workplace not surprising. Workers at increased risk
of allergic sensitisation include farmers who grow and harvest crops;
factory workers involved in food processing, storage and packing; as
well as those involved in food preparation (chefs and waiters) and
transport and is detailed in Chapter 8.

Research in food allergies and allergens is much more
complex than investigating inhalant allergens since food proteins
often undergo extensive modifications during food processing.
Furthermore these allergenic proteins are embedded in a complex
matrix and may undergo physicochemical changes during digestion
and subsequent uptake by the gut mucosal barrier and presentation
to the immune system, and have been highlighted in Chapter 9.

Furthermore, food processing results often in water-insoluble
proteins, which makes the traditional serological analysis of
allergenicity difficult as well as detection and quantification in the
food matrix. The approaches and problems of quantifying allergen
residues in processed food are detailed in Chapter 10.

To characterize allergens better but also develop better diagnostic
and therapeutics, recombinant allergens are increasingly utilized.

vi
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Unlike natural allergens or allergen extracts, the production of
recombinant proteins is not dependent on biological source material
composed of complex mixtures of allergen isoforms. The use of
recombinant allergens has revolutionized diagnosis, enabling
clinicians to identify disease eliciting allergens as well as cross-
reactivity pattern, thereby providing us with the tools necessary for
personalized allergy medicine and therapeutics and is detailed in
Chapter 11.

Food allergy is a growing problem globally carrying a huge
socioeconomic burden for patients, families and the community.
Although fatalities are fortunately rare, the fear of death is very
real for each patient. Currently, there is no cure for any food allergy
available, with management strategies focusing on complete
avoidance and utilization of adrenaline as the emergency antidote for
anaphylaxis. There is a very strong imperative for safe and effective
specific therapeutics for food allergy and one strategy based on T-cell
epitopes for peanut allergy is detailed in Chapter 12.

We hope that the joined effort by the authors will not only provide
pragmatic information for current food allergy research but also
serves as a foundation for significant new research that will advance
our current knowledge.

vii
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1.1 INTRODUCTION

Allergenic proteins are able to elicit Th2-polarized immune responses
in predisposed individuals. As compared to the presently known
number of protein architectures, allergenic proteins can be classified
into a highly limited number of protein families (Radauer et al. 2008a).
Version 30.0 of the protein family database Pfam (http://pfam.
xfam.org/) describes 16,306 protein families (Finn et al. 2014). The
structural database of allergenic proteins (SDAP; http:/ /fermi.utmb.
edu/) (Ivanciuc et al. 2003) assigns all allergens to 130 Pfam families.
The most important plant and animal food allergens can be found
in eight protein superfamilies discussed below. Our understanding
why exactly these proteins are able to induce a specific IgE response
in certain individuals is still incomplete. Allergenic proteins seem to
be able to modulate the communication between innate and adaptive
immune cells by interacting with pattern recognition receptors,
which results in a Th2 polarization of the adaptive immune response
(Karp 2010, Platts-Mills and Woodfolk 2011, Pulendran et al. 2010,
Ruiter and Shreffler 2012, Willart and Hammad 2010, Wills-Karp
2010). Recent discoveries have shown that group 2 innate lymphoid
cells are able to translate epithelial cell-derived alarmins into
downstream adaptive type-2 responses (Scanlon and McKenzie
2015).

The toxin hypothesis of allergy has now gained interest and offers
an alternative understanding of why certain proteins are targeted by
IgE (Palm et al. 2012, Tsai et al. 2015). This hypothesis offers plausible
explanations for allergenic components of insect venoms, proteins
that have been altered by environmental toxins or proteins that carry
ligands that present a certain danger to a host’s cells. Why only few of
the individuals who are exposed to the allergen raise an IgE response
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is most likely rooted in the way the incoming signals are processed.
It has been shown that monocyte-derived dendritic cells from birch
pollen allergic and non-allergic subjects displayed distinct signal
transduction pathways following the contact with the major birch
pollen allergen Bet v 1 (Smole et al. 2015). The situation is less clear
for food allergens. Certain lipids directly bound as ligands by the
allergen or when present in the allergen source seem to play a role
in the allergic sensitization process (Bublin et al. 2014). Moreover,
plant seed storage proteins of the cupin and prolamin superfamilies
have the capacity to damage cells, which might induce danger signals
in exposed innate immune cells resulting in allergic sensitization
(Candido Ede et al. 2011).

1.2 PROLAMIN SUPERFAMILY

Plant seeds are a major source of dietary proteins. Seed storage
proteins such as the prolamins are a source of amino acids for use
during germination and seedling growth. The prolamin superfamily
comprises several families of proteins with limited sequence
homology. The prolamins which gave the superfamily its name are
the major seed storage proteins in most cereal seeds. They possess
two or more unrelated structural domains, one of which contains
repeated sequences. Parts of the non-repetitive domain of one
group of the sulfur-rich prolamins are homologous with sequences
present in a large group of low molecular seed proteins including
the 2S albumins, the non-specific lipid proteins (nsLTPs) and the
cereal inhibitors of a-amylase and trypsin (Kreis et al. 1985). They all
share a conserved cysteine skeleton, which contains eight cysteine
residues. The prolamin superfamily seems to be of a much more
recent origin than the cupin seed storage proteins. The 2.2S spore
storage protein matteucin of the ostrich fern is related to the 2S
albumins of angiosperms whose common ancestors lived more than
300 million years ago (Rodin and Rask 1990). nsLTPs are abundant
in liverworts, mosses and land plants but have not been found in
any algae indicating that they have evolved only after plants had
conquered land (Edstam et al. 2011).
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1.2.1 Prolamins

The prolamins which are characterized by high levels of glutamine
and proline residues are restricted to the grasses including major
cereals such as wheat, barley and rye (Shewry et al. 1995). The
prolamin seed storage proteins of wheat are the major components
of gluten, which determines the quality of the flour for bread making.
The complex mixture of cereal storage proteins, the gluten, consists
of roughly equal amounts of gliadins and glutenins (Tatham and
Shewry 2008). Gliadins are monomeric proteins, which interact by
noncovalent forces. Based on their electrophoretic mobility they are
divided into the fast moving a./f-gliadins, the intermediate y-gliadins,
and the slowly moving o-gliadins. The glutenins are polymers of
individual proteins that are linked by interchain disulfide bridges.
Glutenins can be classified into high molecular weight (HMW) and
low molecular weight (LMW) groups. The sulfur-rich prolamins
are quantitatively the major prolamin group in wheat, barley and
rye, and they include polymeric and monomeric proteins (Shewry
and Tatham 1990). Wheat-dependent exercise-induced anaphylaxis
(WDEIA) is associated with o,-gliadins (Tatham and Shewry 2008)
while both gliadins and glutenins appear to be implicated in baker’s
asthma (Quirce and Diaz-Perales 2013).

1.2.2 Bifunctional Inhibitors

Plants have evolved a certain degree of resistance to insect pests that
feed on plant tissues. Six types of proteinaceous a-amylase inhibitors
are found in higher plants (Svensson et al. 2004). The bifunctional
inhibitors impede digestion by acting on insect gut a-amylases and
proteinases such as trypsin (Franco et al. 2002). A large family of
these inhibitors, also referred to as CM proteins for their presence in
chloroform/methanol extracts, is found in cereals seeds (Svensson et
al. 2004). Several of these proteins are a-amylase/trypsin inhibitors
while others inhibit only a-amylase or trypsin. These inhibitors
consist of 120 to 160 amino acids, have a high a-helical content,
and possess ten cysteine residues which form five disulfide bonds
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(Oda et al. 1997). Tri a 28 (syn. 0.19 a-amylase inhibitor form wheat)
acts as a homodimer (Oda et al. 1997) whereas the wheat inhibitor
0.28 and the corresponding barley inhibitor BMAI-1 (Hor v 15) are
monomers (Sanchez-Monge et al. 1992). Current immunological and
clinical data point to the a-amylase/trypsin inhibitor family as the
main culprit of Baker’s asthma (Salcedo et al. 2011).

1.2.3 2S Albumins

2S albumins are a water-soluble storage protein group widely present
in mono- and dicotyledonous seeds (Candido Ede et al. 2011). They
are encoded by a multigene family, which results in the presence
of several isoforms in individual plants. They are synthesized as a
single large precursor, which is then processed to give rise to two
subunits that are held together by disulfide bonds. Typically, the 25
albumins comprise four a-helices and four to five disulfide bonds
(Moreno and Clemente 2008). Although the major function of 2S
albumins is the storage of amino acids, antifungal and antibacterial
properties of several 25 albumins and thus their role in plant defense
against pathogens were described (Candido Ede et al. 2011). A
novel antimicrobial protein, SIAMP2, of the 2S albumin family was
identified in sesame seeds and its inhibition of the growth of the
human pathogenic bacterium Klebsiella was described (Maria-Neto et
al. 2011). The 25 albumins of Brassica napus were able to significantly
damage the fungal plasma lemma and to cause its permeabilization
(Barciszewski et al. 2000). The number of 2S albumins that are
described as food allergens is still increasing (Moreno and Clemente
2008). Many of the highly important seed, tree nut and legume
allergens belong to the 25 albumins. Among them are Ara h 2, Ara
h 6, and Ara h 7 from peanut (Burks et al. 1992, Kleber-Janke et al.
1999), Jug r 1 from walnut (Teuber et al. 1998), Ses i 1 and Ses i 2
from sesame seeds (Beyer et al. 2002a, Pastorello et al. 2001), Ber e
1 from Brazil nut (Pastorello et al. 1998), and Ana o 1 from cashew
(Robotham et al. 2005). Ber e 1 serves as a model protein for studies
of intrinsic allergenicity of food proteins (Alcocer et al. 2012).
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1.2.4 Nonspecific Lipid Transfer Proteins (nsLTPs)

The nsLTPs are a family of allergens of high importance. They are
divided into the 9 kDa nsLTP1 and the 7 kDa nsLTP2 subfamilies
(Kader 1996). NsLTP1 are primarily found in aerial organs while
nsLTP2 are expressed in roots. Both nsLTP1 and nsLTP2 are found
in seeds. Members of both subfamilies are compact cysteine-rich
proteins, which are made up of four or five a-helices that are
held together by four conserved disulfide bridges. The a-helices
enclose a hydrophobic cavity that enables them to transfer various
lipid ligands between lipid bilayers in vitro (Lascombe et al. 2008).
NsLIPs are involved in key cellular processes such as stabilization
of membranes, cell wall organization and signal transduction but
they also play important roles in resistance to biotic and abiotic
stress, plant growth and development (Liu et al. 2015). Besides their
various biologic roles in plants, nsLTPs are a large group of heat- and
proteolysis-resistant allergens (Egger et al. 2010). The type 1 nsLTPs
are able to elicit severe type 1 reactions to fresh fruits such as peach in
predisposed individuals in Southern Europe and the Mediterranean
region. NsLTPs are regarded as panallergens due to their presence
in a variety of plant tissues including seeds, fruits and vegetative
tissues (Salcedo et al. 2007). In addition, nsLTPs1 were described
as inhalant allergens in pollen of many flowering plants including
Parietaria judaica (Duro et al. 1996), olive tree (Tejera et al. 1999), and
mugwort (Gadermaier et al. 2009).

Plant food nsLTPs1 have been identified in fruits such as peach
(Pastorello et al. 1999), apple (Zuidmeer et al. 2005), and grapes
(Pastorello et al. 2003), in vegetables such as asparagus (Diaz-Perales
et al. 2002), corn (Pastorello et al. 2000), and celery (Gadermaier et
al. 2011), and in various nuts including hazelnut (Offermann et al.
2015). Cross-reactivities between nsLTPs1 from closely related plants
are frequently observed but decreases with evolutionary distance.
The kiwi fruit nsLTP1 does not cross-react with the peach nsLTP1
(Bernardi et al. 2011). Similarly, the nsLTP1s from olive pollen and
Parietaria judaica pollen neither cross-react with each other nor with
other plant food nsLTP1s such as the one from peach (Tordesillas
et al. 2011). In contrast, sensitization to the nsLTP1 from peach is
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Table 1.1 Selected allergens of the prolamin superfamily.

Protein family

Allergen source

Allergen designation

Prolamin

Wheat (Triticum aestivum)

Tri a 19: 0-5-glaidin

Tri a 20: y-gliadin

Tri a 21: o/B-gliadin

Tri a 26: high molecular weight
glutenin

Tri a 36: low molecular weight
glutenin

Bifunctional inhibitor

Wheat (Triticum aestivum)

Tri a 15: monomeric a-amylase
inhibitor

Tri a 28: dimeric a-amylase
inhibitor 0.19

Tri a 29: tetrameric a-amylase
inhibitor CM1/CM2

Tri a 30: tetrameric a-amylase
inhibitor CM3

Rye (Secale cereale)

Sec ¢ 38: dimeric a-amylase/

trypsin inhibitor

2S albumin Brazil nut (Bertholletia excelsa) | Bere1

Cashew nut (Anacardium Anao3

occidentale)

Hazelnut (Corylus avellana) Coral4

Peanut (Arachis hypogaea) Arah?2,Arah6,Arah7

Sesame (Sesamum indicum) Sesil, Sesi2

Walnut (Juglans regia) Jugrl
Non-specific lipid Apple (Malus domestica) Mald 3
transfer protein type 1 Celeriac (Apium graveolens) Apig?2

Cherry (Prunus avium) Pruav3

Corn (Zea mays) Zeam 14

Grape (Vitis vinifera) Vitv1

Hazelnut (Corylus avellana) Cora8

Peach (Prunus persica) Prup3
Non-specific lipid Celeriac (Apium graveolens) Apigb
transfer protein type 2 Tomato (Solanum lyopersicum) | Solal6
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frequently present with a sensitization to the mugwort nsLTP1 in the
Mediterranean region. A primary sensitization to the peach nsLTP1
can lead to a respiratory allergy based on the cross-reactivity of peach
and mugwort nsLTPs (Sanchez-Lopez et al. 2014). The first allergenic
type 2 nsLTP, detected as a heat-resistant protein in celeriac, showed
only a very limited cross-reactivity to the tape 1 nsLTP from celeriac
(Vejvar et al. 2013). Recently, a type 2 nsLTP was identified as an
allergen present in tomato seeds (Giangrieco et al. 2015).

1.3 CUPIN SUPERFAMILY

At present, the cupin superfamily contains 57 families. The members
of this superfamily possess one or more conserved cupin domain,
a characteristic p-barrel (Latin cupa = barrel) that evolved in a
prokaryotic organism and was then passed on into the plant kingdom
(Khuri et al. 2001). The cupin domain is used for a large number
of biological functions and is found in fungal spherulins that are
produced upon spore formation, in proteins that bind saccharose,
or in germins whose function depends on the binding of manganese
ions by the cupin domain (Dunwell et al. 2000). Cupins are highly
thermostable, a trait that has most likely evolved in thermophilic
archaea and that can still be found in today’s plant food allergens.
The cupin domain was duplicated in flowering plants giving rise
to the so-called bicupin seed storage proteins (Dunwell and Gane
1998), the 7S and 11S globulins which are described as major allergens
of peanut, tree nuts and various seeds (Mills et al. 2002, Radauer
and Breiteneder 2007, Willison et al. 2014). The cupin seed storage
proteins are primarily an energy source and provide amino acids
during seed germination. In addition, they are also involved in the
defense of many plant species against fungi and insects (Candido
Ede et al. 2011).

1.3.1 Vicilins (7S globulins)

The 7S globulin seed storage proteins are trimeric proteins that are
also referred to as vicilins, as they are primarily found in the Viciae
group of legumes. The monomers of these proteins are products of
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a multigene family that are proteolytically processed during their
maturation and glycosylated by varying degrees dependent on the
plant species (Marcus et al. 1999). Many major plant food allergens
are vicilins, including Ara h 1 from peanut (Burks et al. 1991), Gly m
5 from soybean (Ogawa et al. 1995), Ana o 1 from cashew (Wang et
al. 2002), Jug r 2 from walnut (Teuber et al. 1999), Len c 1 from lentil
(Lopez-Torrejon et al. 2003), Ses i 3 from sesame (Beyer et al. 2002a),
and Cor a 11 from hazelnut (Lauer et al. 2004).

1.3.2 Legumins (11S globulins)

The 11S globulins are the seed storage proteins of many mono- and
dicotyledonous plants. They are also referred to as legumins as they
were primarily studied in legume seeds. Legumins are hexameric
proteins that consist of two associated viclin-like trimers (Dunwell
et al. 2000). The monomers, like in their vicilin counterparts,
are the products of multigene families. In contrast to the vicilin
monomers, the legumin monomer is proteolytically cleaved into
an acidic and a basic chain that are held together by a disulfide
bond. Legumins are only rarely glycosylated. Various allergens of

Table 1.2 Selected allergens of the cupin superfamily.

Protein family Allergen source Allergen designation

Vicilin (7S globulins) Cashew nut (Anacardium occidentale) Anaol
Hazelnut (Corylus avellana) Corall
Peanut (Arachis hypogaea) Arahl
Sesame (Sesamum indicum) Sesi3
Soybean (Glycine max) Glym5
Walnut (Juglans regia) Jugr2

Legumin (11S globulins) | Brazil nut (Bertholletia excelsa) Bere2
Cashew nut (Anacardium occidentale) Anao?2
Hazelnut (Corylus avellana) Cora9
Peanut (Arachis hypogaea) Arah3
Sesame (Sesamum indicumn) Sesi6,Sesi7
Soybean (Glycine max) Glymo6
Walnut (Juglans regia) Jugr4
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legume seeds, tree nuts, and seeds belong to the legumin protein
family. They include Ara h 3 from peanut (Rabjohn et al. 1999),
Gly m 6 from soybean (Beardslee et al. 2000), Ana o 2 from cashew
nut (Wang et al. 2003), Cor a 9 from hazelnut (Beyer et al. 2002b), and
Sesi6 and Ses i 7 from sesame seeds (Beyer et al. 2007).

1.4 EF-HAND SUPERFAMILY

The EF-hand motif is the most common calcium-binding motif
found in proteins where two oa-helices connected by a loop
form a calcium-binding structure (Lewit-Bentley and Rety
2000). Proteins that contain EF-hand motifs have functions as
diverse as calcium buffering in the cytosol, signal transduction
between cellular compartments or muscle contraction.
EF-hand motifs are found in certain pollen allergens, the polcalcins,
as well as in the major fish allergens, the parvalbumins. Plant EF-
hand and animal EF-hand proteins do not cross-react with each other.

1.4.1 Parvalbumins

Parvalbumins are present in high concentration in the white muscle
of many fish species and are highly cross-reactive major allergens
(Lee et al. 2011). Parvalbumins possess three characteristic EF-hand
motifs (Ikura 1996) of which only two are able to bind calcium
ions (Declercq et al. 1991). Parvalbumins play an important
role in relaxing muscle fibers by binding free intracellular
calcium ions (Pauls et al. 1996). Binding of the calcium ligand is
necessary for the correct conformation of parvalbumin. Loss of
the ligand leads to a change in conformation, which results in
the loss of the ability to bind IgE (Bugajska-Schretter et al. 1998,
Bugajska-Schretter et al. 2000). Calcium-bound parvalbumin
displays a high stability to denaturation by heat or degradation by
proteolysis (Elsayed and Aas 1971, Filimonov et al. 1978, Griesmeier
et al. 2010, Somkuti et al. 2012). Parvalbumins can be classified into
two evolutionary lineages, the a- and the B-parvalbumins, which
share similar architectures. In general, only B-parvalbumins are
allergenic. However, an allergenic a-parvalbumin from frog was

10
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Table 1.3 Selected allergenic parvalbumins.

Protein family Allergen source Allergen designation
Parvalbumin Atlantic cod (Gadus morhua) Gadm 1
Atlantic salmon (Salmo salar) Sals1
Carp (Cyprinus carpio) Cypcl
Rainbow trout (Oncorhynchus mykiss) Oncm1
Whiff (Lepidorhombus whiffagonis) Lepw1

described (Hilger et al. 2002). Gad ¢ 1 was isolated from cod and
was the first described allergenic f-parvalbumin (Aas and Jebsen
1967, Elsayed and Bennich 1975). Today, a large number of allergenic
B-parvalbumins from a variety of fish species is known (Kuehn
et al. 2014, Sharp and Lopata 2014). In addition, two allergenic
parvalbumins from red stingray were described (Cai et al. 2010).

1.5 TROPOMYOSIN-LIKE SUPERFAMILY

Tropomyosins are one of three families of the tropomyosin-like
superfamily. Tropomyosins are closely related proteins that—
together with actin and myosin—are involved in the contraction of
muscle fibers. Tropomyosins consist of 40 heptapeptide units and
are double stranded, so called coiled-coil, molecules (Li et al. 2002).
Tropomyosins are the major allergens of crustaceans and mollusks.
Most allergies to shrimps, crabs, lobsters, squids, and shellfish are
mediated by tropomyosins. Tropomyosins were originally described
as allergenic in shrimps (Daul et al. 1994, Leung et al. 1994, Shanti
et al. 1993). Today, tropomyosins are regarded as panallergens of
many invertebrate animals (Reese et al. 1999). Tropomyosins of
crustaceans and mollusks are highly heat-stable and cross-reactive
(Motoyama et al. 2006). Extracts of cooked Penaeus indicus shrimps
still contained the major allergen Pen i 1 with unchanged IgE-binding
capacity (Nagpal et al. 1989). Water-soluble shrimp allergens were
also detected in the cooking stock (Lehrer et al. 1990). In seafood
processing plants, allergenic tropomyosins are present in aerosols
and thus elicit occupational allergies in the work force (Lopata
and Jeebhay 2013). Tropomyosins are also inhalant allergens from
mites and cockroaches. Although they seem to possess only a

11
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Table 1.4 Selected allergenic tropomyosins.

Protein family Allergen source Allergen designation
Tropomyosin: Crustaceans American lobster Homal
(Homerus americanus)
Crucifix crab (Charybdis feriatus) Chafl
Indian white prawn Penil
(Penaeus indicus)
North Sea shrimp Cracl
(Crangon crangon)
Tropomyosin: Mollusks Pacific flying squid Todp1
(Todarodes pacificus)

limited allergenic potential (Thomas et al. 2010) they are regarded
as important for cross-sensitization to tropomyosins of crustaceans
and shellfish (Lopata et al. 2010).

1.6 PROFILIN-LIKE SUPERFAMILY

The profilin-like superfamily comprises four member families. One
of them, the profilin family, are proteins that are highly conserved
in higher plants with sequence identities of at least 75% (Radauer
et al. 2006). Profilins are cytoplasmic proteins of 12-15 kDa and
are present in all eukaryotic cells. They bind monomeric actin
(Schutt et al. 1993) and are involved in the dynamic turnover
and restructuring of the actin cytoskeleton (Witke 2004). Profilin
from birch pollen was the first profilin that was described as
allergenic (Valenta et al. 1991). Subsequently, a large number of
cross-reactive profilin allergens were described in pollen of trees,
grasses and weeds (Gadermaier et al. 2014, Hauser et al. 2010). As
profilin-specific IgE cross-reacts with practically all plant profilins, a
profilin sensitization is regarded as a risk factor for allergic reactions
to various plant pollen (Mari 2001) and plant foods (Asero et al.
2003, Fernandez-Rivas 2015). However, the clinical relevance of
a profilin sensitization is still under discussion (Santos and Van
Ree 2011). The clinical relevance of a profilin sensitization was
shown for profilins from cantaloupe, watermelon, tomato, banana,
pineapple, orange and kaki (Anliker et al. 2001, Asero et al. 2008,
Lopez-Torrejon et al. 2005). Recently, profilins were shown to be

12
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Table 1.5 Selected allergenic plant food profilins.

Protein family Allergen source Allergen designation

Profilin Banana (Musa acuminata) Musal
Cantaloupe (Cucumis melo) Cucm?2
Orange (Citrus sinensis) Cits2
Pineapple (Ananas comosus) Anacl
Tomato (Solanum lycopersicum) Solal1l

complete food allergens capable of eliciting severe reactions in plant
food allergic patients that had been exposed to high levels of grass
pollen (Alvarado et al. 2014).

1.7 BET V 1-LIKE SUPERFAMILY

Bet v 1, the major birch pollen allergen, is the one member that
gave this superfamily its name (Breiteneder et al. 1989). The Bet
v 1-like superfamily contains at present 103,375 members from
17,750 species (http://pfam.xfam.org/clan/CL0209, accessed
November 2015). Proteins with the typical Bet v 1 architecture can
be found in all kingdoms of life and hence belong to the earliest
proteins that evolved at the beginning of life (Radauer et al. 2008b).
The superfamily consists of 14 families including the Bet v family,
which comprises 11 subfamilies. Most of the Bet v 1-homologous
allergens known today belong to the PR-10 subfamily (Hoffmann-
Sommergruber 2002). The cDNA coding for Bet v 1 was discovered
onJuly 3,1989 and published as a sequence for the first plant allergen
(Breiteneder et al. 1989). Birch belongs to the botanical order Fagales
which comprises 8 families, some of which produce allergenic pollen
such as hazel (Breiteneder et al. 1993), alder (Breiteneder et al. 1992),
oak (Wallner et al. 2009), and beech (Hauser et al. 2011).

The association of a birch pollen allergy with an allergy to diverse
plant foods is a frequently observed syndrome, which is due to the
presence of homologous allergens in these allergen sources (Katelaris
2010, Vieths et al. 2002). The observed clinical symptoms to the
various plant foods are generally elicited by IgE that was induced
by exposure to Bet v 1. The known structures of Bet v 1 (Gajhede

13
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Table 1.6 Selected allergens of the Bet v 1 family.

Subfamily of the Bet v 1 family | Allergen source Allergen designation

PR-10 Apple (Malus domestica) Mald 1
Celeriac (Apium graveolens) Apigl
Cherry (Prunus avium) Pruav1
Mung bean (Vigna radiata) Vigr1l
Peach (Prunus persica) Prup1
Peanut (Arachis hypogaea) Arah8
Soybean (Glycine max) Gly m 4

RRP Kiwifruit (Actinidia deliciosa) Actd 11

CSBP Mung bean (Vigna radiata) Vigr6

et al. 1996), and its homologs form cherry (Neudecker et al. 2001),
celeriac (Markovic-Housley et al. 2009), carrot (Markovic-Housley
etal. 2009), soybean (Berkner et al. 2009) and peanut (Hurlburt et al.
2013) clearly illustrate the similarities of these molecules” surfaces
that explain the clinically observed cross-reactivities. IgE antibodies
bind to Bet v 1-related plant food allergens such as Mal d 1 from apple
(Vanek-Krebitz et al. 1995), Api g 1 from celeriac (Breiteneder et al.
1995), Ara h 8 from peanut (Mittag et al. 2004), Vig r 1 from mung
bean (Mittag et al. 2005), and Bet v 1 homologs from Sharon fruit
(Bolhaar et al. 2005) and jackfruit (Bolhaar et al. 2004). Actd 11 is an
allergen of the kiwifruit that belongs to the ripening related protein
(RRP) subfamily (D’Avino et al. 2011). Vig r 6 from mung beans
is another Bet v 1 homolog that belongs to the cytokinin-specific
binding protein (CSBP) family.

1.8 THE CASEIN AND THE CASEIN KAPPA FAMILY

All mammalian milks contain multiple casein proteins characterized
as o-, B- and k-caseins (Oftedal 2012). Caseins are members of the
unfolded secretory calcium-binding phosphoproteins called SSCP
(Kawasaki and Weiss 2003). The a- and B-caseins evolved from
tooth and bone-proteins well before the evolution of lactation

14
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Table 1.7 Allergenic caseins of cow’s milk.

Protein family Allergen source Allergen designation

Casein Cow’s milk (Bos domesticus) Bos d 9: aS1-casein

Bos d 10: 0S2-casein

Bos d 11: B-casein

Casein kappa Cow'’s milk (Bos domesticus) Bos d 12: k-casein

(Lenton et al. 2015). In mammalian milks, sequestered nanoclusters
of calcium phosphate are substructures in casein micelles which
allow the calcium and phosphate concentrations to be far in excess
of their solubility. The aS1-, aS2- and B-caseins form a shell around
amorphous calcium phosphate to form the nanoclusters. These
nanoclustes are then assembled into the casein micelles that are
stabilized by k-casein (ten Grotenhuis et al. 2003). a- and B-caseins
are members of the casein family (Kawasaki et al. 2011), while
K-caseins are members of the casein kappa family (Ward et al. 1997).
Caseins are major food allergens involved in cow’s milk allergy,
which affects predominantly young children. In European children,
the incidence of challenge-proven cow’s milk allergy was 0.54%
with national incidences ranging from <0.3% to 1% (Schoemaker
et al. 2015). Recently, the official nomenclature of allergenic caseins
has been changed (Radauer et al. 2014). The name Bos d 8, as it is
widely established, was kept to designate the whole casein fraction.
However, based on low sequence similarities, Bos d 8 was demerged
into four separate allergens: Bos d 9 (aSl-casein), Bos d 10 (aS2-
casein), Bos d 11.0101 (B-casein), and Bos d 12.0101 (k-casein).

1.9 CALYCIN-LIKE SUPERFAMILY

The calycin structural superfamily includes 20 families. Calycins
are an example for a superfamily of proteins, which—although they
share structural similarities—have unusually low levels of overall
sequence conservation. The calycin architecture is based on an eight-
stranded B-barrel which forms an internal ligand binding site for
small hydrophobic molecules (Flower et al. 1993).

15



Food Allergy: Molecular and Clinical Practice

1.9.1 Lipocalins

Lipocalins form a subset of the calycin superfamily. Lipocalins
are small extracellular proteins with a large variety of functions
which typically revolves around the binding of small hydrophobic
ligands such as retinol (Flower et al. 2000). Most of the allergenic
lipocalins are not food allergens but important inhalant allergens
from mammals and insects (Hilger et al. 2012, Virtanen et al. 2012).
The only lipocalin animal food allergen is B-lactoglobulin (Bos d 5)
which is a major allergen in cow’s milk (Hochwallner et al. 2014)
and is absent from human and camel milk (Restani et al. 2009). Bos
d 5 is highly stable to proteolytic degradation and acid hydrolysis
(Wal 2004).

1.10 CONCLUSIONS

In 1991, the evolutionary biologist Margie Profet published the toxin
hypothesis of allergy (Profet 1991). She proposed that the allergic
immune response evolved as a defense mechanism to protect the
individual from toxic environmental substances such as venoms
and toxic plant compounds. Recently, this hypothesis has found
experimental proof for bee and snake venoms (Marichal et al. 2013,
Palm et al. 2013, Starkl et al. 2015). It is highly plausible that this
hypothesis will be confirmed for allergenic components of other
insect venoms. Future experiments will have to be performed for
plant food allergens and plant food matrices to explore whether
they are as innocuous as they were made out to be. In fact, seed
storage proteins which are commonly regarded as inert also have
functions in plant defense mechanisms (Candido Ede et al. 2011). 2S5
albumins from passion fruit seeds have been shown to induce plasma
membrane permeabilization (Agizzio et al. 2006) and vicilins from
cowpea were discovered to interact with the microvilli of the larval
midgut epithelium of the bean-feeding cowpea beetle (Oliveira et
al. 2014).

The allergens of the various superfamilies have distinct
distributions. Allergenic prolamins and cupins are only present
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in plants. While the cupin allergens are so far only known as seed
storage proteins, allergens of the prolamin superfamily can either be
storage proteins or have inhibitory or signal transduction functions.
Bet v 1 homologs and profilins are also only known as plant allergens.
Allergenic food proteins of the EF-hand superfamily are only known
from fish. Likewise, allergenic tropomyosins as food allergens seem
to be limited to crustaceans and mollusks. Although lipocalins
are also present in plants (Charron et al. 2005), most of them are
inhalant animal allergens and only one is an animal food allergen,
the B-lactoglobulin from cow’s milk. All of these proteins perform a
specific biologic function. They become allergenic only when they
interact with the immune system of a predisposed individual. It is
worth to note, that in general, allergens are restricted to a highly
limited number of protein families. That indicates that only a
very small number of protein structures are able to induce allergic
sensitization or to become involved in such a process. Why this is
the case is still unclear. The innate immune system (Herre et al. 2013,
Junker et al. 2012, Trompette et al. 2009), binding of ligands to the
allergens (Jyonouchi et al. 2011, Mirotti et al. 2013), and adjuvants
present in the allergen source seem to play a role (Gilles et al. 2009,
Mittag et al. 2013).

When the allergens designated by the WHO/IUIS Allergen
Nomenclature Subcommittee (http://www.allergen.org/) are
classified by protein families, as was done in this chapter, they become
much more manageable. A detailed analysis of the biochemical,
structural and immunologic properties of each family of allergens
will contribute to the understanding of factors that contribute to the
allergenic potential of a protein.
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Nomenclature of Food Allergens

2.1 INTRODUCTION

In the past few decades, great progress in identification and
characterization of food allergens has been achieved. Major food
allergens from a small number of sources were identified and purified
as early as the 1970s. A boost in the number of newly identified
allergens was elicited by the general availability of recombinant
DNA technology in the late 1980s. Currently (September 2015), the
IUIS Allergen Nomenclature Database contains 835 allergens from
252 sources and their isoforms and variants. Of these, 299 allergens
from 101 sources are food allergens.

Originally, researchers were free in naming the allergens they had
identified and each researcher used a different naming scheme. For
instance, the major allergen from cod, beta-parvalbumin, was named
allergen M (now termed Gad m 1 and Gad c 1 for the allergens from
Atlantic and Baltic cod, respectively). In some instances, different
groups even used different names for the same allergens. In order
to establish a uniform system for the nomenclature of allergens,
the IUIS Allergen Nomenclature Sub-Committee was founded in
1984 under the auspices of the World Health Organization (WHO)
and the International Union of Immunological Societies (IUIS). It
comprises leading experts in allergen characterization, structure,
function, molecular biology, and bioinformatics and is responsible for
maintaining and developing a unique, unambiguous and systematic
nomenclature for all proteins inducing IgE-mediated allergies in
humans, including food allergens. No other form or system of
allergen nomenclature is recognized by the WHO or the IUIS. The
committee also maintains the database of approved allergen names
(www.allergen.org), which has developed from a plain text list to a
fully functional, searchable database.

In order to maintain a consistent allergen nomenclature that
complies with the guidelines established by the sub-committee,
researchers are required to submit newly described allergens to
the Allergen Nomenclature Sub-Committee before submitting
their manuscript to a journal for consideration for publication.
Submissions are kept confidential, and no specific information other
than the name of the new allergen will be disclosed on the web
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site before publication. The submission form is available at www.
allergen.org.

This chapter summarizes the current official nomenclature of
allergens as established in previous publications (King, Hoffman et
al. 1994a, King, Hoffman et al. 1994b, King, Hoffman et al. 1995a,
King, Hoffman et al. 1995b, King, Hoffman et al. 1995¢) and informs
the reader about the guidelines to be followed if submitting new
allergens to the Allergen Nomenclature Sub-Committee.

2.2 ALLERGEN NOMENCLATURE

The official nomenclature of allergenic proteins is based on the
Linnaean binominal nomenclature identifying genus and species of
all organisms. It was first published in 1986 (Marsh et al. 1986) and
revised in 1994 (King, Hoffman et al. 1994a, King, Hoffman et al.
1994b, King, Hoffman et al. 1995a, King, Hoffman et al. 1995b, King,
Hoffman etal. 1995¢c). Allergen names are usually kept consistent over
time, but might be occasionally revised following new developments
in allergy research (Chapman et al. 2007, Radauer et al. 2014).

The general format of allergen names is presented in Table 2.1.
Allergen names are composed of a small letter indicating the origin
of the allergen, the abbreviated genus name, a space, the abbreviated
species name, a space, the allergen number, a period, and a four-digit
number comprising isoallergen and variant numbers. In contrast to

Table 2.1 Allergen nomenclature using rAra h 3.0201 from peanut (Arachis hypogaea)
as an example.

Element Example | Explanation

Origin r n: natural; r: recombinant; s: synthetic

Genus Ara The first 3 or 4 letters of the genus name

Species h The first or the first two letters of the species name

Allergen number 3 Mostly assigned in chronological order of identification

Isoallergen number 02 Groups of allergen sequences from the same species
with >67% but <90% sequence identity are defined as
isoallergens

Variant number 01 Variants of an isoallergen have >90% sequence identity
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species names in biology, which are written in italics, allergen names
are written in plain letters. Italicized letters are used to designate
allergen-encoding genes.

The following guidelines apply when naming new allergens:

2.2.1 Origin

A small letter may be added to specify the origin of the allergens with
n, r and s indicating natural, recombinant and synthetic allergens or
allergen-derived peptides.

2.2.2 Genus and Species Names

Usually the first three letters of the genus and the first letter of the
species are used. In cases of ambiguity, a fourth and second letter,
respectively, may be added. For example, in the genus Prunus (stone
fruits), allergens from apricot (Prunus armeniaca) and cherry (P.
avium) are designated Pru ar and Pru av, respectively. The allergen
nomenclature database follows the taxonomic system used in the
NCBI (http://www.ncbi.nlm.nih.gov/taxonomy) and UniProt
(http:/ /www.uniprot.org/taxonomy /) sequence databases.

2.2.3 Allergen Numbers

Originally, allergen numbers were assigned in the order of identification
of the allergens. Hence, Ara h 1 was the first identified peanut
(Arachis hypogaea) allergen. With the increasing number of
available allergen sequences and the advances in bioinformatics,
the classification of allergens into families of evolutionary
related proteins showed that most allergens can be grouped into
a strikingly small number of protein families (Radauer et al.
2008). Homologous allergens from the same protein family have
similar structures and sequences and are often, but not always,
cross-reactive. In order to enhance the clarity of allergen names,
the Allergen Nomenclature Sub-committee aims at assigning
corresponding numbers to homologous allergens from related
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species (usually from the same family or order). For instance, in
the rose family (Rosaceae), numbers 1 through 4 were consistently
assigned to Bet v 1-related allergens (e.g., Mal d 1, Pru p 1,
Fra a 1), thaumatin-like proteins (Mal d 2, Pru av 2), non-specific lipid
transfer proteins (Mal d 3, Pru p 3) and profilins (Mal d 4, Pru av 4,
Pyr c 4). Established names will not be changed in order to keep the
literature consistent.

2.2.4 Isoallergens and Variants

Homologous allergens from one species with similar molecular
masses, similar biochemical functions (if known) and sequence
identities of more than 67% are called isoallergens (Figure 2.1). They
receive the same allergen number and are distinguished by the first
two digits of the four-digit number following the period. Closely-
related sequences with more than 90% identity are called variants
and distinguished using the third and fourth digit. The 67% and 90%

Dau c_1.0101
Dau_c_1.0102
Dau_c_1.0103
Dau_c_1.0104
Dau c¢_1.0105
Dau_c_1.0201
Dau_c_1.0301

Dau c_1.0101
Dau_c_1.0102
Dau_c_1.0103
Dau_c_1.0104
Dau_c_1.0105
Dau_c_1.0201
Dau_c_1.0301
Consensus

B

Z-\ra_h_2.0101 ———————————— QWEL [RR - QR SYERDPYSPSQDPYSPSP RRGAGSSQ-- 65

Ara_h_ﬁ.olol 77777777777 ERGR| S S S| G| YDS----—--—- —-—= FGSTRSSD-- 53

Ara h_7.0101 TRWDPDRGSRGS TAPSE RREVEQ EQDE-————-—— - Y2 BSRAGSRGROEG 68
T et aae

Consensus

Ara h_2.0101  ——-—- S (QGREQ-EQQFKRELRN| CGLRAP@RCDLDVESGG- 135

Ara_h_6.0101  -—-—--- (QDR@M-VQHFKRE LMN| PQ CNFGAP@RCDLDVSGGRC 124

Ara_h_7 .0101 ESDENQ SFW PAG EPVASDGEGAQE LRVQVT PLRPL------ 139
1

Consensus EyaE AR EALAAK

Figure 2.1 Examples for naming allergens, isoallergens and variants. A. Isoallergens and
variants of the major carrot allergen, Dau c 1. Isoallergen sequences show identities between
49% and 71%, while the variants of Dau ¢ 1.01 are 96-99% identical. B. Peanut allergens from
the 2S albumin seed storage protein family. Ara h 2, Ara h 6 and Ara h 7 show low sequence
identities between 31% and 58% and contain large sequence insertions and deletions when
compared with each other. Hence they received different allergen numbers.
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sequence identity thresholds serve only as guidelines and may be
adjusted in certain cases to reflect the degree of sequence conservation
in specific groups of sequences. For instance, Dau c 1, the major allergen
from carrot (Daucus carota) is composed of three isoallergens. Dau ¢
1.02 has only 49-51% sequence identity to variants of Dau ¢ 1.01 and
Dau c 1.03, but due to their similar sequence lengths all those
sequences were classified as isoallergens of a single allergen
(Figure 2.1A). In contrast, Ara h 2 and Ara h 6 from peanut both
belong to the 2S albumin family and show 58% sequence identity
but aligning their sequences revealed insertions and deletion of
considerable extent. Therefore they received different allergen
numbers (Figure 2.1B).

Not all elements of an allergen name have to be specified. For
example, nMal d 1 denotes the mixture of isoallergens as isolated
from its natural source, Mal d 1.01 may indicate the first isoallergen
without differentiating between variants, while rMal d 1.0101
specifies a particular variant produced as a recombinant protein. The
nomenclature also contains a system for naming fragments, peptides,
mutants and other allergen derivatives. For instance sMal d 1.0101
(120-132) names a synthetic peptide derived from the sequence of
Mal d 1.0101. For further details, the reader is referred to the official
allergen nomenclature publications (King, Hoffman et al. 1994a, King,
Hoffman et al. 1994b, King, Hoffman et al. 1995a, King, Hoffman et
al. 1995b, King, Hoffman et al. 1995c).

2.3 SUBMITTING NEW ALLERGENS TO THE WHO/IUIS
ALLERGEN DATABASE

Researchers are requested to fill in an allergen submission form to be
downloaded from the allergen nomenclature website (www.allergen.
org). This form should contain as much relevant information about
the proposed new allergens as possible. It should be submitted as
soon as collecting data on the allergen has been completed and prior
to submitting these data for publication. The completed form should
be submitted by e-mail to the chair of the Allergen Nomenclature
Sub-Committee whose contact details are indicated on the website.
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Two (or more) members of the sub-committee will review the
submission and assess whether the allergen fulfills the requirements
for inclusion into the allergen nomenclature. The reviewers will
also check for homologies with other known allergens and for any
conflicts with already assigned allergen names. The review process
will take approximately one month after the date of submission.

The chair of the sub-committee will notify investigators about
the status of the proposed new allergen. If the allergen is deemed to
fulfill the requirements, the investigators can use the new allergen
nomenclature in publications, presentations, etc. The full committee
will confirm the nomenclature at the next Sub-Committee meeting.
Should the allergen not fulfill the requirements, the reviewers may
ask for more data or for further clarification about the allergen from
the investigator. Once the allergen name has been approved, the data
will be included in the Allergen Nomenclature database at www.
allergen.org.

Data to be filled into the submission form are summarized in
Table 2.2. The following guidelines will be applied by the Allergen
Nomenclature Sub-Committee in its evaluation procedure.

2.3.1 Allergen Source

Only allergens from sources causing IgE-mediated allergies in
humans are included in the allergen nomenclature database. Hence,
neither proteins allergenic for animals, such as dogs and horses,
nor IgE binding homologs of allergens from organisms to which no
allergic reactions has been described will be considered. For example,
sequences of tropomyosins from invertebrates are highly conserved,
which leads to a high extent of IgE cross-reactivity between
invertebrate tropomyosins. They were identified as food allergens in
crustaceans, mollusks and the fish parasite Anisakis simplex as well
as inhalant allergens in mites and cockroaches (Jeong et al. 2006). A
tropomyosin from fruit fly (Drosophila melanogaster) was also shown
to bind IgE but received no official allergen names, as fruit flies have
not been recognized as allergen sources (Leung et al. 1996).
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Table 2.2 Data requested from submitters of new allergens to the IUIS allergen database.

Data

Notes

Source organism

Name

Scientific name, common name and taxonomic
classification

Tissue in which the allergen is
expressed

Allergens are accepted only if the protein is expressed
in a clinically relevant tissue or organ of the source
organism. Specific sequences are accepted provided that
their expression is shown at least at the mRNA level

Biochemical data of the allergen

Proposed allergen name

The final name will be assigned by the allergen
nomenclature sub-committee

Biochemical name

Molecular mass

Including methods of determination

Protein sequence and
accession number

At least a partial protein sequence is required.
Submitters are required to submit their sequence data to
the NCBI or UniProt sequence database

Nucleotide sequence and
accession number

For cloned allergens. Submitters are required to
submit their sequences to the GenBank/EMBL/DDB]J
nucleotide sequence databases

Protein Data Bank accession
number

If the three-dimensional structure is known

Post-translational
modifications

Glycosylation, cleavage of signal peptides, etc.,
if known

Sequence-related publication

Allergenicity data

Route of exposure

Inhalation, ingestion, contact, etc.

Number of tested patients

Methods of diagnosing the
patients’ allergies

Patients have to be allergic to the source of the submitted
allergen

Methods of determining
sensitization to the submitted
allergen

Measurement of allergen-specific serum IgE, skin tests,
basophil activation, etc.

Number of patients sensitized
to the submitted allergen

Allergens are accepted only if at least 5 patients or 5%
of the patients allergic to the respective source have IgE
binding to the submitted allergen

Allergenicity related
publication
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2.3.2 Sequence Data

At least partial sequences are required for submitted allergens. For
allergens purified from their sources, these data may be obtained, for
instance, by Edman degradation or tandem mass spectrometry. The
allergen should be purified to an extent that allows the unambiguous
connection of IgE binding with the sequenced protein. It is not
sufficient to analyze a crude extract by SDS-PAGE and excise and
sequence those bands which correspond to IgE binding bands in
a Western blot. For allergen sequences amplified from genomic
DNA, the expression of that particular isoform in the tissue relevant
for allergic reaction has to be proved at least on the mRNA level.
Researchers should submit their allergen sequence data to the
respective nucleotide or protein sequence databases. Allergens
submitted without associated accession numbers will not be accepted
by the sub-committee.

2.3.3 Tested Patient Population

IgE binding to the submitted allergen had to be tested using sera from
patients allergic to the source from which the submitted allergen has
been obtained. For instance, when submitting a new apple allergen,
IgE binding has to be tested with sera from apple allergic patients.
It is not sufficient to analyze sera from birch pollen allergic patients
instead, some of whom might have apple allergy while others
might not.

2.3.4 Sensitization to the Submitted Allergen

Submitters are required to evaluate to IgE binding capability of the
new allergen in a sufficiently large population of patients fulfilling
the criteria described above. Allergen will receive an official allergen
name only if either at least five patients or at least 5% of the tested
patients have IgE binding to that allergen.
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2.4 CONCLUSIONS

The official WHO/IUIS allergen nomenclature is the only recognized
system of naming allergenic proteins. Researchers are requested
to use exclusively official allergen names in their publications. In
addition, creating IUIS-like names for new allergens without prior
consultation of the Allergen Nomenclature Sub-Committee is strongly
discouraged, because such names might create inconsistencies with
future official names. Furthermore, it is important to always specify
the exact sequence used when publishing allergenicity data. As an
example, it has been shown that isoallergens of the Bet v 1-related
allergens from celeriac (Api g 1) and carrot (Dau c 1) showed
considerably different IgE binding capacities (Wangorsch et al. 2007,
Wangorsch et al. 2012). Hence specifying only the allergen name
without adding the isoallergen number would provide insufficient
information.

The WHO/IUIS allergen nomenclature database is continuously
updated and supplemented with newly submitted allergens as
well as new data of already published allergens. The IUIS Allergen
Nomenclature Sub-Committee encourages users to notify the
committee of missing or inconsistent records in the database and
thereby aid in providing a reliable and up-to-date resource of
unambiguous allergen names as well as isoallergen and variant
sequence information for the scientific community. Updates and error
reports may be sent to the sub-committee by using the submission
form or by contacting one of the committee members, whose contact
details are published at www.allergen.org.

Keywords: Allergen family; WHO/IUIS; allergen nomenclature; allergen amino
acid sequence; food allergy
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3.1 INTRODUCTION

The prevalence of nut allergy in western countries is a growing trend.
Australian food allergy rates are the highest in the world with up
to 10% of 12 month old children having a food allergy (Osborne et
al. 2011). A severe peanut allergy is typically life threatening and
persists through to adulthood (Fleischer et al. 2003). The safest means
of managing the condition is strict avoidance from the diet, and
access to emergency medications, such as a epinephrine autoinjector
(Boyce et al. 2011).

In fact, peanut allergy rates are reported to have doubled since
1995, according to a small population study involving children
living in the Australian Capital Territory, who were also referred to a
specialist allergy clinic (Mullins et al. 2009). Also, allergy rates differ
demografically within Australia. Challenge proven peanut allergy
in a regional Australian city was lower at 0.8% (Molloy et al. 2015),
compared to the closest major city, 100 Km away, where peanut
allergy occurs in 3% of 12 month old infants (Osborne et al. 2011).

While Australia has some of the highest rates of peanut allergy;,
it is increasing globally. A study by Venter et al. (2010) conducted
in the United Kingdom in 2009, demonstrated that peanut allergy
had increased from 1.3% in 1989 to 2% in 2001-2002. Meanwhile, in
a Canadian cohort, peanut allergy was estimated to affect 2.24%,
while tree nut allergy affected 1.73% of children, these estimates were
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based on a random telephone survey of self reported and clinical
diagnoses in 2008-2009 (Ben-Shoshan et al. 2012).

Also, a 2014 report by Bunyavanich and collegues (2014),
confirms this increasing trend. Where, peanut specific IgE confirmed
allergy, with prescription of epinephrine autoinjector, occurs at a rate
of 2 to 4.9%, with peanut specific IgE at >0.35 kU/L and 214 kU/L
respectively for children aged 7-10 years old in the northeast US.

While one study has shown that the rate of peanut allergy has
doubled according to diagnoses by general practitioners (Kotz et
al. 2011), another study has indicated that diagnosis rates of peanut
allergy have tripled since 1999 (Rinaldi et al. 2012). Tree nut allergy
in particular seems to be rising more in children (Sicherer et al. 2010).
These findings are not uncommon throughout western countries
(Grundy et al. 2002, Sicherer et al. 2003), where allergy rates to
peanuts are lower in developing countries (Ahn et al. 2012, Ho et
al. 2012).

Lastly, children of peanut farmers are just as likely to acquire
a peanut allergy as the general population (Jagdis et al. 2015). In
contrast, higher environmental exposure appears to enhance the
likelihood of peanut allergy (Fox et al. 2009). Allergy to specific nuts
also varies demographically, since hazelnut allergy is more common
among Europeans (Burney et al. 2014). Suggesting, conflicting
evidence as to whether possible increase in peanut exposure in
westernized countries is a key factor in peanut allergy acquisition.

Collectively, this ongoing rising international trend emphasises
the significance of therapeutic intervention and research directed at
stopping the rising frequency of nut allergy.

3.2 WHY ARE NUT ALLERGENS SO ALLERGENIC?

There are several explanations as to why nuts are particularly more
allergenic compared to other foods, and only a trace amount is
capable of eliciting an immune response (Hourihane et al. 1997).
Peanuts in particular are the major cause of an anaphylactic death
after consuming a food allergen (Bock et al. 2007). These include:
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3.2.1 Allergen Abundance

Most nuts contain more than one major allergen. According to World
Health Organisation and International Union of Immunological
Societies (WHO/IUIS) Allergen Nomenclature Sub-committee, the
following allergens have been detected within the following nuts:
Peanuts (Arachis hypogaea: Ara h 1 through to Ara h 17), Cashew
nut (Anacardium occidentale: Ana o 1 through to Ana o 3), Hazelnut
(Corylus avellana: Cor a 1 through to Cor a 14), walnut (Juglans regia:
Jug r 1 through to Jug r 4), Pistachio (Pistacia vera: Pis v 1 through
to Pis v 5, Brasil nut (Bertholletia excelsa: Ber e 1 through to Ber e 3),
Almond (Prunus dulcis: Pru du 3 through to Pru du 6).

3.2.2 Complex Structural Integrity

Most nut allergens are structurally resilient and resistant to thermal
treatment and degradation during gastrointestinal digestion
(Astwood et al. 1996, Kopper et al. 2005). Many allergenic proteins
which are functionally similar also share similar allergenic structural
integrity. For example, Hazelnut allergen Cor a 14, a 2S albumin, is
thermostable and digestion resistant (Pfeifer et al. 2015). Much like
the 25 albumins from peanut, the major allergen Ara h 2 (Koppelman
et al. 2010) and Ara h 6 (Hazebrouck et al. 2012). Nut allergens also,
commonly have many binding sites for IgE (Burks et al. 1997, Stanley
et al. 1997, Rabjohn et al. 1999). These IgE binding sites are often
internalized within the allergens core (Maleki et al. 2000) and hence,
unreachable by various digestive enzymes.

3.2.3 Special Allergen Attributes

Many nut allergens have been observed to also act in other ways
to have increased allergenic potential. For example, Ara h 1 acts
as an immune adjuvant through inducing monocyte-derived
dendritic cells through attachment to Dendritic cell (DC)-specific
ICAM-grabbing nonintegrin (Shreffler et al. 2006). Possible adjuvant
activity has also been observed with peanut extract, which has been
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observed to disrupt tight junctions in human intestinal epithelial
cells (Price et al. 2014), which seal the intestinal barrier from the
external lumen, therefore allowing increased allergen contact with
the intestinal immune system. Additionally, Ara h 2 is an effective
inhibitor of trypsin (Maleki et al. 2003). This suggests that there is an
increased chance that peanut allergens will remain intact and thus
be exposed to the intestinal epithelium, from where they unleash
their potential immune response.

3.3 WHAT THERAPIES ARE CURRENTLY ADDRESSING NUT
ALLERGY?

Current therapies used to mitigate peanut allergy are mucosally
targeted. Since, subcutaneous immunotherapies are not successful for
treating peanut allergies, as they are associated with higher numbers
of adverse reactions (Oppenheimer et al. 1992). Mucosally targeted
therapies include oral therapies such as Oral Immunotherapy (OIT)
and sublingual Immunotherapy (SLIT).

OIT shows promising success rates. A Randomised, double-blind
placebo-controlled Food challenge (DBPCFC) trial, testing for the
efficacy of orally administered peanut, observed that 62% of peanut
recipients achieved increased tolerance to peanut compared to 0%
of those assigned to placebo challenge during phase 1 of the study
(Anagnostou et al. 2014). At the end of the study, 91% of individuals
tolerated 800 mg peanut, and 54% of subjects tolerated a 1400
mg dose. Other OIT trials have demonstrated similar successful
findings (Kim et al. 2011). Also, simultaneous dosing of probiotics in
conjunction with OIT is currently showing promise as a successful
treatment for peanut allergy (Tang et al. 2015). Preliminary data
indicates that early intervention OIT in children aged less than 3 years
old, demonstrates better success and sustained unresponsiveness to
peanut (Vickery et al. 2015). Suggesting that treating peanut allergy
early is more successful.

One study, comparing OIT and SLIT, demonstrated that OIT was
far more effective at inducing unresponsiveness to peanut compared
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with SLIT (Chin et al. 2013). However, adverse reactions were also
more likely to occur using OIT in addition to participant withdrawal
prior to study end (Narisety et al. 2015). Indicating that participants
are more likely to endure SLIT for safety reasons, despite the clinical
success of OIT.

Another DBPCFC trial, examining the efficiency and safety of
SLIT, observed that 70% of those receiving peanut sublingually
demonstrated increased tolerance to peanut compared to 15%
of placebo recipients. Among those responders, average peanut
tolerance increased by more than 140% to 496 mg peanut (Fleischer et
al. 2013). Long term follow up of this study, observed that responders
generally maintained desensitisation to peanut, and its use as a
potential therapy for peanut allergy is promising given its high safety
rate (Burks et al. 2015). However, since this therapy is conducted on
a daily basis over a number of years, participant adherence rates are
considerably low, making it an unsuitable therapy for some.

Collectively, current available therapies all have their limitations.
As yet, there is no safe, effective, practical therapy to treat peanut
allergy other than strict dietary avoidance and emergency
medication. This remains a major area of ongoing clinical and
biological investigation.

3.4 EXPLORING CAUSES OF NUT ALLERGY
3.4.1 Breaking Down Barriers
3.4.1.1 Increased intestinal permeability

The specific role that a more permeable intestinal barrier plays in
food allergy is yet undefined. A 2005 review by Liu et al. (Liu et al.
2005), summarises the paediatric diseases, which may be augmented
via an ongoing leaky intestinal epithelium. These include diabetes,
asthma, inflammatory bowel, allergy, celiac disease and even autism.
Although there is a correlation between these diseases and intestinal
permeability, additional data is required for a concise conclusion to
be made about the subject.
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Early studies assessing the macromolecular absorption of food
particles in term and pre term infants, observed that premature babies
had significantly higher absorption rates of f-lactoglobulin compared
to term infants (Axelsson et al. 1989). On another note, increased
intestinal permeability hasbeen associated with babies fed with formula
milk compared to babies fed with breast milk before 1 month of age
(Taylor et al. 2009).

Collectively, if we consider the mode of action of the common
immune adjuvant: cholera toxin, and the intestinal barrier response
to peanut extract (Price et al. 2014). That is, they both act to disrupt
tight junctions to increase intestinal permeability and consequent
immune system exposure. Then we can apply this mechanism to
infantile intestinal permeability with regards to nut allergen immune
responses. For example, if increased infant intestinal permeability
is associated with increased risk of allergy, then we could assume
that premature infants, that have increased intestinal permeability
compared to term infants, should be more likely to suffer from
allergic disease.

Currently, evidence shows mixed views on whether prematurity
is a risk factor for allergy. Earlier studies observed a connection
between prematurity and atopy (Lucas et al. 1990, Kuehr et al. 1992).
However, more recent studies have shown no association between
the incidence of atopic disease and premature birth (Liem et al. 2007,
Kvenshagen et al. 2009). Other studies indicate that premature birth
may actually decrease the incidence of allergic disease (Pekkanen et
al. 2001, Crump et al. 2011, Siltanen et al. 2011). In fact, prematurity
may actually decrease the occurrence of atopy in the long term
(Siltanen et al. 2001). The differences within these studies may be
accredited partially to variation in study design. However, it must
be acknowledged that the recent evidence indicates zero association
and even a decreased risk of atopy for preterm individuals. Thus,
an extra ‘leaky” gut may not only be beneficial from a nutritional
point of view for premature infants but may help to desensitise the
intestinal immune system to potential allergens.

Collectively, it is likely that infant intestinal permeability and
the infant immune system are developing concurrently, and that

47



Food Allergy: Molecular and Clinical Practice

the developments of the two are intrinsically linked. Perhaps the
increased permeability observed in preterm, and to a lesser degree
term, neonates may allow for an increase in immune exposure to
many dietary antigens. Additionally, if it is less likely for a preterm
neonate to develop allergy despite increased intestinal permeability,
then perhaps this extra ‘leaky” gut leads to increased antigen
exposure, and therefore may be protective against food allergy,
through the promotion of antigen tolerance. This would therefore be
dissimilar to the immune response we see in animal atopic studies
to immune adjuvants like cholera toxin, which are usually adult
animals with mature immune systems, and where intestinal barrier
permeability is artificially amplified to increase allergen entry.
Therefore, perhaps increased intestinal permeability is beneficial
in promoting immune tolerance only when the immune system is
developing during infancy.

Lastly, it is interesting to note that an infant’s gastrointestinal tract
isimmature at birth, and continues to develop postnatal. For example,
the acidity of the stomach does not appear to reach adult levels until
the age of 2 (Deren 1971). Also, various proteolytic enzymes are
below adult levels, as reviewed by Lebenthal and colleagues (1983).
In addition, food allergens, especially nuts, are extremely robust
regarding food processing, heat treatment, and digestion leaving
relatively intact allergens or peptides with IgE-binding epitopes able
to sensitise and elicit an immune reaction (described above). These
characteristics, combined with a more permeable intestinal barrier
in infants, favour the exposure of semi-digested /intact allergens to
the mucosal immune system.

Infant gut digestive maturity and intestinal permeability may
be critical in acclimatizing the developing infant’s immune system
to common environmental and dietary proteins, including nut
allergens. The timing of allergen introduction, discussed below,
during infant digestive and immune maturity may be a key player in
allergic sensitization process, as infant gut maturity could ultimately
dictate the allergic potential and intestinal absorption pathway of
particular allergens, especially peanuts (Price et al. 2013).
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3.4.1.2 Dermal barrier failure

Unlike the possible protective benefits of increased intestinal
permeability, described above. Breakdown of the dermal barrier
appears to increase the risk of food allergy. Where, loss of function
mutations in the filaggrin gene is associated with peanut allergy
(Brown et al. 2011) as well as other food allergies (Linneberg et al.
2013, Venkataraman et al. 2014, Ginkel et al. 2015). Where filaggrin
plays a crucial role in maintaining dermal barrier function (Irvine et
al. 2011). This indicates that dermal barrier function can play a critical
role in the sensitization process, and that the sensitization process is
not route specific. This supports the notion that food intolerances are
initiated through the skin. Where, it has been shown that the dermal
barrier is capable of sensitizing the immune system when an adjuvant
is present (Dunkin et al. 2011), where the adjuvant promotes barrier
breakdown. Exposure through skin has also shown to illicit a Th2
immune response to peanut allergens on areas of undamaged skin
in mice, where adjuvant activity by peanut is suspected (Tordesillas
et al. 2014). Also, unintentional exposure is likely to occur through
the skin, since exposure is uncontrolled, unlike that of the oral route.

3.4.2 Initial Allergen Encounters—Is the Timing of Allergen
Introduction Important?

3.4.2.1 In utero

It has been long recommended to delay the introduction of certain
foods to infants at risk of developing atopic disease (Fiocchi et al.
2006), and antigen avoidance during pregnancy, to prevent atopic
disease. Other studies with contradicting or inconclusive outcomes
regarding maternal and infant avoidance diets prompted the
re-evaluation of the dietary management strategies to prevent the
incidence of allergic disease (Poole et al. 2006, Snijders et al. 2008).
A report by Greer et al. (Greer et al. 2008) on early nutritional
intervention, summarised that there is inconclusive evidence to
suggest that maternal antigen avoidance poses an increased risk for
the development of atopic disease.
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In fact, A Danish population study indicated that peanut and
tree nut consumption during pregnancy may actually reduce the
occurrence of allergic disease in children (Maslova et al. 2012).
Moreover, for non-nut allergic mothers that consumed peanuts
during and just prior to pregnancy, there was decreased risk of
peanut allergy in their children. These mothers were however, more
likely to give their children nuts at an early age, so tolerance may
have been achieved through early childhood introduction, discussed
later, and not maternal diet (Frazier et al. 2014). Also, children in the
United States were 47% less likely to have a peanut allergy if their
mothers consumed peanuts in the first trimester of their pregnancy
(Bunyavanich et al. 2014). However, infants with a pre-existing milk
or egg intolerance were more likely to be sensitized to peanuts, as
per elevated peanut specific IgE, if their mothers consumed peanuts
during pregnancy (Sicherer et al. 2010). Also, peanut and hazelnut
specific IgE have been detected in cord blood indicating that
sensitization may in fact occur in utero (Pfefferle et al. 2008). Higher
levels of total IgE have been observed in the cord blood of babies from
non atopic mothers who were exposed to pesticides (Hernandez et al.
2013), air pollution and cigarette smoke (Herr et al. 2011). However,
IgE of sole feotal origin remains questionable (Bergmann et al. 1995).
Thus, currently it appears debatable whether nut allergen exposure
during pregnancy is a key risk factor for acquiring a nut allergy in
childhood. However, current evidence may suggest that maternal
consumption is protective against peanut allergy.

3.4.2.2 Breast milk

Recently, breastfed infants in the Australian Capital Territory where
more likely to develop a parental reported nut allergy by the age
of 5 if they were exclusively breastfed for the first 6 months of life,
compared to combined feeding with breast milk and other foods, or
other foods alone (Paton et al. 2012). This is not surprising since peanut
allergens are present in breast milk upon maternal consumption
(Vadas et al. 2001, Schocker et al. 2015), and therefore available for
immune sensitisation. However, another study comparing breastfed
children from Jewish mothers in the United Kingdom and Israel,
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observed a protective effect from peanut consumption. Where,
peanut consumption is higher, and peanut allergy lower, in Israeli
mothers compared to UK mothers (Du Toit et al. 2008). Also, peanut
sensitised mice have demonstrated tolerance rather that sensitisation
to peanut allergens contained within human milk, further suggesting
a protective benefit (Bernard et al. 2014).

3.4.2.3 Early foods

There is lack of evidence to support delaying the introduction of
certain foods, such as, those deemed highly allergenic (peanuts, fish
and eggs) after the recommended time to introduce complimentary
solid foods into the infant’s diet, ~4 to 6 months of age. Other studies
show similar findings (Lilja et al. 1989, Falth-Magnusson and Max
Kjeltman 1992, Kramer 2000, Kramer and Kakuma 2006). In fact, in
the same study mentioned above comparing peanut allergy among
Israeli and UK Jewish children, there is a tenfold increase in the
prevalence of peanut allergy among children who do not consume
peanuts before the age of 1 (Du Toit et al. 2008).

Also, a recent randomized trial study, also demonstrated
overall protective benefits against peanut allergy in infants with a
pre-existing egg allergy, severe eczema or both combined. When
peanuts were consumed compared to a peanut-free diet, the
occurrence of peanut allergy was 3.2% and 17.2% respectively by
the time the children where 5 years old. This same study aimed
at assessing high-risk individuals who had a mild skin prick test
to peanut in addition to other atopic conditions, compared to
individuals with a negative skin prick test. Findings revealed that
individuals at high risk for peanut allergy who avoided peanuts
were more than 3 times as likely to have a peanut allergy by the time
they were 5 years old. Also, individuals with negative skin prick test
to peanut at the commencement of the study where 7 times more
likely to have a peanut allergy at age 5 if they had avoided peanut
protein (Du Toit et al. 2015). Overall, Peanut consumption rather than
avoidance during infancy appears to be protective against peanut
allergy compared to prior knowledge.
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3.4.3 Immune System Development—Preparing the Gut for
Nut Allergen Contact

3.4.3.1 The mucosal response to microbe colonization and
gut development

The specific roles gut flora play in gut development is less
understood. Hooper and colleagues (Hooper et al. 2001) investigated
the effect of inoculating germ free mice with a single microflora
Bacterioides theaiotaomicron. This resulted in the increased expression
of genes related to nutrient absorption, gut motility, barrier integrity
and toxin metabolism. Interestingly, germ free mice are also more
easily sensitised to the peanut allergen Ara h 1 compared to mice
with normal intestinal microflora (Stefka et al. 2014). Indicating
that microflora colonisation is necessary to protect against
allergy, at least in mice. Also, treatment of two intestinal cell lines,
LS-123 and IEC-6 respectively, with varying bacterial components
(lipopolysaccharide from E. coli, K. pneuminia and P. aeruginosa. Lipid
A monophosphoryl from E. coli, lipothecoid acid from S. faecalis and
peptidoglycan from S. aures) increased DNA expression in both cell
types to variable degrees (Olaya et al. 2001). However, colonisation
of the gut by certain bacteria have demonstrated direct interaction
with tight junctions and thus modified barrier function by increasing
intestinal permeability. Clostridium perfringens enterotoxin causes
the delocalisation of the tight junction protein occludin in caco-2
tight junctions into larger more complex species within the cell
(Singh et al. 2000). The same group also showed that the interaction
caused cellular toxicity and that this toxicity permitted the access to
additional tight junction proteins (Singh et al. 2001).

Also, specific populations of bacteria are more common than
others in infants with food allergy, specifically Clostridium from
cluster 1 (Clostridium sensu stricto) (Ling et al. 2014). This indicates
that not all microbes promote healthy gut and immune development.
Thus various mechanisms are likely in place to prevent the growth of
pathogenic microbes while supporting the growth of others. It may
also suggest that specific bacterial populations dominate in disease
states, such as food allergy, as either cause or effect of gut/immune
disequilibrium.
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In response to luminal antigens, intestinal epithelial cells secrete
arange of products. These control microbial overgrowth, preventing
infection and promote microbial equilibrium within the intestinal
environment. Meyer-Hoffert and collegues (2008), suggest that
the ability to actively inhibit intestinal bacterial growth occurs
predominately after weaning, and therefore the establishment of
the neonatal microbiota may not be influenced by the presence of
enteric derived antimicrobials. Antimicrobial peptides present within
extracts of mucus obtained from mouse intestine actively killed
both healthy commensal bacteria as well as pathogenic bacteria,
significantly more than extracts obtained from the luminal contents.
Here, the particular known microbials identified included defensins
1-4 and 6, thymosin-b, ubiquicidin, ribosomal proteins L29 and L35,
lysozyme P (Meyer-Hoffert et al. 2008). Thus, proper colonisation of
the gut by commensal flora is necessary for its proper physiological
development and function as well as immune tolerance induction.

Given that our gut flora are a major stimulus for our developing
gut and immune system, it is likely that an intricate combination of
specific flora are required for the timely development and proper
functioning of our gut and associated immune system. Also, it is
highly possible that pre stimulation of the intestinal epithelium by
commensal flora may play a role in epithelial conditioning to antigen
sensitisation. For example, by improving barrier integrity, which
controls allergen transport or acclimatising the immune response to
foreign antigens. Many variables involved with the establishment
of a healthy gut microbiome are discussed in further detail below.

3.4.3.2 Normal establishment of the microbiome

Changes to child rearing practices and lifestyle in the last century
including birthing techniques, living conditions, diet and antibiotics
all affect the intestinal microflora, but whether these alterations have
been detrimental is unknown. This concept of decreased exposure to
the microbial environment forms the basis of the hygiene hypothesis,
where less atopic disease was observed among larger family sizes
(Strachan 1989). Below we discuss the major influencing factors
that may affect the intestinal flora. In doing so we can observe a
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correlation between deviations to intestinal health and development
of nut allergy.

3.4.3.3 Living conditions

The immune system is constantly receiving information about
external environmental antigens, through contact between the
external environment and the various epithelia throughout the body.
How our environment affects our sensitivity to specific antigens is
not well understood. Environmental stimulation of the immune
system by bacteria can be reflected by comparative epidemiological
studies on individuals living anthroposophic or farming lifestyles,
where these lifestyles are typically associated with lower prevalence
of atopic disease. Those individuals who live an anthroposophic
lifestyle, where there is a lack of immunisation and occurrence of
childhood diseases are higher (e.g., measles), have a significantly
reduced prevalence of allergy (Alm et al. 1999). This study also
observed that those children who lived a anthroposophic lifestyle
were typically also breast fed longer and consumed more fermented
vegetables, which may directly affect the intestinal microflora
(Alm et al. 1999). Similarly, a cross-sectional survey conducted by
Douwes et al. (Douwes et al. 2008), on farmers in New Zealand,
has demonstrated that exposure to a farming environment during
pregnancy correlates positively with reduced childhood eczema,
hay fever and asthma. An earlier study conducted in Germany
demonstrating similar findings, observed a positive correlation
between exposure to a farming environment and reduced asthma and
hay fever (Ehrenstein et al. 2000). This may very well be attributed to
endotoxin exposure as a result of a farming environment compared
to a non-farming environment (Braun-Fahrlander 2003).

3.4.3.4 Birth type

Colonisation of the sterile intestinal tract by intestinal microflora begins
immediately after birth. The type of birth influences the initial bacterial
species colonising the newborns intestinal tract. Vaginal delivery
more commonly promotes the initial colonisation of Bifidobacterium,
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B. catenulatum and B. longum (Biasucci et al. 2008), as well as the
presence of Bacterioides fragilis (Grolund et al. 1999). Interestingly,
vaginal delivery also causes significant fluctuations to circulating
cytokine levels compared to caesarean delivery (Malamitsi-Puchner
et al. 2005). Caesarean delivery on the other hand, delays the
colonisation of Bifidobacteria in the newborn gut for up to 6 months
(Biasucci et al. 2008). These infants also typically have significantly
higher numbers of Clostridium perfringes compared to vaginally
delivered infants (Grolund et al. 1999). Interestingly, the number of
caesarean births has risen from 19.1 to 29.5 per 100 births, as reported
by a New South Wales study from 1998 to 2008 (Stavrou et al. 2011),
with similar trends observed in the United States (MacDorman et
al. 2008). Also, general sterility of the birthing environment has
increased with the utilisation of hospital grade cleaners.

3.4.3.5 Infant feeding practices

Feeding practices also influence the composition of the intestinal
microflora. Breastfeeding promotes the growth of Bifidobacteria
(Harmsen et al. 2000). Also recently, the discovery of Ruminococci
at equally high levels as Bifidobacteria, has been observed using
molecular techniques (Favier et al. 2002, Favier et al. 2003). This
observation of Ruminococci has lead to the finding of Ruminococci
A, which has shown to prevent Clostridium (Dabard et al. 2001).
Interestingly, breast fed infants are less frequently colonised by
Clostridium before weaning (Stark and Lee 1982). Thus, the role
that Ruminococci plays in interbacterial inhibition may be of interest
when analysing the development of the intestinal mucosal immune
system, especially regarding Clostridium colonisation.

3.4.3.6 Antibiotics

Antibiotics has been shown to induce sensitization to the major peanut
allergen Ara h 1 in wild type mice much like the response observed
in mice lacking a functional Toll-Like receptor 4, which is a receptor
involved in bacterial lipopolysaccharide signaling (Bashir et al. 2004).
This suggests that signaling between the gut immune system and the

55



Food Allergy: Molecular and Clinical Practice

commensal flora is key in regulating immune responses to luminal
antigens. Similar allergic responses were observed in antibiotic
treated mice as well as germ free mice exposed to peanut and cholera
toxin compared to normal colonized mice (Stefka et al. 2014). Here, it
was shown that antibiotics effectively removed bacterial populations
belonging to the phyla Firmicutes and Bacterioidetes. Where, these
populations were replaced by those belonging to Lactobacilliacae.
Interestingly, recolonizing the mice with Clostridia clusters XIVa,
XIVb, and IV but not Bacterioides appeared to reduce the allergic
response to peanut (Stefka et al. 2014). This observation could
be attributed to the loss of induction and decreased expansion
of T regulatory cells (Treg), where clostridium from clusters 1V,
XIVa and XVIII are assumed to provide an abundance of bacterial
antigens to increase the bacterial antigen repertoire for the immune
system (Atarashi et al. 2011), specifically CD4* CD25* Foxp3* Tregs
(Russell et al. 2012). However, Clostridium clusters XIVa and XVIII
are dominate in food allergic infant fecal samples (Ling et al. 2014),
suggesting that their role in immune suppression is not as strong as
previously thought.

As mentioned previously, Clostridium colonisation has been
shown to be protective against peanut allergy (Stefka et al. 2014).
However, Clostridia are also actively inhibited in breast fed infants,
indicating that clostridia are opportunistic pathogens and their
growth is suppressed by that of healthy commensals. However,
despite Clostridium’s pathogenic tendencies, perhaps their presence
in the gut is also required to guard against immune overreaction.
Since, breast fed infants are more likely to be sensitized to peanuts
(Paton et al. 2012). It is more than likely however, that immune
modulation is species specific regarding Clostridium.

An earlier study observed that prior to the development of
atopy, distinct differences in the gut microflora are evident. Thus,
a specific microflora composition may be crucial for the proper
development of non-atopic immunity. This particular study used
fluorescence in situ hybridisation, which is more sensitive than
classical culturing techniques, to identify that atopic individuals
had more Clostridia and less Bifidobacteria than their non-atopic
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counterparts (Kalliomaki et al. 2001). Similarly, in a more recent
study, atopic individuals were also observed to have higher numbers
of Clostridium difficile compared to non-atopic individuals using
RT-PCR (Penders et al. 2007).

3.4.3.7 Probiotics

In recent years, the use of probiotics has been utilised for the
potential treatment and prevention of atopic disease, but are
subject to debate. Beneficial effects have been observed with the
supplementation of Lactobacillus casei in the form of fermented milk,
with a 33% reduction in the occurrence of allergic rhinitis, but little
alteration to asthmatic episodes in children aged 2 to 5 in northern
Italy (Giovannini et al. 2007). Also, maternal supplementation with
Lactobacillus rhamnosus and Bifidobacterium lactis helped to prevent
atopic disease in infants who were exclusively breast fed for more
than 2.5 months by atopic mothers (Huurre et al. 2008). In addition,
supplementation with a combined mixture of Lactobacillus,
Bifidobacterium and Propionibacterium only helped to prevent IgE-
associated allergy in infants delivered by caesarean up to the age of
5 years (Kuitunen et al. 2009). Conversely, another study observed
no protective effect of probiotic supplementation with Lactobacillus
acidophilus for the first 6 months of life, as observed at 1 year of
age (Taylor et al. 2007). Similar results were obtained, where no
collective preventative effect was observed for all allergies. However,
borderline significance was observed for IgE-associated atopic
disease, as well as a significant reduction in eczema (Kukkonen et
al. 2007). Recently, a study comparing the bacterial species diversity
of food allergic and non food allergic Chinese infants, demonstrated
that food allergic infants had increased levels of the probiotic bacteria
Lactobacillus and Bifidobacterium (Ling et al. 2014).

Given that antibiotic use can modify intestinal microflora
populations and consequently increase the risk of nut sensitivity.
Then we can apply this concept to the use of probiotics to act as
immune adjuvants to stimulate desensitization to existing nut
allergies. Since, in peanut allergic mice, Foxp3* Tregs were induced
and allergic response reduced after probiotic treatment (Barletta
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et al. 2013). Interestingly, another Treg and T helper cell inducing
probiotic, Lactobacillus rhamnosus has shown promise at modulating
the immune response to cow’s milk (Pohjavuori et al. 2004) and more
recently peanut allergy (Tang et al. 2015). Specifically, L. Rhamnosus
was administered combined with peanut challenge in a double-blind
placebo-controlled trial, to children aged between 1 and 10 for 1.5
years. Here, 80% of allergic individuals were unresponsive to peanut
challenge at the end of the trial (Tang et al. 2015). It remains unclear
whether prolonged unresponsiveness is achieved after 5.3 weeks, the
study conclusion. Also recently, Bacillus subtilis expressing a Ara h 2
and Cholera toxin B fusion protein, was administered as a probiotic
to peanut allergic mice. Here, peanut tolerance was induced through
production of protective IgA instead of IgE (Zhou et al. 2015). In fact,
probiotics have been shown to encourage the degradation of the
peanut allergen Ara h 2 in human intestinal epithelial cells, through
mechanisms increasing their barrier function (Song et al. 2012).

3.5 CONCLUSIONS

The incidence of nut allergy is increasing. High allergen content,
robustness to degradation by heat and digestive processes, as well as
immunological adjuvant attributes, makes nut allergens, particularly
peanut, potent allergenic foods. Current therapies aimed at mitigating
nut allergies have their limitations, and is an area of ongoing research
and development. Current explanations for the increased rates of
nut allergies, particularly peanut, are centralised around timing
of exposure, barrier dysfunction, and microbial desensitisation of
Th2 immune responses by environmental pathogen exposure. The
escalation of nut allergy prevalence remains an enigma, and will
continue to drive sufferers, scientists and clinicians alike, nutty
for many years to come, until safe and effective therapeutics and
prevention strategies are developed in the future.

Keywords: Nut allergy; allergen sensitisation; allergy therapy; food allergy
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Egg Allergy

4.1 INTRODUCTION

Allergy to hen’s egg is perhaps the most common paediatric food
allergy worldwide. This is certainly true for Australia and North
America. Itis unclear what makes this otherwise nutritious, innocuous
and widely consumed food quite so allergenic. In this chapter we
will examine the molecular characteristics and biochemistry of hen’s
egg and the epidemiology, diagnosis, management and prevention
of both IgE- and non-IgE mediated egg allergies.

4.2 EGG PROTEIN ALLERGENS: COMPOSITION AND
CHEMISTRY

The proteins responsible for the majority of allergic reactions to egg
are thought to be present within egg white, as opposed to the yolk
(Caubet et al. 2011, Everberg et al. 2011). The predominant allergens
have been characterised and are described in Table 4.1.

Table 4.1 Major allergens present in egg.

Allergen | % w/w | Mol IgE- Heat | Digestion-
total wt binding | stability | resistance
protein | (kDa) activity
Egg White

Ovalbumin Gald 2 54% 45 ++ - +
Ovomucoid Gald1 11% 28 +++ +++ +++
Ovotransferrin Gald3 12% 76.6 + - -
(conalbumin)

Lysozyme Gal d 4 3.4% 14.3 ++ -

Riboflavin binding 0.8% | 30-35 ? ++
protein (RfBP)

Egg Yolk

Alpha livetin Gald5 ~9% 65-70 ++ +/- ?
(chicken serum

albumin)

Vitellogenin-1 Gald6 35 ? ++ -
precursor (YGP42)

Riboflavin 0.3% | 30-35 ? ++ +
binding protein

(RfBP)

Apovitellenin ~5% ~10+ ? ? ?
I, VI
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4.2.1 Egg White

Egg white is made up of approximately 90% water and 10% protein;
this protein fraction constitutes just over half of the total protein
content of an egg. Approximately 40 different proteins have been
identified within egg white, but the literature in terms of allergenicity
is generally limited to the four main constituents: ovalbumin,
ovomucoid, ovotransferrin and lysozyme. The relative importance
of these proteins in IgE-mediated allergy has at times proven
controversial. Bernhisel-Broadbent et al. proposed that in most egg-
allergic individuals, IgE-binding to ovalbumin may in fact be due
to contamination of commercial ovalbumin with ovomucoid. They
suggested that “ovomucoid is the immunodominant protein fraction
in egg white, and that the use of commercially purified ovalbumin
has led to an overestimation of the dominance of ovalbumin as a
major egg allergen” (Bernhisel-Broadbent et al. 1994). However, a
subsequent study using purified commercial preparations of these
four protein constituents (by chromatography based on affinity
to monoclonal antibodies) found contamination was as much
of an issue with commercial ovomucoid as for ovalbumin, with
significant lysozyme contamination in the former, an observation
reported elsewhere (Jacobsen et al. 2008). Both studies confirmed
IgE to ovalbumin as a major determinant of egg allergy, in addition
to ovomucoid (Table 4.2).

Ovalbumin (Gal d 2) is the most abundant glycoprotein in egg,
constituting approximately 54% of the total egg protein by weight.

Table 4.2 Comparison of IgE binding to commercially available (crude) and purified
preparations of egg-white allergen components in various studies.

Study Allergen | Ovomucoid | Ovalbumin |Ovotransferrin| Lysozyme
type (Gald1) (Gald 2) (Gald 3) (Gald 4
D’Urbano et | Commercial | 24/46 (52%) | 20/46 (44%) 6/46 (13%) |17/46 (37%)
al. (2010)

Jacobsenetal. | Purified |10/10 (100%) | 7/10 (70%) 10/10 (100%) | 3/10 (30%)
(2008)

Everberg et al. | Commercial | 75/83 (90%) | 75/83 (90%) 73/83 (88%) |48/83 (58%)
(2011)

Purified | 60/83 (72%) | 72/83 (87%) 57/83 (69%) | Purification

not needed
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A number of IgE-binding epitopes have been identified (Mine and
Rupa 2003), many of which retain their ability to bind IgE from sera
of egg-allergic individuals following simulated digestion (Benede et
al. 2014). Ovalbumin is heat-labile and undergoes conformational
changes which might reduce IgE-binding (Joo and Kato 2006). This
has been proposed as one mechanism through which egg-allergic
individuals are able to tolerate extensively-heated egg, for example
in baked foods (Martos et al. 2011). However, IgE-binding to linear
epitopes in ovalbumin, which are not modified through heat-
treatment, have also been reported (Mine and Zhang 2002).

Ovomucoid (Gal d 1) is the second most abundant glycoprotein
by weight, and may be the dominant allergen in IgE-mediated egg
allergy, primarily due to the resistance of its IgE-binding epitopes
to heat and digestion (Urisu et al. 1997). However, ovomucoid
does undergo a degree of gastric-modification, which affects
allergenicity; it has been suggested that this observation might
explain the phenomenon of contact reactions to raw egg in children
who otherwise tolerate egg ingestion (Urisu et al. 1997). Ovomucoid
comprises 186 amino acids arranged in three tandem domains
(Gald 1.1, 1.2, and 1.3), the second of which may be most associated
with IgE binding (Cooke and Sampson 1997). A number of studies
have reported IgE to ovomucoid is predictive for lack of tolerance to
heat-modified egg (Ando et al. 2008, Lemon-Mule et al. 2008, Tan et al.
2013) and persistence of egg allergy (Bernhisel-Broadbent et al. 1994,
Jarvinen et al. 2007). Epitope mapping, using a peptide microarray
immunoassay, has been used to study IgE-binding to ovomucoid;
interestingly, sera from 17 of 50 patients studied did not demonstrate
IgE binding to linear epitopes (Martinez-Botas et al. 2013).

Ovotransferrin (Gal d 3) is an iron-binding protein, which exhibits
significant lability to heat and digestion. Although the 3-D structure
has been elucidated, the IgE-binding epitopes remain unidentified
(reviewed in Matsuo et al. 2015).

Lysozyme (Gal d 4) is not considered to be a major allergen,

however at least one third of egg-allergic patients appear to be
sensitised to lysozyme (Fremont et al. 1997) (Table 4.1). It has been
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well-characterised, primarily due to its use as a food preservative
(D’Urbano et al. 2010) and a number of IgE-binding epitopes have
been identified, which are digestion resistant (Jimenez-Saiz et al. 2014).

Egg white also contains a number of other proteins, of which
2 (egg white cystatin and lipocalin-type prostaglandin D synthase
(L-PGDS)) have recently been identified as possible allergens (Suzuki
et al. 2010). Riboflavin binding protein (RfBP), present in small
quantities in both egg white and yolk, has also been reported to bind
IgE from sera of egg-allergic children (Martos et al. 2012). However,
the study used pooled sera, so the clinical relevance of their findings
is difficult to ascertain.

4.2.2 Egg Yolk

Chicken serum albumin (Gal d 5), also known as alpha-livetin,
is not considered to be a major determinant of conventional
IgE-mediated egg allergy (D’Urbano et al. 2010). However, it has
been identified as the causative allergen of bird-egg syndrome:
where affected individuals are thought to be primarily sensitised to
airborne bird allergens, with cross-reactivity to albumin in egg yolk
causing predominantly respiratory symptoms (both upper and lower
airways) with egg ingestion (Mandallaz et al. 1988, Quirce et al. 2001).

A35-kDa fragment of the vitellogenin-1 precursor, known as the
YGP42 protein (Gal d 6), has alsobeen identified as an egg yolk allergen
(Amo et al. 2010). This protein is also heat-stable, but susceptible to
gastric modification. The protein does not appear to have a major
role in conventional egg allergy, with a minority of patient (5/27)
showing specific binding to the protein. It may, however, explain
the presence of bird-egg syndrome in patients with negative testing
to Gal d 5.

Other potential allergens within egg yolk include apovitellenins
I and VI and phosvitin, with 25% of 40 egg-allergic children
demonstrating IgE to these proteins in one report (Walsh et al. 2005).
However, these ‘minor” yolk allergens remain poorly investigated,
and it is difficult to draw conclusions as to the relative importance
of these allergens.
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4.3 PRIMARY PREVENTION OF EGG ALLERGY

Given the rise in prevalence of food allergy in both the developed
and developing world (Prescott et al. 2013), attention is now
keenly focused on strategies that will prevent the development or
establishment of food allergy. One key question in this area relates to
the best timing for introduction of egg (and other allergic foods) into
the diet of both infants considered at high risk of allergy and low risk
(based on heredity). Two decades of recommendations to avoid early
dietary exposure to egg have been accompanied by increasing rather
than decreasing incidence of egg allergy in children. Findings from
several large observational and cross-sectional cohorts now suggest
that introduction of egg between 4-8 months may be associated with
a reduced incidence of IgE-mediated egg allergy (Koplin et al. 2010,
Nwaru et al. 2013). Moreover, other observational cohorts have been
unable to demonstrate a protective effect from delayed introduction
of egg. Level 1 evidence from randomised controlled trials is currently
lacking, however several early egg introduction primary prevention
trials are currently underway. Based on the epidemiological evidence
to date, and level 1 evidence from the LEAP peanut allergy trial
(Du Toit et al. 2015), and encouraging immunological data from
smaller studies (Palmer et al. 2013) most feeding guidelines from
specialist national allergy societies recommend introduction of egg
into the diet of infants from 4 months of age, irrespective of allergic
heredity (Fleischer et al. 2013, Muraro et al. 2014).

There is no evidence that maternal avoidance of egg in the diet
during pregnancy or lactation reduces the risk of egg allergy and for
this reason, maternal dietary restrictions on the basis of prevention
of food allergy are not recommended (Kramer and Kakuma 2012).

There is much interest in the possible allergy prevention effects of
arange of macro- and micro-nutrient supplements including vitamin
D, vitamin A, pre- and pro-biotics and fish oils, both as maternal and
infant supplements (reviewed in (Rueter et al. 2015)). To date, egg
allergy as an outcome has only been examined in terms of allergen
sensitization, not clinical or challenge proven allergy. Current meta-
analyses of these nutritional strategies have not supported their use
to date, however higher quality randomised controlled trials with
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clinically relevant food allergy outcomes are required to fully answer
this question.

4.4 IgE-MEDIATED EGG ALLERGY
4.4.1 Prevalence and Natural History

Egg allergy most commonly presents in the first year of life. In
many regions is the most common cause of food allergy in infants
and preschool-aged children. Estimating the true prevalence of
egg allergy (and other food allergies) is generally hindered by the
lack of studies that have utilized food challenge methodology in
large unselected populations. A further confounder is the form of
egg used in food challenges (OFC). IgE-mediated egg allergy has
been robustly demonstrated to be most common food allergy in the
infant population in Australia, with prevalence of 8.9% (Osborne et
al. 2011). This study used raw egg (potentially the most allergenic
form of egg) for diagnostic food challenges, which might explain,
at least in part, the lower rates reported for Europe, with a meta-
analysis estimating a lifetime prevalence of egg allergy at 2.5%
and challenge proven prevalence of 0.2% (Nwaru et al. 2014). The
mean incidence of egg allergy within the first two years of life from
EuroPrevall cohorts across Europe is estimated at 1.2% (Xepapadaki
et al. 2015). Data from other regions, including North America, is
less robust, with 3.4% over 6 and 13% under six years self-reporting
egg allergy (Salo et al. 2011). In Asia, where food allergy appears to
be increasing in-line with westernised lifestyles and eating habits
(Huetal. 2010, Prescott et al. 2013), egg allergy appears to be amongst
the most common food allergens in the paediatric population but
has lower rates of estimated prevalence. Egg allergy was the most
common reported food allergy in South Korean children 0-6 year
(Park et al. 2014) and 6-7 years (Ahn et al. 2012) and in Chinese
infants at 2.5% (Chen et al. 2011), whereas prevalence in Singapore,
Taiwan and Hong Kong is reported at <1% (reviewed in (Lee and
Shek 2014)). Selected allergic cohorts have also reported high rates of
sensitisation to egg in children in Malaysia (Yadav and Naidu 2015)
and India (Dey et al. 2014). Risk factors for the development of egg

76



Egg Allergy

allergy include a family history of allergy and, in the case of infants
in Australia, having parents born in East Asia (Koplin et al. 2012).

As a trigger for anaphylaxis presentation to the emergency
department in children or adults, an egg trigger is reported in several
case series including US (1% of all anaphylaxis admissions (Ma et al.
2014)), Australia (9% of all food-related anaphylaxis admissions (Liew
et al. 2009)), Singapore (12% of paediatric food-related anaphylaxis
admissions (Liew et al. 2013)). Egg is an uncommon cause of fatal
anaphylaxis, with rare reports of egg anaphylaxis fatalities in the
UK (Colver et al. 2005, Turner et al. 2015).

Itis traditionally believed that IgE-mediated egg is nearly always
outgrown and that this occurs early in life. Recent evidence suggests
that this may not actually be the case. Median age of outgrowing
egg allergy has been reported to vary between 6-9 years from more
recent observational cohorts (Savage et al. 2007, Sicherer et al. 2014).
Moreover in the later cohort, only 68% of egg allergic children had
attained resolution by 16 years. The risk factors in this cohort for
the persistence of egg allergy were high initial egg-specific IgE,
other food allergies and co-existing allergic disease. Other factors
which have been reported to be associated with earlier acquisition of
natural tolerance include tolerance to extensively heated egg (Peters
etal. 2014) severity of initial allergic reaction, allergy skin test wheal
size, rate of decline in sensitisation and age at onset (reviewed in
(Tan and Joshi 2014)).

Up to 70% of infants with IgE-mediated egg allergy can tolerate
extensively heated /baked egg in their diet (Lemon-Mule et al. 2008,
Turner et al. 2013). Although production of IgE directed against
ovomucoidisassociated withanincreased chance of reactingtobaked egg

(as discussed above), there are no current tests or clinical predictors
which can safely determine whether a given egg allergic individual
will be baked egg tolerant. Because of this, many experts recommend
that baked egg challenges in children with egg allergy be performed
under medical supervision (Turner et al. 2013, Leonard et al. 2015),
because of the risk of anaphylaxis (reported to occur in up to 14%
of children reacting to baked egg on OFC (Turner et al. 2013).
Liberalisation of the diet for these children is likely to improve quality
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of life, however, a follow-up study of children who underwent
“successful” baked egg and milk OFC suggest that ongoing
symptoms occur commonly and only two-thirds of the cohort
maintained longer-term adherence incorporation of dietary baked
egg (Lee et al. 2015). Furthermore evidence from a quasi-controlled
study that examined introduction of baked egg in the diet of children
with established IgE-mediated egg allergy and tolerance suggests
that regular ingestion of baked egg may actually accelerate time to
egg tolerance (Leonard et al. 2012).

4.4.2 Diagnosis

The gold-standard for diagnosis remains the double-blind, placebo-
controlled food challenges (DBPCFC). However, in the vast majority
of cases, diagnosis can be achieved through a typical clinical history of
IgE-mediated symptoms and evidence of sensitisation or egg-specific
IgE, either through skin testing (SPT) or blood test.

Egg is generally thought to cause more mild symptoms than
other allergens (Clark et al. 2010), but the evidence for this is limited.
A series review of 2304 food challenges at a single paediatric centre
over a 10 year period, of which 30% were positive, reported egg was
more likely to cause gastrointestinal symptoms than other allergens
(Gupta et al. 2015). Most series report the potential for anaphylaxis
following food challenge to egg, with a frequency of 15-58% of
positive reactions associated with more severe symptoms such as
lower respiratory involvement (Benhamou et al. 2008, Clark et al.
2011, Rolinck-Werninghaus et al. 2012).

Cut-offs for 95% PPV for clinical egg allergy have been published,
although these have mostly been derived from selected populations,
and may vary depend on the type of egg allergy being assessed, e.g.,
raw egg versus lightly cooked or boiled egg. Hill et al. reported a
diagnostic cut-offlevel for SPT in egg-allergic children of 7 mm or greater
(5 mm in children under 2 years) to lightly boiled egg (Hill et al. 2004), a
cut-off confirmed elsewhere for raw egg (Monti et al. 2002). Similar
cut-offs have been reported for serum-specific IgE to egg, typically
in the region >6kU/L (Sampson 2001, Celik-Bilgili et al. 2005,
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Ando et al. 2008). While these cut-offs are only validated for the
populations in which they are derived, a lack of data has resulted
in their widespread application. More recently, a large, unselected
population cohort study provided a 95% PPV cut-off of 4 mm to
raw egg for infants aged 12 months (Peters et al. 2013). The same
study reported a 95% cut-off for ssIgE of 1.7 kUA/L or greater for
allergy to raw egg. Whether this lower cut-off reflects the younger
age of the cohort or that challenge testing was performed to raw egg
rather than lightly-cooked egg is unclear. A recent meta-analysis of
5 cohorts reported pooled sensitivities of 92% and 93% and
specificities of 58% and 49% for SPTs and sIgE, respectively for the
diagnosis of egg allergy (using the mixed cut-offs). However, it is
not possible to predict those at risk of more severe reactions to egg.
Some authors have reported that those with more severe reactions
tend to have higher degrees of sensitisation (Benhamou et al. 2008),
but not others. Either way, the degree of sensitisation does not allow
discrimination of those likely to have severe reactions with a level
of certainty that is of clinical utility.

The utility of component resolved diagnostics (CRD) in diagnosis
of egg allergy, where IgE to single allergen components are measured,
has been examined. For standard whole-egg and raw-egg OFC, there
appears little evidence that CRD provides significant improvement
over standard testing for predicting challenge outcome. Ovomucoid
is relatively heat-stable, and it has been suggested that individuals
with low level sensitisation to ovomucoid may be more tolerant to
heated forms of egg. Indeed, ssIgE to ovomucoid has been reported
to be predictive of tolerance to hard-boiled egg (Haneda et al. 2012).
An association between reactivity to extensively-heated egg white
and ssIgE to ovomucoid is reported, but results are not sufficiently
discriminatory to be of clinical use (Ando et al. 2008). It has also been
proposed that the CRD approach, particularly the level of ovomucoid
sensitisation, might be promising in predicting those tolerant to
extensively-heated egg, such as in cakes and other baked foods. As
discussed above, in the context of ovomucoid, several studies have
reported very high cut-off of IgE to OVM of >50 kUA/1 (Lemon-
Mule et al. 2008) and ovomucoid-SPT >11 mm (Tan et al. 2013)
predicted baked egg reactivity. However, the majority of egg-allergic
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individuals have levels of sensitisation below these high cut-offs,
which limits the utility of the test to a relatively small proportion of
the egg allergic population.

The basophil activation test (BAT), in which the expression of
activation markers on basophils present in whole blood is assessed
following incubation with a food allergen, has been found to predict
clinical reactivity in peanut-allergic subjects (Santos et al. 2015).
There is only one report of the BAT being used in the diagnosis of
egg allergy, in which the test did not confer a significant advantage
over conventional diagnostic techniques (Ocmant et al. 2009).

4.4.3 Treatment

Standard avoidance of allergen, dietary advice and education,
provision of emergency actions plans for allergic reactions/
anaphylaxis and provision of adrenaline autoinjectors (AAI)
(where deemed appropriate) all form the basis for management
of individuals with IgE-mediated egg allergy. As discussed above,
it may be possible to provide some dietary liberalisation with
incorporation of baked egg into the diet of egg allergic individuals.
It those individuals, special attention should be paid to the potential
development of symptoms suggestive of EoE, as this has been rarely
reported as a complication of baked egg incorporation (Maggadottir
et al. 2014).

Many individuals with egg allergy may have other food
allergies, and for all individuals who are required to avoid multiple
foods, assessment of dietary sufficiency, including total caloric
requirements for growth, protein and calcium requirements, micro
and macronutrient intake should be undertaken and monitored by
a dietician familiar with food exclusion diets.

4.4.3.1 Immunotherapy

Oral immunotherapy (OIT) for egg allergy has been the subject of
many observational studies and RCTs (Staden et al. 2007, Burks
et al. 2012, Dello Iacono et al. 2013, Fuentes-Aparicio et al. 2013,
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Meglio et al. 2013) and a Cochrane review (Romantsik et al. 2014).
It is increasingly used in some countries (predominantly Spain and
Italy) for the treatment of egg allergy, despite lack of standardised
protocols or agreed international guidelines. Although most reports
suggest that the majority of children can be successfully desensitised
to egg, significant side effects during therapy, both in the updosing
and maintenance phases, and low rates of long term sustained
unresponsiveness, and intensity of medical/hospital visits for
updosing limit its current clinical utility.

An alternative approach has been the introduction of foods
containing extensively-heated egg into the diet where tolerated.
A multicentre randomised controlled trial is currently underway
comparing the relative efficacy of “baked egg” consumption versus
conventional egg-OIT in egg-allergic children (clinicaltrials.gov
registration NCT01846208).

4.4.3.2 Vaccinations and medications containing egg

Egg allergy is often incorrectly cited as a contraindication for
immunisation with the measles/measles-mumps-rubella vaccines,
despite that fact that these vaccinations are produced in chick-
fibroblast cell lines that contain negligible amounts of egg protein.
Egg-allergic individuals can receive these vaccines without any
additional precautions, irrespective of the severity of their egg
allergy (Clark et al. 2010). Three vaccines continue to be produced in
chick embryos (and thus contain small amounts of ovalbumin and
other egg proteins); influenza, yellow fever and rabies. An egg-free
rabies vaccine is available and recommended for use in egg-allergic
individuals. Although a recombinant egg-free influenza vaccine is
available, it is not licensed for use in children. However, the available
data indicates that current influenza vaccination is probably no
more likely to cause anaphylaxis in an egg-allergic individual than
someone without egg allergy (Des Roches et al. 2012). Parenteral
influenza vaccines with less than 1 ug of ovalbumin per dose are
recommended for egg allergic individuals (Mullins and Gold 2012).
The intranasal, live attenuated influenza vaccine also appears safe
in egg allergic children (Turner et al. 2015). Allergic reactions in egg-
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allergic individuals may occur with yellow fever vaccine and for
egg allergic individuals who must receive yellow fever vaccination
a desensitization regime has been published (Rutkowski et al. 2013).

The anaesthetic agent propofol is variably cited as being
contraindicated in individuals with egg allergy. There are no
prospective studies of this agent in egg allergic patients, however
a retrospective case series in egg allergic children suggested that
the vast majority of children with egg allergy received propofol
without incident (Murphy et al. 2011). Case reports suggest that those
individuals with a history of egg anaphylaxis may be at risk, and in
the absence of high quality data, avoidance in the setting of known
previous egg anaphylaxis may be prudent (Baombe and Parvez 2013).
Similar concerns exist for the use of intralipid in individuals with egg
allergy, with case reports of anaphylaxis in egg allergic individuals
and no large case series or prospective studies.

4.5 NON IGE-MEDIATED FOOD ALLERGY
4.5.1 Food Protein Induced Enteropathy Syndrome (FPIES)

The clinical presentation, natural history and immunobiology of
FPIES is reviewed in detail elsewhere. Egg is a known trigger food in
FPIES. In the largest population prevalence survey to date, reactions
to egg accounted for 8% of all FPIES episodes in Australian infants
less than two years old (Frith et al. 2013). Similarly, FPIES to egg was
reported in 6% of infants in a retrospective Italian case series (Sopo et
al. 2012). Age of onset of in egg FPIES is later than that of rice or cow’s
milk FPIES, however this is likely related to age of initial exposure.
Egg FPIES may occur as an isolated allergy, or may be associated
with allergy to other foods, however no specific pattern of pairing
food allergens has been described consistently for egg induced
FPIES. The natural history of egg FPIES is not well characterised,
however it appears that egg FPIES may persist for longer than FPIES
to grains or cow’s milk (Nowak-Wegrzyn et al. 2015). Rare FPIES
reactions to allergens in breast milk following maternal ingestion
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of cows milk and soy but not egg have been reported. There are no
in vitro tests which can currently identify which allergens may cause
on FPIES reaction, or which predict the acquisition of tolerance.
Similarly both allergy skin tests and allergy patch testing are not
informative. For this reason, observed food challenges, usually
conducted with intravenous access and observation for at least
4 hours following a single portion size allergen ingestion remain
the gold standard for confirming a diagnosis and for determining if
remission has occurred (Nowak-Wegrzyn et al. 2015).

4.5.2 Eosinophilic Oesophagitis (EoE)

EoE is a relatively uncommon disorder characterised by eosinophil
infiltration of the oesophageal mucosa and diagnosed on the basis
of histological criteria. It is likely to under-diagnosed, and the true
incidence is unknown. It affects both adults and children, with typical
clinical manifestations that vary according to age. Young infants
typically present with vomiting, food refusal and failure to thrive,
school age children with dysphagia, slow eating, and abdominal
pain, and older teenagers and adults with dysphagia and food bolus
obstruction. Although its pathogenesis is unclear, evidence for food
allergy as a primary disease driver comes from its clinical response
and remission to various food elimination diets. Whilst there is a
high rate of co-existent IgE mediated food allergy of around 20% in
populations with EoE, non-IgE mediated mechanism are thought to
underlie the food reactivity. Egg, cow’s milk and nut allergies are the
most commonly associated food allergies, and overall rates of allergic
disease such as asthma and allergic rhinitis in EoE population are
very high, reported at over 70%. mRNA analysis of tissue biopsies in
active disease suggests activation of a disease specific transciptome,
with increased expression of eoxatin S (Blanchard et al. 2006) and
periostin (Blanchard et al. 2008).

Elimination diets in the management of EoE are varied, but most
commonly consist of an empiric 8, 6 or 4 food free diet, all of which
include dietary elimination of egg. As an EoE trigger, egg has been
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reported to account for 21-36% of diet-responsive EoE in adult EoE
sufferers populations (Molina-Infante et al. 2014, Rodriguez-Sanchez
et al. 2014) and 13%-17% in paediatric cohorts (Spergel et al. 2012)
(Kagalwalla et al. 2011). Overall egg appears to be the third most
commonly implicated food allergen in food-induced EoE, after cow’s
milk and wheat.

Diets based upon positive allergy patch tests, allergy skin tests and
ss-IgE have examined for efficacy. In general diets based upon
testing have not shown markedly improved performed over empiric
exclusion of egg, cow’s milk, wheat, soy, fish and nuts. Where egg
allergy testing has been specifically examined for test performance
characteristics in children with EoE, egg SPT were was found to have
a negative predictive value (NPV) of 90% and a positive predictive
value (PPV) of 62%. Similarly egg APTs were found to have 91%
NPV, but only 51% PPV (Spergel et al. 2012).

The development of EoE following either traditional egg oral
immunotherapy (Lucendo et al. 2014), or liberalisation of the diet
of egg allergic individuals with introduction of baked /extensively
heated egg (Maggadottir et al. 2014) have been reported.

4.5.3 Eczema

Eczema (atopic dermatitis) is common in children with egg allergy,
and is an established risk factor for food allergies. Infants with
eczema are six times more likely to have egg allergy by age 12 months
than those without (Martin et al. 2015) and approximately two thirds
of children with egg allergy have eczema (Turner et al. 2013). Many
of these individuals will develop both IgE- and non-IgE-mediated
(including eczema) following exposure to egg (and other foods to
which they are allergic), however it is difficult to determine the
frequency egg can cause a flare in eczema flares as part of non-IgE-
mediated egg symptoms in these individuals, as they avoid egg in
their diet.

Where an individual has sensitisation to egg, but no history of
typical IgE mediated reaction on known exposure, the likelihood
that egg is playing a role in triggering or flaring eczema is quite
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low (reviewed in (Campbell 2012)). Overall, it is estimated that only
30-40% of children with at least moderate AD attending a specialist
service with a positive IgE to a particular food will have a positive
challenge to that food under double-blind, placebo-controlled
conditions (Sampson 2003). A Cochrane review which specifically
examined milk and/or egg exclusion diets for eczema severity
outcomes found only limited evidence to support dietary exclusion
of egg (Bath-Hextall et al. 2008). Particular care on reintroduction
must be taken if egg is removed from the diet in individuals with
evidence of sensitisation on SPT or egg specific-IgE, as anaphylaxis
on re-exposure after prolonged exclusion has been reported in
individuals who previously tolerated food to which they were
sensitised (Flinterman et al. 2006).

Keywords: Egg allergy; egg allergens; food allergy diagnosis; FPIES; EoE; food
allergy
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5.1 INTRODUCTION
5.1.1 Fish, a Staple Food

Fish is included in the food pyramid as a basic food to be eaten
regularily in a balanced diet. It is an important source of essential
fatty acids, fat-soluble vitamins and polyunsaturated fatty
acids (Gil and Gil 2015). Fat content of commercially available
fish varies between lean (less than 1% such as cod, haddock,
pollock), low-fat (1 to 5% such as halibut, plaice, sole), fatty
(5 to 10% such as salmon, tuna, redfish) and highly fatty fish species
(more than 10% such as mackerel, herring, eel) (Rehbein and
Oehlenschldger 2009). The content of valuable polyunsaturated fatty
acids (PUFA) is especially high in fish species with high fat content
such as herring with 2.3 g PFUA /100 g muscle.

The global demand for fish and fish products is increasing
steadily. This is reflected by a tremendous growth of the world fishery
production since the early seventies. The Food and Agriculture
Organization (FAO) of the United Nations calculated a global mean
of 19.2 kg fish consumption per capita in 2012 representing 17% of the
worldwide animal protein intake (www.fao.org). However, there are
notable differences between the fish consumption across continents
and regions, fish is very common in the diet of developed countries
(Figure 5.1A). More than 40% of the global fish supply is aquaculture-
based and its share is growing. Among the thousands of known fish
species, about 800 fishes are used for food and food production.
In 2012, anchoveta, Alaska pollock, skipjack tuna, sardinella spp.
and Atlantic herring represented the global top five of commonly
consumed marine fish species according to their capture rates
(Figure 5.1B) (www.fao.org). The market shares of fish species vary
across countries according to the availability of the fishes and the
regional eating habits. In the European Union, Atlantic herring,
Atlantic mackerel, European sprat, sand eels and Atlantic cod are
the top five species caught while pollock, menhaden, cod, salmon
and sole are the highest volume species in North America.
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Figure 5.1 The global fish market (2012). A. The fish consumption varied in different continents/
territories by intake of fish in kg per capita per year. B. The most important fishes were ranked
by their capture rates in million tons per year. LATAM: Latin America; M: million; yr: year.

5.1.2 Adverse Reactions to Fish: Intoxication and Allergy

Depending on the immunological mechanism, adverse reactions to
tish can be grouped into IgE- and non-IgE-mediated reactions.

Fish allergy-like symptoms can occur as pharmacological
reactions to histamine, a biogenic amine. These reactions have
been described especially for members of the family Scombridae
(e.g., mackerels, tunas, bonitos) (McLauchlin et al. 2006). Scombroid
tishes have a naturally high content of the amino acid histidine
while the normal concentration is below 0.1 mg/100 g of fresh
muscle tissue (Rehbein and Oehlenschldager 2009). The US Food and
Drug Administration (FDA) have considered a histamine content
of more than 50 mg/100 g of fish toxic (www.fda.gov). Inadequate
storage accompanied by bacterial contamination causes enzymatic
decarboxylation of histidine to histamine (Attaran and Probst 2002).
Binding of histamine to H1/H2-receptors in the cell membrane
triggers the clinical manifestations of fish poisoning. Symptoms occur
minutes to hours after ingestion, mostly as allergy-like reactions
such as skin rash, nausea, abdominal pain and diarrhea. Histamine
intolerance imitated a fish allergy (Thewes et al. 1999). Scombroid
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poisoning is a global health problem representing up to 40% of all
seafood-related adverse reactions in the United States and Europe
(Gould et al. 2013).

Non-IgE-mediated reactions to fish consumption appear to be
less common but their clinical relevance is less well understood
(Zapatero et al. 2005, Fernandes et al. 2012). Symptoms which are
assumed to be T-cell-mediated develop only with a longer delay
(>4 hrs). Fish is considered a cause of food protein-induced
enterocolitis (FPIES), a non-IgE-mediated reaction, which is
commonly observed in children but only rarely reported in adults
(Miceli Sopo et al. 2015).

Clinical symptoms of FPIES affect mostly the gastrointestinal
tract and can include profound vomiting and diarrhea (Leonard
and Nowak-Wegrzyn 2015). The epidemiology of FPIES is not well
understood mainly because of the lack of common definitions but
also because of missing availability of population-based studies
(Berin 2015). However, the incidence of fish-induced FPIES might be
higher in regions with important fish consumption than in others.

Most fish adverse reactions, defined as genuine fish allergy, are
attributed to a Th2-driven IgE antibody response to fish allergens
(Kuehnetal. 2011b, Sharp and Lopata 2014). During the development of
this food allergy, the first step is the sensitization which develops often
in childhood upon introduction of fish in the diet. Once the patient is
re-exposed to this food, the allergic reaction starts minutes after
ingestion affecting various organs such the skin (rash, urticarial,
erythema), the gastrointestinal apparatus (epigastric pain, cramping,
vomiting, diarrhea), the nervous (light-headedness, headache) and
the respiratory system (bronchoconstriction, respiratory distress)
and even severe anaphylaxis (circulatory collapse, breathing
arrest) (Helbling et al. 1999, Bock et al. 2001, Pascual et al. 2008). A
few milligrams of fish are sufficient to initiate the allergic cascade
immediately after intake. Recent research suggests an eliciting dose
predicted to provoke a reaction in 10% of individuals (ED, ) of 27.3
mg fish (Ballmer-Weber et al. 2014). However, the threshold dose
defined as NOAEL (no observed adverse effect levels) seems to be
much lower as intake of a few micrograms of fish can trigger allergic
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reactions. Eliciting doses and symptoms of fish allergy may also
depend on the route of exposure. While digestion allows fish allergens
to interact with mast cells of the oral and intestinal mucosa, allergenic
proteins can trigger fish allergy symptoms also via inhalation or skin
contact. Inhalation and skin contact have been mainly reported in
the occupational context leading to symptoms such as skin rash,
allergic rhinitis or asthma (Jeebhay and Cartier 2010, Jeebhay and
Lopata 2012). Handling of fish seems to rarely cause severe adverse
events such as anaphylaxis but affected workers may change their
occupation because of intolerable allergic symptoms (Dickel et al.
2014). Eliciting doses have not yet been established in the occupational
environment, although allergen exposure has been quantified in
fish-processing factories previously (Lopata et al. 2005).

Fish is of global relevance in the human diet. This is in line with
the fact that fish has been defined as one of the “big-8” of most
important food allergens which are responsible for eliciting more
than 90% of any type I hypersensitivity to food (Figure 5.2). Various
epidemiology studies have established the IgE-mediated fish allergy
prevalence ranging from 0.1% to more than 2% (Sharp and Lopata
2014). These prevalence rates vary between studies depending on
study design such as different patient cohorts or different definitions
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Figure 5.2 The most common triggers of food allergies from plant and animal origin have
been referred to as the “big-8”.
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of a positive fish allergy diagnosis. Fish allergy is assumed to be
more common in adults than in children, possibly because of its
chronic nature but also because it may develop with late onset in
adulthood. Reported prevalence of fish allergy ranges between 2.2%
(self-reported), 0.6% (skin reactivity), and 0.1% (specific IgE to fish
extracts or food challenge) (Rona et al. 2007, Nwaru et al. 2014).
Studies showed that up to 8% of the workers developed allergic
asthma during their occupation in fish-processing industries, most
probably because of the high exposure rates with fish allergens in
the work environment (Jeebhay et al. 2008). Prevalence estimates
of 0.2-0.5% of the general population affected by this type of food
allergy still need to be confirmed by comprehensive studies with a
generally accepted research design.

5.1.3 IgE-mediated Fish Allergy: Clinical Phenotypes

An important clinical feature of fish allergy is the reaction
upon ingestion of various fish species (Kuehn et al. 2014a).
This cross-reactivity has been explained as a specific IgE-
recognition of conserved antigen epitopes from distinct fishes
manifesting as allergies to the corresponding species (see paragraph
Parvalbumins) (Swoboda et al. 2002). Many clinical studies have
described these fish poly-sensitized patients (Sten et al. 2004,
Van Do et al. 2005, Perez-Gordo et al. 2011, Kuehn et al. 2013).
Clinical cross-reactivity seems to be high especially in fish species
which are closely related. However, the fact that fishes belong to
separate families does not rule out the potential for allergic cross-
reactivity. Patients with severe symptoms to any tested fish have
been described. In general, fish-allergic patients react to fish species
which are included in the local diet (Zinn et al. 1997, Lim et al. 2008).
As eating habits and the availability of fishes vary across countries
and regions, species with high allergenic potential might not be the
same for instance in Europe and Asia.

Most patients might react to many fishes, others develop only
symptoms to specific or single fishes only (Asero et al. 1999, Ebo et
al. 2010, Kuehn et al. 2011a, Kuehn et al. 2014b, Calderon-Rodriguez
et al. 2016). The global prevalence of these different phenotypes is
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not well understood as studies of appropriate design are missing.
As many studies have previously focused on patients with reactivity
to multiple fishes it may appear as if these patients constitute the
vast majority of the fish-allergic population. However, patients with
reactions to specific fishes may be underdiagnosed because of the lack
of specific in vitro tests. According to the present state of knowledge,
diagnostic food challenges would have to be performed to determine
the tolerance of different fishes, which is difficult to realize in an
epidemiological study. Clinical reactivity to single fishes has been
mostly reported in case reports such as for sole, swordfish and cod
(Kelso et al. 1996, Asero et al. 1999, Kuehn et al. 2014b). Allergy to
several but specific fishes was described such as for tuna/marlin,
pangasius/tilapia, salmon/trout and cod/perch (Kondo et al. 2006,
Ebo et al. 2010, Kuehn et al. 2011a, Penas et al. 2014, Kuehn et al.
2014b). More recently, a study with 62 fish-allergic patients suggested
a phenotype distribution of about 60% poly-sensitized, about 30%
oligo-sensitized and about 10% mono-sensitized fish-allergic patients
(Kuehn et al. 2013).

However, selective tolerance to specific fishes may have different
backgrounds: (i) Some fishes have naturally low allergen contents
compared to others, which is why tuna is mostly tolerated by fish-
allergic patients (Lim et al. 2005, Griesmeier et al. 2010a, Kuehn et
al. 2010, Kobayashi et al. 2016). (ii) Some fish products might be
reduced in allergen content as allergens are degraded by harsh food
processing conditions such as for canned or pickled fish (Bernhisel-
Broadbent et al. 1992, Sletten et al. 2010). (iii) Some patients might
have IgE-antibodies to fish allergens recognizing species-specific
B cell epitopes only as shown previously for monosensitivity to
salmonid fishes and cod (Kuehn et al. 2011a, Vazquez-Cortés et al.
2012, Pérez-Gordo et al. 2012, Penas et al. 2014, Kuehn et al. 2014b).
Specific IgE to further species-specific allergens might also play a
role such as reported for sole (Pérez-Gordo et al. 2010).

While there are still open questions around the in vivo
digestion and resorption of fish allergens in sensitized patients,
the biomolecular knowledge on these allergens is more advanced.
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Molecular and allergenic characteristics of fish proteins will be set
into context in the further paragraphs (see paragraph Fish allergens).

5.1.4 Fish Allergy Diagnosis and Therapy

A decision scheme has been proposed for the diagnostic procedure of
fish allergy in order to optimize the outcome of individual tests and
minimize the risk for the patient (Poulsen et al. 2016). As for many
other food allergies, the clinical diagnosis of fish allergy includes
four main steps: documenting the medical history, skin testing and
specific IgE-detection in patient sera adding food provocation tests
in selected cases (Poulsen 2015).

Diligent documentation of the clinical history of a patient is a
key success driver in allergy diagnosis. A recent guideline of the
European Academy of Allergy and Clinical Immunology (EAACI)
taskforce on food allergy demonstrated the value of the systematic
inquiry with key questions together with appropriate actions for the
clinical diagnosis (Muraro et al. 2014a).

Skin testing of fish-allergic patients is performed usually with
commercial extracts from a limited range of fishes such as cod,
salmon, tuna, sole (Poulsen et al. 2016). The number of diagnostic
fish extracts varies across countries. Besides testing the symptome-
eliciting fish as suggested by the patient’s medical record, further
species such as native fish are commonly used in prick-to-prick
analysis (Pitsios et al. 2010, Kuehn et al. 2013). Some studies reported
higher diagnostic value with fresh fish, others promoted the use of
heated or even processed food (Chikazawa et al. 2015). However,
as closely related fishes might contain similar allergens, it has been
recommended to test fishes from different families (Kuehn et al. 2016).

Only two fish allergens from carp and cod are available for
diagnostic analysis (Cyp c 1, Gad c 1; see paragraph Parvalbumins)
but the quantification of specific IgE in patient sera still relies mostly
on fish extracts. As commonly consumed food fishes belong to
restricted taxonomic orders, it might be advisible to test specific IgE
to selected fishes such as cod extract for Gadiformes, salmon extract
for Salmoniformes and mackerel extract for Perciformes (Kuehn et al.
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2016, Poulsen et al. 2016). However, a careful selection is advisable
to account for the local market and eating habits of the individual
patient. The level of the fish-specific IgE-titer does not seem to
necessarily correlate with the severity of the symptoms (Sampson
and Ho 1997). Patients with very low specific IgE might experience
anaphylactic reations which is confirmed by the low correlation
reported between extract-specific IgE and the clinical reactivity of
fish-allergic patients (Agabriel et al. 2010, Kuehn et al. 2013).

The gold standard for a final verification of fish allergy is still the
double-blind, placebo-controlled food challenge (DBPCFC), which
is performed only in selected cases because of ethical and financial
reasons. In order to minimize the risk of severe reactions during such
testing, a specific decision scheme should be followed (Muraro et al.
2014a). A negative DBPCFC result should be confirmed in an open
food challenge.

The Precision Medicine in Allergy and Asthma (PRACTALL)
program published a consensus paper of the American Academy
of Allergy, Asthma & Immunology (AAAA) and EAACI including
important practical recommendations for diagnostic food challenges
(such as foods, timings, doses, recipes) for the diagnosis of fish allergy
(Sampson et al. 2012).

At present, there is no specific immunotherapy available for the
treatment of fish allergy. The desensibilization with cooked fish has
been described in a case (Patriarca et al. 2007). However, the safety
of this approach might be very low because of the thermostability of
the main fish allergens. The elimination diet is an important step in
the management of fish-allergic patients (Muraro et al. 2014b). After
strict elimination, even the development of oral tolerance to fish has
been described (Solensky 2003, Pite et al. 2012). At the same time
there is a risk of patients becoming re-sensitized after re-consuming
of fish (De Frutos et al. 2003). In such cases, tight clinical monitoring
and care to the patient would be required which is often not feasible.

In order to help the food-allergic consumer to avoid the
suspecting allergy triggers, specific food labeling regulations have
been implemented in many countries within the US, Europe, Latin
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America, Asia and Australia (Taylor and Baumert 2015). While
allergen labeling rules vary across regions, fish is widely recognised
as a potent allergenic food and needs to be declared as an ingredient
on each product. This rule applies not only to packaged foods but
also to other food such meals prepared in restaurants or canteens.
Presently, US and European countries apply zero tolerance rules
for allergenic fish which mandates declaration of fish content of
any percentage. In order to avoid the “may contain”-indication on
many products, efforts are undertaken to establish threshold levels
governing the labeling of allergenic food components (Taylor et al.
2014). However, further research will be required to specify these
guidelines for fish.

5.2 FISH ALLERGENS
5.2.1 Parvalbumins

Fish parvalbumin belongs to the class I food allergens which act
as sensitizing proteins via the gastro-intestinal passage and elicit
systemic reactions of allergy upon ingestion (Lorenz et al. 2015).
Furthermore, these allergens have been characterized as low-
molecular weight proteins of high stability towards food processing
and enzymatic digestion (Griesmeier et al. 2010b). Parvalbumins are
the major allergens of fish muscle where these 10-12 kDa-allergens
occur in the cytoplasm (Bugajska-Schretter et al. 2000, Lim et al.
2008). According to their structure, they are members of the “EF
hand”-protein family, which are characterized by structural motifs
for specific divalent ion-binding (Figure 5.3) (Radauer et al. 2008).
“EF-hand”-motifs are composed of a peptide helix/peptide
loop/peptide helix-sequence. Fish parvalbumins have three
EF-hand-motifs but only two sites are functional and bind calcium
or magnesium ions. Parvalbumins have the physiological role of
calcium-buffer proteins involved in the muscle relaxation process
(Schwaller 2009). The ion binding is important for the stability of
the molecule (Bugajska-Schretter et al. 2000). Notable differences
in the structure stability of calcium-bound parvalbumin and the
corresponding apo-form have been reported.
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E-helix

Figure 5.3 Fish parvalbumins have two active EF-hand motifs binding calcium ions (orange
balls) which is coordinated especially by acidic amino acid residues.

These muscle proteins have been identified as important allergens
in many fishes. Currently, parvalbumin homologs from twelve fishes,
carp, cod, salmon, trout, mackerel, herring, pilchard, barramundi,
tuna, swordfish, whiff and redfish, have been approved for their
official allergen names by the allergen nomenclature sub-committee
of the World Health Organization (WHO)/International Union
of Immunological Societies (IUIS) (Table 5.1) (www.allergen.org).
Fish parvalbumins share modest protein identities in their primary
structure ranging from 65% to 75% but the three-dimensional
structures are highly conserved. Comparative analysis of IgE binding
to parvalbumin in the presence and absence of calcium showed
that important epitopes are located in the ion-binding regions of
the allergens (Figure 5.4A) (Bugajska-Schretter et al. 1998). These
regions, EF-hand-motifs, are very similar in parvalbumins of
many fishes and considered the reason for the high level of clinical
cross-reactivity of poly-sensitized patients. Epitope analysis on
different fish parvalbumins revealed that specific IgE-recognition
sites might be also located in other regions of the molecule (Figure
5.4B) (Yoshida et al. 2008, Pérez-Gordo et al. 2012, Pérez-Gordo et
al. 2013). Parvalbumins from different fishes have become available
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Table 5.1 Twenty fish allergen names have been approved by the WHO/IUIS allergen
nomenclature subcommittee. Most parvalbumins occur as several isoallergens or variants
in the same fish.

Taxonomic order Fish species Allergen Allergen Variant
identity name no.
Cichliformes Nile tilapia Tropomyosin Ore m 4 -
(Oreochromis niloticus)
Clupeiformes Herring Parvalbumin Cluh1 3
(Clupea harengus)
Pilchard Parvalbumin Sar sa 1 -

(Sardinops sagax)

Cypriniformes Carp Parvalbumin Cypcl 2
(Cyprinus carpio)

Gadiformes Atlantic cod Parvalbumin Gadm1 4

(Gadus morhua) Enolase Gad m 2 -

Aldolase Gad m 3 -

Baltic cod Parvalbumin Gadcl -

(Gadus callarias)

Perciformes Barramundi Parvalbumin Latc1 2
(Lates calcarifer)

Swordfish Parvalbumin Xipgl -
(Xiphias gladius)
Tuna Parvalbumin Thual -
(Thunnus albacares) Enolase Thua? B
Aldolase Thua3 -
Pleuronectiformes Megrim Parvalbumin Lepwl -
(Lepidorhombus
whiffiagonis)
Salmoniformes Chum salmon Vitellogenin* Onck5 -
(Oncorhynchus keta)
Rainbow trout Parvalbumin Oncm 1 2
(Oncorhynchus mykiss)
Salmon (Salmo salar) Parvalbumin Sals1 -
Enolase Sals 2 -
Aldolase Sals3 -
Scorpaeniformes Redfish Parvalbumin Sebm 1 -

(Sebastes marinus)

* allergen from fish roe (all others are fish muscle allergens); —, no variant(s) in www.allergen.org
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Figure 5.4 Fish parvalbumin epitopes in poly-sensitized patients. A. IgE-binding sites are
located in the calcium-binding regions. B. Epitopes reported in different studies are spread
over the molecule.

as recombinant allergens in research but only two molecules, carp
and cod parvalbumin, have been added to IgE test kits in routine
diagnosis. An ongoing European Union (EU)-project, the FAST
(Food Allergy Specific InmunoTherapy) study, aims at developing
a specific immunotherapy for fish allergy based on the use of a
hypoallergenic carp parvalbumin (Douladiris et al. 2015, Zuidmeer-
Jongejan et al. 2015).

5.2.2 Fish Gelatin

Fish gelatin has been introduced to the market as a valid alternative
to mammalian gelatins. It is a multifunctional ingredient commonly
used by the cosmetic, pharmaceutical, medical and food industry
(Boran and Regenstein 2010). Fish skin and scales from many fish
species (mostly a mix of different fishes) are the main source for the
production of fish gelatin. Collagen, a structural protein composed of
a triple helix with two identical chains (a1) and one slightly different
02-chain, is extracted from these fish materials, purified and treated
by alkaline or acid hydrolysis to derive fish gelatin.

The allergenic potency of fish gelatin has been addressed in only
a few studies on fish-allergic patients. Several studies showed specific
IgE-recognition or skin reactivity to this biopolymer (Sakaguchi et
al. 2000, André et al. 2003). Food challenges have been only rarely
performed, a clinical reaction at a cumulative dose of 7.6 g fish gelatin
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was described in one article (Hansen et al. 2004). Another case report
identified fish gelatin as a trigger of life-threatening anaphylaxis
(Kuehn et al. 2009). A cross-reactivity to bovine and porcine homologs
was ruled out. The state of knowledge concerning the allergenicity
and cross-reactivity among fish gelatins is still limited. Most studies
donot specify origin nor ingredient fish species of the gelatin product
in question. While up to 20% of the fish-allergic patients may have
specific IgE to fish gelatin, the clinical consequences have not yet been
addressed (Kuehn et al. 2013). Recombinant collagen is available from
some sources such as the human homolog produced in yeast, but
cDNA from fish collagen has been only cloned without recombinant
expression (Olsen et al. 2003, Yu et al. 2014).

Based on the production process, there is a certain risk of fish
gelatin to be contaminated with fish allergens. The low levels of fish
allergens that can be detected in fish gelatin have been assumed to
not trigger allergic reactions in fish-sensitized patients so far (Weber
etal. 2009). The food allergen labeling in the US mandates the specific
declaration of fish gelatin on food products but fish gelatin as well
as fish oil are currently exempted from labeling in Europe, which
may change with more in vitro and in vivo testings for fish gelatin-
sensitization and cross-reactivity (Taylor and Hefle 2001, Pieretti et
al. 2009). However, a hurdle for such research is the absence of fish
gelatin for diagnostic testing purposes (IgE, skin).

5.2.3 Enolases and Aldolases

Enolases and aldolases are key enzymes of the catabolic glycolysis
present in all tissues. Aldolase or 40 kDa-fructose-bisphosphate
aldolase (EC 4.1.2.13) splits fructose 1,6-bisphosphate into triose
phosphates dihydroxyacetone phosphate and glyceraldehyde
3-phosphate (4th step of glycolysis) (Garfinkel and Garfinkel 1985).
Enolase or 50 kDa-phosphopyruvate hydratase (EC 4.2.1.11) is a
metalloenzyme (Mg?**-ions per molecule) catalysing the conversion of
2-phosphoglycerate to phosphoenolpyruvate (9th step of glycolysis).
Both enzymes belong to the structural family of so-called “TIM
barrel”-proteins (Kuehn et al. 2016). Eponym for this family is the
triosephosphate isomerase (TIM), which was characterized as the
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first protein by a common structure of eight alpha-helices alternating
with eight beta-strands. Despite of the structural homology within
this family, there is a lack of substantial sequence identity between
TIM barrel-proteins.

Enolases and aldolases have been identified as fish allergens in cod,
salmonand tuna (Kuehnetal.2013). Theseallergenshavebeenapproved
by the WHO/IUIS-allergen nomenclature subcommittee as Gad m 2/
Gad m 3 for cod, Sal s 2/Sal s 3 for salmon and Thu a 2/Thu a 3 for tuna
(Table 5.1) (www.allergen.org). They can be found in notable levels
in fish muscle but they seem to have a lower stability towards
physical influences by food processing than parvalbumins. Still,
specific IgE-binding to these enzymes was shown in patients with
moderate to severe symptoms of fish allergy. In vitro cross-reactivity
has been demonstrated for the homologs from cod, salmon and
tuna, although IgE cross-reactivity was varible in magnitude with
clear tendency indicating cod allergens as the most potent inhibitor.
These fish allergens have not yet been produced as recombinant
proteins as only partial allergen sequences have been characterized.
Despite the fact that no comprehensive sequence comparison has
been performed for fish enolases and aldolases substantiating the
presence of common IgE epitopes in general, it can be assumed that
cross-reactivity to homologs from other fishes, beyond cod, salmon
and tuna, might occur.

5.2.4 Other Fish Allergens

Many studies have been perfomed over the past decades in order to
address the identification of allergenic fish proteins. For most of the
following proteins, the relevance as food or inhaled allergens still
needs to be investigated in future studies.

The database of the WHO/IUIS-allergen nomenclature
subcommittee comprises Onk k 5, vitellogenin as an allergen from
roe (Table 5.1) (www.allergen.org). This allergen was described from
chum salmon, Oncorhynchus keta, as a high molecular roe protein
whose subunits seemed to be recognized by patients” specific
IgE-antibodies (Shimizu et al. 2014). While fish vitellogenins have
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been reported as cross-reactive allergens, no cross-reactivity was
found to homologs from hen’s eggs. The prevalence of roe allergy is
estimated to be very low, past studies relied on single case reports or
small patient cohorts (Perez-Gordo et al. 2008, Shimizu et al. 2009).
Allergens found in fish meat and roe are different explaining why
fish-allergic patients do not react to fish eggs in general (Médkinen-
Kiljunen et al. 2003).

The WHO/IUIS-allergen database contains also Ore m 4, a 33 kDa-
tropomyosin from Oreochromis mossambicus (Mozambique tilapia)
(Table 5.1) (www.allergen.org). This fish muscle allergen has been
described in a few patients so far (Liu et al. 2013). Tropomyosin is
an alpha-helical, linear structure protein from the cell cytoskeleton.
Serological cross-reactivity has been shown for Ore m 4 and the
homologue main allergen from shrimp but the clinical significance
of this in vitro assay has not yet been resolved. Furthermore, most
of the patients in the study on Ore m 4 had been diagnosed for
inflammatory bowel disease, an autoimmune disease involving
auto-antibodies against the human tropomyosin isoform TM-5.
Future investigations will have to address the link between allergy
and this autoimmune disease.

More allergens have been described without being approved
by the WHO/IUIS-allergen nomenclature database. Others such as
aldehyde-phosphate dehydrogenase and creatine kinase have been
proposed as food allergens (Das Dores 2002, Rosmilah et al. 2013).
Glyceraldehyde-3-phosphate dehydrogenase was suggested as an
occupational allergen in fish-processing workers (Van der Ventel et
al. 2011). As the data on these allergens are still limited, they will not
be further discussed in the present review.

5.3 TRANSLATIONAL ASPECTS: FROM BENCH TO BEDSIDE

Variations in clinical reactions to different fish species are a
well-documented phenomenon reported in clinical studies (Bahna
2004, Mourad and Bahna 2015). At the forefront of fish allergy
research, studies aim to identify the cause for this clinical observation
as well as to develop an improved in vitro diagnostic procedure using

110


www.allergen.org

Fish Allergy

single allergens for specific IgE-detection (defined as “component-
resolved diagnosis”). Although the knowledge has advanced over the
past decades, researchers are still working on closing remaining gaps.

5.3.1 Allergen Contents in Food

Parvalbumins have been described as pan-allergens in fish (Kuehn
2014a, Sharp and Lopata 2014). The content of parvalbumin has
been quantified in different fish species using antibody-based
immunoassays (Kuehn et al. 2010, Sletten et al. 2010, Lee et al. 2011,
Shibahara et al. 2013, Saptarshi et al. 2014). These studies have
reported a sensitivity issue for the parvalbumin quantification.
While detection antibodies work sensitively with their respective
target immunogen, their sensitivity decreases noticeably for the
binding to another homolog. Using enzyme-linked immunosorbent
assay (ELISA) and a set of specifically targeted anti-parvalbumin
antibodies, parvalbumin levels were found to range from less than
0.05 mg for tuna, from 0.3 to 0.7 mg for mackerel, from 1 to 2.5 mg
for salmon, trout and cod to more than 2.5 mg per gram raw muscle
for carp, herring and redfish (Figure 5.5) (Kuehn et al. 2010). The
very low allergen titer in tuna correlates with the clinical finding
that this fish is often tolerated by fish-allergic patients (Lim et al.
2005). The content of intact parvalbumin was found to be up to 60%
lower in processed samples when compared to native fish which

tuna
fresh

kerel
mackere cooked
cod pickled

salmon
trout canned

redfish

carp

herring

0 1 2 3 4 5

parvalbumin [mg/g muscle tissue]

Figure 5.5 The content of native fish parvalbumin varies considerably in different fish species
and fish products.
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may suggest a lowered allergenic potential, depending on the IgE
sensitization profile of the individual patient. This is in line with the
clinical observation that canned fish is typically better tolerated by
fish-allergic patient than steamed fish (Bernhisel-Broadbent 1992).
However, knowledge on allergen contents in fish is still incomplete
(Lee etal. 2012). Not only parvalbumins but also other fish allergens
would have to be quantified in large number of commonly consumed
fishes covering the global market. As reliable antibody-based assays
seem not to be feasible for such a scope, other analytical methods
will have to be developed to master this challenge.

However, parvalbumin levels do not explain the variable
allergenicity of fishes with similar allergen titers such as salmon and
cod. Thus, also the understanding of the effects of food processing
and food matrices on the allergenicity of the fish products will
have to improve (Somkuti et al. 2012, Shibahara et al. 2013). Food
processing includes physical, enzymatic or chemical reactions (e.g.,
protein-protein crosslinking, amyloid formation, Maillard products)
which may modify fish allergen epitopes leading to changed
IgE-binding properties (de Jongh et al. 2011, Martinez et al. 2015).
Food matrix effects (e.g., high protein, lipid or polysaccharids)
can result in a modified in vivo digestion and absorption in the
gastrointestinal system resulting in variable interactions with the
immune system (Sletten et al. 2010). Further analytical challenges
will have to be solved in order to simulate the fish allergen fate at
the molecular level under physiological conditions.

5.3.2 Fish Allergens

The improvement of IgE diagnosis in fish allergy remains a key
objective of ongoing research. The established predictive decision
point (20 kU, /L, codfish extract, >95%) seems to be of low value
for the individual and in addition, the fish-extract based specific IgE
fail to predict clinical reactivity to specific fishes (Sampson and Ho
1997, Schulkes et al. 2014).

Beta-parvalbumins have been described as the pan-allergens
with broad IgE cross-reactivity among homologs from different
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fishes (Kuehn et al. 2014a). Parvalbumins from carp and cod display
the most important IgE epitopes which are relevant in in vitro cross-
reactivity (Ma et al. 2008). Parvalbumin-positive patients with clinical
poly-sensitization to many fishes might be diagnosed efficiently
using the carp or cod allergen (Table 5.2). This parvalbumin-based
assay is already commercially available and might offer improved
sensitivity in IgE-testing (Agabriel et al. 2010).

While carp and cod parvalbumins are useful in IgE-diagnosis of
fish poly-sensitized patients, their diagnostic value seemed to be more
limited in parvalbumin-positive patients withallergy tosinglefishesonly
(Table 5.2). Patients with clinical monosensitivity to salmonid fishes
(salmons, trout) have specific IgE antibodies to salmon parvalbumin
only (Kuehn et al. 2011a, Vazquez-Cortés et al. 2012, Pérez-Gordo
et al. 2012, Pefas et al. 2014). Another clinical case with allergy to
pangasius has been related to IgE-binding to single parvalbumins
(Raith et al. 2014). Thus, a subgroup of fish-allergic patients have
specific IgE to parvalbumins from single fish species only. This
needs to be accounted for during sera analysis. Currently, these
parvalbumins are not available for IgE diagnosis of fish allergy.

The prevalence of fish-allergic patients with specific IgE to
parvalbumins has never been analyzed in an extensive study with a

Table 5.2 Fish allergens important for the application in improved IgE-based diagnosis of

fish allergy.
Allergen Clinical Clinical Recombinant | Available for
reactivity phenotype(s) protein diagnosis
Parvalbumins Muscle Poly-/mono- Yes Cypcl,
sensitization Gad c1*
Enolases Muscle Poly-/oligo-/ No No
mono-sensitization
Aldolases Muscle Poly-/oligo-/ No No
mono-sensitization
Fish gelatin Muscle/skin Poly-/oligo-/ No No
mono-sensitization
Tropomyosin Muscle tbd No No
Vitellogenin Roe tbd No No

* other parvalbumins such as salmon Sal s 1 are missing; tbd: to be determined
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representative number of patients of poly-, oligo- and monosensitized
clinical phenotypes. Many studies claim that more than 90% of the
fish-allergic patients have IgE-reactivity to the main allergen but
most likely, the prevalence is lower ranging at about 70% as proposed
more recently (Kuehn et al. 2013). Most of the parvalbumin-negative
patients seemed to have specific IgE to fish enolase, aldolase or
gelatin. In a small case series, even clincial monosensitivity to cod
was correlated to specific IgE-binding to cod enolase and aldolase
(Kuehn et al. 2014b). Fish enolases, aldolases and gelatin are not
available for IgE-analysis of fish-allergic patients.

To summarize, the component-resolved approach in fish allergy
diagnosis using a broad array of allergens, parvalbumins but also
other fish allergens, seems to be a promising approach to improve
the specificity and sensitivity of the current diagnosis which is based
on non-standardized fish extracts.
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6.1 INTRODUCTION

Shellfish allergy has been an increasing health concern over the last
decade. Currently, over 2% of the world population is affected by
food allergy to shellfish. However, in some parts of Asia, as much as
5-11% of children and young adults have been shown to be sensitised
to shellfish. The prevalence and distribution of shellfish allergy
seems to be partly dependent on the dietary habits, consumption
and availability of various edible species. Shellfish is considered one
of the Big Eight Food groups which also include milk, egg, peanut,
tree nuts, fish, soy and wheat. These food groups are responsible for
more than 90% of all food allergic cases. Shellfish allergy similar to
peanuts, tree nuts and fish allergy, is persistent and continues into
adulthood. Clinical symptoms of shellfish allergy can range from
mild to medium reactions such as oral allergy syndrome, urticaria
and angioedema to the life threatening anaphylaxis. Shellfish is one of
the highly implicated food group in terms of food-related emergency
department visits in the United States alone (Sampson 2000). Due to
the changing dietary habits in recent times, there has been a spurt in
production and consumption of various seafood products.

Several shellfish allergens have been characterised, but the
muscle protein tropomyosin is considered the major allergen.
Allergenic proteins from shellfish have been implicated not only in
food allergy, but also in inhalational allergy, which affects the seafood
processing industry. Most of the identified shellfish allergens have
been identified to be highly stable to heat- and food-processing
methods.
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Current diagnostic methods for shellfish allergy includes
in vivo methods such as skin prick testing and double blind placebo
controlled food challenge, as well as in vivo methods including serum
IgE quantification tests to whole shellfish extract or purified allergens.
The major challenge faced by current diagnostic techniques is the
occurrence of false-negative results often as a result of testing against
select species that are not consumed in other parts of the world.

The following chapter will present a brief overview of the
classification of shellfish species, prevalence of allergies to shellfish,
a brief description of currently identified allergenic proteins and its
implication in shellfish sensitisation and current diagnostic methods
for shellfish allergy.

6.2 CLASSIFICATION OF SHELLFISH

Shellfish is a general term used to identify commonly consumed
invertebrate species belonging to phylum arthropoda and mollusca.
Shellfish species can be broadly classified into crustaceans and
molluscs (Figure 6.1). Crustacean species that are commonly
consumed are almost all decapods and include over 200 different
species worldwide. In broad terms, these include prawns, shrimps,
crabs, lobsters and crayfish.

The phylum Mollusca is the second richest group in the animal
kingdom after arthropods. This phylum is divided into three classes
including—Gastropoda, Bivalvia, and Cephalopoda (Telford and
Budd 2011). Abalone, snail, limpet and whelk are the major food
sources from the gastropod group; while mussels and clams are the
major bivalves; and squid, cuttlefish and octopus are primary species
of cephalopods (Haszprunar and Wanninger 2012) (see Table 6.1).

6.3 PREVALENCE OF SHELLFISH ALLERGY

Increased incidences of reactivity to shellfish have been reported over
the past decade, probably due to increased consumption of shellfish.
The prevalence and distribution of shellfish allergy is dependent on
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Domain
Eukaryota

Kingdom

Subkingdom
Eumetazoa

Phylum|

Chordata

Subphylum

Vertebrata

Class

Osteichthyes

*Cod
« Barramundi
» Snapper

| Arthropoda |

« Oyster * Octopus + Snail
» Mussel + Squid * Limpet

Subphylum!

Chelicerata

* Dust mites
« Storage mites

« Black tiger prawn
+ King prawn
» VVannamei prawn

* Rock lobster
« Yabby

* King crab
+ Sand crab

Figure 6.1 Classification of commonly consumed shellfish species (shaded in grey).

geographical regions (availability of shellfish) and changing dietary
habits. Several risk factors are proposed to influence food allergy
or sensitisation, including sex, ethnicity, genetics, atopy, vitamin D
insufficiency, increased hygiene and the timing and route of exposure
to foods (Sicherer and Sampson 2006, Sicherer and Sampson 2014).
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Table 6.1 Commonly consumed crustacean and mollusc species.

Class Common name Scientific name
Crustacean | Prawn Black tiger prawn Penaeus monodon
Vannamei prawn Litopenaeus vannamei
Banana prawn Fenneropenaeus mergueinsis
Northern shrimp Crangon crangon
Crab Snow crab Chionoecetes opilio
King crab Paralithodes camtschaticus
Edible crab Cancer pagurus
Blueswimmer crab Portunus pelagicus
Lobster Rock lobster Jasus lalandii
Crayfish Cherax quadricarinatus
Langoustine Nephrops norvegicus
Mollusc Bivalves Pacific oyster Crassostrea gigas
Eastern oyster Crassostrea virginica
Blue mussel Mytilus edulis
Green mussel Perna viridis
Gastropods | Abalone Haliotus discus
Snail Helix aspersa
Limpet Cellana exarata
Cephalopods | Squid Loligo vulgaris
Octopus Amphioctopus fangsiao
Cuttlefish Sepia officinalis

Allergy to crustaceans and molluscs is more common in adults
than in children. In general, childhood food allergies to milk, egg,
wheat and soy usually resolve with age, and allergies to shellfish,
nuts and fish persist into adulthood.

A telephone survey conducted in the US including 14,648
participants demonstrated that adults seem to be more affected by
shellfish allergy than children, with a prevalence of 2% and 0.3%,
respectively. Of the identified participants with shellfish allergy,
38% and 49% have perceived allergies to crustaceans and molluscs,
respectively with only 14% reacting to both shellfish groups (Sicherer
et al. 2004) (Table 6.2). In a randomised cross-sectional survey
administered in US households, involving a total of 38,480 children,
the prevalence of shellfish allergy was found to be 1.3% (Lau et al.
2012). A study in Spain involving 355 children established that 6.8%
of patients reacted to crustaceans by skin prick test (Crespo et al.
1995). A study from South Africa with perceived adverse reactions
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to seafood confirmed the sensitisation to prawn and rock lobster.
Of the 131 positive reactions by ImmunoCAP, 50% reacted to four
crustacean species (Zinn et al. 1997, Lopata et al. 2010). A recent
study from Australia involving 167 children with definited reaction
to seafood established anaphylactic reaction in nearly one fifth of the
patient cohort. Moreover, 25% of all seafood allergic children elicited
reactivity to shrimps (Turner et al. 2011).

However, recent studies have demonstrated higher prevalence in
south East Asian countrieswhereseafoodis partof thestaple diet. Astudy
conducted in Singapore based on a structured written questionnaire,
involving 25,692 school children, demonstrated a prevalence of 1.2%
in children aged 4-6 years and 5.2% in children aged 14-16 years
(Shek et al. 2010). A Hong Kong based study involving 3677 Chinese
pre-school children aged 2-7 years incorporating parent reported and
doctor diagnosed adverse food reactions, revealed shellfish to be the
leading cause of allergy among 15.8% children (Leung et al. 2009).

The prevalence of food allergy to molluscs is not precisely
known. Previous studies on mollusc allergy were based on
only questionnaire-based surveys or retrospective reviews of
allergic patient clinical data, which are likely to generate an
overestimated prevalence data set (Woods et al. 2002, Taylor 2008).
The prevalence of mollusc allergy ranges between 0.15% and
1.3% (Sicherer et al. 2004, Rance et al. 2005, Osterballe et al. 2009,
Lao-araya and Trakultivakorn 2012, Wu et al. 2012). The variation
in reported prevalence could be explained by two reasons; age of
survey participants and geographical differences. The lack of accurate
epidemiological tests, for example double-blind placebo-controlled
oral food challenge (DBPCFC), for studying specific food allergy to
molluscs has resulted in insufficient prevalence data.

6.4 CLINICAL MANIFESTATIONS AND ROUTES OF
EXPOSURE

Gastrointestinal uptake is the major route of sensitisation to seafood
allergens including crustaceans and molluscs. Clinical manifestation
of shellfish allergy can range from mild symptoms such as hives
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(urticarial), swelling (angioedema), gut reactions (vomiting and
diarrhoea) and oral allergy syndrome to asthma and systemic
anaphylactic reactions (Table 6.3).

Exposure and allergic symptoms can occur via multiple routes
such as ingestion, inhalation and even contact in some cases. While
most cases reported for allergic reactions to shellfish are via ingestion,
sensitisation and reactivity can occur by inhaling cooking fumes,
which generates bioaerosols containing air-borne allergens.

Occupational sensitisation has also been found to trigger allergic
reaction against crustaceans and molluscs especially among seafood-
processing workers. Workers exposed to daily doses of particulate
allergens in the industrial setting, may be at a high risk of developing
respiratory conditions eventually leading to ingestion-induced food
allergy (Jeebhay et al. 2001, Lopata and Jeebhay 2013). The prevalence
of occupational asthma caused by mollusc species alone may be as
high as 23% (Jeebhay et al. 2001).

Shellfish has been deemed the most common trigger in adults and
regarded as persistent with a high risk of anaphylaxis (Sicherer 2011,
Lau et al. 2012). In a study conducted by Lau et al. in the US, nearly
half of the children with shellfish allergy had a history of severe
reactions (Lau et al. 2012). Similarly, shellfish is the leading cause of
food-induced anaphylaxis in South-East Asia, Hong Kong and Taiwan
(Yietal. 2002, Ben-Shoshan et al. 2010, Shek et al. 2010, Sicherer 2011).
Shrimps have been shown to be the most common trigger of allergic
reactions of all consumed crustacean species.

Contact urticaria and eczematous contact dermatitis are two
major allergy manifestations in skin. A recent study demonstrated
that one third of a cohort of chefs and culinary trainees, developed
allergy to molluscs. Most of these individuals, showed symptoms
of dermatitis very early in their career as chefs (Dickel et al. 2014).
Allergic reactions to shellfish occur within minutes of exposure.
However, several cases have been reported for delayed type reactions
frequently to mollusc species such as oyster, abalone and squid. In
addition exercise-induced anaphylaxis has also been observed (Teo
et al. 2009).
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Table 6.3 Manifestation of clinical symptoms on exposure to various shellfish species.

Route of Symptoms Species Reference
exposure
Ingestion Face wheal, erythema and | Freshwater clam (Zhang et al. 2012)
dyspnea
Dyspnea, urticaria, nausea, | Abalone (Masuda et al. 2012)
and stomachache
Chronic bronchitis and King Broderip clam | (Rodriguez-Del Rio
highblood pressure et al. 2009)
Urticaria and anaphylaxis | Scallops (Masuda et al. 2008)
Pruritus and Razor clam Ensis (Jiménez et al. 2005)
facial angioedema macha
Anaphylaxis Limpet (Azofra and
Lombardero 2003)
Angioedema and urticaria | Octopus vulgaris (Damiani et al. 2010)
Urticaria and facial Limpet Patella (Gutierrez-Fernandez
angioedema vulgata et al. 2009)
Edema, widespread razor shell (Martin-Garcia et al.
wheals with pruritus, (Ensis macha) 2007)
sneezes, rhinorrhea, nasal
itching, cough, chest
tightness, and dyspnea
Anaphylaxis Snail (Peroni et al. 2000)
Oral swelling and pain Scallop (Zhang et al. 2006)
Pruritus, urticaria, Shrimp (Vital et al. 2004)
dyspnea, and dizziness
Occupational | Asthma, rhinitis and Squid (Wiszniewska et al.
conjunctivitis 2013)
Asthma Octopus (Rosado et al. 2009)
Asthma and urticaria Queen scallop (Barraclough et al.
(Chlamys opercularis) | 2006)
and king scallop
(Pectin maximus)
Asthma Freshwater shrimp | (Baur et al. 2000)
Gammarus
Asthma Lobster and Shrimp | (Lemiére et al. 1996)
Skin Dermatitis Baby squid Loligo (Garcia-Abujeta et al.
vulgaris 1997)
Erythema, oedema, itchin | Squid Loligo japonica | (Valsecchi et al. 1996)

and burning

Dermatitis Pearl oyster (Nakamori et al.
1996)

Eczema Squid (Goday Bujan et al.
1991)

Anaphylactic Shrimp (Steensma 2003)
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6.5 SHELLFISH ALLERGENS

Over the past decade shellfish allergens, particularly from
crustaceans have been identified and characterised. Most of these
allergens belong to six proteins families (Table 6.3). Crustacean
and mollusc allergens are characterised by low molecular weight,
high water solubility, high heat stability, and acidic isoelectric
point. Most of the known characterised allergens are found in the
edible portions of the shellfish. Having a primary role in muscle
movement and metabolism, most of the allergenic proteins are
found in abundant concentrations in the edible portions. Currently,
34 allergens have been identified and characterised in detail from
various crustacean and mollusc species and registered with the IUIS
Allergen Nomenclature. However many more have been identified
in the Allfam and Allergome databases, however not completely
molecular or immunological characterised (Radauer et al. 2008). The
relevant major and minor allergens are described below in detail and
depicted in Figure 6.2.

i,

Tropomyosin Arginine kinase

(dimeric, coiled coil) (monomeric)

e &

Myosin light chain Sarcoplasmic calcium
(monomeric) binding protein (dimeric)

8)

A
Triose phosphate Troponin C
isomerase (dimeric) (dimeric)

Figure 6.2 Three dimensional homology models of six characterised shellfish allergens.
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6.5.1 Tropomyosin

Tropomyosin is the major allergenic protein across all edible
crustacean and mollusc species. More than 60% of shellfish allergic
patients are sensitized and reactive to TM, often leading to severe
systemic reactions. Tropomyosin-specific IgE is frequently used to
predict clinical outcomes of shrimp allergy with a positive predictive
value of 0.72 (Gamez et al. 2011, Pascal et al. 2015). Tropomyosin plays
a primary role in muscle contraction and regulation. For this reason,
the primary structure of tropomyosin is highly conserved across
various invertebrate species. This is probably the main reason for IgE-
mediated allergenic cross-reactivity across various shellfish species
and even groups. Interestingly, even though crustacean and mollusc
tropomyosin are allergenic, they share an amino acid sequence identity
of only 55-70%. Tropomyosins are generally low molecular weight
(33-38 kDa) and are highly stable to heat-treatment, retaining
allergenicity even after cooking. However, some studies have
demonstrated modulation of IgE recognition to tropomyosin due
to heat induced Maillard reaction with sugar residues, which may
occur in some shellfish species (Nakamura et al. 2005, Nakamura
et al. 2006).

6.5.2 Arginine Kinase

Arginine kinase, which was first characterised in the Indian meal-
moth, has been identified currently in over seven crustacean and
molluscs species according to the IUIS allergen nomenclature, has
a molecular weight of 4042 kDa and is unstable to acid or alkali
treatment. Arginine kinase catalysed the transfer of the high-energy
phosphoryl group from ATP to arginine, thus yielding ADP and
N-phosphoarginine (Yu et al. 2003). IgE sensitisation to arginine
kinase has been demonstrated in 21-50% of adults and 67% children
(Yang et al. 2010, Kamath et al. 2014). However, the frequency of
clinical reactivity to arginine kinase has not been investigated in
detail. Crustacean arginine kinase along with TM has been implicated
in inhalational exposure and sensitisation among crab processing
workers (Abdel Rahman et al. 2011). Similar to tropomyosin,
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arginine kinase may cause immunological cross-reactivity between
crustaceans and molluscs. Although the similarity between octopus
arginine kinase and shrimp arginine kinase is less than 54%, their
three dimensional structure are highly similar and share identical
amino acid sequence in several regions.

6.5.3 Myosin Light Chain

The myosin light chain group of proteins belong to the EF-Hand
domain family of allergenic proteins. It is mainly found in smooth
muscles in complex with myosin heavy chain motor domains.

Myosin light chains have a molecular weight between 17-20 kDa
and well characterised in four crustacean species. IgE binding has
been demonstrated to heat treated myosin light chain. Currently,
there is a lack of data on cross-reactivity of MLC among crustaceans,
molluscs or other invertebrate species.

6.5.4 Sarcoplasmic Calcium Binding Protein

Sarcoplasmic calcium binding proteins are also members of the EF
hand calcium binding protein family, incorporating the helix-loop-
helix motif in the primary amino acid sequence.

SCBP is ubiquitously expressed throughout the organism, but
more abundant in the abdominal muscle (Gao et al. 2006). In molluscs
itis found in a tissue-specific manner (Hermann and Cox 1995). It has
a molecular weight of approximately 20 kDa, an isoelectric point of
5 and can elicit IgE binding even after heat treatment (Kamath et al.
2014). SCP along with myosin light chain has been demonstrated to
have higher IgE recognition in children compared to adults.

6.5.5 Troponin C

Troponin C has been characterised not only in shrimps but also as a
cockroach allergen (Bla g 6 and Per a 6). Similar to SCBP and MLC,
Troponin Cis an EF hand calcium binding protein. Troponin C has not
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yet been characterised in mollusc species and IgE binding frequency
is not as high as TM, AK or SCBP.

6.5.6 Triose Phosphate Isomerase

This allergen has been characterised in shrimps, crayfish and
cockroach with an approximate molecular weight of 28 kDa. Its
clinical and immunological relevance and cross-reactivity are not
yet well understood.

6.5.7 Paramyosin

Paramyosin has also been reported as a major allergen in abalone
(Haliotis discus discus) and a cross-reactive allergen in some molluscs
(Suzuki et al. 2011). However unlike tropomyosin which is heat
stable, paramyosin is readily degraded after heat treatment and less
IgE-reactive (Suzuki et al. 2011, Suzuki et al. 2014). The allergenicity
of paramyosin in invertebrate is quite well known especially in house
dust mites (Der p 11) (Tsai et al. 2005) and the fish parasite Anisakis
simplex (Perez-Perez et al. 2000) and Anisakis pegreffii (Quiazon et
al. 2013). Paramyosin is a major component of myofibril protein in
some species, in which the content of paramyosin can reach 50% of
the total myofibril proteins (Ehara et al. 2004).

6.6 CLINICAL AND IMMUNOLOGICAL CROSS REACTIVITY

One of the important features of major shellfish allergens is the
phenomena of IgE antibody cross-reactivity. Cross-reactivity occurs
between allergenic proteins derived from different sources because
of the similar IgE binding regions shared by the molecules (Bonds
et al. 2008). Tropomyosin is the major pan-allergen in invertebrate
organisms (Reese et al. 1999) and conserved regions of IgE-binding
epitope of tropomyosin are shared between crustaceans and
molluscs. It is known that tropomyosin has linear IgE epitopes and
is of great importance in determining the degree of cross reactivity
between different shellfish species. Furthermore, the expressions of
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different forms of allergens from one species, for example in bivalve
(Fujinoki et al. 2006), increases the complexity of cross reaction
in shellfish allergy. A simple amino acid sequence alignment and
comparison of amino acid sequences of IgE binding epitopes may
be able to predict the level of IgE cross-reactivity. However, an in-
depth investigation into the conservation or relevance of specific
IgE epitopes among various tropomyosins through experimental
analysis is required for confirming clinical cross-reactivity
among shellfish allergic patients. Clinical and immunological
cross-reactivity among various crustacean and mollusc species poses
a challenge in pin pointing the primary sensitizing food source.

Tropomyosin is highly conserved among various crustacean
species such as prawn, crabs and lobsters with amino acid identities
reaching 95-100%. (Table 6.4) For this reason, IgE cross-reactivity is
very frequent among crustacean species (Ayuso et al. 2002, Zhang
et al. 2006, Motoyama et al. 2007, Nakano et al. 2008, Abramovitch
et al. 2013).

Hypersensitivity cross-reaction within mollusc species is often
found in allergic individuals. A study in 2006 (Motoyama et al. 2006)
determined IgE cross reactivity on 10 species of cephalopod and
found cross-reaction in all species tested. Similar results were shown
for four species of gastropods (disc abalone, turban shell, whelk
and Middendorf’s buccinum) and seven species of bivalves (bloody
cockle, Japanese oyster, Japanese cockle, surf clam, horse clam, razor
clam and short neck clam) (Emoto et al. 2009). Cross-reactivity has
also been shown to play a role in occupational allergy to seafood
where a seafood handler elicited asthma and contact urticarial to
both shrimp and scallops (Goetz and Whisman 2000).

IgE cross-sensitisation to tropomyosin maybe responsible for
reactivity to shellfish and other invertebrates such as house dust-
mites and cockroaches (Figure 6.3). It was demonstrated that IgE
antibodies against mite tropomyosin (Der p 10) reacted very strongly
to shrimp tropomyosin, although tropomyosin is present in very
low concentrations in house dust mites (Arlian et al. 2009). More
interestingly, reactivity to shrimp has been demonstrated in subjects
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Table 6.5 Amino acid sequence identity (%) comparison of the major allergen tropomyosin
from various crustacean and mollusc species.

Crustacean Mollusc
Common No.|1 |2 |3 |4 |5 6 7 8 9 |10 |11 (12|13 |14
names
Black tiger 1 |100
prawn
King prawn 2 | 95]100
o |Vannamei 3 [100| 95{100
§ prawn
£ |Banana prawn | 4 |100| 95]100{100
2 [Blue swimmer | 5 | 97| 94| 97] 97[100
Y |crab
Snow crab 89| 88| 89| 89| 88| 100

Rock lobster 95|100| 95| 95| 94| 88| 95| 100
Green mussel 55| 57| 55| 55| 55| 54| 55| 57| 100
Blue mussel 10 | 57| 58| 57| 57| 56| 56| 56| 58| 94{100

6

Slipper lobster | 7 | 97| 95| 97| 97| 99| 88| 100
8
9

3

E Oyster 11 | 61| 62| 61| 61| 61| 59| 61| 62| 78| 78|100

E Sea snail 12 | 60| 61| 60| 60| 60| 58| 60| 61| 68| 72| 73100
Octopus 13 | 63| 64| 63| 63| 63| 63| 63| 64| 69| 70| 76| 76|100
Squid 14 | 62| 63| 62| 62| 62| 62| 63| 63| 70| 71| 75| 76| 91|100

\
\
\
\
\
\
\

A}

AY
o v
Mites Cockroach | Parasites
(Arachnids) (Insects) (Nematodes)

Figure 6.3 Schematic representation of immunological cross-reactivity among crustaceans,
molluscs and other invertebrate species based on the major allergen tropomyosin.
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with house dust-mite allergy, who have never been exposed to
shrimps (Fernandes et al. 2003).

Most of the clinical studies on cross-reactivity have been
conducted using tropomyosin as the major pan-allergen. However,
other shellfish allergens may play a role in immunological cross-
sensitisation. A recent study has shown that allergens other than
tropomyosin, such as arginine kinase might also be responsible for
seafood-mite cross-reactivity (Marinho et al. 2006, Gamez et al. 2014).
Hemocyanin has been demonstrated to play a role in seafood-mite
sensitivity as well as being characterised as a cockroach allergen
(Giuffrida et al. 2014, Khurana et al. 2014).

6.7 ALLERGY DIAGNOSIS AND MANAGEMENT

Diagnostic methods for establishing a true seafood allergy include
various in vivo and in vitro tests to demonstrate the presence of specific
IgE antibodies (Sastre 2010). Due to the possible unavailability of
the exact species preparation for performing skin prick test (SPT)
and blood IgE assays, positive and negative test results should be
supported by a convincing clinical history of the patient and /or oral
challenge where possible. An accurate evaluation of shellfish allergy
using the best in vivo and in vitro tests will result in a less restricted
dietary curtailment than is currently recommended.

Specific questions, interpretation of sensitisation tests (e.g., SPT,
IgE) and optional food challenges help to establish the diagnosis
of shellfish allergy. The following work-up described in Figure 6.4
might facilitate better diagnosis.

Case history: A precise and detailed history is very important to gain
information regarding the seafood species under suspicion, nature
of the symptoms and the atopic status of the patient. In addition,
the identification of the implicated seafood species using specific
diagnostic procedures is of importance, particularly if mislabelling
of a seafood product is a possibility.
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Skin prick test (SPT): The use of commercial skin prick tests is often
performed in addition to food challenge or serum IgE quantification.
If specific extracts are not available, so called in-house prepared SPT
extracts can be utilised, if they are confirmed to be safe for testing (no
toxins/histamine) and contain the appropriate allergens (Jeebhay et
al. 2008). Despite the drawbacks of possible false positive /negative
results obtained with skin prick testing, if performed properly and
with the appropriate shellfish extracts, it is a quick and sensitive test
(Wu and Williams 2004). False negative results can be attributed to
low concentrations of specific allergens, absence or degradation of
heat-sensitive proteins, and the use of shellfish species in commercial
preparations, which are not consumed by the patient or not available
in the region.

IgE-Testing: IgE quantification tests are available for a variety
of crustacean and mollusc species as well as for cross-reactive
invertebrate species such as anisakis, dust mites and cockroaches.
There are several commercial tests available to quantify specific IgE
antibodies; however, the most prominent system is the ImmunoCAP
(Thermo Scientific), which has been used as a model system to
demonstrate the gaps and needs in the context of seafood allergy
diagnosis. The ImmunoCAP test (previous known as CAP-RAST)
is an in vitro diagnostic test to quantify IgE against whole protein
extract of specific species or to purified natural or recombinant
allergens (Lopata et al. 1997, Gill et al. 2009, Sastre 2010). The
accuracy of this assay is dependent on the selection of the correct
seafood species and is restricted to the panel of commercially
available species. The use of whole protein extracts however may
lead to false negative results due to low IgE titres or low limit of
detection of IgE to low abundant allergens. IgE quantification tests for
component allergens are available only for shrimp tropomyosin (rPen
a 1), and other minor allergens have not yet been incorporated in
in vitro testing. However, component resolved diagnostics are
available in microarray format (ISAC chip, Thermo Scientific) for
prawn tropomyosin (nPen m 1), arginine kinase (nPen m 2) and
sarcoplasmic calcium binding protein (rPen m 4).
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Food challenge or double blind placebo controlled food challenge
(DBPCFC) are considered the gold standard for diagnosis of food
allergy. These tests are performed to confirm clinical reactivity to
crustacean and mollusc species. Such provocation tests are not
performed routinely because of increased risk and costs, and are
performed for investigating individual cases. Food challenges does
not distinguish between allergic (IgE mediated) and non-allergic
hypersensitivity involving different antibody types, cellular immune
mechanisms and reactions based on intolerance or toxins. However,
performing oral food challenges can improve the quality of life,
particularly when the results are favourable (van der Velde et al.
2012).

6.8 FOOD PROCESSING AND EFFECT ON ALLERGENS

Foods may undergo various processing stages for the purpose of
preservation from microbes, modification to suit the end use (such as
texture, taste or colour) and the improvement of digestibility. These
processes can significantly alter the physicochemical and structural
properties of the allergenic proteins thereby increasing or attenuating
their allergenicity (Mills et al. 2009, Lepski and Brockmeyer 2013).
Moreover, food processing can modulate the digestibility of allergenic
proteins, which may subsequently affect its presentation to intestinal
immune cells (de Jongh et al. 2011).

Food processing methods include mechanical processes,
separation, biochemical processes, thermal processes, high-pressure
treatment, electric field treatment, and irradiation. Broadly, these
methods can be categorised into thermal and non-thermal processes.
Food processing methods may enhance, reduce or eliminate the
allergenic potential of food. This is in turn affected by the factors
such as heat, pH, moisture, pressure, concentration of proteins,
etc. In general, the conditions of processing, allergen composition,
food matrix, allergen protein structure, presence of linear or
conformational epitopes on the allergen and inherent stability can
all influence the immune responses to modified or natural allergens.
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However, the effect of food processing on the immunological
reactivity or digestibility is not yet entirely predictable, though some
general rule exists (Davis et al. 2001, Lepski and Brockmeyer 2013).

Several commercially important shellfish species undergo
food-processing, such as preservation and sterilisation, prior to
consumption. In the majority of the cases, thermal processing
techniques are used for this purpose. However, the effects of heat
processing on the IgE reactivity and structural stability of shellfish
allergens have not been investigated in detail, with only a few studies
conducted in the past ten years.

A study conducted in 2010 by Liu et al. analysed the effects of
boiling shrimps on the IgE binding of the major allergen tropomyosin. It
was demonstrated that the IgE binding to tropomyosin was enhanced
after heat treatment (Liu et al. 2010, Kamath et al. 2013, Kamath
et al. 2014). In another study, three different processing methods;
boiling, ultrasound and high-pressure steaming were used prior to
simulated digestion of the allergenic protein. It was demonstrated
that ultrasound and high pressure processing promoted the digestion
of tropomyosin, subsequently reducing the IgE binding properties
in vitro. However, the processing methods employed in this study
were based on lab scale equipment and did not represent industrial
grade food processing. Enhanced IgE binding was observed to the
Maillard products of tropomyosin from scallop after heat treatment.
In contrast, another study in 2006 demonstrated reduced IgE binding
to the Maillard products of squid tropomyosin. In both these
studies, tropomyosin was analysed from the crude mollusc extracts
(Nakamura et al. 2005, Nakamura et al. 2006).

Recent advances in the field of proteomics and functional
cellular assays have made it possible to analyse the effects of thermal
processing of shellfish on the IgE reactivity of allergens in more
detail. Identification of the whole allergen repertoire in the different
shellfish species and analysis of the effects of thermal processing on
the stability and IgE reactivity using isolated allergens is essential
in the development of improved allergen diagnostic approaches.
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6.9 CONCLUSIONS

Approximately 2% of the world population is affected by shellfish
allergy, which includes the crustacean and mollusc groups. The
allergenic proteins present in the shellfish group have variable
primary structures and often present a challenge in allergen
detection and diagnosis. The distinction of crustacean from mollusc
is important from clinical point of view, as molecular cross-reactivity,
particular between crustaceans, seems to be determined by the close
relationship to insects and mites. Currently at least seven different
shellfish allergens have been identified, mostly from crustaceans,
however only three recombinant allergens are available for IgE-based
routine diagnostic, including tropomyosin, arginine kinase and
sarcoplasmic Ca-binding protein. Other allergens include myosin
light-chain, troponin C, Triose phosphate isomerase and actin.
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7.1 INTRODUCTION

Over the last fifty years, mass transportation has allowed citizens to
explore the world more than ever before. This freedom of travel not
only applies to humans but also to our food supply. Food security is
a global concern and has led to local supplies being supplemented
with foreign imports to ensure that all people have access to sufficient
food for their dietary needs (Pinstrup-Andersen 2009) but also
allows seasonal products to be available year round. This globalized
supply chain is essential for food security; however, food safety
of these supplies can sometimes be neglected. The World Health
Organization (WHO) selected Food Safety as their focus for World
Health Day 2015 due to the increasing complexity of the stakeholders
involved in the globalized food chain (Fukuda 2015). The WHO and
the United Nations Food and Agriculture Organization (FAO) are at
the forefront of galvanizing all food chain stakeholders to improve
food safety across all borders as a step towards improving health
on a global scale.

Food-borne illnesses are estimated to kill more than 2 million
people annually and impedes economies by removing healthy
workers from the workforce and in developing countries, causing a
cycle of malnutrition and illness (World Health Organization 2014a,
World Health Organization 2014b). The most common foodborne
pathogens are Salmonella, Campylobacter and enterohaemorrhagic
Escherichia coli which are well known by the general public due to local
health education initiatives (World Health Organization 2014a,b).
Other food-borne pathogens such as viruses and parasites are often
not considered in the local context due to high local food standards
and regulations; however the global supply chain allows yearlong
availability of seasonal produce sourced from around the world.
Therefore, other pathogens such as the nematode Anisakis, need to be
considered when a patient presents with gastrointestinal symptoms
and particularly if they subsequently develop a food allergy. This
chapter will explore how Anisakis species and its associated illness,
anisakiasis, should be considered by clinicians outside of endemic
areas and how food globalization have contributed to this situation.
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7.2 THE PARASITE

Anisakiasis is a parasitic disease caused by inadvertent ingestion
of larval nematodes, mainly belonging to the genera Anisakis and
Pseudoterranova, found in raw or improperly cooked seafood. The
tirst confirmed cases of anisakiasis in humans were recorded in the
Netherlands in 1960 (van Thiel et al. 1960). Five years later, two cases
were reported in Japan (Asami et al. 1965). Since the first reports
of human anisakiasis, until 1996, 31,575 cases have been reported
across 27 countries, including Japan (Takahashi et al. 1998). With the
increased popularity of eating undercooked or raw fish dishes, the
annual number of anisakiasis cases is expected to increase.

Anisakiasis is not restricted to humans. In 1967, the first reported
case of anisakiasis in a dog occurred in Japan (Kitayama et al. 1967).
Anisakid nematodes can also infect cats, and thus, anisakiasis is
currently regarded as one of the most important zoonotic parasites
around the world. However, the larvae do not mature into adults in
humans or in those animals, because the definitive hosts are marine
mammals such as whales and sea lions. The third-stage larvae of
anisakid nematodes are commonly found in marine fish and squid,
the ingestion of which is the primary pathway by which humans
become infected. Berland (1961) classified the larvae of Anisakis into
two types, Types I and II, based on morphological characteristics such
as shapes of the ventriculus (oblong for Type I and square for Type II)
and presence (Type I) or absence (Type II) of a mucron at the tip of the
tail. Conversely, presence of intestinal cecum is a key characteristic
used in the morphological identification of Pseudoterranova larvae.
The intestinal cecum is the part of the intestine that projects anteriorly
and is located behind the ventriculus; Anisakis larvae, both Types I
and II, lack the intestinal cecum (Figure 7.1). Among these parasitic
larvae, Anisakis Type I was recognized as the most frequently
associated with human illness (Smith et al. 1978).

As Anisakis Type Iis a morphotype and includes several species.
Several isoenzyme studies coupled with molecular analyses have been
conducted with the goal of identifying the different species within
the genus (Mattiucci et al. 2006). For example, the species of Anisakis
Type I larvae were genetically characterized using samples
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Figure 7.1 Comparative morphology of three larvae of parasitic nematodes. (A). Anisakis Type
I; (B). Anisakis Type II; and (C), Pseudoterranova sp. (BT) boring tooth; (E) oesophagus; (V)
ventriculus; (I) intestine, (IC) intestinal cecum; (A) anus; and (M) mucron.

isolated from fish and anisakiasis patients in Japan. Although
both A. simplex sensu stricto and A. pegreffii were identified in
tish, almost all larvae (99%) isolated from patients were identified
as A. simplex s.s. (Umehara et al. 2006, Umehara et al. 2007).
This shows a striking discrepancy between the predominant
species found in fish and that affecting patients. Suzuki et al.
(Suzuki et al. 2010) explained that this discrepancy was due to
the high penetration rate of A. simplex s.s. into the muscles of
tish. Thus, A. simplex s.s. larvae are ingested by humans, while
A. pegreffii larvae are usually removed when the internal organs
are discarded. Because it is not possible to differentiate Anisakis
Type I larvae by using morphology alone, molecular methods are
indispensable for identifying each clinically and epidemiologically
important species.

7.3 ANISAKIASIS: A COMMONLY OVERLOOKED INFECTION
7.3.1 Clinical Features

Anisakiasis is typically a self-limiting infection where the live
nematode is killed by the immune system and can be misdiagnosed as
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viral or bacterial gastroenteritis (Baird et al. 2014), gastro-oesophageal
reflux disease (Carrascosa et al. 2015) ileitis, diverticulitis (Baron
et al. 2014) or appendicitis (World Health Organization 2008). The
infective dose is one live nematode which is ingested whole and
either is non-invasive where it remains in the gastrointestinal tract
and is passed; or becomes invasive where it burrows and penetrates
the intestinal wall and moves into other tissues and organs in
the body (Food and Drug Administration 2012). The most usual
symptoms associated with anisakiasis are: vomiting, diarrhoea,
severe stomach and/or abdominal pain and nausea with occasional
tingling in the throat or coughing within 24 hours of consuming raw
or pickled fish (World Health Organization 2008, Food and Drug
Administration 2012). There are four different types of anisakiasis—
gastric, intestinal, ectopic and allergic (Ishikura et al. 1993, Kakizoe
et al. 1995, Ito et al. 2007, Hochberg et al. 2010). Gastric is the most
common and most resembles typical gastroenteritis with similar
symptoms with nausea, vomiting, low grade fever with epigastric
pain and rapid onset (Kakizoe et al. 1995). Intestinal anisakiasis has
a longer incubation period of five to seven days post-ingestion and
has intermittent or constant abdominal pain with development of
peritonitis and/or ascites in some cases (Ishikura et al. 1993). When
anisakids penetrate the stomach or intestinal wall and travel through
the vicera, this can be known as ectopic, extra-gastrointestinal or
intraperitoneal anisakiasis (Ito et al. 2007). Finally allergic anisakiasis
is when the patient becomes sensitised to Anisakis allergens and
suffers from associated symptoms such as urticaria, angioedema
and/or anaphylaxis (Lopez-Serrano et al. 2000).

Whilst the infection is usually self-limiting, the resemblance
to bacterial and viral gastroenteritis usually results in the patient
being advised to rest and the infection resolves itself with the patient
expelling the parasite. However, anisakiasis should be considered
in cases where traditional interventions for gastroenteritis, such as
antimicrobial treatments, have failed and the patient continues to
present with symptoms that could fit multiple diagnoses. In 2013, the
first documented case of anisakiasis was reported in China when a 56
year old male patient presented with vomiting, peripheral umbilicus
and abdominal distension, and frequent mucous diarrhoea over a
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month long period (Qin et al. 2013). The patient was hospitalised
and upon examination was given a primary diagnosis of colonic
polyps then diagnosed as probable colon cancer. Abdominal and
rectal examinations were normal and upon examination using an
electronic gastroscope a worm was discovered in his stomach in
addition to a duodenal and gastric ulcer, moderate to severe chronic
superficial gastritis and mild sinus atrophy (Qin et al. 2013). Had the
correct diagnosis not been made gastroscopically this patient would
have been subjected to incorrect surgical intervention resulting in
the removal of healthy tissue without resolving his illness. During
2013, the first case of anisakiasis presenting as a bowel obstruction
in a child in Croatia (Juric et al. 2013) and the first anisakid detected
in an endocervical adenocarcinoma in a German-American female
from the United States of America (Ramanan et al. 2013) were both
reported in the scientific literature.

7.3.2 Prevalence and Epidemiology

The country with the highest prevalence of anisakiasis is Japan.
This is due to their national dishes of sushi and sashimi where the
raw fish transmit the Anisakis worms to any person who ingests it.
It is estimated that there are 2,000-3,000 cases of anisakiasis being
reported annually (Yorimitsu et al. 2013). Ishikura (Ishikura 1995)
analysed the incidence of anisakiasis in Japan, by tallying the cases
that appeared as articles/abstracts in journals/proceedings for 5
years, from 1987 to 1991. Simultaneously, he conducted a customized
questionnaire survey of anisakiasis cases among physicians. From
the analysis and survey results, he concluded the number of patients
in this period was 14,302. This finding indicated that at the time,
the average annual number of anisakiasis cases in Japan was 2,860.
Another study (Kawanaka et al. 2006) showed an estimated 2,000 or
more anisakiasis cases annually, after the year 2000.

An examination of the literature published after 2001, using
a similar method was conducted to investigate the number of
anisakiasis cases in an eleven year period. The Japan Centra Revuo
Medicina (Ichushi, a type of Index Medicus in Japan) was selected
as the search engine, and articles (in English as well as in Japanese)
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registered in the Ichushi from 2001 to 2012 were searched using
the keyword “anisakiasis”. Original articles with this keyword
were scrutinised and local symptoms and general conditions were
ascertained. This search resulted in 270 articles/abstracts being
identified, which contained 353 anisakiasis cases, indicating that
the average annual case number was 27.2. Thus, it is apparent that
literature search alone will not provide the accurate total number
of recent anisakiasis cases. This is probably due to the under-
reporting of gastric cases with severe upper abdominal pain due
to invasion of anisakid larvae, as these cases are easily resolved by
removal of the larvae by using a biopsy forceps under endoscopic
examination. Reports of anisakiasis in the literature are usually
of atypical cases where the clinical presentation made differential
diagnosis difficult. Of the literature examined, 41 cases (11.6% of the
353 cases) reported anisakiasis with urticaria as one of the general
symptoms. Within these 41 cases, 4 cases had dyspnoea and 1 with
exanimation; these 5 cases were regarded as fulminant anisakiasis
(Table 7.1) (Fukunaga et al. 2001, Kameyama et al. 2006, Hoshino et
al. 2011, Iijima et al. 2012).

The ever-increasing diversity of provincial cuisine offered in
new markets has also increased the number and distribution of
consumers eating raw fish. Other regional dishes, such as ceviche
(South America), salted or pickled herring (Holland and Nordic

Table 7.1 Fulminant anisakiasis cases reported between 2001 and 2013 in Japan.

Case Diagnostic criteria | Major References
No. | Reported | Prefecture symptom
year

1 2001 Hyogo | prick test and dyspnoea (Fukunaga et al. 2001)
immunoblotting

2 2001 Hyogo prick test and dyspnoea (Fukunaga et al. 2001)
immunoblotting

3 2006 Aichi prick test and dyspnoea (Kameyama et al. 2006)
immunoblotting

4 2011 Fukushima | worm recovery dyspnoea (Hoshino et al. 2011)
from the stomach

5 2012 Ibaraki | prick test, exanimation | (lijima et al. 2012)
immunoblotting,
and ELISA
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countries), lomi-lomi (Hawaii), gravlax (Nordic countries) and
boquerones (Spain), also appear to have contributed to an increase
in anisakiasis in humans. It is recognised that A. simplex (s.s.) is the
main causative agent of anisakidosis in Japan, as determined by
polymerase chain reaction (PCR)-based restriction fragment length
polymorphism (RFLP) analysis of the internal transcribed spacers 1
(ITS-1) and 2 (ITS-2) regions (Umehara et al. 2007) and its relatively
high prevalence in chub mackerel and other fish species (Suzuki et
al. 2010, Arizono et al. 2012, Jabbar et al. 2012b).

Other regions in Europe are only now being explored as potential
anisakiasis endemic areas. For example marinated and/or raw fish is
a culinary tradition in some regions of Italy, the actual incidence of
anisakiasis is believed to be severely underestimated in these regions
due to a high prevalence of parasitized fish in the Mediterranean
region (Mattiucci et al. 2008). As the fish are highly parasitized,
high consumption rates of these fish indicate a high risk of human
infection (Mattiucci et al. 2011). In Italy, there are several reports of
complicated anisakiasis cases in the various regions of Italy linked to
A. pegreffii. This species of anisakid was identified using PCR-RFLP
from a Southern Italian patient suffering from gastric anisakiasis
(D’Amelio et al. 1999). In another case in Viterbo, Italy, A. pegreffii was
molecularly identified and confirmed as the cause of granulomatous
lesions in a patient suffering from anisakiasis (Mattiuccietal. 2011). The
A. pegreffii nematode has also been associated with multiple cases of
gastro-allergic anisakiasis in multiple locations across Italy (Mattiucci
et al. 2013). Whilst anisakiasis is a common disease in Japan and
potentially Italy as well, clinical cases have also been reported from
other countries. In 2011, the first human anisakidosis case was
reported in Adelaide, South Australia, after a patient had consumed
raw, locally caught mackerel (Shamsi et al. 2011) and in 2013, the first
case of anisakiasis in China (Qin et al. 2013).

7.3.3 Diagnosis and Treatment

Differential diagnosis is exceedingly difficult with anisakiasis as
many other conditions have similar symptoms. Recently there
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has been reports of a mesenteric tumor diagnosis associated with
chronic anisakiasis (Menendez Sanchez 2015), an adhesive intestinal
abscess caused by extragastrointestinal anisakiasis (Takamizawa
et al. 2015), and a case where a sub-mucosal tumour was found
to be a rare case of asymptomatic colonic anisakiasis (Tamai et
al. 2015). Computed tomographic imaging has been useful in
expedient diagnosis in some emergency department presentations
(Takabayashi et al. 2014). A common occurrence is the discovery of
a worm in an ulcerative lesion during endoscopic examination or
exploratory surgery (Hochberg et al. 2010, Baron et al. 2014). After
surgical removal of the nematode, the most commonly utilised
method of identification is morphology; however this usually
requires a trained parasitologist or a pathologist with experience
in parasitic zoonoses. Histopathological diagnosis is based on the
morphological identification of the nematode in tissue sections
using visible features such as an unpaired excretory gland (or renette
cell), Y-shaped lateral epidermal cords, no apparent reproductive
system, and a ventriculus (glandular oesophagus plus intestine);
and an inflammatory eosinophil infiltration in the surrounding
tissue accompanied with an increased neutrophil count (Baron et
al. 2014). Serology using an enzyme-linked immunosorbent assay
can also be used for identification of IgG and IgE against known
Anisakis allergens which will confirm a recent anisakiasis infection
(Moore et al. 2002).

Molecular methods are also being used to confirm identify of
isolated nematodes from patients post-endoscopic or explorative
surgery. PCR amplification of the internal transcribed spacers 1 and
2 (ITS-1, ITS-2) between rRNA genes and then restriction fragment
length polymorphism (RFLP) digestion using Hinfl (Umehara et
al. 2006, Umehara et al. 2007) can be utilised to identify worms.
This method identified A. simplex s.s. as the main causative agent
of anisakiasis in Japan (Umehara et al. 2007). There are two distinct
RFLP profiles for the two main Anisakis species found in human
anisakiasis. Multiple cases have been published where PCR-RFLP
has been used as a confirmative diagnosis of anisakiasis post-
recovery: A. pegreffii in a paraffin-preserved granuloma isolated
from an Italian man (Mattiucci et al. 2011), A. pegreffii in a 51 year
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old woman in southern Italy (D’Amelio et al. 1999); A. pegreffii
in two Italian women (a 49 year old and a 59 year old) both
suffering from gastritis (Fumarola et al. 2009); and A. pegreffii or
A. simplex s.s. in multiple Japanese patients (Umehara et al. 2007).
Upon surgical removal of the worm, the patient usually recovers
quickly (Takabayashi et al. 2014); however use of albendazole as
an alternative has been reported when the patient history is highly
suggestive of anisakiasis and they are unable to have surgical or
endoscopic interventions (Moore et al. 2002).

7.3.4 Allergy and Misdiagnosis of Fish Allergy Post-Infection

Allergic anisakiasis, like the other forms of anisakiasis, is
underreported in both healthcare statistics and the scientific literature.
All forms of anisakiasis can result in subsequent sensitization to the
Anisakis nematode (Audicana et al. 2008). Traditionally for the last
thirty years, radioallergosorbent test using a blood sample (now
referred to as allergen-specific IgE) has been primarily used to
confirm allergic sensitisation to anisakid allergens post-anisakiasis
(Desowitz et al. 1985). However, most patients who experience
gastroenteritis and/or allergic symptoms after consuming fish will
recover from their infection, never see a doctor specifically about this
illness and consequently self-diagnose themselves as having food
poisoning. If there is a later repeat of the symptoms upon re-ingestion
of fish, the majority of patients will self-diagnose themselves with a
fish allergy (Mourad et al. 2015).

Most often upon serologically examination of allergen-specific
IgE, this will be demonstrated to be an incorrect diagnosis (Sharp
et al. 2014) meaning that the patient has subjected themselves
to an unnecessary exclusion diet. The allergen-specific IgE test
coupled with allergen-specific IgG tests are confirmatory of a
prior anisakiasis infection/s; however high levels of IgE is not
indicative of a reactive food allergy especially when total extracts
are used as key allergens may be underrepresented in the extract
(Larenas-Linnemann et al. 2008). Basophil activation tests (BAT)
are also useful in determining if allergic immune responses will be
induced in the presence of allergens and allergen-specific IgE in the
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patient’s sera. Basophil activation tests have demonstrated to be
helpful when the patient’s other test results are inconclusive. For
example when the allergen-specific IgE level is low but the patient is
experiencing allergic symptoms when exposed to the allergen either
through ingestion or through skin prick test (Pignatti et al. 2015).
Skin prick test using purified allergens or direct food-source-prick to
patient-skin-prick, and double-blind placebo-controlled food-
challenges under supervised conditions are the most accurate tests
available at confirming a true reactive food allergy (Hoffmann-
Sommergruber et al. 2015).

The increase in patients with suffering from a food allergy has
become a concerning social issue in Japan. While agricultural and
livestock products such as eggs, milk, and soybeans are common
causative agents of food allergy, seafood has become one of the
commonest causes of food allergy in Japan. Pioneering studies such
as Kasuya et al. (Kasuya et al. 1990) indicated that the allergens in
seafood causing urticaria is not the seafood itself but the anisakid
larvae that parasitizes seafood. These authors reported that 11
patients who developed urticaria after ingesting mackerel showed
a positive reaction to A. simplex larval antigen, whereas none reacted
to mackerel antigen. Thirteen allergens of A. simplex s.s. have been
identified and characterized (Baird et al. 2014) with haemoglobin
being the newest allergen identified (Gonzalez-Fernandez et al. 2015).
As new recombinant allergens are used as immunodiagnostic tools,
further anisakiasis cases with the primary symptom of urticaria have
been diagnosed in Japan (Shigehira et al. 2010).

Sensitization to Anisakis spp. can be determined by the presence
of Anisakis allergen-specific antibodies or immune-responsiveness
via BAT using native or recombinant Anisakis antigens. Once this
is determined further skin-prick testing can be conducted using
commercial total extracts from A. simplex to determine reactivity
to the allergens. However, in most healthcare systems around the
world, these specialised appointments to conduct these gold standard
tests can have long wait times due to the scarcity of allergologists
(Rodero et al. 2004, Nieuwenhuizen et al. 2006). Sensitization can
be found in many countries. For example, in Northern Morocco, no
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cases of anisakiasis have been reported for this population; however
in one study a sero-prevalence of 5.1% was recorded, with the
highest proportion of sensitized people being between the ages of
31-43 years (Abattouy et al. 2012). Another example is Brazil, where
again there is no evidence of anisakiasis in humans, yet a sero-
prevalence of 20.9% was recorded in a cohort of military personnel (1
= 67) that regularly ingested fish suggesting a significant association
between fish consumption and serology to A. simplex (Junior et al.
2013). Even though these people are sensitized to Anisakis allergens
does not immediately classify them as having allergic anisakiasis as
upon subsequent exposure they may not manifest an allergic reaction.

However examination of patients suffering from chronic allergic
symptoms does support Anisakis as an underreported cause of
allergic symptoms. In an Italian study, chronic urticaria patients
of 65 years of age or older were tested for hypersensitivity to A.
simplex allergens and it was found that 55% of these patients had
anti-A. simplex serum antibodies with 35% also reactive to house
dust mite (Ventura et al. 2013). An earlier study found (Lopez-Saez
et al. 2003) that the prevalence of anti-Anisakis antibodies did not
correlate with regular fish-ingestion, acute or chronic gastrointestinal
disease and/or abdominal surgery. Nevertheless, a murine model
have demonstrated that Anisakis proteins can generate urticaria and
systemic hypersensitivity to Anisakis antigens in the absence of an
acute infection (Nieuwenhuizen et al. 2009). In addition, inhalation of
Anisakis-derived proteins can induce severe respiratory symptoms
and sensitisation in mice (Kirstein et al. 2010). Moreover, in a study of
fish-processing employees (Nieuwenhuizen et al. 2006), 8% exhibited
Anisakis-specific IgE responses against an extract from A. simplex
(s.s.) L3s. In this case, the severity of allergic symptoms related to
the extent of fish consumption. The induction of allergic reactions
in Anisakis-sensitised patients, and the role of live Anisakis larvae
or Anisakis derived proteins in these allergic reactions are yet to be
fully elucidated (Daschner et al. 2012). In the meantime, the allergens
from A. simplex and A. pegreffii are medically important in human
populations, in which there is high risk of exposure and requires
detailed investigation by clinicians.
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7.4 CLINICAL IMPLICATIONS OF TRAVELLING AND
GLOBALIZATION OF FOOD PRODUCTS ON HEALTH

Travel has become more accessible with low cost airlines and the
“experience the unknown” ideology is inspiring countless number
of people to travel to new destinations like never before. In some
cases the affordability has dropped so much that a person can
purchase a return airline ticket for $1. This is particularly enticing
for Australians who are geographically isolated from the other
continents; however not all these destinations have the same food
standards and regulations that Australia has. This increase in tourism
to more diverse destinations has had unexpected consequences when
travellers pick up exotic diseases that are endemic to the area and
bring them home with them or have long-term effects which requires
the local healthcare to manage. It is this increased burden on the local
healthcare system that prompted the Smart Traveller campaign by
the Australian government to be prepared when travelling abroad
(http:/ /www.smartraveller.gov.au/).

It is quite common for anecdotes of travel gone wrong to
lead a news bulletin; however it is the ones that are dismissed
that often has consequences long after the traveller has returned
home. For example, during a seminar at a local hospital on
Anisakiasis, a woman identified herself as having had a very
similar infection upon travelling overseas which she had dismissed
as a food allergy. Upon serological examination it was found that
she had circulating Anisakis-specific IgE and no circulating IgE
antibodies against the fish she had believed she had an allergy to
(E]J.B., manuscript in preparation). This case is interesting as the
woman had self-diagnosed herself as having a fish allergy which
resulted in her changing her diet even though it was more likely a
reaction to an Anisakid than the fish she ingested. This outcome has
been documented and is a growing problem globally (Prester 2015).

Over the past year, Australia has had multiple food biosafety
incidents which have resulted in persons falling ill after consumption
of imported goods. The most publicised incident was that of the mixed
berries from two leading Australian brands that were contaminated
with hepatitis A and were imported from China (Food Standards
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Australia and New Zealand 2015a, Food Standards Australia
and New Zealand 2015b). During this outbreak, the Department
of Agriculture and Food Standards Australia and New Zealand
reiterated that routine testing of foods for viruses is of limited use
due to: levels of active virus being below the detecting limit of most
tests; unequal distribution of the virus throughout the food; and the
incidence of false positive results due to inactive genomic material is
too high for the wide spread application of the test (Food Standards
Australia and New Zealand 2015d). A biosafety lapse which is specific
to imported fish is that of histamine (scombroid) poisoning where
the fish has been improperly stored and histamine accumulates in
the tissues. In February 2015, there was an outbreak of scombroid
poisoning in New South Wales, Australia where imported canned
tuna from Thailand was implicated (Food Standards Australia and
New Zealand 2015c¢). Even though all the Department of Agriculture
examined 100% of the consignments that contain high risk species
such as tuna and mackerel, these substandard canned tuna evaded
detection. There is a real need to develop more sensitive rapid tests
considering that all food should be examined under the Imported
Food Control Act 1992 and the Imported Food Control Regulations
1993; however in the case of the tuna, they were missed during the
inspection period.

Another strategy that is under review to improve food safety in
Australia is country of origin food labelling. The major benefit of
having labels of origin is that consumers can decide for themselves
if they want to purchase that product based on their faith in that
country’s food standards. In Australia, the Joint Food Standards—
Code Standard 1.2.11 required all foods origins to be labelled (Food
Standards Australia New Zealand 2005, Wood et al. 2013). In 2015,
this has undergone a major overhaul which as of 2016, will make
the labels standardised across all food products and will denote if
a product is only packaged in Australia (Department of Industry;
Innovation; and Science 2015). Research into consumer choices based
on labelling found that food safety is the largest driver of purchase
rather than origin labels (Loureiro et al. 2007); however that may
have changed over the last few years in light of different food recalls
and outbreaks.
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In 2002, in response to emerging biosafety issues such as bovine
spongiform encephalopathy, the United States of America had passed
a country of origin labelling law to improve their meat traceability
(Loureiro et al. 2007, Dinopoulos et al. 2010). This law took over a
decade to be implemented and when it was in 2014, Canada and
Mexico appealed to the World Trade Organization (WTO) that the
law was a Technical Barrier to Trade which discriminates against
their imported products as the cost of tracking their movement
would be prohibitive to their industry. The two countries are now
seeking retaliatory actions valued at US$3.7 billion a year collectively
(Tracy 2015). As a result of the WTO ruling against the United
States of America, Sections 281 and 282 covering country of origin
labelling requirements for beef, pork, and chicken of the Agricultural
Marketing Act of 1946 was repealed (Country of Origin Labeling
Amendments Act of 2015 (USA)). This outcome demonstrates the
extreme complexity of the issue of food safety where government
trade agreements can influence the information given to a consumer
at the point of purchase.

7.5 CONCLUSIONS

Anisakiasis is an established infection in many regions of the world
where fish is regularly consumed and this is reflected in how patients
are treated when they present to a hospital displaying gastrointestinal
symptoms. However as anisakiasis is often viewed as a self-limiting
infection, allergic consequences are rarely investigated. Self-reporting
of fish allergies may be concealing the true prevalence of Anisakis-
sensitisation in these populations. Another aspect is the globalisation
of food where in any one country you can purchase products from a
wide variety of foreign countries with vastly different food standards
to those of the developed world. As anisakiasis is emerging in more
countries, health professionals will need to incorporate a few more
questions into the workup of the presenting illness to eliminate
anisakiasis. This is particularly important for recently returned
travellers who may have been exposed whilst travelling overseas
and for atypical gastroenteritis cases where the presenting clinical
features are omnipresent.
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8.1 INTRODUCTION—FOOD INDUSTRY AND HIGH RISK
WORKING POPULATIONS

The food industry is one of the largest employers of workers exposed
to numerous allergens that are capable of inducing immunological
reactions resulting in allergic disease (Jeebhay 2002a, Cartier 2010,
Sikora 2008). Such allergic reactions can occur at every level of the
industry, from growing/harvesting of crops or animals, storage of
grains, processing and cooking, conversion, preparation, preservation
and packaging of food substances (Gill 2002). It is estimated that at
least one third of the world’s population is engaged in the agricultural
sector, the figure increases to 40% in developing countries and 50% for
the African population (FAO (year 2010). The International Labour
Organisation estimates that the food industry comprises about 10%
of the global working population.

The largest food-handling population is employed in the
agricultural sector followed by the food manufacturing and
processing industry that employs workers involved in a broad
spectrum of occupations. These include sectors involved in processing
of fruit, vegetables, meat, fish, oils and fats; dairy products; grain
mill products, starches and starch products (e.g., sweets, chocolates,
confectionery); prepared animal feeds; and beverages. Materials
processed include both naturally occurring biological raw products
(plant/vegetable, animal or microbial origin) as well as chemicals for
food preservation, flavouring, packaging and labelling. Both these
biological and chemical materials are known to contain sensitising
agents capable of causing occupational allergies among high risk
working populations (Jeebhay 2002b).

Workers considered to be at increased risk include farmers who
grow and harvest crops; factory workers involved in food processing,
storage and packing; as well as those involved in food preparation
(chefs and waiters) and transport.
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8.2 FOOD PROCESSING ACTIVITIES AND ALLERGEN
SOURCES

In the occupational setting, hazardous constituents of food products
enter the body either through inhalation or dermal contact resulting
in adverse reactions on an irritant or allergic basis. Allergic diseases
commonly encountered in the food industry include respiratory
diseases such as occupational asthma, rhinitis, conjunctivitis and
hypersensitivity pneumonitis, as well as skin disease such as contact
dermatitis (Sikora 2008, Gill 2002).

Tables 8.1 and 8.2 outline common food sources (cereals, plants/
vegetables/fruits/spices, seeds, herbal teas, mushrooms, farm
products) as well additives (colorants, thickening agents, sulphites
and enzymes) and food contaminants (mites and other insects,
fungi, parasites) associated with food storage that are found in food
processing industries. Most of these are biological agents containing
high molecular weight (>10 kDa) proteins derived from plant or
animal sources, that are both naturally occurring or synthetically
derived, and which act as allergic respiratory sensitisers (James and
Crespo 2007, Cartier 2010).

Various work processes are employed in the food industry that
produce wet aerosols and dust particulates that are capable of being
inhaled and causing allergic reactions. This is typically illustrated in
the seafood industry in which processes such as cutting, scrubbing
or cleaning, cooking or boiling, and drying are commonly used
(Table 8.3) (Jeebhay 2001). Various immunological techniques have
been developed to determine the allergen concentrations produced
by these work processes in the various industrial sectors (Raulf
2014). For some dust particulate there is a strong linear correlation
with airborne allergen concentrations as has been observed for flour
dust measurements in the baking industries, whereas this has not
been borne out for studies in the seafood processing industry due
to the nature of the aerosolised particles (Baatjies 2010, Jeebhay
2005a). Other food processing activities such as storage, thermal
denaturation, acidification and fermentation may destroy allergens,
cause conformational changes or result in the formation of new
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Table 8.1 Food allergens responsible for occupational asthma.

Agent | Occupational exposure

Cereals

Wheat, rye, barley Baker, pastry maker (Cartier 2010)
Gluten Baker (Cartier 2010)

Corn Making stock feed (Cartier 2010)
Rice Rice miller (Sikora 2008, Cartier 2010)
Malt Machine operator (Miedinger 2009)

Plants, vegetables, fruits, and spices

Spinach

Baker (handling spinach) (Sikora 2008, Cartier 2010)

Asparagus

Harvesting asparagus (Sikora 2008, Cartier 2010)

Broccoli, cauliflower

Plant breeder, restaurant worker (Sikora 2008)

Artichokes

Warehouse (packaging artichokes) (Cartier 2010)

Bell peppers

Greenhouse worker (Cartier 2010)

Courgettes (zucchini)

Warehouse (packaging courgette) (Cartier 2010)

Carrots

Cook (handling and cutting raw carrots)
(Sikora 2008)

Tomatoes (flower)

Greenhouse grower (Cartier 2010)

Raspberries

Chewing gum coating (Cartier 2010)

Peaches

Farmer, factory worker handling peaches
(Cartier 2010)

Oranges (pollen and zest/flavido)

Farmer (de las Marinas 2013), orange peeling
(Felix 2013)

Aniseed Meat industry (handling spices) (Cartier 2010)

Saffron (pollen) Saffron worker (Cartier 2010)

Hops Baker (Cartier 2010), brewery chemist (Sikora 2008)

Soybeans Dairy food product company, baker, animal food
preparation (Sikora 2008, Cartier 2010)

Chicory Factory producing inulin from chicory roots,

chicory grower (Cartier 2010)

Coffee beans (raw and roasted)

Roasting green coffee beans (Cartier 2010)

Green beans

Handling green beans (Cartier 2010)

Cacao Confectionery (Cartier 2010)

Anise Anise liqueur factory (Cartier 2010)
Almonds Almond-processing plant (Cartier 2010)
Olive oil Olive mill worker (Cartier 2010)

Devil’s tongue root (maiko)

Food processor (Cartier 2010)

Garlic, onion, chilli pepper

Sausage makers, garlic harvesters, spice factory,
packing and handling garlic (Sikora 2008, Cartier
2010, van der Walt 2010)

Table 8.1 contd. ...
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... Table 8.1 contd.

Agent

Occupational exposure

Plants, vegetables, fruits, and
spices

Plants, vegetables, fruits, and spices

Aromatic herbs (rosemary, thyme,
bay leaf, garlic)

Butcher (Cartier 2010), greenhouse worker
(Sikora 2008)

Paprika, coriander, mace

Anise liqueur factory (Cartier 2010)

Seeds

Red onion (Allium cepa) seeds

Seed-packing factory worker (Cartier 2010)

Sesame seeds

Miller (grounding waste bread for animal food),
baker (Cartier 2010)

Fennel seeds

Sausage-manufacturing plant (Cartier 2010)

Lupine seeds

Agricultural research worker (Cartier 2010)

Buckwheat flour

Health food products, noodle maker, cook
(Sikora 2008, Cartier 2010)

Herbal teas

Tea Green tea factory, tea packer (Cartier 2010)
Cinnamon Worker processing cinnamon (Cartier 2010)
Chamomile Tea-packing plant worker (Cartier 2010)

Sarsaparilla root

Herbal tea worker (Cartier 2010)

Mushrooms

Boletus edulis (porcino or king
bolete)

Pasta factory (Cartier 2010)

Saccharomyces cerevisiae

Mixing baker’s yeast (Cartier 2010)

Mushroom powder

Food manufacturer (Cartier 2010)

Pleurotus cornucopiae

Mushroom grower (Cartier 2010)

Seafood (shellfish and fish)

Crustaceans

Snow crabs, Alaskan king crabs,
dungeness crabs, tanner crabs, rock
crabs

Crab-processing worker (Cartier 2010, Lopata and
Jeebhay 2013)

Prawns, shrimp /shrimpmeal,
clams

Prawn processor, food processor (lyophilized
powder), fishmonger, seafood delivery
(Cartier 2010, Lopata and Jeebhay 2013)

Lobster

Cook, fishmonger (Cartier 2010, Lopata and
Jeebhay 2013)

Table 8.1 contd. ...
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... Table 8.1 contd.

Agent Occupational exposure

Mollusks

Cuttlefish Deep sea fisherman (Cartier 2010, Lopata and
Jeebhay 2013)

Mussels Mussels opener, cook (Cartier 2010, Lopata and

Jeebhay 2013)

King and queen scallops

Processor (Cartier 2010, Lopata and Jeebhay 2013)

Abalone Fisherman (Cartier 2010, Lopata and Jeebhay 2013)

Octopi and squid Processor (Cartier 2010, Rosado 2009, Wiszniewska
2013, Lopata and Jeebhay 2013)

Fish

Salmon, pilchard, anchovy, plaice,
hake, tuna, trout, turbot, cod,
swordfish, sole, pomfret, yellowfin,
herring, fishmeal flour

Fish processor, fishmonger (Cartier 2010, Lopata
and Jeebhay 2013)

Farm products

Pork (raw) Meat-processing plant (Cartier 2010), meat packer
(Hilger 2010)

Beef (raw) Cook (Cartier 2010)

Lamb (raw) Cutting raw lamb meat (Cartier 2010)

Hogs Pig farmer (Sikora 2008)

Cows Dairy farmer (Sikora 2008)

Poultry (turkey, chicken)

Food-processing plant, poultry slaughterhouse
(Cartier 2010)

Eggs

Confectionary worker, bakery, egg-processing plant
(Cartier 2010)

Pheasants, quails, doves

Breeder (Sikora 2008)

Milk derivatives

A-lactalbumin

Candy maker, baker (Cartier 2010)

Lactoserum Cheese maker (Cartier 2010)

Casein Delicatessen factory, milking sheep, candy maker
(Cartier 2010)

Rennet Cheese maker (Cartier 2010)

Bovine serum albumin powder

Laboratory worker (Choi 2009)

Bees, honey, pollens

Beekeeper, honey processor, cereal producer
(Sikora 2008, Cartier 2010)

(Adapted from Cartier 2010 and Sikora 2008 with permission)
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Table 8.2 Food additives and contaminants responsible for occupational asthma.

Agent | Occupational exposure

Food additives

Colorants

Carmine Butcher (production of sausages)

(Sikora 2008)

Chinese red rice (derived from Monascus
ruber)

Delicatessen manufacturing plant
(Cartier 2010)

Marigold flour (derived from Tagetes erecta)

Porter in animal fodder factory
(Lluch-Perez 2009)

Bacterial enzymes

Transglutaminase (Bacillus subtilis)

Superintendent involved in ingredient com-
mercialisation for food industry

(De Palma 2014)
Fungal enzymes
A-amylase, cellulase, xylanase Baker (Cartier 2010)
Glucoamylase Baker (Cartier 2010)

Pectinase, glucanase

Fruit salad processing (Cartier 2010)

Papain, bromelain

Meat tenderizer (Sikora 2008)

Thickening agents

Carob bean flour

Jam factory (Sikora 2008), ice cream maker
(Cartier 2010)

Pectin

Candy maker, preparation of jam
(Cartier 2010)

Konjac glucomannan

Food-manufacturing plant (Cartier 2010)

Vitamins (thiamine)

Castor oil Factory and dock workers
(Cartier 2010)

Gluten

Manufacturing-enriched breakfast cereals
(Cartier 2010)

Sodium metabisulfite

Biscuit maker (Cartier 2010)

Food contaminants

Insects

Poultry mites (Ornithonyssus sylviarum)

Poultry worker (Sikora 2008)

Grain storage mites (Glycyphagus destructor)

Grain worker (Sikora 2008)

Storage mite (Tyrophagus putrescentiae)

Van driver for dry cured ham
(Rodriguez 2012)

Spider mites (Tetranychus urticae),
Panonychus ulmi

Table grape (Jeebhay 2007), apple
(Kim 1999), citrus farmers (Burches 1996)

Flour moth (Ephestia kuehniella)

Cereal stocker, baker (Cartier 2010)

Table 8.2 contd. ...
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... Table 8.2 contd.
Agent Occupational exposure
Champignon flies Champignon cultivator (Cartier 2010)
Cockroaches (Blattella spp.) Baker (Cartier 2010)
Granary weevils (Sitophilus granarius) Baker (Cartier 2010)
Rice flour beetles (Tribolium confusumn) Baker (Sikora 2008)
Fungi
Aspergillus niger Brewer (contaminated malt) (Cartier 2010)
Chrysonilia (Neurospora) sitophila Service operator of coffee dispenser
(Cartier 2010)
Aspergillus, Alternaria spp. Baker (Cartier 2010)

Verticillium alboatrum Greenhouse tomato grower (Sikora 2008)

Semi-industrial pork butcher (Talleu 2009)

Penicillium nalgiovensis

Parasites

Anisakis simplex Fish-processing workers, frozen fish factory

(Cartier 2010)

Plants

Hoya (sea squirts) | Oysters handlers (Cartier 2010)
Others

Soft red coral

| Spiny lobster fisherman (Cartier 2010)

(Adapted from Cartier 2010 and Sikora 2008 with permission)

sensitising epitopes which may increase the allergenicity of the food
protein (Lopata 2010a, van der Walt 2010).

8.3 EPIDEMIOLOGY AND RISK FACTORS

Various studies have demonstrated that between 10-25% of
occupational allergic rhinitis or asthma reported to voluntary
respiratory surveillance programmes are due to food and food
products (Meredith and Nordman 1996). Esterhuizen et al. also
reported that the food processing industry in South Africa has been one
of the top three industries reporting workers with occupational asthma
under the SORDSA voluntary surveillance programme (Esterhuizen
2002). The proportion of occupational asthma cases reported in food
handlers was 14.4%. The majority of cases were due to flour and grain
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Table 8.3 Common processing techniques employed for seafood groups that are sources of
potential high risk exposure to seafood products.

Seafood category

Processing techniques

Sources of potential high-risk
exposure to seafood product/s

Crustaceans

Crabs, lobsters

cooking (boiling or steaming)
“tailing” lobsters, “cracking”,
butchering and degilling crabs,
manual picking of meat,
cutting, grinding, mincing,
scrubbing and washing,
cooling, crab leg “blowing

inhalation of wet aerosols from
lobster “tailing”,

crab “cracking”, butchering and
degilling, boiling,

scrubbing and washing,
spraying, cutting, grinding,
mincing, crab leg blowing

Prawns, shrimps

heading, peeling, deveining,
prawn “blowing” (water jets or
compressed air)

prawn “blowing”, cleaning
processing lines/tanks with
pressurised water

Molluscs

Opysters, mussels,
cuttlefish, scallops,
octopi

washing, oyster “shucking”,
shellfish depuration, chopping,
dicing, slicing

inhalation of wet aerosols from
oyster “shucking”, washing

Finfish

Various species:
Salmon, pilchard,
anchovy, plaice, hake,
tuna, trout, turbot,

heading, degutting, skinning,
mincing, filleting, trimming,
cooking (boiling or steaming),
spice/batter application, frying,

inhalation of wet aerosols from
fish heading, degutting, boiling

inhalation of dry aerosols from
fishmeal bagging

cod, swordfish, sole, milling, bagging
pomfret, yellowfin, cleaning floors, trays and
herring machineries using pressurized

water

(Updated and modified from Jeebhay 2001 with permission with references from Sikora 2008
and Shiryaeva 2014)

(80%), with baking and milling contributing almost half the cases
(Figure 8.1). The common agents responsible for these cases were
flour, grain/maize, onion and garlic (Figure 8.2).

Comprehensive data for the prevalence of occupational
asthma in various food sectors are not available. However, in
those food-related industries in which prevalence of occupational
asthma is available, rates do not significantly differ from those
found in non-food industries. For example, occupational asthma
occurs in 3% to 10% of workers exposed to green coffee beans,
4% to 13% of bakers, 4% to 36% of shellfish and 2 to 8% of bony
tish processors (Sikora 2008, Baatjies and Jeebhay 2013, Pacheco
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2013). This is also observed in the South African industrial setting
(Jeebhay 2012), although what is evident is that the prevalence of
work-related asthma is higher in the plant (4-25%) as opposed to
the animal handling or processing industry (4-12%) (Table 8.4).
Although the differences in prevalence observed may be due to the
use of varying definitions of occupational asthma, the allergenic
potential of the specific proteins as well as the type of work process
causing excessive exposure, do play a role.

Various epidemiological studies and case reports indicate
that ocular-nasal symptoms and allergic rhinitis are commonly
encountered in food exposed workers (Sikora 2008, Baatjies and
Jeebhay 2013, Pacheco 2013). Frequently, this is the first indicator of
underlying allergic disease and a large proportion of individuals with
occupational asthma also report co-existing occupational rhinitis.
Rhino-conjunctivitis may therefore precede or coincide with the
onset of occupational asthma. The prevalence of occupational rhinitis
associated with food proteins appears to be double the prevalence
of occupational asthma in these settings.

Occupational allergic respiratory disease is commonly the
result of an interaction between genetic, environmental and host

mBaking

59 2%2%

BMilling

5%

.

OFood unsp.
OAnimal feeds

B Supermarket
BFrozen foods

B Chicken farming
@ Soya production

B Guar production

B Spice

Figure 8.1 Industries associated with occupational asthma in food handlers: 44 cases reported
to SORDSA (Reproduced with permission from Esterhuizen 2002).
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Figure 8.2 Agents causing occupational asthma in food handlers: 44 cases reported to SORDSA.
(Reproduced with permission from Esterhuizen 2002)

factors giving rise to various allergic disease phenotypes. The most
important environmental risk factors are exposure to the causative
agent and elevated exposure to the sensitising agent. Some agents
such as crustaceans (e.g., crab) and cereal flours (e.g., wheat, rye)
appear to be more potent sensitizers than others in their food
grouping. Studies in the seafood industry also indicate that exposure
to raw seafood may be less sensitizing to individuals than cooked
seafood during processing activities (Lopata and Jeebhay 2013). There
is increasing evidence that the risk of sensitisation and occupational
asthma is increased with higher exposures to food aerosols. These
studies have been reported in workers exposed to flour (wheat,
rye), fungal alpha-amylase, green coffee, castor bean, seafood (crab,
prawn, salmon, pilchard and anchovy fish) (Nicholson 2005, Pacheco
2013, Baatjies et al. 2015). Other workplace organisational factors can
mediate hazardous exposures and worker vulnerability especially
agricultural workers due to their rural locations, being a migrant
and seasonal workforce, divisions of labour along gender and racial
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lines, as well as shortcomings in occupational health and safety laws
and interventions (Howse 2012).

Since most food allergens are high molecular weight proteins
or glycoproteins capable of inducing an IgE-mediated response,
atopy is an important host risk factor for the development of
allergic sensitization and occupational asthma. Atopy is associated
with an increased risk of sensitization in workers exposed to crabs,
prawns, cuttlefish, pilchard, anchovy, green coffee beans, and
bakery allergens including enzymes (Pacheco 2013, Nicholson
2005). An increased risk for occupational asthma among atopic
workers has also been reported in workers exposed to flour (bakers),
enzymes, and crabs, but this association has not been confirmed
in other settings (e.g., exposure to salmon) (Nicholson 2005,
Jeebhay and Cartier 2010). Data from a recently published study of
supermarket bakery workers has demonstrated that atopy is more
of an effect modifier in that non-atopic workers exposed to flour
dust also demonstrated an increased risk for sensitisation to wheat
(Figure 8.3) (Baatjies et al. 2015). The presence of rhinitis has also been
associated with an increased risk of developing occupational asthma
to a number of food proteins (Nicholson 2005). Finally, smoking has
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Figure 8.3 Relationship between wheat sensitisation and wheat allergen concentration among
supermarket bakery workers, stratified by atopic status.

(Reproduced with permission from Baatjies et al. 2015)
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been associated with an increased risk of sensitisation to various
seafood including prawns, crab and fish (pilchard, anchovy and
salmon) green coffee beans and flour (Nicholson 2005, Jeebhay and
Cartier 2010).

8.4 CLINICAL FEATURES AND DIAGNOSTIC APPROACHES

Occupational allergy can arise as a result of de novo occupational
inhalation of food products containing single (e.g., wheat flour) or
multiple allergens (e.g., flour dust containing cereal flours, enzymes,
mites); cross-reactivity between occupational allergens in already
sensitised workers (e.g., wheat vs. rye, crab vs. lobster, pollen
vs. spice); and re-exposure in a worker with known food allergy
(e.g., seafood allergy).

Occupational allergic reactions as a result of inhalant exposures
to food allergens in the workplace generally present with upper
and/or lower airway symptoms. Rhinitis, conjunctivitis, and less
frequently urticaria, are often associated and may precede the
development of chest symptoms. Systemic anaphylactic reactions
have also been reported but are rare, although there have been
incidents of anaphylactic reactions in the domestic setting following
work-related sensitisation to certain food allergens (Siracusa 2015).
Most workers with occupational asthma to food can tolerate ingestion
of the relevant food; however, some workers have subsequently
developed clinical ingestion-allergic-related symptoms (Sikora 2008,
Cartier 2010).

Diagnostic approaches for occupational allergy and asthma
associated with food allergens are similar to the general investigative
approaches used in the evaluation of the patient from other non-
food causes (Jeebhay 2012, Sikora 2008, Cartier 2010, Gill 2002).
That most food allergens are high molecular agents causing an IgE-
mediated reaction lends itself to the use of traditional immunological
techniques to identify the cause of the allergy. Specific allergic
sensitization may be demonstrated by skin prick skin test or specific
IgE to the offending allergens using either the natural raw extract or
a standardised commercial extract of the food (van Kampen 2013).
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However, the positive and negative predictive value of these tests
in predicting occupational asthma vary depending on the allergen.
For example, the negative predictive values of skin tests to flour
and enzymes are very high, whereas the positive predictive value
is lower, in that a sizeable proportion of individuals with positive
skin tests have no evidence of clinical allergy (Cartier 2010). Studies
among supermarket bakery workers show that although 25% of
workers demonstrated specific IgE to wheat, only between 5 to
13% had allergic asthma or rhinitis (Baatjies et al. 2015). In crab
processing workers, the positive predictive value of a positive skin
prick test to crab extracts or positive specific IgE for occupational
asthma confirmed by specific inhalation challenge (SIC) was 76%
and 89%, respectively (Cartier 1986). A negative skin test therefore
does not exclude the diagnosis of occupational asthma, whereas a
positive test supports the diagnosis but is not definitive in and of
itself. Other approaches such as component-resolved diagnostics
using recombinant wheat flour proteins have recently been used
to distinguish between wheat sensitization caused by inhalational
flour exposure, cross-reactivity to grass pollen and ingestion related
wheat allergy (Sander 2015). However, for the routine diagnosis of
baker’s allergy, allergen-specific IgE tests with whole wheat and rye
flour extracts still remain the preferred method due to their superior
diagnostic sensitivity. The work-relatedness of the asthma can be
demonstrated using serial peak expiratory flow monitoring at and
away from work or increased non-specific bronchial responsiveness
(NSBH) on return to work after a period away from work. Specific
inhalation challenges for high molecular weight proteins show that
an early asthmatic reaction is the more commonly observed, although
dual reactions are also possible. However, in crab processing workers,
isolated late asthmatic reactions are more frequent (Cartier 1984).
Finally, standardisation of exposure characterisation approaches for
determination of environmental allergen presence and concentrations
are important in making the link between allergen exposures and
work-related allergic symptoms and adverse respiratory outcomes
in relation to diagnosis as well as in evaluating the impact of
interventions to reduce allergen exposures (Raulf 2014).
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8.5 BIOLOGICAL AND BIOCHEMICAL CHARACTERISTICS OF
KNOWN OCCUPATIONAL ALLERGENS

8.5.1 Seafood Allergens

Airway exposure to the main fish allergen parvalbumin has been
documented in workplaces in the seafood industry (Table 8.1)
(Lopata and Jeebhay 2013). Parvalbumin is a highly stable, low
molecular weight protein (10-12 kDa), belonging to the EF-hand
superfamily of proteins that contains a characteristic cation
binding helix-loop-helix structural motif (Kawasaki 1998). Large
amounts of this protein are expressed in fast skeletal muscles of
lower vertebrates. Fish and frog parvalbumins, belonging to the
beta-parvalbumins are confirmed allergens, whereas alpha
parvalbumins, expressed in much lower amounts in skeletal muscles
of higher vertebrates are apparently non-allergenic. Parvalbumins
function in muscle relaxation by buffering and transporting calcium
to the sarcoplasmatic reticulum. The allergenicity of different fish
species corresponds with their parvalbumin content. This content
varies considerably between species from <0.5 mg/g tissue in
mackerel to >2 mg/g in cod, carp, redfish and herring (Kuehn
2010). In addition variations in amino acid sequence between species
(55-95% identity), especially in the epitope regions affect allergenic
potency (Kuehn 2014). Three epitope sets have been identified in
parvalbumin. Interestingly, the specific epitope preferred by a given
patient IgE, seem to correspond to symptom severity of the patient
(Leung 2014). Several IgE-binding proteins other than parvalbumin
have also been reported in the past decade, but the clinical relevance
is uncertain for the majority (Kuehn 2014). Recently, the two muscle
enzymes enolase (50 kDa) and aldolase (40 kDa) have been recognized
as important allergens in fish species (Kuehn 2013). Although most
patients displaying IgE reactivity to these proteins also show
reactivity to parvalbumin, patients being monoallergic to aldolase
and enolase have been identified. As opposed to parvalbumin,
which is stable over a broad range of pH and temperatures, these
enzyme allergens are heat sensitive. Thus handling of raw fish, as
in occupational settings, may be of greater relative importance for
sensitization to these allergens compared to parvalbumin, which
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show strong IgE-binding both in raw and processed forms (Saptarshi
2014). Cross sensitization between fish species is common but not
absolute. Large variations between parvalbumin content and amino
acid sequences between species may explain why patients may
react to some fish species but tolerate others. Increased awareness
of allergens other than parvalbumin and the relative importance of
these in occupational settings are needed to understand exposure
patterns, sensitization and tolerability in workplace environments.

Tropomyosin is the main crustacean allergen (Lopata 2010b) and
exposure to tropomyosin has been documented in environmental
air samples from different types of crab industries (Abdel Rahman
2010, Kamath 2014, Lopata and Jeebhay 2013). The 34-39 kDa protein
belong to the highly conserved family of actin filament binding
proteins, functioning in contraction of muscle cells. The secondary
structure is a two stranded alpha-helical coiled coil and display up
to eight conserved IgE-binding epitopes. Tropomyosin is highly
resistant to heat, low pH and protease digestion. In addition to
tropomyosin, arginine kinase (40 kDa enzyme), myosin light chain
(20 kDa muscle protein) and sarcoplasmic calcium-binding protein
(SCP, 20 kDa muscle protein) are reported allergens in crustacean
species. Considerable IgE cross reactivity between crustaceans like
crabs, shrimps and prawns has been documented, and is likely to be
related to a highly conserved amino acid sequence with up to 98%
homology between different crustacean species. Cross reactivity also
extend to other arthropods (Ayuso 2002) such as insects, mites and
notably the fish parasite Anisakis. Allergy and asthma among workers
handling fish may also be related to Anisakis-allergens inhaled together
with fish allergens present in workplace bioaerosols. In industries
utilizing marine ingredients for taste or dietary supplements,
IgE reactivity may extend to other crustacean species such as krill
and calanus which are less likely to be used for human consumption.

Respiratory effects in workers exposed to mollusks such as
octopus, squid, mussels and bivalves are well known. In mollusks,
paramyosin, a 100 kDa myofibrillar protein is documented as an
allergen in addition to tropomyosin. Several other proteins display
IgE-reactivity but are not yet identified. The homology between
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crustacean and mollusk tropomyosin is less than 60%, indicating that
cross-reactivity would be unlikely. However, a conserved epitope
sequence shared by the two groups of marine organisms has been
suggested to cause cross-reactivity in spite of the relatively low
overall homology (Leung 2014).

8.5.2 Flour Allergens Including Enzyme Additions

Flour is the most important allergen source in the work environment
of bakeries, associated with baker’s asthma. A number of different
allergens belonging to several protein classes are present in
flour and there is a wide heterogeneity in sensitization patterns
between individual patients with baker’s asthma (Salcedo 2011).
The alpha-amylase inhibitors are considered the major cereal
allergens. These consist of 1 to 4 subunits (12-16 kDa) and are
encoded by a multigene family expressed in wheat, barley and
rye. Glycosylation seem to increase IgE-binding, at least for some
subunits and species (Tatham and Shewry 2008). Other wheat
proteins associated with IgE-reactivity and baker’s asthma include
peroxidase, lipid transfer proteins (LTP), thioredoxin, serine protease
inhibitor, thaumatin-like protein, gliadins and glutenins. Homology
in alpha-amylase inhibitor subunits are suspected to account, at
least partially, for the observed cross-reactivity between wheat,
rye and barley with amino acid sequence identities ranging from
30 to 95%. Cross reactivity between different grain flours and between
grain flours and grass pollen is demonstrated (Sander 2015). There is,
however, limited knowledge of specific common epitopes responsible
for the cross-sensitization observed.

Enzymes, added to cereal flours to improve dough qualities, are
also present in flour dust. IgE reactivity to fungal a-amylase (from
Aspergillus) used to digest starch and provide sugar for the yeast, is
well documented in patients with baker’s asthma. Other enzymes
used as flour additives, including xylanases and proteases added to
digest cell walls and weaken the gluten network, respectively, are
also shown to display IgE-reactivity in asthmatic patients (Tatham
and Shewry 2008).
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8.5.3 Spice Allergens

Production of spices from plants involve drying and crushing the
raw materials, processes that give rise to dust with potential of
being inhaled by workers. Originating from plants, many spices
contain well known plant allergens, like profilins, lipid-transfer
proteins or high molecular weight glycoproteins. Ubiquitous and
cross-reactive plant allergens, as the birch pollen-associated Bet
vl and Bet v2 or mugwort Artv 4 profilins, may thus contribute
to allergic reactions in workers handling spices. Specific spice
allergens, best known to produce sensitization via the oral route,
and are also likely to be airborne in work environments during
spice production, packing, manufacturing and food preparation.
Only few studies have presented molecular data on inhalable spice
allergens causing sensitization in the occupational environment. In
spice mills, two bands of 40 and 52 kDa in chili pepper have been
identified as IgE-reactive proteins in immunoblots, using serum from
airway sensitized spice mill workers (van der Walt 2010). Similarly, a
50 kDa IgE-reactive protein is identified in garlic and onion, sensitized
asthmatic workers (Mansoor and Ramafi 2000). Sequencing is needed
to identify the proteins involved. Being heat stable, enriched and
more likely to be airborne after processing, handling dried garlic- or
onion powder seem to cause stronger IgE-reactivity than working
with the raw plant. It is also possible that the dry heating process
itself may enhance the allergenicity due to structural rearrangements
of the IgE-reactive molecules in so-called Maillard reactions (Toda
2014). This has been previously shown for other plant allergens,
such as peanut.

8.6 PREVENTIVE APPROACHES

The only effective strategy to limit allergen related asthma in
workplaces, is to control the environmental exposure to allergens.
To achieve this various legislative, engineering, organizational and
surveillance measures are required (Jeebhay 2002a, Sikora 2008,
Cartier 2010).

194



Occupational Allergy and Asthma Associated with Inhalant Food Allergens

Health and safety regulations to reduce allergen exposure of
the total workforce or certain risk-associated worker-groups are
needed. Presently, there are few occupational exposure limits for
food allergens. In general, establishing threshold levels for allergen
exposure is considered complicated due to large inter-individual
variations in susceptibility to both sensitization and allergic response.
Complex mixtures of allergens, as exemplified by the numerous
allergens present in flour, further complicate the picture. There is also
aneed of better standardization of sampling methods and assays for
the analyses of environmental allergens. As a result, the occupational
exposure limit for flour is presented as a limit for exposure to
inhalable flour dust only, without consideration of specific allergens
(Cartier 2010, Baatjies and Jeebhay 2013).

Economic incentives may be used to reduce workplace exposures.
Asthma, being a serious adverse health outcome, results not only
in reduced quality of life for the individual but implies extensive
use of the health care system by the patient, which may often be of
life-long duration. The seriousness of this illness is only poorly
reflected in taxes, economic sanctions and risk-based insurance
premiums. At least for large companies, economic control measures
could be considered to a greater extent to increase risk control in
work environments with exposure to allergens.

Spreading of airborne allergens is best prevented at the source.
Thus, the identification of main sources of allergen liberation to the
air should be a primary focus of health and safety walk-troughs in
workplaces. Departments, machineries and work tasks with high
aerosol exposure should be prioritized for preventive measures.
Substitution of food materials with less allergenic species may rarely
be feasible, but changing the physical forms are sometimes possible,
for instance the use of granulated or dissolved, instead of powdered
ingredients. Change of processes, e.g., the use of water jets instead
of air jets to remove shrimp shells; or modification of processes as
reducing the pressure of water jet when cleaning, can reduce aerosol
liberation (Cartier 2010, Pacheco 2013, Jeebhay and Cartier 2010).

Aerosol liberation should always be an issue when new
machineries are evaluated, forcing supplier companies to minimize

195



Food Allergy: Molecular and Clinical Practice

aerosol production from their products. Separation of workers
from aerosol sources can be achieved by placing shields or isolating
processes and machines in separate rooms. Improving local and
general ventilation will remove airborne substances faster from the
ventilated zone. Use of respirators in addition to other measures may
be relevant in some situations. Air supplied respirators are the best
option for safety, but are expensive and often inconvenient in the
work situation. The effectiveness of respirators without air-supply
greatly depends on the goodness of fit of the mask to the face, and
should be tested to find the optimal mask for each worker.

Education and training of the workforce is important to make
sure all employees understand the risks associated with allergen
exposure, adopt good work practices aimed at minimizing the
liberation of allergens to the environment. Ultimately, a multi-
pronged strategy that combines engineering and improved work
practices through training appear to be the most effective in reducing
allergen exposures as has been recently demonstrated in supermarket
bakeries (Baatjies 2014).

Finally, surveillance programs including risk assessment
of environmental factors and medical surveillance (using
questionnaires and skin prick tests/specific IgE) of the workforce
should be performed regularly on high risk working populations.
Studies have shown that early intervention, for instance relocation
of sensitized workers, is crucial in preventing further development
of allergic disease.

8.7 CONCLUSION

As new foods are developed, it is possible that new occupational
reactions can occur during food processing activities. The constant
need for increasing the global food production output has resulted in
renewed approaches to encourage utilization of by-products, wastes
and species not previously regarded as human food sources. More
specific assays for airborne allergens are therefore needed to assess
workplaces and tasks that may pose an increased risk with respect
to allergic sensitization and development of respiratory disease.
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Of special interest is the increasing use of biotechnology in food
processing and the introduction of genetically modified crops that
may contain novel proteins, not previously known, which may be
capable of causing allergic reactions in the occupational setting well
before these products are made available to the consumer market. It
is therefore crucial that epidemiological surveillance programmes
be initiated on sentinel groups such as workers in food processing
plants to detect the emergence of new allergies and health risks at
a very early stage. Food manufacturer responsibility for product
stewardship should include, among others, product labelling and
accurate information on allergenicity of these products in material
safety data sheets provided to workers and consumers handling
these foods, and in this way ensuring overall public health and safety.

Keywords: Occupational allergy; occupational asthma; inhaled food allergen; food
allergy
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9.1 INTRODUCTION

Although indications of adverse reactions of food can be found
in antique literature, the first scientific evidence of food allergy
was published in 1912 by the pediatrician Oscar M. Schloss. He
introduced skin tests for the diagnosis of food allergies (Wiithrich
2014). In 1921 Heinz Prausnitz and Karl Kiistner demonstrated
that fish allergy could be passively transferred using serum of an
allergic individual providing first evidence for the existence of an
allergy mediating substance in serum, which was identified as
Immunoglobulin (Ig) E in 1966 (Bergmann 2014).

Food allergies have been identified as a significant health problem
during the past few decades (Prescott and Allen 2011). The evidence
for increasing numbers of patients affected by food adverse reactions
is growing. Approximately 5% of the adult population and 8% of
children are affected currently (Sicherer and Sampson 2014). However,
accurate assessment of food allergy prevalence is challenging since
different diagnostic approaches and methodologies, geographic
variation, differences in dietary habits, age, and other factors make
it difficult to compare food allergy studies side by side (Sicherer and
Sampson 2014). Recent literature reviews suggest that between 1%
and 10% of the population suffer from food allergy (Chafen et al.
2010) reflecting the enormous variation between different studies.

The apparent increase in prevalence has been predominantly
observed in the so-called western societies although certain food
allergies seem to be specific for particular geographic regions.
A variety of factors are discussed to influence sensitization and
food allergic reactions including sex, genetics, increased hygiene,
microbiota and diet but knowledge about risk factors for sensitization
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remains limited (Sicherer and Sampson 2014). The increased
prevalence of food allergic patients in developed countries may be
attributed to a different lifestyle with implications on genetically
predisposed individuals (Sicherer 2011).

The impact of food and its nutritional composition is one
focus of food allergy research. High fat diet shows an influence
on the composition of the gut microbiota as well as on innate
immune responses (Berin and Sampson 2013). Considering that
the microbiome resident in the gastrointestinal tract is suspected
to influence allergic sensitization (Noval Rivas et al. 2013, Stefka
et al. 2014), different dietary habits are likely to contribute to
development of food allergy. Obesity, which is mostly caused by
an unhealthy lifestyle including high fat diet, has been linked to
higher sensitization rates and was positively correlated to high
total IgE levels (Visness et al. 2009). It is assumed that cow’s milk,
egg, wheat, soy, peanut, tree nuts, fish, and shellfish comprise the
most important food allergens. However, the frequency of adverse
reactions to certain allergens shows substantial variation between
countries and continents (Nwaru et al. 2014). Moreover, it remains to
be elucidated why certain food compounds seem to have enhanced
allergenic properties compared to others. Diet is a complex mixture
of diverse carbohydrates, fatty acids and proteins constituting the
food matrix (McClain et al. 2014). The difficulty in investigating
allergenicity of food proteins is, thus, caused by the complexity of
food composition and its influence on antigen recognition. Food
matrix and relative fat content is capable of influencing tolerated
doses of allergens and severity of allergic reactions (Grimshaw et
al. 2003). Food composition might even influence the binding state
of pocket proteins with impact on the specific immune response
(Roth-Walter et al. 2014). Allergens imbedded in complex matrices
are likely to undergo a range of chemical modifications during food
processing and storage influencing gastrointestinal digestion, uptake,
and presentation to the immune system. Such modifications comprise
loss of certain amino acids (AAs), nitration, oxidation, reduction,
glycation, unfolding, aggregation, cross-linking, or degradation
(Mills et al. 2009, Hilmenyuk et al. 2010, Untersmayr et al. 2010,
Rocha et al. 2012, Toda et al. 2014).
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Based on this knowledge, this chapter will provide an overview
on currently available information regarding influence of food
modification on protein allergenicity.

9.2 FOOD PROTEIN MODIFICATION: FROM PROCESSING TO
DIGESTION

Food has been processed since mankind gained the ability to handle
fire for the purpose of cooking, broadening the spectrum of hominid
diet. Nowadays, food processing is established on an industrial level
to ensure food quality and influences food safety as well as shelf
life of food by destruction of food-borne pathogens, natural toxins
or enzymes and allergenic structures (van Boekel et al. 2010, Bu et
al. 2013).

Food processing includes a range of methods such as heat
application, high pressure techniques, pulsed electric field,
fermentation, membrane processing or dehydration processes with
different effects on food quality (van Boekel et al. 2010).

However, food protein modification is not restricted to food
preparation. Dietary compounds are processed as soon as they are
ingested. Exposure to proteases, lipases and carbohydrate degrading
enzymes of the gastrointestinal tract ensures digestion and enables
absorption of nutrients in the intestine. Degradation of allergenic
proteins is initiated by gastric pH promoting proteolytic activity
of gastric enzymes and starts denaturation of dietary proteins by
facilitating access to cleavage sites for efficient degradation. Upon
passage into the small intestine remaining polypeptides are exposed
to pancreatic and mucosal brush border peptidases. Resulting single
AAs or short AA chains evade recognition by the immune system
(Untersmayr and Jensen-Jarolim 2008).

As gastrointestinal digestion decreases the bioavailability of intact
allergens at immune induction sites of the intestine, the potential of
food allergens to elicit primary sensitization has been linked for a
long time to stability to gastrointestinal enzymes (Astwood et al.
1996). However, there is growing evidence that major sensitizing
food allergens are rapidly degraded simulating gastric digestion in
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in vitro experiments (Fu 2002, Fu et al. 2002, Untersmayr and Jensen-
Jarolim 2006).

Notably, the physiological gastrointestinal digestion has an
important gate keeping function with regards to allergenic food
proteins. Elevation of gastric pH and subsequent impairment of
peptic digestion was revealed to induce IgE formation against
molecules, which would be degraded under normal conditions, and
was additionally demonstrated to influence existing food allergies
(Untersmayr et al. 2003, Untersmayr et al. 2005a, Untersmayr et al.
2005b, Untersmayr et al. 2007, Pali-Schéll et al. 2010, Pali-Scholl and
Jensen-Jarolim 2011).

9.3 THERMAL FOOD PROCESSING

Modern thermal food processing includes industrial food
preservation by pasteurization and sterilization but also domestic
cooking methods such as boiling, steaming, baking, frying, stewing
or roasting (Jay et al. 2005). Thermal treatment does not only influence
protein digestibility but also improves texture and flavor (Davis and
Williams 1998) and efficiently reduces allergenicity in a large number
of food proteins. However, heating might also be associated with
creation of so-called neo-antigens or protein aggregates harboring
potentially increased immunogenicity (Davis et al. 2001).

Depending on the extent and duration of heat application,
proteins undergo substantial physical and chemical changes
(Davis et al. 2001, Mills et al. 2009), which might influence protein
recognition by the immune system. Especially the Maillard reaction
has been extensively studied. Here, AAs and reducing sugars form
products with various types of glycation. In case of dietary proteins,
the e-amino group of lysines interacts with reducing carbohydrates
(glucose, lactose, maltose, maltodextrin, etc.) leading to so-called
Amadori products (aminoketoses), 1,2-dicarbonyls or advanced
glycation endproducts (AGEs) in a series of sequential and parallel
reactions during prolonged heating or storage (Henle 2005, Poulsen et
al. 2013). Well-characterized AGEs formed during glycation reactions
are, e.g., Ne-carboxyethyllysine, Ne-carboxymethyllysine (CML) or
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pyrraline (Poulsen et al. 2013). High temperature processing above
120°C such as cooking, frying, roasting and baking of carbohydrate-
rich foods may also lead to formation of the carcinogen acrylamide as
abyproduct of the Maillard reaction (Tareke et al. 2002, Xu et al. 2014).

Since the Maillard reaction is successfully exploited for generation
of brown coloration as well as desired flavors by the food industry
(Cerny 2008, van Boekel et al. 2010), its possible influence on the
allergenicity and immunogenicity of food proteins has become an
important research focus. Six receptors have been identified to bind
and internalize molecules with AGE modifications, being expressed
on mononuclear phagocytes, endothelial cells and other cell types
(Hilmenyuk et al. 2010, Ilchmann et al. 2010): Receptor for AGE
(RAGE) (Neeper et al. 1992, Schmidt et al. 1992), galectin-3 (Vlassara
et al. 1995), macrophage scavenger receptor class A type I and II
(SR-AI/II) (Suzuki et al. 1997), scavenger receptor class B (Ohgami
etal. 2001), and CD36 (Ohgami et al. 2001). However, exact binding
motifs and consequences of internalization remain to be elucidated.

While deficiency of SR-AI/II resulted in significantly reduced
uptake of AGE modified model proteins and decreased T cell
proliferation demonstrating enhanced T cell immunogenicity of
Maillard reaction products via SR-AI/II (Ilchmann et al. 2010),
Hilmenyuk et al. claimed that AGE-OVA is not able to induce
enhanced T cell proliferation and uptake would also be mediated by
RAGE inducing activation of transcription factor NF-«B (Hilmenyuk
et al. 2010). However, uptake of AGE modified OVA by DCs was
significantly higher than uptake of untreated OVA despite natural
carbohydrate residues, and can induce a T helper (Th) 2 biased
milieu (Hilmenyuk et al. 2010, Ilchmann et al. 2010) highlighting the
enhanced immunogenicity of glycated proteins.

In contrast to unintentional modifications during food processing
and storage, intended modifications and processing techniques
could improve food quality. Food preparation can control solubility
and digestibility of proteins. Generally, amino, carboxyl, disulfide,
guanidine, imidazole, indole, phenolic, sulfhydryl or thioether
side chains can be modified to induce changes of physicochemical
characteristics to optimize texture or to change functional properties
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such as improved foaming or whipping capabilities, enhanced
digestibility of legumes or increased stability of milk powder
products (Feeney 1977).

9.4 SPECIFIC INFLUENCE OF FOOD PROCESSING
METHODS ON ALLERGENIC FOOD COMPOUNDS

9.4.1 Peanut and Tree Nuts

The consumption of peanuts and tree nuts (almonds, walnuts,
pecans, cashews, pistachios, hazelnuts, Brazil nuts, macadamia nuts,
pine nuts, chestnuts, black walnuts, and coconuts) has increased
over the last decades (Masthoff et al. 2013) and the frequency of
allergic reactions is rising (Brough et al. 2015). Especially the effects
of different processing methods have been studied, since peanuts
and tree nuts are usually ingested after boiling/blanching, frying,
and roasting or in baked products such as chocolate, cakes, cookies,
peanut/almond butter and other processed foods (Teuber et al.
2003, Masthoff et al. 2013). Relative nutritional composition varies
considerably between particular nut seeds (Table 9.1) (Venkatachalam
and Sathe 2006) influencing food matrix composition and food
processing (Nowak-Wegrzyn and Fiocchi 2009).

However, particularly roasting of peanuts is suspected to
contribute to the increase of peanut allergy in western societies.
In East Asia, where peanuts are mainly consumed after boiling or
frying, the proportion of peanut allergic individuals is much lower
suggesting an influence of peanut preparation on allergenicity (Beyer
et al. 2001).

Several studies investigated the structural properties of roasted
peanut extracts and purified Arachis hypogaea 1 (Ara hl) and Ara
h2, two major peanut allergens. When heated with various sugars,

Table 9.1 Variation of nutritional components in different tree nuts.

Lipid Protein Moisture Soluble sugars Ash
42.88-62.71% 7.5-21.56% 1.47-9.51% 0.55-3.96% 1.16-3.28%

Table adapted from Venkatachalam and Sathe (Venkatachalam and Sathe 2006)
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Table 9.2 Impact of food processing on different allergens.

Modification | Food |[Allergen |Influence on allergenicity |References
and other properties
Heating apple | Mald1 |activation of Betv 1 Bohle et al. 2006
specific T cells,
carrot | Daucl |temperature dependent
reduction of mediator
celery | Apigl |release
milk BLG |aggregation during Roth-Walter et al. 2008
pasteurization
increased uptake through
Peyer’s patches
Maillard milk BLG |masking of IgE epitopes |Taheri-Kafrani et al. 2009
reaction with arabinose or ribose
peanut | Arahl |formation of trimers Maleki et al. 2000 and
higher IgE binding capacity Mondoulet et al. 2005
Arah2 |increased trypsin inhibitor | Maleki et al. 2000 and
function Mondoulet et al. 2005
higher IgE binding capacity
Roasting hazelnut | extract |reduced activation of Worm et al. 2009
basophils
reduced response in skin | Worm et al. 2009
prick tests
reduced symptoms after |Worm et al. 2009 and
oral provocation Hansen et al. 2003
peanut | extract |increased binding Maleki et al. 2000 and
capacity to IgE Mondoulet et al. 2005
highest cross-linking Kroghsbo et al. 2014
capacity in cell assays
increases specific IgG1 Moghaddam et al. 2014
and IgE
Nitration egg OVA |increased mediator Gruijthuijsen et al. 2006
release in cell assays
reduced stability to
gastrointestinal enzymes
milk BLG |increased dimerization Diesner et al. 2015
altered secondary structure
enhanced anaphylactic
potential
Reduction egg OVM |exposes sequential epitopes | Roth-Walter et al. 2013

increased reactivity in
skin prick tests
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Ara hl was revealed to form higher order structures by covalent
crosslinking with a molecular weight corresponding to a trimer. In
contrast, this is not observed for Ara h2 where sugar crosslinks did
not result in the formation of ordered structures (Maleki et al. 2000,
Mondoulet et al. 2005) (Table 9.2). Extracts of roasted peanuts (PE)
were reported to show a significantly higher binding of serum IgE
from peanut allergic patients in competitive ELISA than raw PE
(Maleki et al. 2000, Mondoulet et al. 2005). A correlation between
the level of CML modifications and the increase in IgE binding was
demonstrated (Maleki and Hurlburt 2004).

Preferential binding of IgE to glycated proteins might also be
explained by dietary habits, as consumption of raw peanuts is rather
unusual in western countries. However, experiments with RBL cells
passively sensitized with serum IgE from differently immunized
rats (roasted PE, blanched PE, peanut butter extract) revealed
significantly higher mediator release after stimulation with roasted
PE compared to blanched PE or peanut butter extract. Even though
serum IgE produced in response to roasted products induced lower
levels of mediator release roasted PE had highest cross-linking
capacity in these cell assays (Kroghsbo et al. 2014) (Table 9.2).

Inline, also dry-roasted (dR) PE was suggested to have enhanced
allergenic properties compared to raw PE indicated by significantly
higher titers of peanut specific IgG1 and IgE in mice after oral
sensitization. Furthermore, subcutaneously primed mice were orally
exposed to raw or dR peanut homogenates or raw peanut kernels.
Feeding of dR homogenate to primed mice induced significantly
elevated titers of specific IgG1 and IgE and robust proliferation of
mesenteric lymph node cells (Moghaddam et al. 2014) (Table 9.2).

Interestingly, factors contributing to enhanced allergenicity might
be the formation of neo-antigens due to glycation (Moghaddam et al.
2014) and enhanced stability to gastric enzymes (Maleki et al. 2003).
Moreover, the trypsin inhibitor function of Ara h2, protecting Ara
h1 from degradation in in vitro assays, was shown to be increased
by roasting (Maleki et al. 2003).
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In contrast to peanut, roasting seems to decrease allergenicity
of hazelnut (HN). Basophil activation testing indicated a reduced
activation capacity accompanied by a dramatic reduction of positive
response in skin prick testing compared to native HN extract (Worm
et al. 2009). Likewise, the frequency of symptoms to roasted HN
extract was lower after oral provocation of HN allergic patients
(Hansen et al. 2003, Worm et al. 2009) (Table 9.2).

9.4.2 Milk

Proteins of cow’s milk are among the most important food allergens
eliciting food adverse reactions in Europe, particularly in children.

As BLG is the most abundant protein in whey and has
important nutritional and functional properties, the chemical basis
for aggregation has been thoroughly investigated. Upon heating,
dissociation of native dimers precedes the partial unfolding of BLG
monomers. The resulting reactive monomers can form heat-induced
dimers and small oligomers by thiol-disulphide exchange and to a
lesser extent via thiol-thiol oxidation and non-covalent interactions
characterizing the early stages of aggregation (Schokker et al. 1999).
It is hypothesized that accumulation of an aggregation nucleus
provides the basis for the formation of larger aggregates. However,
the mechanisms of aggregation during heating of BLG are strongly
dependent on temperature, salt content, protein concentration, pH
and was shown to differ between two protein variants of BLG (Bauer
et al. 2000).

Experimental protein models were also used to investigate
the impact of glycation of milk whey proteins using different
carbohydrates. The reaction of lactose with lysine residues results
among other AGEs and Amadori products in the formation of
lactulosyllysine, the predominant modification upon thermal
treatment of milk proteins (Meltretter et al. 2013). Heating of lactose-
free milk is likely to result in the formation of AGEs and Amadori
products being different from those arising from the reaction
with lactose (Chevalier et al. 2001), which may be of importance
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considering changing consumption habits regarding lactose-free
milk.

Glycation upon heating has also been shown to influence
aggregation of BLG by the formation of covalent sugar crosslinks
in addition to the observed disulfide bonds and hydrophobic
interactions (Chevalier et al. 2002). Taheri-Kafrani et al. investigated
the binding capacity of BLG specific IgE from milk allergic patients
to glycated BLG. Low or moderate glycation was comparable to
the effect of heated BLG (72 h at 60°C) on IgE recognition and was
associated with slightly decreased binding compared to native BLG.
Arabinose and ribose could effectively mask IgE epitopes leading
to significantly decreased binding in ELISA (Taheri-Kafrani et al.
2009) (Table 9.2).

Roth-Walter et al. reported that aggregated BLG had a decreased
anaphylactic potential in a food allergy mouse model. Aggregation
of BLG was shown to prevent transcytosis through the epithelial
barrier reducing the risk of anaphylactic reactions in allergic
mice compared to native soluble whey proteins that can be easily
transported through the epithelium. In contrary, initial sensitization
to milk whey proteins is promoted by aggregation as uptake of
accumulated antigens takes place at Peyer’s patches increasing the
immunogenicity of pasteurized milk (Roth-Walter et al. 2008). Similar
results concerning sensitization potential, uptake and anaphylactic
reactions was obtained for enzymatically cross-linked BLG forming
high molecular weight structures. In addition, cross-linked BLG was
shown to increase gastric stability and to alter antigen uptake by DCs
with differences in peptide profile upon endolysosomal degradation
compared to untreated BLG (Stojadinovic et al. 2014).

9.4.3 Pollen Cross-reactive Food Allergens

Food proteins sharing high sequence and structural similarities with
pollen allergens can elicit hypersensitivity reactions upon ingestion
including the so-called pollen associated food allergy. About 60% of
food allergies in adolescents and adults are linked to pollen allergies
(Werfel et al. 2015). Symptoms usually appear in the oropharynx as
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local itching, swelling and tingling termed as oral allergy syndrome
(Amlot et al. 1987). More severe or systemic reactions have been
reported especially after consumption of celery or soybean (Ballmer-
Weber et al. 2002, Kleine-Tebbe et al. 2002).

It is generally accepted that thermal treatment of many pollen
cross-reactive food allergens induces irreversible denaturation of
protein structure. The loss of conformation results in abrogated
IgE binding and prevents immediate food adverse reactions (Bohle
2007). Accordingly, processing generally reduces the ability to trigger
allergic reactions; however, thermostability is different comparing
various Bet v 1 homologues (Mills et al. 2009). Reactions to hazelnut
or celery have been observed in a considerable proportion of allergic
individuals even after thermal processing (Ballmer-Weber et al. 2002,
Hansen et al. 2003).

Although it has been found that heated allergens from apple
and carrot were not able to induce immediate allergic reactions, they
still activate birch-pollen specific T cells leading to T cell mediated
symptoms (Bohle et al. 2006). In line, simulated gastric digestion
leads to rapid degradation of hazelnut, celery and apple Bet v 1
homologues preventing specific IgE binding and mediator release in
in vitro experiments. However, these food allergen digests were able
to induce proliferation of PBMCs and were shown to activate Bet v 1
specific T cells of birch pollen allergic patients (Schimek et al. 2005).

9.5 CHEMICAL FOOD MODIFICATION: NITRATION OF
DIETARY PROTEINS

Food production is a long procedure from harvesting, processing
to preservation and packaging. Therefore, numerous factors
substantially influence final food properties and quality. In the
context of allergenicity, the influence of food processing on protein
nitration has barely been investigated, although nitration of proteins
has been revealed to influence sensitization and food allergic
reactions (Gruijthuijsen et al. 2006, Untersmayr et al. 2010).

In comparison to other posttranslational protein modifications,
nitration is not enzymatically mediated but a chemical reaction

214



The Influence of Dietary Protein Modification During Food Processing on Food Allergy

(Bottari 2015). Protein nitration leads to 3-nitrotyrosine (3-NT)
formation by addition of a nitro group (NO,) to the aromatic ring
of a tyrosine residue. Two predominant mechanisms have been
described requiring the formation of an aromatic radical that can
either rapidly combine with NO, or react with nitric oxide (NO)
to 3-nitrosotyrosine, which is oxidized by two electrons to 3-NT
(Ischiropoulos 2009) (Figure 9.1).

Several publications suggested traffic-related air pollution
nitrating molecules of primary biological aerosol particles, e.g.,
pollens. The reaction is mediated by ozone and NO, (Franze et al.
2005, Shiraiwa et al. 2011) and, theoretically, could play a role for
an even broader range of biological molecules in plants and their
fruits. For this reason, food itself might already contain nitrated
tyrosine residues. Furthermore, it is likely that meat products contain
basal levels of 3-NT arising from (patho-) physiological nitrosative
stress in animals. Apart from this, muscle proteins are sensitive to
oxidative and nitrating events occurring after slaughtering, during
food processing and storage (Lund et al. 2011). Indeed, some
publications demonstrated presence of 3-NT in proteins of meat
products (Stagsted et al. 2004, Villaverde et al. 2014, Villaverde et al.
2014, Vossen and De Smet 2015). Villaverde and coworkers examined
the effect of curing agents added to meat products, such as nitrite,
and their chemical impact on myofibrillar proteins and on fermented
sausages. Nitrite increased the degree of nitration of isolated proteins

R
OH O
OH
N
O NO, NO, 2x O
- _—
HO
R
R
3-nitrotyrosine tyrosyl radical 3,3-dityrosine

Figure 9.1 Formation of 3-NT. In the presence of radical species, tyrosine residues might

get oxidized, nitrated or hydroxylated. Important nitrating agents are NO, or alternatively

NO. Both can lead to the diffusion-controlled reaction to yield 3-NT. Two tyrosyl radicals

may also combine to 3,3-dityrosine competing with the formation of 3-NT (Radi 2004). 3-NT,
3-nitrotyrosine; NO, nitric oxide; NO,, nitrogen dioxide.
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as wells as that of the processed meat product in a concentration
dependent manner (Villaverde et al. 2014a, Villaverde et al. 2014b)
highlighting the important influence of food additives.

Additional to exogenous nitration also the acidic environment
of the stomach has been discussed to support several pathways
leading to protein nitration. Recirculation of nitrate and nitrite
between gut and saliva might play a major role in the process of
nitration. Ingestion of nitrate contained in green leafy vegetables
such as spinach or lettuce may even increase salivary levels of nitrite
as a considerable proportion of nitrate can be reduced by facultative
anaerobe bacteria in the oral cavity (Oldreive and Rice-Evans 2001,
Lundberg et al. 2004). Protonation of nitrite in the stomach yields
nitrous acid that can be decomposed to NO and NO, giving rise to
other potent reactive nitrogen species (RNS). High concentrations
of NO and O,, a condition which might exclusively occur in the
stomach, enable NO auto-oxidation to NO, (Rocha et al. 2012).
Furthermore, dual oxidase 2 expressed in epithelial cells of the
gastrointestinal tract (El Hassani et al. 2005) can provide O, for the
formation of peroxynitrite. Peroxynitrite exists in equilibrium with
its protonated conjugate peroxynitrous acid (ONOOH, pKa = 6.8)
at a pH dependent ratio (Radi et al. 2001). Homolytic cleavage of
peroxynitrous acid results in formation of the strong nitrating species
NO, and hydroxyl radicals (Yeo et al. 2008). Even in the gastric lumen,
peroxynitrite could react with carbon dioxide that is present in the
gastric headspace to form the intermediate nitroso-peroxocarbonate
(ONOOCOQO,). ONOOCO," is decomposed to NO, and a carbonate
radical (CO;") contributing to tyrosine nitration (Radi et al. 2001,
Rocha etal. 2012). As a result, physiological conditions in the stomach
allow the presence of both, oxidants and nitrating species, which
might interact with proteins to form 3-NT.

9.6 NITRATION AS A CONCERN IN FOOD ALLERGY

Antigens containing modified tyrosine residues are known to change
recognition by the immune system which is associated with an altered
immune response (Birnboim et al. 2003). Depending on immunization
routes, nitrated allergens showed an increased allergenic potential in
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murine models of allergy by influencing specific IgE, IgG1 and IgG2a
levels and allergy-associated parameters (Untersmayr et al. 2010).
Presence of 3-NT could also trigger enhanced mediator release in
cell assays after passive sensitization with serum from allergic mice
and was a more potent T cell stimulus. Overall, nitration is thought
to enhance allergenicity (Gruijthuijsen et al. 2006, Untersmayr et al.
2010).

Recently, the influence of nitration on two important food
proteins was investigated in vivo using an active anaphylaxis
model. To determine the anaphylactic potential of nitrated tyrosine
residues, BLG and ovomucoid (OVM) allergic mice were systemically
challenged with untreated, sham-nitrated, and nitrated allergen,
respectively. Nitrated BLG elicited significantly higher levels of the
anaphylaxis marker mMCP-1 and induced a significant drop in core
body temperature compared to untreated or sham-nitrated BLG. This
effect was attributed to the structural characteristics of BLG favoring
nitration of immunologically relevant tyrosine residues, which
was not the case for OVM. Additionally, enhanced dimerization of
nitrated BLG probably increased the crosslinking capacity (Diesner
et al. 2015).

Posttranslational modifications of proteins may affect their
steric properties influencing protein conformation as well as
susceptibility to proteases with impact on processing by dendritic
cells (DCs). Nitration exhibited a considerable enhancement of
peptide presentation via HLA-DR. Membrane bound receptors
recognizing 3-NT, resistance against endolysosomal proteases and
altered secretion profiles of DCs after nitration have been suggested
to influence allergenicity (Karle et al. 2012, Ackaert et al. 2014).

9.7 FURTHER CHEMICAL MODIFICATIONS: REDUCTION AND
OXIDATION OF FOOD PROTEINS

The fact that proteins are targets of reactive oxygen species (ROS)
is an important factor for food preservation (Lund et al. 2011). As
a consequence, food additives such as the antioxidant glutathione
(GSH) are used to counteract ROS induced damage. Milk, eggs, or
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fresh fruit and legumes naturally contain high levels of GSH being
capable of reducing food proteins. Notably, reduction of OVM was
shown to expose sequential epitopes being preferentially recognized
by patients with persistent egg allergy (Roth-Walter et al. 2013).
On the other hand, oxidative events can induce certain protein
modifications such as cleavage of peptide bonds, modification of
amino acid side chains and formation of covalent intermolecular
cross links which were summarized elsewhere (Soladoye et al.
2015). Oxidation was especially addressed in muscle food and meat
products as oxidation has been shown to influence water-holding
capacity, tenderness, nutritional quality, digestibility and 3-NT
content (Stagsted et al. 2004, Lund et al. 2011, Villaverde et al. 2014a,
Villaverde et al. 2014b, Vossen and De Smet 2015). Another critical
mechanism of oxidation in foods is believed to be photo-oxidation
as many dairy products contain high amounts of photosensitizers
such as riboflavin. Together with oxygen and unsaturated fatty
acids, tryptophan and tyrosine residues are discussed to function as
major targets of photo-oxidation by quenching triplet state riboflavin
(Dalsgaard et al. 2011).

As outlined above, protein oxidation represents the first step of
nitration by formation of tyrosyl radicals. However, these radicals
can also combine to 3,3-dityrosine, one predominant modification
upon protein oxidation, resulting in crosslinking of proteins (Radi
2004) (Figure 9.1). The relevance of photo-oxidation in terms of
structural properties has been shown for different milk proteins after
light exposure. Dityrosine content apparently varied depending on
secondary structure revealing highest amounts in the random coil
proteins a-casein and B-casein and lowest yields in the globular
proteins BLG and lactoferrin. Other changes included partial loss of
secondary structure, loss of tryptophan or altered tertiary structure
(Dalsgaard et al. 2007).

Considering already discussed data showing important
implications after dimerization/aggregation on uptake by epithelial
cells (Roth-Walter et al. 2008), anaphylactic reactions (Diesner et al.
2015), and processing by DCs (Stojadinovic et al. 2014), exposure
of dairy products to light could influence allergenicity. However,
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to the best of our knowledge there is currently no data available
investigating the impact of oxidation on food allergy.

9.8 CONCLUSIONS

Based on the here reviewed studies, it is obvious that protein
modification substantially influences food protein allergenicity.
Most data were collected investigating particular proteins after
experimental modification. It is well known that usage of model
proteins represent an artificial approach with limited comparability
if different reaction duration, protein concentration, temperature, or
sample composition were used. In addition, effects of food matrices
and dietary composition are often neglected in such models.

Modern food processing technologies ensure food safety on
microbiological level and definitely improved food preservation.
However, limited information regarding the influence on
sensitization and allergic reactions is available highlighting the
need for better understanding of how such modifications might
change interaction with mucosal surfaces, receptors or immune cells.
Desirable compound formation exploiting the Maillard reaction as
well as unintentional modifications during processing, storage and
digestion of food proteins imbedded in complex matrices influence
the way food proteins are degraded and presented.

Additionally, the impact of chemical food protein modifications
is hardly investigated and seems to be rather allergen specific and
no general mechanism has been identified to date. Whereas roasting
or glycation of peanut allergens result in enhanced IgE binding and
increased allergenicity, the same procedures reduce immunological
reactivity of hazelnut. Epitopes of the milk protein BLG may be
masked by glycation, but increased aggregation facilitates allergic
sensitization. In contrast, nitration leads to enhanced dimerization
of BLG and might be associated more severe anaphylactic reactions
in egg and milk allergy.

Therefore profound understanding of the impact of processing
on a molecular level is essential and will improve food safety and
adequate advice for food allergic individuals in the future.

219



Food Allergy: Molecular and Clinical Practice

ACKNOWLEDGMENTS

This work was supported by grants KLI284-B00 and WKP39 of the
Austrian Science fund FWE.

Keywords: Allergen modification; food processing and allergy; nitration of allergens;
Maillard reaction; food allergy

REFERENCES

Ackaert, C., S. Kofler, ]. Horejs-Hoeck, N. Zulehner, C. Asam, S. von Grafenstein,
J. E. Fuchs, P. Briza, K. R. Liedl, B. Bohle, F. Ferreira, H. Brandstetter, G. J.
Oostingh and A. Duschl (2014). The impact of nitration on the structure and
immunogenicity of the major birch pollen allergen Bet v 1.0101. PloS One.
9(8): €104520.

Amlot, P. L., D. M. Kemeny, C. Zachary, P. Parkes and M. H. Lessof (1987). Oral
allergy syndrome (OAS): symptoms of IgE-mediated hypersensitivity to foods.
Clinical Allergy. 17(1): 33—42.

Astwood, J. D., J. N. Leach and R. L. Fuchs (1996). Stability of food allergens to
digestion in vitro. Nature Biotechnology. 14(10): 1269-1273.

Ballmer-Weber, B. K., A. Hoffmann, B. Wuthrich, D. Luttkopf, C. Pompei, A.
Wangorsch, M. Kastner and S. Vieths (2002). Influence of food processing on
the allergenicity of celery: DBPCFC with celery spice and cooked celery in
patients with celery allergy. Allergy. 57(3): 228-235.

Bauer, R., R. Carrotta, C. Rischel and L. Ogendal (2000). Characterization and
isolation of intermediates in B-Lactoglobulin heat aggregation at high pH.
Biophysical Journal. 79(2): 1030-1038.

Bergmann, K. C. (2014). Milestones in the 20th century. History of Allergy. K. C.
Bergmann and J. Ring. Basel, Karger. 100: 27-45.

Berin, M. C. and H. A. Sampson (2013). Mucosal immunology of food allergy.
Current Biology. 23(9): R389-400.

Beyer, K., E. Morrow, X. M. Li, L. Bardina, G. A. Bannon, A. W. Burks and H. A.
Sampson (2001). Effects of cooking methods on peanut allergenicity. Journal
of Allergy and Clinical Immunology. 107(6): 1077-1081.

Birnboim, H. C., A. M. Lemay, D. K. Lam, R. Goldstein and J. R. Webb (2003). Cutting
edge: MHC class II-restricted peptides containing the inflammation-associated
marker 3-nitrotyrosine evade central tolerance and elicit a robust cell-mediated
immune response. Journal of Immunology. 171(2): 528-532.

Bohle, B. (2007). The impact of pollen-related food allergens on pollen allergy.
Allergy. 62(1): 3-10.

220



The Influence of Dietary Protein Modification During Food Processing on Food Allergy

Bohle, B., B. Zwolfer, A. Heratizadeh, B. Jahn-Schmid, Y. D. Antonia, M. Alter, W.
Keller, L. Zuidmeer, R. van Ree, T. Werfel and C. Ebner (2006). Cooking birch
pollen-related food: divergent consequences for IgE- and T cell-mediated
reactivity in vitro and in vivo. Journal of Allergy and Clinical Immunology.
118(1): 242-249.

Bottari, S. P. (2015). Protein tyrosine nitration: A signaling mechanism conserved
from yeast to man. Proteomics. 15(2-3): 185-187.

Brough, H. A., P.]. Turner, T. Wright, A. T. Fox, S. L. Taylor, J. O. Warner and G. Lack

(2015). Dietary management of peanut and tree nut allergy: what exactly should
patients avoid? Clinical and Experimental Allergy. 45(5): 859-871.

Bu, G., Y. Luo, E. Chen, K. Liu and T. Zhu (2013). Milk processing as a tool to reduce
cow’s milk allergenicity: a mini-review. Dairy Sci Technol. 93(3): 211-223.

Cerny, C. (2008). The aroma side of the Maillard reaction. Annals of the New York
Academy of Sciences. 1126: 66-71.

Chafen,].].,S.]J. Newberry, M. A. Riedl, D. M. Bravata, M. Maglione, M. J. Suttorp,
V. Sundaram, N. M. Paige, A. Towfigh, B. J. Hulley and P. G. Shekelle (2010).
Diagnosing and managing common food allergies: a systematic review. JAMA.
303(18): 1848-1856.

Chevalier, F, J.-M. Chobert, D. Molle, T. Haertlé. (2001). Maillard glycation of
B-lactoglobulin with several sugars: comparative study of the properties of
the obtained polymers and of the substituted sites. Le Lait, INRA Editions.
81(5): 651-666.

Chevalier, F,, J. M. Chobert, M. Dalgalarrondo, Y. Choiset and T. Haertlé (2002).
Maillard glycation of p-lactoglobulin induces conformation changes. Food/
Nahrung. 46(2): 58-63.

Dalsgaard, T. K., J. H. Nielsen, B. E. Brown, N. Stadler and M. J. Davies (2011).
Dityrosine, 3,4-dihydroxyphenylalanine (DOPA), and radical formation from
tyrosine residues on milk proteins with globular and flexible structures as a
result of riboflavin-mediated photo-oxidation. Journal of Agricultural and Food
Chemistry. 59(14): 7939-7947.

Dalsgaard, T. K., D. Otzen, J. H. Nielsen and L. B. Larsen (2007). Changes in
structures of milk proteins upon photo-oxidation. Journal of Agricultural and
Food Chemistry. 55(26): 10968-10976.

Davis, P.J.,C. M. Smales and D. C. James (2001). How can thermal processing modify
the antigenicity of proteins? Allergy. 56 Suppl. 67: 56-60.

Davis, P.J. and S. C. Williams (1998). Protein modification by thermal processing.
Allergy. 53(46 Suppl.): 102-105.

Diesner, S. C., C. Schultz, C. Ackaert, G. J. Oostingh, A. Ondracek, C. Stremnitzer, J.
Singer, D. Heiden, F. Roth-Walter, J. Fazekas, V. E. Assmann, E. Jensen-Jarolim,

221



Food Allergy: Molecular and Clinical Practice

H. Stutz, A. Duschl and E. Untersmayr (2015). Nitration of beta-Lactoglobulin
but not of ovomucoid enhances anaphylactic responses in food allergic mice.
PloS One. 10(5): e0126279.

El Hassani, R. A., N. Benfares, B. Caillou, M. Talbot, J. C. Sabourin, V. Belotte, S.
Morand, S. Gnidehou, D. Agnandji, R. Ohayon, J. Kaniewski, M. S. Noel-
Hudson, J. M. Bidart, M. Schlumberger, A. Virion and C. Dupuy (2005).
Dual oxidase2 is expressed all along the digestive tract. American Journal of
Physiology: Gastrointestinal and Liver Physiology. 288(5): G933-942.

Feeney, R. E. (1977). Chemical modification of food proteins. Food Proteins, American
Chemical Society. 160: 3-36.

Franze, T., M. G. Weller, R. Niessner and U. Poschl (2005). Protein nitration by
polluted air. Environmental Science & Technology. 39(6): 1673-1678.

Fu, T.-]. (2002). Digestion stability as a criterion for protein allergenicity assessment.
Annals of the New York Academy of Sciences. 964(1): 99-110.

Fu, T. J., U. R. Abbott and C. Hatzos (2002). Digestibility of food allergens and
nonallergenic proteins in simulated gastric fluid and simulated intestinal
fluid-a comparative study. Journal of Agricultural and Food Chemistry. 50(24):
7154-7160.

Grimshaw, K. E., R. M. King, J. A. Nordlee, S. L. Hefle, ]J. O. Warner and J. O.
Hourihane (2003). Presentation of allergen in different food preparations affects
the nature of the allergic reaction—a case series. Clinical and Experimental
Allergy. 33(11): 1581-1585.

Gruijthuijsen, Y. K., I. Grieshuber, A. Stocklinger, U. Tischler, T. Fehrenbach, M. G.
Weller, L. Vogel, S. Vieths, U. Péschl and A. Duschl (2006). Nitration enhances
the allergenic potential of proteins. International Archives of Allergy and
Immunology. 141(3): 265-275.

Hansen, K. S., B. K. Ballmer-Weber, D. Luttkopf, P. S. Skov, B. Wuthrich, C. Bindslev-
Jensen, S. Vieths and L. K. Poulsen (2003). Roasted hazelnuts—allergenic activity
evaluated by double-blind, placebo-controlled food challenge. Allergy. 58(2):
132-138.

Henle, T. (2005). Protein-bound advanced glycation endproducts (AGEs) as bioactive
amino acid derivatives in foods. Amino Acids. 29(4): 313-322.

Hilmenyuk, T., I. Bellinghausen, B. Heydenreich, A. Ilchmann, M. Toda, S. Grabbe
and J. Saloga (2010). Effects of glycation of the model food allergen ovalbumin

on antigen uptake and presentation by human dendritic cells. Immunology.
129(3): 437-445.

Ilchmann, A., S. Burgdorf, S. Scheurer, Z. Waibler, R. Nagai, A. Wellner, Y. Yamamoto,
H. Yamamoto, T. Henle, C. Kurts, U. Kalinke, S. Vieths and M. Toda (2010).
Glycation of a food allergen by the Maillard reaction enhances its T-cell

immunogenicity: Role of macrophage scavenger receptor class A type I and II.
Journal of Allergy and Clinical Immunology. 125(1): 175-183. e171-111.

222



The Influence of Dietary Protein Modification During Food Processing on Food Allergy

Ischiropoulos, H. (2009). Protein tyrosine nitration—An update. Archives of
Biochemistry and Biophysics. 484(2): 117-121.

Jay,J. M., M. ]. Loessner and D. A. Golden (2005). Modern Food Microbiology. New
York, Springer Science & Business Media, Inc. p.

Karle, A. C., G.]. Oostingh, S. Mutschlechner, F. Ferreira, P. Lackner, B. Bohle, G. F.
Fischer, A. B. Vogt and A. Duschl (2012). Nitration of the pollen allergen Bet v
1.0101 enhances the presentation of Bet v 1-derived peptides by HLA-DR on
human dendritic cells. PloS One. 7(2): €31483.

Kleine-Tebbe, J., L. Vogel, D. N. Crowell, U. F. Haustein and S. Vieths (2002). Severe
oral allergy syndrome and anaphylactic reactions caused by a Bet v 1- related
PR-10 protein in soybean, SAM22. Journal of Allergy and Clinical Immunology.
110(5): 797-804.

Kroghsbo, S., N. M. Rigby, P. E. Johnson, K. Adel-Patient, K. L. Bogh, L. J. Salt, E.
N. Mills and C. B. Madsen (2014). Assessment of the sensitizing potential of
processed peanut proteins in Brown Norway rats: roasting does not enhance
allergenicity. PloS One. 9(5): €96475.

Lund, M. N., M. Heinonen, C. P. Baron and M. Estevez (2011). Protein oxidation in
muscle foods: A review. Molecular Nutrition & Food Research. 55(1): 83-95.

Lundberg, J. O., E. Weitzberg, J. A. Cole and N. Benjamin (2004). Nitrate, bacteria
and human health. Nature Reviews: Microbiology. 2(7): 593-602.

Maleki, S. J., S. -Y. Chung, E. T. Champagne and J. -P. Raufman (2000). The effects
of roasting on the allergenic properties of peanut proteins. Journal of Allergy
and Clinical Immunology. 106(4): 763-768.

Maleki, S. J. and B. K. Hurlburt (2004). Structural and functional alterations in major
peanut allergens caused by thermal processing. Journal of AOAC International.
87(6): 1475-1479.

Maleki, S. J., O. Viquez, T. Jacks, H. Dodo, E. T. Champagne, S. -Y. Chung and S.
J. Landry (2003). The major peanut allergen, Ara h 2, functions as a trypsin
inhibitor, and roasting enhances this function. Journal of Allergy and Clinical
Immunology. 112(1): 190-195.

Masthoff, L. J., R. Hoff, K. C. Verhoeckx, H. van Os-Medendorp, A. Michelsen-
Huisman, J. L. Baumert, S. G. Pasmans, Y. Meijer and A. C. Knulst (2013). A
systematic review of the effect of thermal processing on the allergenicity of tree
nuts. Allergy. 68(8): 983-993.

McClain, S., C. Bowman, M. Fernandez-Rivas, G. S. Ladics and R. Ree (2014). Allergic
sensitization: food- and protein-related factors. Clin Transl Allergy. 4(1): 11.

Meltretter, J., ]. Wust and M. Pischetsrieder (2013). Comprehensive analysis of
nonenzymatic post-translational beta-lactoglobulin modifications in processed
milk by ultrahigh-performance liquid chromatography-tandem mass
spectrometry. Journal of Agricultural and Food Chemistry. 61(28): 6971-6981.

223



Food Allergy: Molecular and Clinical Practice

Mills, E. N. C., A. I. Sancho, N. M. Rigby, J. A. Jenkins and A. R. Mackie (2009).
Impact of food processing on the structural and allergenic properties of food
allergens. Molecular Nutrition & Food Research. 53(8): 963-969.

Moghaddam, A. E., W. R. Hillson, M. Noti, K. H. Gartlan, S. Johnson, B. Thomas, D.
Artisand Q. ]. Sattentau (2014). Dry roasting enhances peanut-induced allergic
sensitization across mucosal and cutaneous routes in mice. Journal of Allergy
and Clinical Immunology. 134(6): 1453-1456.

Mondoulet, L., E. Paty, M. F. Drumare, S. Ah-Leung, P. Scheinmann, R. M. Willemot,
J. M. Wal and H. Bernard (2005). Influence of thermal processing on the
allergenicity of peanut proteins. Journal of Agricultural and Food Chemistry.
53(11): 4547-4553.

Neeper, M., A. M. Schmidt, J. Brett, S. D. Yan, E. Wang, Y. C. Pan, K. Elliston, D.
Stern and A. Shaw (1992). Cloning and expression of a cell surface receptor
for advanced glycosylation end products of proteins. Journal of Biological
Chemistry. 267(21): 14998-15004.

Noval Rivas, M., O. T. Burton, P. Wise, Y. Q. Zhang, S. A. Hobson, M. Garcia
Lloret, C. Chehoud, J. Kuczynski, T. DeSantis, J. Warrington, E. R. Hyde, J.
E. Petrosino, G. K. Gerber, L. Bry, H. C. Oettgen, S. K. Mazmanian and T. A.
Chatila (2013). A microbiota signature associated with experimental food allergy
promotes allergic sensitization and anaphylaxis. Journal of Allergy and Clinical
Immunology. 131(1): 201-212.

Nowak-Wegrzyn, A. and A. Fiocchi (2009). Rare, medium, or well done? The effect
of heating and food matrix on food protein allergenicity. Current Opinion in
Allergy and Clinical Immunology. 9(3): 234-237.

Nwaru, B. I, L. Hickstein, S. S. Panesar, G. Roberts, A. Muraro and A. Sheikh (2014).
Prevalence of common food allergies in Europe: a systematic review and meta-
analysis. Allergy. 69(8): 992-1007.

Ohgami, N., R. Nagai, M. Ikemoto, H. Arai, A. Kuniyasu, S. Horiuchi and H.
Nakayama (2001). CD36, a member of class B scavenger receptor family, is a
receptor for advanced glycation end products. Annals of the New York Academy
of Sciences. 947: 350-355.

Ohgami, N., R. Nagai, A. Miyazaki, M. Ikemoto, H. Arai, S. Horiuchi and H.
Nakayama (2001). Scavenger receptor class B type I-mediated reverse
cholesterol transport is inhibited by advanced glycation end products. Journal
of Biological Chemistry. 276(16): 13348-13355.

Oldreive, C. and C. Rice-Evans (2001). The mechanisms for nitration and
nitrotyrosine formation in vitro and in vivo: Impact of diet. Free Radical Research.
35(3): 215-231.

Pali-Schéll, I., R. Herzog, J. Wallmann, K. Szalai, R. Brunner, A. Lukschal, P.
Karagiannis, S. C. Diesner and E. Jensen-Jarolim (2010). Antacids and dietary
supplements with an influence on the gastric pH increase the risk for food
sensitization. Clinical and Experimental Allergy. 40(7): 1091-1098.

224



The Influence of Dietary Protein Modification During Food Processing on Food Allergy

Pali-Scholl, I. and E. Jensen-Jarolim (2011). Anti-acid medication as a risk factor for
food allergy. Allergy. 66(4): 469-477.

Poulsen, M. W, R. V. Hedegaard, ]. M. Andersen, B. de Courten, S. Bugel, ]. Nielsen,
L. H. Skibsted and L. O. Dragsted (2013). Advanced glycation endproducts
in food and their effects on health. Food and Chemical Toxicology. 60: 10-37.

Prescott, S. and K. J. Allen (2011). Food allergy: riding the second wave of the allergy
epidemic. Pediatric Allergy and Immunology. 22(2): 155-160.

Radi, R. (2004). Nitric oxide, oxidants, and protein tyrosine nitration. Proceedings
of the National Academy of Sciences. 101(12): 4003-4008.

Radi, R., G. Peluffo, M. N. Alvarez, M. Naviliat and A. Cayota (2001). Unraveling
peroxynitrite formation in biological systems. Free Radical Biology and
Medicine. 30(5): 463-488.

Rocha, B. S., B. Gago, R. M. Barbosa, J. O. Lundberg, R. Radi and J. Laranjinha
(2012). Intragastric nitration by dietary nitrite: Implications for modulation of
protein and lipid signaling. Free Radical Biology and Medicine. 52(3): 693—-698.

Roth-Walter, F., M. C. Berin, P. Arnaboldi, C. R. Escalante, S. Dahan, J. Rauch, E.
Jensen-Jarolim and L. Mayer (2008). Pasteurization of milk proteins promotes
allergic sensitization by enhancing uptake through Peyer’s patches. Allergy.
63(7): 882-890.

Roth-Walter, E, L. F. Pacios, C. Gomez-Casado, G. Hofstetter, G. A. Roth, J. Singer,
A. Diaz-Perales and E. Jensen-Jarolim (2014). The major cow milk allergen Bos
d 5 manipulates T-helper cells depending on its load with siderophore-bound
iron. PloS One. 9(8): €104803.

Roth-Walter, F., P. Starkl, T. Zuberbier, K. Hummel, K. Nobauer, E. Razzazi-Fazeli,
R. Brunner, I. Pali-Scholl, J. Kinkel, F. Felix, E. Jensen-Jarolim and T. Kinaciyan
(2013). Glutathione exposes sequential IgE-epitopes in ovomucoid relevant in
persistent egg allergy. Molecular Nutrition & Food Research. 57(3): 536-544.

Schimek, E. M., B. Zwolfer, P. Briza, B. Jahn-Schmid, L. Vogel, S. Vieths, C. Ebner
and B. Bohle (2005). Gastrointestinal digestion of Bet v 1-homologous food
allergens destroys their mediator-releasing, but not T cell-activating, capacity.
Journal of Allergy and Clinical Immunology. 116(6): 1327-1333.

Schmidt, A. M., M. Vianna, M. Gerlach, J. Brett, J. Ryan, ]. Kao, C. Esposito, H.
Hegarty, W. Hurley, M. Clauss et al. (1992). Isolation and characterization of
two binding proteins for advanced glycosylation end products from bovine
lung which are present on the endothelial cell surface. Journal of Biological
Chemistry. 267(21): 14987-14997.

Schokker, E. P,, H. Singh, D. N. Pinder, G. E. Norris and L. K. Creamer (1999).
Characterization of intermediates formed during heat-induced aggregation of
B-lactoglobulin AB at neutral pH. International Dairy Journal. 9(11): 791-800.

225



Food Allergy: Molecular and Clinical Practice

Shiraiwa, M., Y. Sosedova, A. Rouviere, H. Yang, Y. Zhang, ]. P. Abbatt, M. Ammann
and U. Poschl (2011). The role of long-lived reactive oxygen intermediates in
the reaction of ozone with aerosol particles. Nature Chemistry. 3(4): 291-295.

Sicherer, S. H. (2011). Epidemiology of food allergy. Journal of Allergy and Clinical
Immunology. 127(3): 594-602.

Sicherer, S. H. and H. A. Sampson (2014). Food allergy: Epidemiology, pathogenesis,
diagnosis, and treatment. Journal of Allergy and Clinical Immunology. 133(2):
291-307; quiz 308.

Soladoye, O. P., M. L. Juarez, J. L. Aalhus, P. Shand and M. Estévez (2015). Protein
oxidation in processed meat: Mechanisms and potential implications on human
health. Comprehensive Reviews in Food Science and Food Safety. 14(2): 106-122.

Stagsted, J., E. Bendixen and H. J. Andersen (2004). Identification of specific
oxidatively modified proteins in chicken muscles using a combined
immunologic and proteomic approach. Journal of Agricultural and Food
Chemistry. 52(12): 3967-3974.

Stefka, A. T., T. Feehley, P. Tripathi, J. Qiu, K. McCoy, S. K. Mazmanian, M. Y. Tjota,
G. Y. Seo, S. Cao, B. R. Theriault, D. A. Antonopoulos, L. Zhou, E. B. Chang, Y.
X.Fuand C. R. Nagler (2014). Commensal bacteria protect against food allergen
sensitization. Proceedings of the National Academy of Sciences of the United
States of America. 111(36): 13145-13150.

Stojadinovic, M., R. Pieters, J. Smit and T. C. Velickovic (2014). Cross-linking of
beta-lactoglobulin enhances allergic sensitization through changes in cellular
uptake and processing. Toxicological Sciences. 140(1): 224-235.

Suzuki, H., Y. Kurihara, M. Takeya, N. Kamada, M. Kataoka, K. Jishage, O. Ueda, H.
Sakaguchi, T. Higashi, T. Suzuki, Y. Takashima, Y. Kawabe, O. Cynshi, Y. Wada,
M. Honda, H. Kurihara, H. Aburatani, T. Doi, A. Matsumoto, S. Azuma, T. Noda,
Y. Toyoda, H. Itakura, Y. Yazaki, T. Kodama et al. (1997). A role for macrophage
scavenger receptors in atherosclerosis and susceptibility to infection. Nature.
386(6622): 292-296.

Taheri-Kafrani, A., J. C. Gaudin, H. Rabesona, C. Nioi, D. Agarwal, M. Drouet, ]. M.
Chobert, A. K. Bordbar and T. Haertle (2009). Effects of heating and glycation
of beta-lactoglobulin on its recognition by IgE of sera from cow milk allergy
patients. Journal of Agricultural and Food Chemistry. 57(11): 4974-4982.

Tareke, E., P. Rydberg, P. Karlsson, S. Eriksson and M. Tornqvist (2002). Analysis of
acrylamide, a carcinogen formed in heated foodstuffs. Journal of Agricultural
and Food Chemistry. 50(17): 4998-5006.

Teuber, S. S., S. S. Comstock, S. K. Sathe and K. H. Roux (2003). Tree nut allergy.
Current Allergy and Asthma Reports. 3(1): 54-61.

Toda, M., M. Heilmann, A. Ilchmann and S. Vieths (2014). The Maillard reaction
and food allergies: is there a link? Clinical Chemistry and Laboratory Medicine.
52(1): 61-67.

226



The Influence of Dietary Protein Modification During Food Processing on Food Allergy

Untersmayr, E., N. Bakos, I. Scholl, M. Kundi, F. Roth-Walter, K. Szalai, A. B. Riemer,
H.J. Ankersmit, O. Scheiner, G. Boltz-Nitulescu and E. Jensen-Jarolim (2005a).
Anti-ulcer drugs promote IgE formation toward dietary antigens in adult
patients. FASEB Journal. 19(6): 656-658.

Untersmayr, E., S. C. Diesner, G. J. Oostingh, K. Selzle, T. Pfaller, C. Schultz, Y.
Zhang, D. Krishnamurthy, P. Stark], R. Knittelfelder, E. Férster-Waldl, A. Pollak,
O. Scheiner, U. Poschl, E. Jensen-Jarolim and A. Duschl (2010). Nitration of the
egg-allergen ovalbumin enhances protein allergenicity but reduces the risk for
oral sensitization in a murine model of food allergy. PloS One. 5(12): e14210.

Untersmayr, E. and E. Jensen-Jarolim (2006). Mechanisms of type I food allergy.
Pharmacology and Therapeutics. 112(3): 787-798.

Untersmayr, E. and E. Jensen-Jarolim (2008). The role of protein digestibility and
antacids on food allergy outcomes. Journal of Allergy and Clinical Immunology.
121(6): 1301-1308; quiz 1309-1310.

Untersmayr, E., L. K. Poulsen, M. H. Platzer, M. H. Pedersen, G. Boltz-Nitulescu, P.
S. Skov and E. Jensen-Jarolim (2005b). The effects of gastric digestion on codfish
allergenicity. Journal of Allergy and Clinical Immunology. 115(2): 377-382.

Untersmayr, E., I. Schéll, I. Swoboda, W. J. Beil, E. Forster-Waldl, F. Walter, A.
Riemer, G. Kraml, T. Kinaciyan, S. Spitzauer, G. Boltz-Nitulescu, O. Scheiner
and E. Jensen-Jarolim (2003). Antacid medication inhibits digestion of dietary
proteins and causes food allergy: a fish allergy model in BALB/c mice. Journal
of Allergy and Clinical Immunology. 112(3): 616-623.

Untersmayr, E., H. Vestergaard, H. J. Malling, L. B. Jensen, M. H. Platzer, G. Boltz-
Nitulescu, O. Scheiner, P. S. Skov, E. Jensen-Jarolim and L. K. Poulsen (2007).
Incomplete digestion of codfish represents a risk factor for anaphylaxis in
patients with allergy. Journal of Allergy and Clinical Immunology. 119(3):
711-717.

van Boekel, M., V. Fogliano, N. Pellegrini, C. Stanton, G. Scholz, S. Lalljie, V. Somoza,
D. Knorr, P.R. Jasti and G. Eisenbrand (2010). A review on the beneficial aspects
of food processing. Molecular Nutrition & Food Research. 54(9): 1215-1247.

Venkatachalam, M. and S. K. Sathe (2006). Chemical composition of selected edible
nut seeds. Journal of Agricultural and Food Chemistry. 54(13): 4705-4714.

Villaverde, A., D. Morcuende and M. Estevez (2014a). Effect of curing agents on
the oxidative and nitrosative damage to meat proteins during processing of
fermented sausages. Journal of Food Science. 79(7): C1331-1342.

Villaverde, A., V. Parra and M. Estevez (2014b). Oxidative and nitrosative stress
induced in myofibrillar proteins by a hydroxyl-radical-generating system:
impact of nitrite and ascorbate. Journal of Agricultural and Food Chemistry.
62(10): 2158-2164.

Visness, C. M., S.]. London, J. L. Daniels, J. S. Kaufman, K. B. Yeatts, A. M. Siega-
Riz, A. H. Liu, A. Calatroni and D. C. Zeldin (2009). Association of obesity with
IgE levels and allergy symptoms in children and adolescents: Results from

227



Food Allergy: Molecular and Clinical Practice

the National Health and Nutrition Examination Survey 2005-2006. Journal of
Allergy and Clinical Immunology. 123(5): 1163-1169, 1169. e1161-1164.

Vlassara, H., Y. M. Li, E. Imani, D. Wojciechowicz, Z. Yang, F. T. Liu and A. Cerami
(1995). Identification of galectin-3 as a high-affinity binding protein for
advanced glycation end products (AGE): a new member of the AGE-receptor
complex. Molecular Medicine. 1(6): 634-646.

Vossen, E. and S. De Smet (2015). Protein oxidation and protein nitration influenced
by sodium nitrite in two different meat model systems. Journal of Agricultural
and Food Chemistry. 63(9): 2550-2556.

Werfel, T., R. Asero, B. K. Ballmer-Weber, K. Beyer, E. Enrique, A. C. Knulst, A. Mari,
A. Muraro, M. Ollert, L. K. Poulsen, S. Vieths, M. Worm and K. Hoffmann-
Sommergruber (2015). Position paper of the EAACI: Food allergy due to
immunological cross-reactions with common inhalant allergens. Allergy.

Worm, M., S. Hompes, E. M. Fiedler, A. K. Illner, T. Zuberbier and S. Vieths (2009).
Impact of native, heat-processed and encapsulated hazelnuts on the allergic
response in hazelnut-allergic patients. Clinical and Experimental Allergy.
39(1): 159-166.

Wiithrich, B. (2014). History of food allergy. History of Allergy. K. C. Bergmann and
J. Ring. Basel, Karger. 100: 109-119.

Xu, Y., B. Cui, R. Ran, Y. Liu, H. Chen, G. Kai and ]. Shi (2014). Risk assessment,
formation, and mitigation of dietary acrylamide: current status and future
prospects. Food and Chemical Toxicology. 69: 1-12.

Yeo, W. S., S. ]. Lee, J. R. Lee and K. P. Kim (2008). Nitrosative protein tyrosine
modifications: biochemistry and functional significance. BMB Rep. 41(3):
194-203.

228



Detection of Food Allergen
Residues by Immunoassays and
Mass Spectrometry

Sridevi Muralidharan,' Yiqing Zhao,' Steve L. Taylor?
and Nanju A. Lee'*

CONTENTS

10.1 Introduction

10.2 Precautionary Labelling of Food Allergens

10.3 Immunoassays
10.3.1 Enzyme-linked Immunosorbent Assay (ELISA)
10.3.2 Non-competitive Assay for Food Analysis
10.3.3 Competitive Inhibition ELISA
10.3.4 Lateral Flow Devices (LFDs)

! ARC Training Centre for Advanced Technologies in Food Manufacture and School of
Chemical Engineering, University of New South Wales, Sydney, Australia.

2 Food Allergy Research and Resource Program, Department of Food Science and Technology,
University of Nebraska-Lincoln, Nebraska, USA.

* Corresponding author: alice lee@unsw.edu.au

229


mailto:alice.lee@unsw.edu.au

Food Allergy: Molecular and Clinical Practice

10.4 Development of an ELISA

10.5

10.6

10.4.1

10.4.2

Immunogen Preparation—Tree Nut Protein Extraction and
Purification
Antibody Production

ELISA Optimisation

10.5.1
10.5.2
10.5.3
10.5.4
10.5.5
10.5.6
10.5.7
10.5.8

Coating and Blocking

Buffer System, Incubation Time and Colour Development
Cross-reactivity

ELISA Validation

Accuracy and Precision

LOD, LOQ and Detection Range

Food Matrix Interference

Food Processing

Mass Spectrometry for Food Allergen Detection

10.6.1
10.6.2
10.6.3

10.6.4

10.6.5
10.6.6
10.6.7

Sample Complexity, Sample Preparation and Clean-up

Allergen Detection—Intact Proteins and Complex Mixtures

Detection and Quantification of Allergen Peptides/Proteins in

Food using Mass Spectrometry

10.6.3.1 Relative and absolute quantitation of allergens

10.6.3.2 Choosing suitable ionisation source and mass
analyser

10.6.3.3 Intensity and specificity of allergen signatures

10.6.3.4 Synthetic peptides and isotopic labelling

Food Allergen Signatures for Mass Spectrometry Based

Detection

Effects of Food Processing on Food Allergen Detection

Protein Glycosylation in Food Allergens

Multiplexed Allergen Detection

10.7 Conclusions

References

10.1 INTRODUCTION

Food allergy is a type of non-toxic adverse food reaction,
involving aberrant immune responses to food proteins that elicit
various symptoms. Food allergy has developed into a significant
health concern in many western countries. The World Allergy
Organization (WAO) estimates that food allergy has touched the
lives of approximately 220 to 250 million people, and primarily
5-8% of children of all ages are affected (WAO 2011). In 1995,

230



Detection of Food Allergen Residues by Immunoassays and Mass Spectrometry

immunological food allergy and non-immunological intolerance
reactions were classified as two separate categories of non-toxic
adverse food reactions, by the European Academy of Allergy and
Clinical Immunology (EAACI) (Bruijnzeel-Koomen et al. 1995). Food
allergies can be extremely severe and potentially fatal to a susceptible
population. Traces of offending ingredients in food products can elicit
immediate adverse reactions. In Australia, nine foods and derived
food ingredients have been recognised to induce the majority of
immunoglobulin E (IgE)-mediated food allergies. These are peanut,
tree nuts, sesame, egg, cow’s milk, soy, fish, shellfish and wheat
(ATRS 2014). The true prevalence of food associated allergy in
Australia remains unknown, but it is predicted to be 1-2% in the adult
population and 4-6% in the paediatric population (FSANZ 2010).
A 12-year (1995-2006) retrospective analysis reported that of 1,489
children between 0-5 years old, 47% had a food allergy, and most
were sensitised by peanut, egg, cow’s milk and cashew nut (Mullins
2007). A parental survey involving 4,173 children in South Australia
indicated that 0.6% of children aged 3-17 years had histories of
severe anaphylaxis while 7.3% had histories of food allergy (Boros
et al. 2000). Food-induced anaphylaxis occurs more frequently in
pre-school aged children compared to school-aged children. Food
allergy prevalence in infants and pre-school aged children ranged
from 1% (in Thailand) to 10% (in Australia), based on published data
only available from 16 out of 89 countries across the world (Prescott
et al. 2013). Furthermore food allergy prevalence in school aged
children varied from 0.3% in Korea to 4.2% in Australia to 7.6% in
Tanzania (Prescott et al. 2013).

The major food allergens causing approximately 90% of all food
allergies found in a Longitudinal Study of Australian Children
(LSAC) are from nine food groups, namely cow’s milk, eggs, wheat,
peanuts, tree nuts, soybean, sesame, fish and shellfish. Peanuts, tree
nuts, wheat, eggs and cow’s milk are the most common types of food
to induce allergic reactions in earlier life (LSAC 2010), whilst seafood
allergy is more frequent in teenage and adult life (ATRS 2014).

In this chapter, we review important factors affecting food
allergen detection within a context of food allergen management.
We review two important analytical methodologies for food
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allergen detection: (a) the ELISA immunoassay which has been
primarily used as the gold standard technique (b) Mass Spectrometry
which has a great potential to be developed into a confirmatory
technique. The general principles, operating procedures for each
of the two techniques are highlighted and recent applications and
research developments relevant to detection of allergen residues in
pre-packaged food are also discussed.

10.2 PRECAUTIONARY LABELLING OF FOOD ALLERGENS

Food allergy has increased in prevalence and the prevention of acute
potentially fatal allergic reactions relies on the strict avoidance of
offending foods. Food labelling, therefore, plays a significant role
in improving the safety of food by providing credible and accurate
information to food-allergic patients (van Hengel 2007). In 2003,
food labelling legislation was implemented in Australia. Most of
the common nine groups of allergens require mandatory labelling.
Mandatory labelling of allergenic ingredients in pre-packaged foods
was intended to help allergic consumers to manage their conditions.
However, undeclared allergenic residues potentially presented in
pre-packaged food products still remains a critical risk to allergic
consumers (van Hengel 2007). In most food processing facilities,
various manufactured products both containing and not containing
allergenic ingredients are produced on the same production line
using shared equipment (Clemente et al. 2004). Various factors
including the inadequate cleaning of shared equipment, unsuitable
handling of allergenic ingredients, and storage and transportation
practices can lead to accidental contamination leaving a potential risk
of hidden allergens to allergic consumers (Gaskin and Taylor 2011).

Uncertainty regarding the degree of risk prompts manufacturers
to employ additional precautionary labelling (e.g., “may contain”)
for certain suspicious ingredients thereby communicating potential
risk to consumers and enhance the safety and reliability of the
food labelling system (Allen et al. 2014b, DunnGalvin et al. 2015).
Uncertainty abounds in part because the public health authorities
have not established safe limits for allergenic food residues. The
overuse of precautionary labelling by food manufacturers without
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proper (evidenced-based) risk assessment has led clinicians and
dieticians to give inconsistent recommendations to their patients
(Brough et al. 2015). For the purpose of establishing a reliable labelling
system with enhanced safety and credibility, and minimising overuse,
a standardised risk management process with appropriate reference
doses of allergens, has been developed as part of the Voluntary
Incidental Trace Allergen Labelling (VITAL) program, of the Allergen
Bureau of Australia & New Zealand (Taylor et al. 2014).

The VITAL procedure encourages manufacturers to intensively
investigate the presence of possible allergenic food residues prior to
their release to the market. It also factors in possible contamination
of allergens among raw materials and equipments used in food
processing plants. The VITAL program, in accordance with
appropriate reference doses, provides a precautionary statement
with rigour by evaluating the possible presence of allergenic residues
using an interactive VITAL calculator; a precautionary declaration
is recommended only if estimated cross-contact doses are above the
reference doses (Taylor et al. 2014, Zurzolo et al. 2013). The reference
doses have been developed from the statistical dose-distribution
modelling of individual thresholds of patients with oral food
challenges and are estimated as 0.2 mg of peanut protein, 0.1 mg
of cow’s milk, 0.03 mg of egg, 2.0 mg of cashew, 0.1 mg of hazelnut
protein, 1.0 mg of wheat, 1.0 mg of soy flour, 0.2 mg of sesame seed,
0.05 mg of mustard, 4.0 mg of lupin and 10 mg of shrimp (Allen et
al. 2014a, Taylor et al. 2014). Furthermore, the Allergen Bureau of
Australia and New Zealand has set the action level at 0.1 mg protein
for all tree nuts.

The identification of trace food allergens by reliable detection
and quantification methods on processing equipment and finished
food products is necessary to ensure quality management compliance
with food labelling legislations as well as consumer safety (Taylor
et al. 2007). To address this, immunoassays and mass spectrometry
based methods have been developed for food allergen detection. The
following sections in this chapter will focus on the working principles
and applications of immunoassays and mass spectrometry in food
allergen detection as well as address advantages and limitations of
these two detection methods.
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10.3 IMMUNOASSAYS

To detect and quantify undeclared food allergens, immunoassays
offer adequate sensitivity and specificity, and have been commonly
used in food industry (Wen et al. 2007). The fundamental basis of
immunoassays is the inherent ability of an antibody to specifically
bind to its antigen. Nearly all food allergens are proteins or
glycoproteins and are sufficiently immunogenic to generate
specific antibodies. Those highly specific antibodies that only bind
to target molecules are ideal assay reagents for allergen detection.
Both human serum and animal antisera make a contribution to the
research and development of validated immunoassays for various
intended purposes. Only animal antisera are used in immunoassays
for allergen residue detection.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and immunoblotting are also used for the identification
and characterisation of individual allergens from foods, and have
been used to confirm the presence of allergen residues in foods.
Extracts of food proteins including allergens are separated by
SDS-PAGE according to their molecular weight (one dimensional
separation) or molecular weight and isoelectric points (two
dimensional separation), followed by transfer to a polyvinylidene
difluoride or nitrocellulose membrane. Enzyme-labelled antibodies
are subsequently added for allergen identification. This technique
was reported to successfully detect hazelnut and almond residues
in complex food matrices such as chocolate (Kirsch et al. 2009).

10.3.1 Enzyme-linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) is the most commonly
used method in routine food allergen detection. This method
targets proteins from an allergenic source, which makes it ideal in
validating the removal of allergenic proteins from shared equipment
and confirm that pre-packed food products do not contain hidden
allergen residue. An ELISA provides high sensitivity with a detection
range at milligrams (mg) per kilogram (ppm: part per million). It is
also suitable for rapid detection in a food processing facility (Baumert

234



Detection of Food Allergen Residues by Immunoassays and Mass Spectrometry

2013). An ELISA involves the use of an antisera containing protein-
specific IgG antibodies generated from animals to non-covalently
bind to antigens extracted from foods or swabs of equipment
surfaces. This antigen-antibody complex is later detected by an
enzyme-conjugated secondary antibody. The enzyme component
catalyses a reaction in the substrate for colour generation and the
intensity of colour indicates the amount of allergen present in a food
sample (Lee and Sun 2016). Common procedures in performing an
ELISA are coating, washing, blocking, antigen-antibody interaction
and colour development. Two ELISA formats known as non-
competitive and competitive assay can be selected (Yeung 2006).

10.3.2 Non-competitive Assay for Food Analysis

A sandwich ELISA is the most popular and commonly used non-
competitive format for food allergen detection and quantification
(Figure 10.1). This type of assay involves a pair of antibodies, known
as capture and detection antibodies, to bind two or more different
epitopes on antigens to achieve sensitive and specific detection
(Paulie et al. 2001). Basically, a capture antibody is primarily
immobilised onto a hydrophobic surface such as polystyrene
microwells, followed by a washing step to remove excess antibody.
Blocking is the next step to block unoccupied binding sites on the
surface and reduce non-specific binding. An antigen is then added,
and if specific to the coated antibody, the antigen is captured by
the immobilised capture antibody. After washing the unbound
substances away, either the detection antibody linked with an
enzyme or an anti-species antibody-enzyme conjugate, is applied to
recognise the antigen-antibody complex. A substrate is then added
to develop colour, which is proportional to the amount of antigen
in the sample (Hornbeck 2001).

10.3.3 Competitive Inhibition ELISA

A competitive ELISA is based on the competition between a labelled
and an unlabelled antigen for limited antibody binding sites
(Figure 10.2). This assay is especially preferred for the detection of
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Figure 10.1 Direct (A) and indirect (B) sandwich type ELISAs.

relatively small proteins which contain only one antibody binding
site (Immer and Lacorn 2015). For example, competitive ELISAs
can be used to detect partially hydrolysed proteins. The microwell
plate is coated with a known amount of antigen and incubated with
an unlabelled antigen (i.e., allergen) as well as a fixed amount of
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the allergen-specific antibody. The (unlabelled) antigen in a sample
competes with the immobilised antigen for the binding to antibodies
and this interaction results in decreased colour development. The
amount of antigen present in a sample is inversely proportional to
the intensity of colour development (Paulie et al. 2001).

An ELISA is widely used as an analytical technique to detect
traces of allergens in various food products. In the following section,
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we discuss ELISA relevant to tree nuts as an example. The sandwich
ELISAs that have been developed for tree nuts, with the limit of
quantification ranging from 0.3-2.5 mg protein kg™, is summarised
in Table 10.1. To develop an ELISA for tree nut residue detection,
besides selecting a suitable format, assay optimisation and validation
are also crucial in evaluating assay efficiency and suitability for the
intended purposes.

10.3.4 Lateral Flow Devices (LFDs)

Though commercial ELISA kits for tree nut allergen detection can
deliver a fast outcome within 30 min, a strong demand exists for
speedy, easy-to-use immunochemical tests for food manufacturers
prompting the development of a new platform (Van Herwijnen
and Baumgartner 2006). A lateral flow device, often used in concert
with a swab, was introduced as a simple and rapid single-step test
(Figure 10.3) that could offer quick indications of the effectiveness of
allergen cleaning of shared equipment. It only takes a few minutes
to perform the assay after sample extraction. The extract that may or
may not be contaminated with nut proteins runs through a sample
filter and then a conjugation pad that contain gold nanoparticles
conjugated with antibodies specific to target proteins. The target
proteins, if present in the sample, form a protein-antibody-
nanoparticle complex and these then migrate further along a nylon
or nitrocellulose membrane. A test line conjugated with a nut protein-
specific antibody is used to capture the complex and generate a
visible coloured line. No observed test line indicates the absence of
nut proteins. A control line is included to ensure the test is visually
validated to be functioning (Lipton et al. 2000, Van Herwijnen and
Baumgartner 2006). To date, numerous LFDs have been developed
and commercialised for food allergen detection; but as a case study
we only present applications related to tree nuts where testing can
be finished in approximately 10-15 mins with a detection limit of 1
to 10 mg protein kg™ food sample (Table 10.2).
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Table 10.1 Commercial sandwich ELISA kits for tree nut detection.

Tree nut Limit of detection Limit of Supplier
(mg protein kg™) quantification (mg
protein kg™)
Pecan <1 1 BioFront Technologies
- 0.7 Elution Technologies
17 - R-Biopharm
Almond 2.5 - Neogen
<1 1 BioFront Technologies
- 0.5 ELISA Systems
- 1 Elution Technologies
- 0.4 Romer Labs
0.2 0.4 Diagnostic Automation/
Cortez Diagnostics
1.5 2.5 R-Biopharm
Hazelnut - 0.5 ELISA Systems
<1 1 BioFront Technologies
0.3 1 Antibodies-online
0.3 1 Diagnostic Automation/
Cortez Diagnostics
- 1 Elution Technologies
- 1 Romer Labs
- 2.5 Neogen
1.5 - R-Biopharm
Macadamia 0.64 1 R-Biopharm
- 0.3 Elution Technologies
Brazil nut - 1 Elution Technologies
Cashew nut <1 1 BioFront Technologies
- 0.9 Elution Technologies
- 2 Romer Labs
Walnut <1 1 BioFront Technologies
0.35 2 Diagnostic Automation/
Cortez Diagnostics
- 2 Elution Technologies
- 2 Romer Labs
Pistachio <1 1 BioFront Technologies
- 1 Elution Technologies
- 1 Romer Labs
Pine nut - 15 Elution Technologies

Hyphen: data not shown in document of product. Data presented as mg whole nut protein kg™
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10.4 DEVELOPMENT OF AN ELISA

10.4.1 Immunogen Preparation—Tree Nut Protein Extraction
and Purification

The molecules that can elicit immune responses after immunising
laboratory animals are called immunogens, and this process, from
where the antibodies derive, is referred to as immunisation. Both
crude extracts from allergenic food ingredients and specific food
allergens are excellent immunogens (Lee and Sun 2016). Inmunogen
may be in a form of undenatured (native) or denatured (processed)
or mixed since allergic consumers may be exposed to raw and/or
processed allergens (Sathe et al. 2009). The extraction of crude protein
from tree nuts usually begins with mechanical homogenisation, for
the purpose of disrupting cell walls and releasing water soluble
protein. Defatting with n-hexane or acetone is helpful to remove
unwanted interference such as lipids and free fatty acids without a
loss of protein solubility (Bader et al. 2011, Neto et al. 2001). Aqueous
solubility of tree nut proteins can be manipulated with extraction
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Table 10.2 Commercial lateral flow tests for tree nut detection.

Tree nut Detection limit | Incubation time | Supplier
(mg protein kg™) (min)
Pecan 2 10 Elution Technologies
Almond 10 10 R-Biopharm
5 10 Elution Technologies
1 5 Neogen
2 10 Romer Labs
Hazelnut 5 10 R-Biopharm
5 10 Romer Labs
5 5 Neogen
Macadamia 1 10 R-Biopharm
2 10 Romer Labs
Brazil nut 1 10 R-Biopharm
5 10 Romer Labs
Cashew nut 1 10 R-Biopharm
2 10 Elution Technologies
5 10 Romer Labs
Walnut 10 15 R-Biopharm
10 10 Romer Labs
2 10 Elution Technologies
Pistachio 1 10 R-Biopharm
2 10 Elution Technologies
5 10 Romer Labs
Multi-tree nut 5-10 10 Neogen
(almond, hazel
nut, pecan, walnut,
cashew & pistachio)

buffers of different ionic strengths and pH values. Buffered sodium
borate at a pH value above 8 along with a low concentration of
sodium chloride gives the highest extraction yield for nine tree nuts
(Sathe et al. 2009). The list of extraction buffers in Table 10.3 illustrates
that low ionic strength (20-50 mM) of Tris-HCl and phosphate
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Table 10.3 Protein extraction and purification conditions for five tree nuts.

Sample Protein extraction |Isolated protein Purification References!
buffer methods
Brazil nut |Water 2S albumin (Ber e 1) | Gel filtration, 1
gradient
chromatofocusing
on anion exchange
column
Brazil nut |0.035 M 2S albumin (Ber e 1) |Gel filtration and 2
phosphate buffer, anion exchange
1M NaCl, pH7.5 chromatography
Cashew nut |0.02 M Tris pH 8.0, | 2S albumin (Ana 0 3) |Ion exchange 3
200 mM NaCl, chromatography
1 mm EDTA
Cashew nut |0.02 M Tris-HCl, |11S globulin (Ana o 2) |Gel filtration 4
0.1 M NaCl,
pH 8.1
Hazelnut |0.05M Tris-HCl  |7S globulin (Cor a 11) |Affinity 5
pH7.0,500 mM  |11S globulin (Cor a 9) |chromatography
NaCl and gel filtration
Hazelnut  |Water 2S albumin (Cor a 14) | Gel filtration and 6
reverse phase
chromatography
Almond 0.02 M Tris-HCI, |Amandin Anion exchange 7
pHS8.1 and gel filtration
Walnut 0.02 M Tris-HCl, |2S albumin (Jugr1) |Hydrophobic 8
pH 8.4 chromatography

¥ References in Table 10.3 correspond to (1) (Moreno et al. 2004), (2) (Sharma et al. 2010),
(3) (Mattison et al. 2014), (4) (Robotham et al. 2010), (5) (Rigby et al. 2008), (6) (Garino et al.
2010), (7) (Sathe et al. 2002), (8) (Doi et al. 2008)

buffered saline (0.01 M PBS) with a pH range of 8-9 are the most
frequently used buffer solutions for tree nut protein extraction.

Those protein extracts are the source for subsequent purification
of specific allergenic protein. Individual allergens are required to be
highly pure since antibodies provide a response to any immunogenic
epitopes in the immunised materials including allergens and
unexpected impurities (He 2013). Therefore tree nut allergens
are purified using strategies depending on their physicochemical
properties such as molecular weight, polarity and ionic character
(Ismail and Nielsen 2010). Some studies tend to concentrate proteins
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after initial extraction followed by various types of chromatographic
separations. For instance, the 25 albumin (Ana o 3) in cashew nut,
the 2S5 albumin (Jug r 1) in walnut and the 7S globulin (Cor a 11)
in hazelnut protein were precipitated by the saturated ammonium
sulphate method and then redissolved in a buffer solution for further
purification (Doi et al. 2008, Iwan et al. 2011, Mattison et al. 2014).
Alternatively, single-step sodium chloride precipitation was also
demonstrated to separate cashew nut proteins into water-soluble
albumins and salt-soluble globulins (Sathe 1994). Chromatography
is the most efficient approach for protein separation and purification.
The achievement of separation depends on protein physicochemical
properties which include the isoelectric point (pI), water solubility,
hydrophobicity and molecular weight. Anumber of tree nut allergens
have been successfully purified by chromatographic techniques
while conserving protein structure and allergenic activity. As can
be seen in Table 10.3, most of the purification of allergens from
tree nuts was fulfilled with ion exchange chromatography together
with gel filtration. Circular dichroism (CD) spectroscopy analysis
demonstrated that the purified allergens from hazelnut, cashew nut
and Brazil nut are in a native folded state after purification (Mattison
et al. 2014, Moreno et al. 2004, Rigby et al. 2008, Sharma et al. 2010).
All purified allergens in each study retained IgE binding from allergic
patients (Mattison et al. 2014, Rigby et al. 2008, Sharma et al. 2010).

10.4.2 Antibody Production

An antibody is the heart of an ELISA, since it dictates assay sensitivity
and specificity. Both polyclonal and monoclonal antibodies produced
by immunisation have been used for ELISA development. Polyclonal
antibodies are often produced against a crude extract of the target
allergenic food as an immunogen and are obtained from the serum
of an immunised host animal. These polyclonal antibodies are
able to recognise multiple epitopes on one or more proteins from
the immunogen and their specificity relies on the purity of the
immunogen. Purification of antiserum is necessary because other
serum proteins may cause a high background via non-specific
binding and lower signal to noise ratio. Monoclonal antibodies,
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differing from polyclonal antibodies, are produced as individual and
unique antibodies where each antibody only recognises one epitope
on the allergen (Karaszkiewicz 2005). This unique specificity can be
challenged when the single antibody binding epitope is modified by
processing resulting in protein denaturation, hydrolysis, unfolding
and aggregation. Polyclonal antibodies are, therefore, preferred over
monoclonal antibodies for detecting allergen residues in processed
food since they are likely to be more tolerant to small structural
changes occurring in the nature of the antigen (Koppelman and
Hefle 2006). Rabbit polyclonal antibodies are the most frequent
option and IgY antibodies produced in egg yolk are becoming
more attractive. These antibodies share structural and functional
similarities to mammalian IgGs with phylogenetic distance from a
host to immunogens and with no invasive actions to the host animal
(Spillner et al. 2012). A supplementary advantage is the higher
production of polyclonal IgY, despite the difficulty of isolation and
purification of IgY from egg yolk (De Meulenaer and Huyghebaert
2001).

Table 10.4 summarises the developed ELISAs for tree nut
detection with antibodies raised in different host animals. For
instance, a competitive ELISA for hazelnut detection by using
anti-hazelnut-IgY was able to detect 30 mg (hazelnut protein) kg™
(of cookies) (Cucu et al. 2012), which was not as sensitive as the
sandwich ELISA developed with rabbit polyclonal antibody as a
detection antibody. The ELISA with the rabbit polyclonal antibody
has a quantification limit of 0.4 mg hazelnut protein kg™ of cookie
(Kiening et al. 2005).

The production of an antibody is typically carried out by
subcutaneous and/or intramuscular injection of an antigen into a
host animal. The application of adjuvant is necessary to enhance an
immune response by improving the efficiency of antigen presentation
and the amount of antibody-secreting B cells, as well as the affinity
and avidity of antibodies. Freund’s complete adjuvant is the most
popular adjuvant used in the initial subcutaneous or intramuscular
injection (Harboe and Ingild 1983). Specific antibody can be detected
one week after the first immunisation. The initial type of antibody
to be produced is IgM, followed by a switch to IgG which become
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dominant after the extended immunisation (Lon 2013). The intervals
between booster injections should be adequate so to allow affinity
maturation. In general, the interval between the primary injection
and a booster injection is three to four weeks and four to six weeks
for subsequent injections. During immunisation, an antiserum is
routinely collected and antibody titre needs to be monitored. Titre
is an essential indicator of antibody quality that can be carried out
by an indirect ELISA (Koppelman and Hefle 2006).

10.5 ELISA OPTIMISATION
10.5.1 Coating and Blocking

Developing an ELISA with high sensitivity requires selection
of an appropriate capture-detection antibody pair with optimal
concentrations and maximum signal-to-noise ratio. Assay
optimisation is essential and imperative as it helps to attain the
optimum performance of a developed ELISA (Karaszkiewicz 2005).
Attachment of an antibody or an antigen to a solid phase is referred
to as coating. This immobilisation is readily achieved by passive
absorption between the hydrophobic regions of the protein (antigen
and antibody) and the non-polar plastic surface. Polystyrene is
the most widely used material for a microwell plate as it is very
hydrophobic and provides a large capacity for protein binding (Gibbs
and Kennebunk 2001a). The coating buffer should avoid detergents
and other proteins, which may compete with an immobilising reagent
for immobilisation. The pH of coating buffer should be at least one
to two units higher than the isoelectric point of the coated protein.
The most frequently used buffer for coating is 50 mM carbonate,
pH 9.6. The coating temperature and time also affect the hydrophobic
interaction rate in inverse proportions: the higher the temperature,
the greater the interaction rate and the shorter incubation time. An
in-house ELISA often requires incubation at 37°C for at least 2 h or
4°C overnight for coating (Crowther 2000).

The immobilisation of antibody or antigen onto the solid surface
is obviously a crucial step. However, the possible excess spaces on the
surface may be occupied by other reactants during subsequent steps.
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Such non-specific binding can be detrimental to assay specificity and
sensitivity (Gibbs and Kennebunk 2001b). An ideal blocking buffer is
able to saturate unoccupied binding sites, to minimise background
colour without altering antibody binding sites and to stabilise the
immobilized protein by sterical support (Esser 1991). Proteins are
effective blockers. Bovine serum albumin (BSA), non-fat dry milk,
casein and fish gelatine are frequently used in ELISA. It is also a
common practice that protein blockers are added to diluents of assay
reactants to further reduce non-specific binding and stabilise assay
reactants after surface binding (Huber et al. 2009). Apart from protein
blockers, non-ionic detergents such as Tween 20 are able to hinder
the irrelevant substances from absorbing onto the surface. If they
are used as sole blocking reagents, they are should be added to all
assay buffers (Gardas and Lewartowska 1988). Though detergents
are inexpensive, easily stored and extremely stable, they may disrupt
hydrophobic interactions and the residue after washing can interfere
with enzymatic activity (Gibbs and Kennebunk 2001b).

10.5.2 Buffer System, Incubation Time and Colour
Development

The fundamental buffer system in ELISA development is considered
to be phosphate buffer or Tris buffer on account of the maintenance
of protein (antigens and antibodies) stability (Koppelman and
Hefle 2006). An antigen-antibody interaction requires sufficient
time to allow their close proximity. A high affinity antibody can
bind to an antigen in a short period of time, usually 10-30 min. This
can be adjusted according to the temperature of incubation (room
temperature and 37°C). For instance, a shorter incubation time can
be utilised at high temperature (e.g., 37°C) but most developed
commercial assays are optimised for 22-24°C (Crowther 2000).
Detection system in ELISA requires colour generation. This reaction
involves enzyme to be attached to an antibody and a suitable
substrate system. Horseradish peroxidase or alkaline phosphatases
are the most widely used enzymes in an antibody conjugation since
it generates strong colour in a relative short time. Substrates such as
3,3’5,5’-teramethylbenzidine and o-phenylenediamine for peroxidase
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and p-nitro-phenylphosphate for alkaline phosphatase, are typically
used (Koppelman and Hefle 2006).

10.5.3 Cross-reactivity

Anideal ELISA is one that detects the target analyte specifically with
no potential interference during quantification. Cross-reactivity is
defined as a false positive response to a sample in the absence of
target analyte. Proteins from diverse sources sharing structural or
amino acid sequence similarity are the basis of cross-reactivity in
allergen detection (Ferreira et al. 2004). The cross-reactivity can occur
either due to the presence of common epitopes, or the binding of
structurally different determinants of the same antigen by the same
antibody (van Hengel 2007). Walnut, pecan and hazelnut are strong
cross-reactive tree nut groups, while hazelnut, cashew nut, Brazil
nut, pistachio and almond constitute a moderately cross-reactive
group. Notably, a pronounced cross-reactivity, based on botanical
relationships, is presented between walnut and pecan in Juglandaceae
along with cashew nut and pistachio from Anacardiaceae (Goetz et
al. 2005). There are three major allergens in cashew nut, Ana o 1
(7S globulin, vicilin), Ana o 2 (11S globulin, legumin) and Ana o 3
(25 albumin) (Robotham et al. 2010, Wang et al. 2002, Wang et al.
2003). Vicilins were identified as allergens in walnut and hazelnut
and some degree of cross-reactivity with cashew nut has been
suggested (Willison et al. 2008). Pistachio vicilin, Pis v 3 presents a
strong cross-reactivity with Ana o 1. Peanut vicilin, Ara h1 did not
cross-react with Ana o 1 from cashew nut, though they share 27%
similarity in amino acid sequences (Barre et al. 2008, Wang et al. 2002).
Pistachio allergens Pis v 1 and Pis v 2 show 64% and 48% of amino
acid sequence identity to cashew Ana o 3 and Ana o 2, respectively
demonstrating potential cross-reactivity between each other (Ahn et
al. 2009). Cross-reactivity also can be found between peanut and tree
nuts such as almond, Brazil nut and hazelnut (de Leon et al. 2003).
The generation of a positive response indicates that the antibody
is also cross-reactive with other extracted protein to some extent
(Taylor et al. 2009).
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10.5.4 ELISA Validation

The development of ELISA allows determination of the possible
presence of allergen residues in food products, provision of correct
information on precautionary labelling, and prevention of occurrence
of food allergy reactions (van Hengel 2007). The performance of a
developed ELISA is assessed by assay validation. Assay validation is
a process of demonstrating that the target analyte in a specific matrix
will yield acceptably accurate, precise and reproducible results after
a combined procedure of sample preparation and analysis (Lipton et
al. 2000). In order to fully characterise assay performance, there are
a number of parameters required to be assessed and these include
accuracy, precision, sensitivity, specificity (cross reactivity) and
matrix interference.

10.5.5 Accuracy and Precision

The accuracy of an assay expresses the closeness of the result of a
test sample to the theoretical value (Hirst and Miguel 2015). It can
be demonstrated by measuring the recovery of a target protein
from spiked or incurred samples. An ideal percent recovery for an
immunochemical method is between 80 and 120% (Lee and Kennedy
2007). With respect to an ELISA for food allergens, the acceptable
recoveries are 50 to 150%, since difficult food matrices together with
a wide range of food processing conditions may provide stronger
interference to analysis (Abbott et al. 2010). The precision of an
ELISA describes the closeness of analytical results when assays are
repeated multiple times within an assay (intra-assay) and separate
assays (inter-assay) performed on different days (Lee and Kennedy
2007). The variability between replicates is statistically expressed
as the standard deviation or coefficient of variation (Lipton et al.
2000). According to the guidelines for assay validation from the U.S.
Food and Drug Administration (USFDA), acceptable variation for
precision should be less than 20% coefficient of variation (Selvarajah
et al. 2014).
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10.5.6 LOD, LOQ and Detection Range

The assay sensitivity of an ELISA is often regarded as the limit of
detection (LOD). It is the lowest amount of an analyte that can be
measured from a true blank matrix with an acceptable probability
level. A limit of quantification (LOQ) is defined as the lowest amount
of an analyte that can be quantified with an acceptable accuracy and
precision. The dynamic working range of the assay for quantification
gradually becomes imprecise with an increase in the allergens to be
detected (Abbott et al. 2010, Koppelman and Hefle 2006). Table 10.4
summarises a few ELISAs that have been developed with an LOD
range from 0.018-13.6 mg protein kg™. It is necessary to know the
amount of allergenic food that can elicit an allergic reaction. Though
clinical reactions and eliciting doses (EDs) are variable between
individuals, threshold levels for specific allergens have been found
to be less than 1 mg to more than 1 g according to double-blind
placebo controlled food challenge (DBPCFC) studies (Taylor et al.
2014). This study seems to confirm the recommended detection
limits of analytical methods for allergen detection should be at low
milligram per kilogram levels (Hourihane 2001, Taylor et al. 2002).
The detection of allergen residues can be challenged by the difficulty
with adequate allergen extraction and co-extraction of interference
from the food matrix (van Hengel 2007).

10.5.7 Food Matrix Interference

The overall performance of an ELISA is ultimately assessed by its
capability to effectively detect food allergens in complex matrices
(Abbott et al. 2010). Efficiency of extraction of a target protein from
a test sample is a key determinant of immunoassay performance. In
general, the non-specific responses generated from substances in the
tinal extract are referred to as matrix effects (Lipton et al. 2000). Food
matrices are complex mixtures in various forms including liquids,
solids and powders. Extraction of allergen residues is affected by how
complex they are presented in food matrices (van Hengel 2007). For
instance, food allergens exist as non-defined protein mixtures with
more or less denaturation, and/or proteins that are cross-linked or
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aggregated among themselves or with other matrix components by
hydrogen bonds or disulfide bridges (Khuda et al. 2015, Taylor et al.
2009). Though it is possible to extract proteins from matrices under
harsh conditions such as extracting with urea or the application
of a reducing agent with high content of salts, protein structures
can be altered and affect antigen-antibody reaction negatively if
the detection antibody is specific to native form of protein. Simple
phosphate buffered saline (PBS) or Tris buffer is not sufficient
to extract protein from certain challenging matrices; additional
additives are, therefore, necessary to improve the releasing of desired
proteins (Immer and Lacorn 2015). Recently, use of sodium sulphite
as a reducing agent in extraction buffer was noted to significantly
improve extraction of allergenic protein(s) (Ito et al. 2016).

Table 10.5 presents a list of extraction protocols applied for
representative matrices that are likely to contain tree nuts. Chocolate
and caramel are analytically challenging matrices. The polyphenolic
compounds and tannins make extraction more difficult due to
non-specific interaction with proteins. The high fat content in
chocolate influences crystallisation and potentially masks allergenic
proteins (Khuda et al. 2015). Most of the extractions in Table 10.5
include the addition of skim milk in the extraction buffer, which is
helpful in preventing the allergenic proteins from interacting with
polyphenolic compounds (Khuda et al. 2015). Extraction at higher
temperature (50-60°C) has proved to be more effective than lower
temperature. For example, a higher yield of almond proteins was
attained when treated at 60-70°C than at room temperature (Albillos
et al. 2011).

10.5.8 Food Processing

Food processing can affect extraction and detection of allergen
residues. Baking as an example of a thermal processing can
physically and chemically modify the allergenic proteins, cause
protein unfolding, aggregation, fragmentation, hydrolysis, or total
degradation. Those modifications in food matrices result in a loss of
protein solubility, which negatively affect extraction efficiency and
consequently ELISA detectability (Khuda et al. 2015). For example,
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Table 10.5 Extraction conditions of different food matrices for tree nut allergen detection.

Allergen Test sample Matrix extraction | Recovery of References’
protocol protein from
model foods*
Cashew Milk chocolate Borate saline 77% 1
(spiked) Chocolate-filled buffer pH 8.2, 120%
cookies Room 110%
Rice cereal temperature
Cashew Milk chocolate 10 mM 0.01 M 74.7-98.7% 2
(spiked) Ice cream PBS, pH 7.4, 1% 111-128%
Cookies nonfat dry milk 100-110%
Temperature:
60°C
Peanut (spiked) | Milk chocolate RIDASCREEN 113-123% 3
Dark chocolate Allergen 87-101%
Cookie extraction buffer 91-107%
Cereals with skim milk 105-117%
Ice cream powder 94-110%
Temperature:
60°C
Hazelnut Milk chocolate RIDASCREEN 95-115% 3
(spiked) Dark chocolate Allergen 86-96%
Cookie extraction buffer 95-127%
Cereals with skim milk 95-106%
Ice cream powder 93-111%
Temperature:
60°C
Hazelnut Cookies 2 mM urea in 0.01 73-107% 4
(spiked) MPBS, pH74
Temperature:
50°C
Hazelnut Cookie 8 mM Tris, 25 mM 108% 5
(spiked) Cereal bar Tricine, 2 mM 100%
Milk chocolate calcium lactate, 103%
pH 8.6
Temperature:
37°C
Hazelnut Chocolate 02M0.01 M 77.3-111.2% 6
(spiked) PBS pH 7.4 10%
milk powder
Temperature:
60°C
Table 10.5 contd. ...
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... Table 10.5 contd.
Allergen Test sample Matrix extraction | Recovery of References®
protocol protein from
model foods*
Walnut (spiked) Bread 0.12 M Tris-HCl 123% 7
Biscuit pH7.4,0.1% BSA, 83%
0.05% Tween 20,
0.5% SDS, 2%
2-ME
Room
temperature
Walnut Milk chocolate | 0.1 M 0.01 M PBS 71.6-119% 8
(both pH 7.4, 1% skim
spiked and milk powder,
manufactured 0.1% Tween 20
in to foods) Temperature:
60°C

* Model foods defined as the manufactured food products with incurred tree nuts

¥ References in Table 10.5 correspond to (1) (Wei et al. 2003), (2) (Gaskin and Taylor 2011),
(3) (Kiening et al. 2005), (4) (Cucu et al. 2012), (5) (Holzhauser and Vieths 1999), (6) (Costa et
al. 2015), (7) (Doi et al. 2008), and (8) (Niemann et al. 2009)

hazelnut lost 30% of extractable proteins after baking (Cucu et al.
2012). Effect of thermal processing on peanut protein solubility,
and separately on the performance of two commercial ELISA kits
for peanut residue quantification was evaluated. Both moist heat
(boiling, blanching and autoclaving) and dry roasting resulted in
a decrease of protein solubility (Su et al. 2004). The two ELISA Kkits
tended to reduce accuracy in quantifying the protein content in
samples that were processed with autoclaving and dry roasting
(Fu and Maks 2013). A similar result was observed when roasting
at 120-190°C in which the yield of peanut protein was dramatically
reduced by 75-80% (Poms et al. 2004b).

Food processing may reduce or increase the allergenic potential
of an allergen either by altering the protein structure to destroy
antibody binding sites, or by revealing the epitopes that were
previously hidden within the three-dimensional structure, or by
forming novel protein structures with allergenic potency (Maleki
et al. 2000, van Hengel 2007). Maleki et al. (2000) found increased
IgE binding of Ara hl and Ara h2 in peanut after roasting, as
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opposed to the decrease in immunoreactivity that was observed in
cashew nut allergens Ana o 1 and Ana o 3 observed in a different
study (Venkatachalam et al. 2008). Ana o 2 remained stable during
roasting despite a decline in stability under extreme conditions at
200°C. Other thermal processing techniques, including autoclaving,
blanching and microwave heating, can affect allergenicity of certain
food allergens. The extent of these effects is strongly depended on
the stability of allergen structures. The negligible effects on cashew
nut allergenicity indicate a superior structural stability of cashew nut
allergens. Roasting, blanching, frying and autoclaving have no, or
negligible effects on the immunoreactivity of Brazil nut protein while
microwave heating increases the immunoreactivity by 32% (Sharma
etal. 2009). The allergen Ber e 1 in Brazil nut is less immunogenic due
to an irreversible denaturation at 80-110°C (van Boxtel et al. 2008).
Almond and walnut proteins exhibit high antigenic stability under
thermal processing and the protein profiles are barely affected (Su
et al. 2004), suggesting that they may be excellent marker proteins
for the detection of almond and walnut residues in processed foods
by ELISA.

Additionally, the Maillard reaction can induce chemical
modification of allergens. Maillard reaction is a well-defined heat-
accelerated reaction between the free-amino group on protein and the
carbonyl group on reducing sugars (Davis et al. 2001). Such glycation
reactions subsequently undergo a series of chemical rearrangements
involving oxidation, hydration and condensation, resulting in
the formation of advanced glycation end products (AGEs) which
contribute to the aroma, colour and flavour of processed foods (Iwan
et al. 2011). The formation of AGEs is largely related to the cross-
linking of food proteins and results in an alteration of allergenicity
and immunoreactivity of allergenic proteins, and hence affects ELISA
detectability (Mills et al. 2009). This has been observed in peanut
allergens Ara hl and Ara h2. The Maillard reaction prompted the
cross-linking of the two allergens and formed a high molecular
weight aggregate, leading to an enhanced allergenicity of peanut
(Maleki et al. 2000). Glycation under 145°C, however, decreases the
immunoreactivity of hazelnut allergen Cor a 11 (Iwan et al. 2011).
The production of potential neoallergens in heated pecan as a result
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of Maillard-type degradation of ingredients during storage has
been reported. Protein- and carbohydrate-rich foods have a greater
tendency to undergo considerable degradation of proteins as a
result of Maillard reaction during industrial or household handling
and storage of such foods. The effects of Maillard reaction within
the food preparation increase skin-active and allergenic potency of
foods (Berrens 1996).

In the above section on immunoassays, more importantly
we discussed different ELISA formats and applications for food
allergen detection. We reviewed important factors that affect
ELISA development and allergen detection in food products. In
the following section, we present how mass spectrometry (MS) has
gained importance in food allergen detection, and review some of
the principles and factors that are crucial to using this method for
food allergen detection. We illustrate applications in which this
technique has shown some expedient outcomes. Nevertheless we
also identify some potential areas where mass spectrometry would
be a useful target for further analysis and improvement for food
allergen detection.

10.6 MASS SPECTROMETRY FOR FOOD ALLERGEN
DETECTION

Applying proteomics is valuable in understanding the structural
and functional aspects of food allergen proteins including protein
identification, their primary structure, allergenic functional
groups and epitopes, post translational modifications, subcellular
interactions, protein modifications arising from food processing
and even the modelling of allergenic ingredients to make them safe
in foods. The advent of MS instruments and increased availability
of downstream analysis tools, have made MS analysis more cost
effective and easier to access by a wider community. Over the last
decade, MS applications for the characterisation and detection of
allergens in food have continually risen and several review articles
have summarised their applications (Cunsolo et al. 2014, Di Girolamo
et al. 2015, Johnson et al. 2011).
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10.6.1 Sample Complexity, Sample Preparation and Clean-up

Proteomics analysis facilitates high throughput analysis of several
complex mixtures as well as targeted analysis of specific analytes
such as intact proteins. Proteomics based mass spectrometry
facilitates identification, detection and quantification by measuring
several spectra corresponding to thousands of proteins and peptides
simultaneously.

Food is a complex biological matrix and is one of the most
difficult samples to investigate for allergens. This sample complexity
occurs not only due to the intrinsic nutritional composition of
the food but more importantly due to the presence of a complex
mesh of thousands of proteins and peptides. Reducing this sample
complexity is crucial for the detection of specific allergen proteins in
food samples and warrants additional separation procedures such
as gel electrophoresis and liquid chromatography during sample
preparation, and needs to be undertaken prior to mass spectrometry
analysis. Processing of stained protein bands or in-solution peptide
digests requires optimal clean-up steps for the removal of stain, salts
and detergents which result in ion suppression and loss of signal in
addition to loss of spray. Clean-up steps may be achieved by solid
phase extraction (Gobom et al. 1999), immunomagnetic bead pull
down method (Careri et al. 2007) or adsorption chromatography
prior to mass spectrometry (Faeste et al. 2011).

10.6.2 Allergen Detection—Intact Proteins and Complex
Mixtures

Characterisation of the allergen proteins and their subsequent
physicochemical properties may be achieved from the use of
separation techniques such as 1D and/or 2D gel electrophoresis,
ion-exchange or size exclusion chromatography, reverse-phase HPLC
and mass spectrometry combined with biochemical methods. The
biological activity of food allergens is predominantly investigated
using immunoreactive assays and blots or using mediator release
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assays for, effector cells such as basophils. Although ELISAs allow
quick routine analysis, ELISAs still face the issue of unspecific binding
from cross-reactive species as well as effects of food processing.

Samples for subsequent MS analysis require upstream separation
of proteins and peptides, and have been conventionally performed
with gel electrophoresis or high performance liquid chromatography
(HPLC). Gel electrophoresis has become a primary indispensable
technique in most proteomics analysis. One-dimensional (1D) and
two-dimensional (2D) gel electrophoresis are the most popular tools
for immediate visual validation to ascertain the degree of separation
and size of proteins in analysis.

However, one of their limitations includes detection of low
abundant proteins. HPLC is the second most popular separation
technique for protein purification and offers greater separation
range, reproducibility and specificity. HPLC is a flexible tool with
the ability to resolve large and small biomolecules with the selection
of different stationary phases and offers greater sensitivity. LC
coupled MS requires proper mobile phase selections devoid of
salts or other ion supressing acids for successful ionisation of the
analyte of interest without loss of signal and electrospray sensitivity.
Protein analysis of food allergens using multidimensional protein
identification technology (MudPIT) runs could provide greater
separation of proteolytic peptide mixtures derived from a food
sample. MudPIT is usually performed by combining two HPLC
methods such as size-exclusion chromatography with reverse-phase
liquid chromatography (RPLC), ion-exchange chromatography with
RPLC, IEC with affinity chromatography, or affinity chromatography
with RPLC. These combinations have been previously used in
different food allergen studies (Faeste et al. 2011). For LC-MS/MS
analysis, the amounts of starting materials, the proteolytic digestion
of protein samples, and the reproducibility of identifications are
critical and could affect quantification of proteins. Food allergen
detection using proteomics is complicated and requires a thorough
understanding and skill set to execute both instrumentation as well
as downstream analysis.
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10.6.3 Detection and Quantification of Allergen Peptides/
Proteins in Food Using Mass Spectrometry

10.6.3.1 Relative and absolute quantification of allergens

Proteomics techniques have become increasingly popular in allergen
discovery and analysis (Akagawa et al. 2007, Picariello et al. 2011,
Wagner et al. 2008), and facilitate comprehensive identification and
quantification of food allergens at low parts per million (ppm) levels
relatively comparable to ELISA. Both bottom-up and top-down mass
spectrometry are powerful tools in proteomics for identification
and characterisation of proteins and enables relative or absolute
quantification respectively (Halim et al. 2015).

Mass spectrometry including tandem MS/MS offers highly
sensitive and accurate approach for the identification, characterisation
and quantification of allergenic proteins in food products (Figure 10.4).
Mass spectrometry based detection of food allergen residues has
become a superior confirmatory technique for both qualitative and
quantitative analysis which complements immunoassays. Latest
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Figure 10.4 Mass spectrometry based detection and quantitation of food allergens.
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hybrid mass spectrometers such as the Q exactive, triple quads
and VelosPro instruments based on latest versions of orbitrap, time
of flight (TOF) and linear-ion trap mass analysers show greater
resolution, sensitivity and mass accuracy for improved quantification
particularly useful for allergen screening (Neilson et al. 2011).
LC-MS/MS applications in food allergen research using proteomics
predominantly use the popular data-dependent MS/MS that scans
for a series of the most intense ions following a full scan and is
subjected to a dynamic exclusion window, thus generating thousands
of fragmentation spectra over the chromatographic profile. In this
mode, precursor mass information and spectra of fragmentation
ions are used for peptide identification and quantification. This
approach has been widely used to identify, analyse and confirm
allergenic peptides and proteins of many priority allergenic foods
(Pilolli et al. 2014).

The shotgun proteomics workflow is suited for discovery studies
and typically adopts the bottom-up approach, where proteins
are pre-fractionated, subjected to proteolytic digestion, followed
by nanoflow-liquid chromatography- tandem mass spectrometry
(nLC-MS/MS). This workflow is becoming ideal for identifying
proteins and characterizing post translational modifications.
Alternatively, top-down approach is more suited for characterizing
intact proteins typically analysed by high resolution mass analysers,
followed by MS/MS based on collision induced dissociation of ions.
Gene ontology annotations and analysis have been possible from
using databases such as UniProt, Interpro, KEGG, and new tools
such as WEGO (Ye et al. 2006), MaxQuant (Cox and Mann 2008),
STRAP (Bhatia et al. 2009), DAVID or MAPMAN. This approach is
predominantly used for biomarker discovery across different areas
of research but has recently been successfully demonstrated for
discovery of potential allergens in uncharacterised novel allergenic
foods (in house unpublished). As an alternative, data acquired
using data-independent acquisition mode based on simultaneous
fragmentation activation of all ions (all co-eluting peptides) could
exponentially enhance the depth of data available for analysis, and
has the potential for multiple retrospective analyses from a single
experiment. This approach has been exploited in certain other
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areas of research, however it requires the generation of high quality
spectral libraries for peptide identification and quantification and
its application in food allergen research is still at infancy.

10.6.3.2 Choosing suitable ionisation source and mass
analyser

Matrix assisted laser desorption ionisation (MALDI) (Tanaka et al.
1988) and electro spray ionisation (ESI) (Fenn et al. 1989) have long
been the most widely used soft ionisation techniques for biomolecular
analytes. Upon using MALDI, samples are co-crystallised with
a matrix solution on a target plate and ionised with laser. Singly
charged ions are typically detected by measuring their time of flight.
MALDI MS/MS has been popular for analysis of simple mixtures
of proteins, shorter analysis time, greater throughput, and has
been commonly used for analysing purified allergens or those well
separated by other techniques. On the other hand, ESI techniques
such as LC-MS/MS are popular in analysing complex protein
mixtures and generate multiply charged ions thereby increasing the
range of detection. With ESI, analytes are ionised using high electric
voltage and then subjected to collision induced fragmentation. This
fragmentation and mass to charge ratios are captured in spectra
over a certain run time.

All MS instruments measure ions by their mass-to-charge (m/z)
ratios. Ion motion is regulated by electric and magnetic fields under
vacuum. MALDI and ESI ionisation interfaces allow easy coupling
with different mass analysers. Mass analysers types widely in use
include quadrupoles (Q), linear ion-trap, quadrupole ion-trap,
Orbitrap, time of flight TOF and Fourier-Transform Ion Cyclotron
Resonance (FTICR) mass analysers. Multiple stage mass analysers
such as triple quadrupole (QQQ), tandem TOF (TOF/TOF) or hybrid
Q/TOF instruments are already popular for their increased accuracy
and resolution. As extensively reviewed, different mass analysers
show slightly varying sensitivity, resolution and mass accuracy
in their MS/MS spectra and this is attributed to their technical
improvements (Picariello et al. 2011, Rubert et al. 2015). Ion traps are
sensitive and have high dynamic range but were limited to moderate
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mass accuracy and relative quantification but recent orbitrap and
fourier transform (FT) instruments have shown excellent sensitivity
and mass accuracy (Scigelova and Makarov 2006). Ion traps are
capable of multi stage MS", useful for peptide characterisation, are
sensitive and, whereas TOFs show high mass range but moderate
resolution, and are suited for absolute quantification. Factors such
as sensitivity and specificity (high resolution) are characteristic
of the MS instrument being used and need to be chosen to fit for
purpose. LC-ESI-MS/MS, MALDI-TOF TOF and QQQ instruments
are predominant choices among the food allergen scientific
community and have been used from identification to detection and
quantification of food allergenic proteins and peptides from complex
matrices (Johnson et al. 2011, Koeberl et al. 2014).

10.6.3.3 Intensity and specificity of allergen signatures

The main interest in the area of food safety is the measurement
of the absolute quantity of an allergenic protein in a food matrix.
Quantification of the allergens depends on the concentration of the
analyte as well as the intensity of their signal detected. Owing to
this issue, there are often other highly abundant proteins in the food
matrix that supress the detection of the low abundant ones such as
the target allergenic proteins/peptides. Peptides chosen as allergen
protein signatures are often required to be global markers for the
particular allergenic food, and this may warrant these signatures to be
evaluated in different food matrices and under different processing
conditions.

10.6.3.4 Synthetic peptides and isotopic labelling

For comparative relative quantification, measurements can be
obtained by label-free methods or labeling methods including
ICAT, ITRAQ or TMT. For absolute quantification of a particular
allergen of interest, techniques involving isotope peptides spiking
and selected reaction monitoring are available for use. Isotopic or
isobaric labels incorporated into proteins offer a known shift in
mass and differences between their intensities reflect differences
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in abundance across samples. When using synthetic peptides,
samples are spiked with synthetic peptides of similar chemistry and
absolute quantification is based on measuring and comparing the
abundances of the spiked isotopic peptides to target analyte (Feeste
etal. 2011). Validation may be achieved by using known quantities
of synthetic peptides in the sample as a “pseudo” internal standard.

For allergen quantification, selected reaction monitoring
including multiple reaction monitoring performed using a QQQ
mass spectrometer is best suited and applications in food safety and
diagnostics is gaining momentum.

10.6.4 Food Allergen Signatures for Mass Spectrometry
Based Detection

Most major allergens in plant foods have been proteinases, transfer
proteins, seed storage proteins, or enzymatic inhibitors, and have
been grouped into just four major families, namely prolamins, cupins,
profilins and latex proteins. Whereas in eggs, meat and seafood,
allergens may be grouped in 3 major and 14 minor protein families
(Jenkins et al. 2005, Radauer and Breiteneder 2007, Radauer et al. 2008)
and include caseins, albumins, globulins, enzymes such as arginine
kinase, glutathione synthase, sugar metabolic enzymes and muscle
proteins among few others (Table 10.6). This small distribution of
allergen protein families implies the possibility of other unknown
factors that make up allergenic proteins, and novel allergens in
addition to those presently suspected including homology and
differences in 3D protein structures, distribution of conformational
sites, protein folding and post translational modifications.

MS based research on food allergen characterisation and
detection is still under development; however, for some priority
food allergens such as chicken egg, cow’s milk, peanut, fish, shrimp,
soybean, and wheat gliadin, identification and quantitative methods
for the detection of the allergen in typical food matrices have been
developed (Bauermeister et al. 2011, Carrera et al. 2012, Cunsolo et al.
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Table 10.6 Peptide MS signatures for notable plant and animal food allergens.

Allergen | Peptide biomarkers Allergenic m/z (or) | References
proteins M+H ¥
Egg FESNFNTQATNR Lysozyme 714.8%* 1,2
NTDGSTDYGILQINSR Vitellogenin 877.42%
SAVSASGTTETLK Ovalbumin 626.3*
LTEWTSSNVMEER 791.3+
ISQAVHAAHAEINEAGR 887.5%
GGLEPINFQTAADQAR 844.42%
Milk DMPIQAFLLYQEPVL f Casein 1093.58> 2,3,4
GPVR Bovine Serum 742.45"
GPFPIIV albumin 1,576.8*
LKPDPNTLCDEFK a-casein 1,511.9*
VPQVSTPTLVEVSR p-lactoglobulin 1,439.9*
RHPEYAVSVLLR 634.36*
YLGYLEQLLR 692.82*
FFVAPFPEVFGK 598.3%
NAVPITPTLNR 671.3*
EGQCHV 623.32+
TPEVDDEALEK
Soy TISSEDKPENLR B-conglycinin 703.87* 2
ESYFVDAQPK Glycinin G2 592.29+2
VFDGELQEGGVLIVP Glycinin G4 1201.14*
QNFAVAAK Glycinin 785.4+2
AIPSEVLAHSYNLR 725.7+
SQSDNFEYVSFK
Wheat SVYQELGVR a-amylase 525.78* 5
EHGAQEGQAGTGAFPR inhibitor 806.87*
YFIALPVPSQPVDPR 849.96*
NVANGASGGPYITR Non-specific lipid | 688.849% 5
transfer protein
VQVQIPFVHPSILQ B3 hordein 802.99% 6
QPFPQQPP 461.24*
VQIPFVHPSILQ 689.43*
PYVDPMAPLPRSGP B Amylase 748.91* 6
PMAPLPRSGPE inhibitor 576.313*
KFPAAVFLK thioredoxin 510.816* 5
FPAAVFLK 446.76™
QTQQPQQPFP y-gliadin
LALQTLPAMC
YIPPHCSTTI
AASFNIIPSSTGAAK glyceraldehyde 717.88* 5
3-phosphate
dehydrogenase
Table 10.6 contd. ...
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...Table 10.6 contd.

Allergen | Peptide biomarkers Allergenic m/z (or) | References

proteins M+H ¥

Fish SGFIEEDELK parvalbumin 583.78% 7
SGFIEEEELK 590.792+
LFLQNFSAGAR 612.33*
IGVEEFQALVK 616.85%
AFAIIDQDNSGFIEEEELK 1084.52%

Crustacea/ | YTTAASKLEEASKA Tropomyosin 2156.5* 8

molluscs ADESER Glutathione-S- 1130.5*
GANEDNIRSR transferase 675.222+
RGLTXPIRM Arginine kinase 829.26*
VSSTLSSLEGELK
TFLVWVNEEDHLR

Peanuts GTGNLELVAVR Arahl 564.4% 9,10, 11
VLLEENAGGEQEER Arah3/4 786.9%
DLAFPGSGEQVEK 688.8%
WLGLSAEYGNLYR 771.4%
RPFYSNAPQEIFTQQGR 684.5%
SPDIYNPQAGSLK 695.4%
QIVQNLR 435.8*
AHVQVVDSNGDR 432.5%

Almond GNLDFVQPPR Prunin 571.9 % 9
GVLGAFSGCPETFEE 896.1
SQQSSQQGR 830.4%
ALPDEVLANAYQISR 780.8%
NGLHLPSYSNAPQLI
YIVQGR

Lupin IVEFQSKPNTLILPK B conglutin 576.4% 12
ATITIVNPDRR a conglutin 419.2%
VIIPPTMRPR 8-conglutin 394.1°
GLEETLCTMK y-conglutin 591.2%
ALQQIYENQSEQCQGR 651.3%
ISGGVPSVDLIMDK 715.8*
VGFNTNSLK 490.2%

Buck EGVRDLKELPSK 1369.74 13,14

wheat

Tomato GQTWVINAPR NP24 573.3% 15

Hazelnut | ADIYTEQVGR 11S globulin 576.3+2 10
INTVNSNTLPVLR 720.9+*
QGQVLTIPQNFAVAK 807.5*2
ALPDDVLANAFQISR 815.5 2

Table 10.6 contd. ...
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... Table 10.6 contd.
Allergen | Peptide biomarkers Allergenic m/z (or) | References
proteins M+H ¥
Sesame WESRQCQMRHCMQ beta-globulin 16
WMRSMRG
QYEESFLRSAEANQ
GQFEHFREC
EANQGQFEHFRECC
NELRDVK
Northern | SEEEVFGLQK Tropomyosin 583+2 17
Shrimp QQLVDDHFLFVSGDR Arginine kinase 592+
TIDVNGDGLVGVDEYR Sarcoplasmic
calcium binding
protein
Snow crab | SQLVENELDHAQEQ Tropomyosin 5884 18
LSAATHK Arginine kinase 5512
LVSAVNEIEK
Tiger ANIQLVEK Tropomyosin 457.77* 19
prawn

¥ References in Table 10.6 correspond to (1) (Lee and Kim 2010), (2) (Monaci et al. 2013),
(3) (Chen et al. 2015), (4) (Monaci et al. 2014), (5) (Rogniaux et al. 2015), (6) (Picariello et al.
2012), (7) (Carrera et al. 2012), (8) (Ortea et al. 2011), (9) (Heick et al. 2011a), (10) (Heick et
al. 2011b), (11) (Pedreschi et al. 2012), (12) (Mattarozzi et al. 2012), (13) (Chen et al. 2011),
(14) (Satoh et al. 2010), (15) (Ippoushi et al. 2015), (16) (Wolff et al. 2004), (17) (Abdel Rahman
et al. 2013), (18) (Abdel Rahman et al. 2012), and (19) (Abdel Rahman et al. 2010)

2014, Feeste et al. 2011, Gomaa and Boye 2015, Heick et al. 2011b, Wolff
etal. 2004). Marker peptides usable for detection of a particular food
allergen differ considerably between species and type of allergens
and rely on how well the allergen(s) has been characterised. There
is considerable literature available on signature peptides for certain
food allergens such as milk, eggs, peanut, and wheat among few
others facilitating food allergen testing (Table 10.6) (Pedreschi et al.
2012). Efforts to characterise peptide sequences for some important
seafood allergens have been difficult, but are increasing (Koeberl
et al. 2014). However for other allergenic foods such as sesame,
kiwifruit, certain nuts and seafoods, including novel allergenic foods,
the allergenic proteins and their peptide signatures have not been
sufficiently characterised. Further complicating this is the variation
of allergenic proteins/peptides due to differences between cultivars,
species, location and processing methods.
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10.6.5 Effects of Food Processing on Food Allergen
Detection

Processing techniques and conditions have the potential to reduce
or enhance food allergenicity and clearly illustrate the complexity
of elucidating the structural basis of allergenicity. For instance
heat treatment or protein hydrolysis steps typically used in milk
production have resulted in novel epitopes through the association
of a-lactalbumin and k-casein to p-lactoglobulin due to heat
denaturation (Picariello et al. 2011). Such processing induced changes
may affect the IgE or IgG antibody reactivity based allergen detection
methods as they are dependent on the specificity of the protein/
peptide sequence and functional groups. MS based detection
methods such as the MRM approach can be adopted to suit these
processing changes for one or more proteins/peptides and offers a
more comprehensive and high throughput detection technique for
simultaneous measurements of multiple allergens. Therefore, careful
consideration must be given when choosing biomarker peptides
which are susceptible to undergo modifications from food processing.

10.6.6 Protein Glycosylation in Food Allergens

Allergenic proteins with a glycan moiety have become suspected
targets for recent investigations on what may cause allergenic
reactions. Many food allergens are water-soluble glycoproteins of
sizes 10-70 (kDa) in monomeric form observed on SDS-PAGE and
for binding of patient IgE. Allergens bind to IgE receptors located
on tissue mast cells initiating an efflux of mediators that elicit
subsequent inflammatory response reactions (Altmann 2007, Shade et
al. 2015). Studies revealed that the reactivity of most plant and insect
glycoproteins with patient sera IgE involved N-glycan containing
the al, 3-fucose or the 1, 2-ylose moiety. However, the binding of
IgE to such carbohydrate epitopes does not appear to be biologically
relevant (Tretter et al. 1993).

Allergenic proteins often undergo Maillard reactions during the
thermal processing of foods where the resulting glycation and glyco-
oxidation modifications on certain amino acids of the proteins along
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with their advanced glycation end (AGE) products have often been
suspected for the pronounced allergenicity of the processed foods.
In heated milk, N-carboxymethyllysine is the principal glycosylation
end product (Renzone et al. 2015), and is formed as a result of the
Maillard reaction between lactose and the amino group of lysine
residues of proteins producing lactulosyl-lysine, which upon further
oxidative degradation forms N-carboxymethyllysine (Meltretter et
al. 2007). The characterisation of glycosylation and lactosylation
among other potential post translational modifications is essential
for profiling food allergens, but needs to overcome limitations such
as the glycopeptide ion suppression in complex peptide mixtures,
and the complicated MS/MS fragmentation patterns arising from
different glycation combinations.

Glycopeptide enrichment methods such as using the
phenylboronate chromatography or by using lectin or hydrophilic
resins prior to MS analysis help to overcome some of these limitations
(Picariello et al. 2011). Shotgun proteomics based MS/MS of
enriched glycopeptides have been successfully employed to study
glycosylation sites, and identify intermediate and advanced glycation
end products of proteins. Enriched glycopeptides and glycans upon
deglycosylation can be profiled by MALDI or LC-MS/MS analysis
to reveal linker amino acid(s), glycosylation sites, and identify
glycosylation type into N-linked glycans (sugar at N-terminal of
asparagine) or O-linked glycans (sugar at hydroxyl group of serine
or threonine) or C-mannosylation (0-mannopyranosyl attached to
tryptophan) or glycophosphatidylinositol (c-terminal anchored).
Analysis of associated sugars, the intermediate and advanced glyco-
oxidation end product adducts often involves enzymatic or chemical
deglycosylation of the hydrolytic cleavage of glycopeptides to release
glycans and this may be done with or without prior derivatisation
(Halim et al. 2015). This approach had enabled characterisation of
several glycosylation sites in glycoproteins of commercial milks,
where hundreds of derivatives and adducts were assigned to
31 proteins (Renzone et al. 2015). Recently, the N-linked oligomannose
glycan structure of domain 3 containing the N394 site in human IgE
has been found to be a critical glycosylation site with allergenic
potential. It has been recently suggested that alteration or removal
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of this oligomannose glycan gene would prevent mast cells from
initiating the allergic cascade thereby preventing anaphylaxis
(Shade et al. 2015). In milk as a result of Maillard reaction associated
glycation, peptides 78-91 and 125-138 of B-lactoglobulin was
identified as AGE-containing peptides and were found to undergo
glycosylation modifications at the Lys83 site and Lys135 respectively.
MS/MS analysis of the corresponding lactosylated peptides revealed
rare b and y type ions from glycosidic bond cleavages fragmenting
with unique mass shifts. Further novel glycosylation sites susceptible
for modifications upon food processing were identified (Renzone et
al. 2015).

Although glycoproteomics studies on milk and peanuts are
gaining momentum, many of the known allergens lack such
analysis which warrants glycoproteomic research towards further
understanding. Together this has the potential to elucidate the
properties of the allergenic moiety and could help in accurate food
allergen management such as the development of more sensitive
and specific allergen detection assays.

10.6.7 Multiplexed Allergen Detection

The analysis of food allergen residues could benefit from the
development of multi-allergen detection methods. Many food-
allergic individuals are reactive to multiple allergenic foods. When
these consumers experience allergic reactions, the identity of the
residues that triggered the reactions is often unclear. Thus, public
health authorities in particular have been interested in the ability to
detect and quantify the presence of multiple allergenic proteins and
peptides at trace levels in foods. The detection of allergenic protein
residues at trace levels is often impeded by complexities arising
from the complex nature of the food matrix, difficulties in protein
extraction, screening from other abundant proteins present, and
modifications of any allergen proteins as a result of food processing.
Further development of the capability for multi-allergen detection
methods could improve effective allergen management and the safety
of allergic consumers.
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Typical ELISA methods are not ideally suited for simultaneous
multi-allergen analysis, although more than one allergen assays
can be performed simultaneously. Novel approaches using antisera
bound to different beads may overcome this obstacle (Cho et al. 2015,
Garber et al. 2016). Nevertheless, lateral flow tests with more than
one allergen detection have started to appear in the market.

Mass spectrometry methods offer more promise for the
development of multi-allergen detection approach (Monaci et al.
2014, Uvackova et al. 2013). Recent studies have demonstrated
the ability of mass spectrometry in the simultaneous detection of
many different allergens in raw as well as cooked food (Gomaa and
Boye 2015, Heick et al. 2011a, Monaci et al. 2013). MS allows high
throughput multiple allergen detection in a single experiment from
one or more samples, being cost, time as well as labour efficient. With
the application of proteomics and mass spectrometry, a combined
approach using shotgun proteomics and multiple ion monitoring
allows the detection of multiple allergenic proteins and peptides in
complex food matrices.

Multi-allergen detection through MS/MS is best achieved using
multiple peptide transitions, and tested based on transitions showing
the highest allergen matches. For the detection and quantification of
the allergenic peptides in food, the mass spectrometer can be operated
in selective ion monitoring (SIM) mode. The SIM approach typically
involves mass spectrometry based analysis of several selected ion
transitions specific to each allergenic protein, where each selected ion
refers to a different peptide, and several of these ion transitions can
be chosen to represent a range of proteins that may be present in the
allergenic foods. Specific mass/charge transitions of selected intense
ions corresponding to specific peptides are subjected to ion isolation
and subsequent MS/MS. The quantification of allergen proteins
and peptides can be achieved by either spiking isotopically labelled
synthetic peptides in samples resulting in absolute quantification
or by employing methods such as spectral counting as in the case
of relative quantification (Houston et al. 2011, Zybailov et al. 2006).
This approach has been demonstrated successfully with suitable
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sensitivity in foods containing peanuts, walnuts, hazelnuts, almonds,
eggs, milk, and strawberry, among other allergenic ingredients
(Heick et al. 2011a, Heick et al. 2011b, Pedreschi et al. 2012). In this
sense selected reaction monitoring analysis facilitated by using
the triple quadrupole mass spectrometer, may be concluded as
the most versatile and popular quantitative mass spectrometry
methodology for food allergen detection using the measurement of
specific proteotypic peptide(s) (peptide precursor(s) and respective
fragments masses) corresponding to the specific protein(s) of interest.
However, further development and validation of multi-analyte
approaches by mass spectrometry is needed before it can be adopted
for routine use in food allergen analysis.

10.7 CONCLUSIONS

Food safety requirements and clinical regulations warrant for more
efficient food allergen management through product integrity. It is
becoming increasingly necessary to reliably identify traces of food
allergens not only in food products but also in food processing
equipment for possible cross-contamination. In this chapter,
emphasis was given to two most versatile methods of food allergen
detection, firstly the immunoassays that are popular commercially
for their sensitivity, reasonable specificity, ease of use and portability.
ELISAs are currently considered as a gold standard method for food
allergen detection. Secondly, we focused on mass spectrometry based
methods, which are gaining considerable recognition for its unique
multifaceted testing capability. Selected ion monitoring facilitated
by the triple quadrupole mass spectrometer provides multi-analyte
analysis and detects specific proteotypic peptide(s) (peptide
precursor(s) and respective fragments masses) corresponding to the
specific allergenic protein(s) of interest and is the latest quantitative
mass spectrometry based method for food allergen detection. Upon
adequate evaluation across several food matrices, mass spectrometry
based multi-analyte approach may become adopted for routine use
in food allergen testing. We also discussed about food processing
induced changes to the allergenic proteins which in turn affect
the IgG antibody reactivity based food allergen detection, and
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how mass spectrometry methods could complement ELISA for
effectively addressing such gap and achieve more accurate multi-
allergen detection. For consumers and food manufacturers concerned
about the presence of one or two food allergens, ELISAs seem most
appropriate method for testing individual food products, yet for
manufacturers who require compliance for several allergenic foods,
mass spectrometry may be an ideal way of testing. In parallel to the
development of MS based multi-allergen analysis, development of
a portable, easy to use assay platform with multi-allergen detection
capability such as multi-allergen assay on a chip could become a
breakthrough for more effective food allergen management.

Keywords: Detection of food allergen; quantification of allergens; mass spectrometry
and allergen quantification; ELISA for allergen quantification; food allergy
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11.1 INTRODUCTION

IgE mediated food allergies affect approximately 3-8% of children
and 1-3% of the adult population in industrialized countries. Allergic
reactions to food can cause serious, sometimes life threatening
reactions, thus food allergies require special medical attention,
including accurate diagnostic as well as therapeutic strategies
(Valenta et al. 2015). Depending on the sensitization process, food
allergies can be classified into two categories which are (i) class I or
classical food allergies and (ii) class II food allergies. In class I food
allergies, the primary sensitizer is the food allergen that eventually
also elicits the allergic reaction, whereas class II food allergies are
characterized by a sensitization process, which is actually initiated
by an inhalant allergen; the allergic reaction to the food allergen
however, is triggered by cross-reactive IgE antibodies. Though
epidemiologic data are rare, it is estimated that 60% of food allergies
in older children or adults, respectively, are associated with inhalant
allergies. This implies that an increase of pollen allergies will also
negatively affect the number of food allergic individuals (Werfel et
al. 2015). Since the cloning of the first allergens in 1988 (Cromwell et
al. 2011), 287 food allergens from 98 different food sources have been
identified and officially acknowledged by the WHO/IUIS allergen
nomenclature sub-committee (www.allergen.org). Approximately
90% of class I food allergies in westernized countries are triggered
by the so called “big 8” allergen sources, including milk, egg, fish,
shellfish, tree nuts, peanuts, wheat, and soy (www.fda.gov). When
looking at class II food allergies however, the picture is much different
and rather heterogeneous. This high complexity of food allergies
requires elaborated diagnostic as well as therapeutic methods to
efficiently tackle the problem. Recombinant allergens have already
established themselves as indispensable tools for allergy diagnosis
accomplishing high sensitivity of allergy tests in parallel with
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superior specificity. Moreover, attempts have been made to substitute
allergen extracts in therapeutic setups. Within this book chapter, we
will provide a comprehensive overview on available recombinant
food allergens, discuss production methods, as well as quality
controls and will elaborate the use of recombinant allergens for food
allergy diagnosis and therapy.

11.2 RECOMBINANT FOOD ALLERGENS

Of the 287 food allergens listed within the WHO/IUIS allergen
nomenclature database, 157 have been produced as recombinant
proteins, 151 in E. coli, 11 in the yeast Pichia pastoris, and two
in other organisms. A summary of all food allergens entered
into the WHO/IUIS allergen nomenclature database is given in
Table 11.1. Unlike natural allergens or allergen extracts, the
production of recombinant proteins is not dependent on biological
source material (i.e., fruits, nuts, legumes, etc.) with variable allergen
expression. Moreover, as shown for many food allergen families
(i.e., PR-10 proteins, lipid transfer proteins, seed storage proteins, or
parvalbumins, just to mention a few), natural allergen preparations
are composed of complex mixtures of allergen isoforms, which
sometimes show rather different immunologic properties (Son et
al. 1999, Swoboda et al. 2002, Ramos et al. 2009, Ramazzina et al.
2012). Thus, one could imagine that the production processes of an
allergen product based on natural allergens could bias the isoform
composition, therefore influencing the properties of the preparation
(Cromwell et al. 2011). A major advantage of recombinant proteins
is that they can be fully characterized in terms of their physico-
chemical as well as immunological properties. Both aspects will be
discussed in detail within the next paragraphs of this book chapter.
The tight characterization process enables excellent batch to batch
reproducibility making the use of recombinant products attractive
for pharmaceutical industry. Moreover, recombinant allergens can
circumvent the problem of cross-contamination of natural allergen
preparations with minute amounts of other allergens from the
same source. The use of recombinant technology however, does not
only allow tightly controlled production of wild-type allergens but

285



Food Allergy: Molecular and Clinical Practice

further enables scientists to genetically engineer allergen derivatives
meeting exactly the needs for medical applications. This implies
proteins with reduced IgE binding to increase the safety profile of
allergen products for therapeutic applications or allergen derivatives
with increased immunogenicity. However, due to the often complex
allergen composition, as well as individual patients” recognition
patterns, questions concerning which allergens to use for therapeutic
applications remain heavily debated. Moreover, many complex post-
translational modifications (i.e., glycosylation) have been identified
on food allergens. Therefore, it is extremely important to carefully
select a suitable expression system for recombinant production and
perform strict quality control on the product Figure 11.1.

11.3 PHYSICOCHEMICAL ANALYSIS OF RECOMBINANT
FOOD ALLERGENS

Physicochemical data on recombinantly produced allergens is
important to understand their properties and immunological
behavior and to warrant their quality. Presently, there is a huge
variety of well-established techniques available for such analyses.
The following segment will describe and focus on a panel of
techniques providing a solid and efficient physicochemical
characterization of purified food allergens. SDS-PAGE is a good
method to check protein samples for integrity and potential
impurities and to estimate the size and quantity of a protein by its
migration behavior in an electric field. Thereby, molecules can be
either separated in their native folded structure or in a chemically
linearized form where their mobility in the electric field depends
only on length and mass-to-charge ratio (Laemmli 1970). 2D gel
electrophoresis even provides the possibility to resolve differently
charged variants in different gel spots of the same protein, as these
variants often show differences in their isoelectric point (Wallner et
al. 2009). It is common practice to further analyze resolved spots by
mass spectrometry (MS), the most accurate way to determine the
identity of a protein. Thereby, analytes are ionized, accelerated in an
electric field and sorted by their mass-to-charge ratio. Even post-
translational modifications can be directly observed by mass shifts.
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Figure 11.1 Schematic overview of the process towards the production of recombinant food
allergens.

Itis also possible to obtain sequence information through the analysis
of peptides derived from proteolytic digestion with various proteases
(Siuti and Kelleher 2007). Amino acid analysis is routinely used to
check the amino acid content of single amino acid-, peptide- or
polypeptide-containing samples. Unlike MS, amino acid analysis
gives rather vague information of the primary structure of a protein
but offers a very powerful technique to determine the quantity of
purified proteins. Upon hydrolysis of all peptide bonds present in
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the sample by hydrogen chloride, the liberated amino acids are
separated, detected and usually quantified by high-performance
liquid chromatography. The methodology of amino acid analysis
has not changed much since it was invented in the 1950s by Moore
and Stein (Stein and Moore 1950, Rutherfurd and Gilani 2009).
Periodic acid-Schiff (PAS) stain is probably the most common
procedure to verify glycosylation of proteins. The success of PAS
staining is based on the reactivity of free aldehyde groups of
monosaccharides with the Schiff reagent, forming a bright red
magenta product (Pastorello et al. 1999). After recombinant
production verification of protein structure is crucial and several
different methods are available to evaluate intact conformations. To
identify certain functional groups in purified proteins Fourier
transform infrared (FTIR) spectroscopy is widely used. Thereby,
infrared radiation passes through a sample and depending on the
unique molecular properties and structure, part of the radiation is
absorbed whereas some transmits through. Notably, FTIR can be
carried out in liquid and solid samples, thus also formulated allergen
preparations or lyophilized allergens can be analyzed by FTIR. The
use of an interferometer allows the simultaneous measurement of
all infrared frequencies. The resulting interferograms cannot be
directly interpreted and need to be Fourier transformed, making
data evaluation not trivial. The calculated spectra are used to
determine quality and composition of secondary structures (e.g.,
a-helix, f-sheet) of protein samples and the size of the peaks can give
direct information about the amount of protein in the sample
(Griffiths and de Haseth 2007). Determination of secondary structure
elements can also be achieved by far-UV circular dichroism (CD), a
widely used spectroscopic method. When a molecule contains one
or more light absorbing groups close to a chiral center (in proteins
represented by the C_atoms of amino acids except for glycine), the
absorption differences of left- and right-handed circular polarized
light can be measured over a range of wavelengths, usually from
190 to 260 nm. CD spectroscopy can be used to monitor the change
of secondary structure elements of proteins as a result of changes in
environmental factors such as temperature or pH (Han et al. 2015).
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This capability of CD is important as stability of food allergens
against thermal and/or gastrointestinal degradation and against
other harsh environmental conditions is crucial for the classification
of class I and class II food allergens. Per definition class I food
allergens are stable enough to withstand any digestive reaction until
they can function as sensitizers, whereas class Il food allergens show
only cross-reactivity against IgE antibodies produced against other
usually inhaled allergens (Harrer et al. 2010). Gastric and intestinal
fluid digestion assays are valuable tools to simulate food processing
in the digestive tract and monitor the stability against proteolytic
denaturation. Food allergens, which sensitize through the gastro-
intestinal route, show usually extraordinary high resistance towards
the harsh conditions of the gastro-intestinal milieu. Moreover, it has
been demonstrated that certain class I food allergens can adsorb to
the intestinal epithelium triggering the uptake of immunologically
intact protein moieties into the organism. A careful evaluation of
food allergen processing will therefore provide a deeper understanding
of the mechanisms eventually triggering the sensitization process to
food allergens (Moreno 2007). The well-known physical technique
of dynamic light scattering (DLS) is not only used to define the
hydrodynamic size distribution profile of proteins but, also gives
insight in the aggregation state of a sample. Thereby, the sample is
illuminated through a polarizer by a monochromatic light source,
usually a laser. As long as the particles are smaller than the
wavelength, the light hitting these particles is scattered in all
directions. Due to Brownian motions of the proteins, the scattered
light fluctuates and forms destructive as well as constructive
interference. The time-dependent fluctuations are detected at a
known scattering angle by a detector and are used to calculate the
hydrodynamic radius of the analyte (Berne and Pecora 1976). Like
DLS, analytical ultracentrifugation (AU) is applied to get information
about homogeneity and aggregation state of protein samples. The
sedimentation behavior of macromolecules in a centrifugal field is
used to determine their hydrodynamic and thermodynamic
characteristics in solution. An advantage of this quantitative analysis
is the characterization of a variety of macromolecules in a wide
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spectrum of solvents allowing the protein to be in its native state
and under physiologically relevant conditions. The two main
principles of AU, sedimentation velocity and equilibrium, allow the
characterization of hydrodynamic properties of proteins and even
protein complexes as well as the determination of molar-mass and
binding-constants (Lebowitz et al. 2002). Another widely used
method to get information about the integrity of a protein and
quantity of aggregates is size exclusion chromatography (SEC). The
chromatographic technique separates molecules by their size and is
known as gel-filtration chromatography in case that aqueous solvents
transport the sample through a column. However, the molecular
weight of detected peaks can often not simply be deduced by
comparing the retention times, as aggregates can form irregular
shapes and carbohydrates influence the elution position. An elegant
way to bypass this problem is the combination of SEC with an on-
line light-scattering system to determine the molecular weight of an
eluting fraction (Wen et al. 1996). Fluorescence spectroscopy is a
technique with a broad area of applications but can also be used to
detect aggregate formation and conformation of proteins. Electrons
of aromatic residues in a sample being in their ground electron state
are excited with a beam of light, usually ultraviolet light. Following
collisions with other molecules cause them to return to a ground
energy level by losing vibrational energy and emitting fluorescence.
In case of tryptophan the fluorescence maximum is shifted if exposed
to aqueous solvents compared to a hydrophobic protein interior,
allowing an assessment about the aggregate state (Caputo and
London 2003). Fluorescent dyes can be used for proteins lacking
aromatic residues. 1-anilinonaphtalene-8-sulfonic acid (ANS), for
example, binds to hydrophobic patches of proteins and is used to
detect folded protein conformations (Kane and Bernlohr 1996). Last
but not least, nuclear magnetic resonance spectroscopy and X-ray
crystallography are both very sophisticated techniques to unravel
the 3-D structure of proteins and therefore not routinely used for
allergen characterization. Nevertheless, they are the ultimate
approaches of choice for a deep look into the in-solution and crystal
structures of proteins.
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11.4 IMMUNOLOGICAL ANALYSES OF RECOMBINANT FOOD
ALLERGENS

For a comprehensive characterization of recombinant allergens,
apart from a detailed physicochemical analysis, the immunological
properties of these proteins have to be thoroughly investigated.
Such data should confirm that the recombinant molecules exhibit
identical immunological behavior as their natural counterparts,
allowing their use in either diagnosis or treatment. In this section we
provide an overview on routinely applied methods of immunological
characterization used to provide a variety of data ranging from
IgE-binding and reactivity to cell processing and activation, as well
as immunogenic potential.

One of the very first aspects of a recombinant allergen to be tested
is the ability to bind allergen-specific antibodies. One way to achieve
this is via immunoblotting (or western blotting). In this technique
the protein of interest (or the mixture containing it) is transferred
onto a nitrocellulose or PVDF membrane after performing an SDS-
PAGE. In a simplified version of the immunoblot, termed dot blot,
the protein is directly applied on the membrane as a dot, skipping the
electrophoresis step. The membrane is then sequentially incubated
with a protein-specific primary antibody and a reporter enzyme- or
radioactive label-linked secondary antibody directed against the
species-specific Fc region of the primary antibody (Renart et al.
1979, Burnette 1981). This two-step (indirect) incubation setup offers
great practical flexibility and amplifies the specificity of the assay,
while in the less common one-step (direct) setup the protein-specific
antibody is the one bearing the detectable label. Primary antibodies
can be allergen-specific purified mono- or polyclonal antibodies as
well as antibodies in the sera from patients allergic to the respective
protein. Depending on the substrate used and its reaction with the
antibody-bound enzyme, detection can be based on colorimetric,
chemiluminescent or fluorescent imaging methods (Roda and
Guardigli 2012, Nishi et al. 2015).

Another method of assessing the antibody binding capacity
of proteins is the enzyme-linked immunosorbent assay (ELISA).
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Although ELISA and immunoblot are methods based on rather
similar principles, ELISA is a simpler, cheaper, faster and more
quantifiable assay. An ELISA begins with the passive adsorption
(coating) of the investigated protein to a solid phase (i.e., polystyrene
microtiter plate). The subsequent incubation and detection steps are
based on the same principle as described above for immunoblotting;
however with ELISA the readout is attained via spectrophotometry.
When the target protein is part of a mixture, an ELISA variation
is used. In this method, termed sandwich ELISA, an antibody is
adsorbed on the solid phase subsequently capturing the respective
antigen, while the rest of the procedure remains the same (Crowther
2001).

Besides their ability to bind antibodies, the biological activity
of recombinant allergens is a crucial attribute to be assessed
during immunological characterization. This is determined by the
concentration of an allergen needed to induce an in vitro activation
of allergen-specific IgE-sensitized effector cells by cross-linking
of cell-bound IgE. Depending on the cell type used and the way
activation is determined, different assays have been developed to
evaluate the biological activity of allergenic proteins (Sancho et al.
2010). In the histamine release assay, allergen-specific IgE-sensitized
basophils from allergic individuals or passively sensitized donor
basophils are activated by the allergen and the histamine release is
fluorometrically detected. The basophil activation test (BAT) uses the
same sources of cells but determines activation by flow cytometric
detection of activation markers CD203c or CD63 with fluorochrome-
tagged antibodies. Both assays are highly dependent on frequent
blood donations and are also complex and inflexible. The humanized
rat basophilic leukemia cell (hu-RBL) mediator release assay is a
simpler, quick and very sensitive model to assess biological activity
of allergens. A rat basophil cell line (RBL-2H3) transfected with the
human high affinity IgE receptor (FceRI) is passively sensitized
and, upon activation by the allergen, IgE-mediated degranulation
is determined by fluorometric or colorimetric detection of
3-hexosaminidase release (Vogel et al. 2005).
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An essential step for the characterization of recombinant proteins,
especially immunotherapy vaccine candidates, is the analysis
of their immunogenicity or in other words the ability to activate
T cells. A well-established and routine method for that purpose
is a T cell proliferation assay. This technique requires isolating
peripheral blood mononuclear cells (PBMCs) from allergic patients’
blood or splenocytes from immunized mice and culturing them in
the presence of the relevant protein. After appropriate incubation,
proliferation is determined by adding radioactive [*H]thymidine.
The incorporated radioactivity in the newly synthesized DNA of the
dividing cells, which is proportional to the number of proliferating
cells, is measured by scintillation counting. Proliferation assays
can also be performed with allergen-specific T cell lines (TCLs) and
clones (TCCs), but are much more tedious, complex, and usually not
performed in the context of routine immunological characterization
(Jahn-Schmid et al. 2002).

Another way to assess the immunogenicity of a protein is to
analyze the process of its uptake by murine bone marrow derived
dendritic cells (BMDCs). In a BMDC antigen uptake assay the DCs
are incubated with the respective allergen conjugated with different
fluorescent probes (e.g., Alexa Fluor 488, FITC or pHrodo) and
subsequently the surface capture, internalization and intracellular
degradation of the protein is measured via flow cytometry
(Kitzmuller et al. 2015).

Since a link between certain resistance to proteolytic degradation
and enhanced immunogenic potential has been established,
the immunogenicity of an allergen can also be evaluated by
determining its sensitivity to lysosomal proteolysis in vitro. The
in vitro degradation assay uses endo-/lysosomes isolated from
human monocyte-derived DCs (moDCs), murine BMDCs or a DC
line (JAWS II). The tested proteins are incubated with the endo-/
lysosomes over a certain time window and quantitative evaluation
(amounts of protein degraded) of the assay is achieved via SDS-
PAGE densitometry, while qualitative analysis (peptides generated)
is performed by mass spectrometry (Egger et al. 2011).
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Although the aforementioned techniques provide a thorough and
comprehensive overview of a protein’s immunological properties,
they lack the mechanistic background of a biological organism.
This issue is addressed with in vivo immunization experiments
using inbred mouse strains. The allergen is usually adsorbed to
aluminum-based adjuvants and administered subcutaneously or
intraperitoneally to the animal following several booster injections
(Wallner et al. 2011). To mimic the sensitization process of food
allergies, also sensitization models via the oral route have been
established (Bailon et al. 2012). The immunogenicity of the antigen
is thereafter evaluated by analyzing humoral and cellular immune
responses. This is achieved via assays determining serum IgE and IgG
antibody levels, cytokine secretion profiles and splenic lymphocyte
proliferation (Wallner et al. 2011).

11.5 RECOMBINANT FOOD ALLERGENS FOR DIAGNOSIS

Double-blind placebo-controlled food challenge is considered the
gold standard for diagnosis of food allergies (Sampson et al. 2012).
While reliable results are obtained from clinical studies, difficulties
may arise in the daily practice due to the need for trained personal,
time consumption, and risk of adverse reactions. In hand with
thorough anamnesis, skin prick tests provide information on the
sensitization status. Commercially available food extracts for
allergy diagnosis however, only provide reasonable results if IgE
reactive proteins are highly abundant and stable in the extracts,
while otherwise false-negative tests could be obtained (Heinzerling
et al. 2013). Therefore, prick-to-prick tests using the offending food
are considered an alternative in daily routine allowing patient-
tailored selection while standardization of the diagnostics might
be challenging (Vlieg-Boerstra et al. 2013). Due to potential adverse
reactions observed in in vivo food allergy diagnosis, first diagnostic
strategies typically involve in vitro methods, thus circumventing
potential fatal side effects upon exposure to minute allergens
amounts (i.e., peanut). Currently, 8 different extracts are available for
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in vitro IgE testing: cow’s milk, egg white, cod fish, shrimp, hazelnut,
peanut, wheat, and soy. Those food sources are partially covering the
so called “big 8” food allergens accounting for 90% of food allergies
in the westernized countries (www.fda.gov). In addition to extracts,
single allergen molecules are used for more detailed IgE diagnosis in
the distinct food sources (Hoffmann-Sommergruber et al. 2015). An
advantage of allergen components is the option for standardization
and thus reproducibility of the test substances (Ferreira et al. 2014).
In contrast, the specificity of food extracts can highly vary due
to different cultivars or breeds, maturation stage or processing
(Matthes and Schmitz-Eiberger 2009). While recombinant allergens
produced in prokaryotic systems without glycan structures can be
advantageous for undesired false-positive diagnosis due to cross-
reactive carbohydrate determinants (CCD), some allergens might
require post-translational modification for proper tertiary structure.
In addition, molecule-based diagnostics enable discrimination
between genuine sensitization and IgE cross-reactivity due to, i.e.,
panallergens or CCDs. A schematic overview on the diagnostic
workup for food allergies is provided in Figure 11.2.

case history in food allergy and anamnesis ‘

in vivo IgE diagnosis in vitro IgE diagnosis

&
N
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Figure 11.2 Schematic overview of food allergy diagnosis. Photos were obtained from www.
fotolia.com.
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Currently, 25 recombinant and 10 natural food allergens are
commercially available for singleplex IgE allergen diagnosis, while
multiplex test systems allow detection of 14 recombinant and 23
natural food components (Table 11.1). In a customized multiplex
version (MeDALL allergen-chip), 8 natural and 38 recombinant
allergens are additionally spotted on a microarray, initiating
molecule-based analysis from pistachio, and further increasing the
panel of peanut, walnut, almond, cashew nut, wheat and cow’s
milk allergens (Lupinek et al. 2014). Microarray test systems offer
the possibility of simultaneous detection of numerous allergen
molecules using minute amounts of serum. Since allergens are not
preselected, valuable data can be obtained for cohort studies and
allergen microarrays can aid in refining diagnosis, monitoring disease
or therapeutic effects. In contrast to singleplex analysis, multiplex is
providing semi-quantitative IgE results. In the subsequent paragraph,
relevant food allergen sources and their diagnostic options focusing
on commercially available recombinant allergens are explored.

11.5.1 Peanut

Peanut is considered a common trigger of food-induced anaphylactic
reactions and sensitization rates range from 0.5-7.2% among
European adults (Burney et al. 2014). Values as high as 10.9% among
German children of the general population were observed, however
this is due to cross-reactivity with pollen and therefore does not
reflect primary peanut allergy (Niggemann et al. 2011). A panel
of relevant peanut components is available for single component
analysis while Ara h 6 and Ara h 8 are only found on multiplex
platforms (Table 11.1). Notably, peanut allergy evokes different
clinical and immunological pattern in different geographic areas.
While American patients frequently recognize Ara h 1, 2, 3, high
sensitization rates for Ara h 8, a Bet v 1 homologue, were found
in Swedish patients. In contrast, subjects from Spain were more
often reactive to the non-specific lipid transfer protein (nsLTP) Ara
h 9 (Vereda et al. 2011). Molecule-based diagnosis can thus help to
understand different clinical patterns of peanut allergy, which are: (i)
sensitization to stable seed storage proteins (e.g., Ara h 2), which is
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linked with severe systemic reactions, (ii) reactivity to the heat-labile
Ara h 8 predominately translating into mild oral allergy syndromes
(OAS), and (iii) sensitization to Ara h 9, which is considered a
secondary food allergy linked to non-specific lipid transfer protein
(nsLTP) allergy (i.e., peach Pru p 3) that might also cause systemic
reactions (Vereda et al. 2011, Ballmer-Weber et al. 2015). The seed
storage proteins Ara h 2 and Ara h 6 are considered the most reliable
marker for peanut allergy with severe reactions (Lopes de Oliveira et
al. 2013, Kukkonen et al. 2015). More recently, predictive IgE values
for clinically relevant peanut allergy were suggested with 14.4 kU/1
(90% probability) and 42.2kU /1 (95% probability) of Ara h 2 specific
IgE (Beyer et al. 2015).

11.5.2 Tree Nuts and Seeds

The frequency of nut allergy ranges from 0.05 to 4.9%, while data
including oral allergy syndrome were significantly higher and
predominately observed in Central and Northern Europe (McWilliam
et al. 2015). A high but varying degree of IgE cross-reactivity can
be observed between tree nuts and seeds which is generally more
pronounced in botanically close related sources (Maloney et al.
2008). Hazelnut represents one of the major causes of tree nut allergy,
and relevant allergens are available for molecule-based analysis
(Table 11.1) (Costa et al. 2015). The EuroPrevall study showed varying
sensitization pattern among European hazelnut allergic patients
from different regions. Sensitization to seed storage proteins (Cor
a 9 and Cor a 14) was observed in less than 10% of patients, which
were typically children, and was found to correlate with IgE from
other nuts, seeds, and legumes. In Mediterranean countries, hazelnut
allergy is driven by the nsLTP Cor a 8, while in birch pollen endemic
areas, predominately adult patients are tested positive for Cor a 1
(Datema et al. 2015). Using components is thus clearly advantageous
over extract based diagnosis for tree nut and seed allergy as primary
sensitization can be distinguished from secondary food (nsLTP)
or pollen-food (Fagales) allergy. This is of particular importance
considering that clinical symptoms of nut and seed allergies as
PR-10 mediated adverse reactions are frequently milder and present
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themselves as OAS, whereas genuine sensitization to the highly
stable seed storage proteins is associated with more severe reactions.
For hazelnut allergy, a 90% probability for a positive hazelnut
challenge was estimated with Cor a 14-specific IgE of 47.8 kU /1 (Beyer
et al. 2015). It was recently reported that Ana o 3, the 2S albumin of
cashew nut, is superior over extract based diagnosis and predictive
for symptomatic versus tolerant patients in cashew but also pistachio
sensitized individuals (Savvatianos et al. 2015).

11.5.3 Fruits and Vegetables

Adverse reactions to plant food allergens are observed in 0.1-4.3%
of the population with allergens from the Rosaceae family (e.g.,
peach, apple) are the most frequent in triggering allergic symptoms
(Zuidmeer et al. 2008, Burney et al. 2010). Currently, molecule-based
IgE diagnosis is available for fruits (apple, peach, and kiwi), while
purified allergens from vegetables are restricted to Api g 1 from celery
(Table 11.1). Commercially available components mainly belong to
the PR-10 (Bet v 1 homologs) and PR-14 (nsLTP) family, with the only
exception being the profilin Pru p 4 from peach. In comparison to
extract-based diagnosis of fruits and vegetables with low sensitivity,
component diagnosis also allows determination of clinical pattern
(Kollmann et al. 2013). This was, for example, demonstrated in a study
of apple allergy in different patients’ cohorts, where sensitization to
Mal d 1is typically linked to mild symptoms mainly restricted to the
oral cavity. OAS to plant food in birch endemic areas is frequently
caused by primary sensitization to Bet v 1 and is observed in 73% of
birch pollen allergic patients (Geroldinger-Simic et al. 2011). While
Mal d 1 was considered a reliable tool for diagnosis of birch pollen-
associated apple allergy (Kollmann et al. 2013), another study came
to the conclusion that IgE levels to PR-10 proteins are not predictive
for the respective food allergy with the exception of Api g 1, which
correlates to adverse reactions to celeriac (Guhsl et al. 2015). Apple
allergy in Spain is in contrast driven by Mal d 3 and associated with
more severe reactions as a consequence of a primary peach allergy
(Fernandez-Rivas et al. 2006). In nsLTP allergy, Pru p 3 is regarded
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the marker molecule for genuine peach sensitization and may be
used to explain allergic reactions to other nsLTP-containing plant
food sources (Egger et al. 2010, Hartz et al. 2010, Scala et al. 2015).

11.5.4 Wheat

Wheat is considered an important source of vegetable proteins in
most food cultures and IgE-mediated reactions to wheat can present
themselves as (i) IgE-mediated food allergy, (ii) wheat-dependent
exercise induced anaphylaxis (WDEIA) or (iii) baker’s asthma.
Depending on the age and region of study cohorts, the sensitization
frequency for wheat allergy has been reported to be 0.4-1% (Ostblom
et al. 2008, Zuidmeer et al. 2008, Longo et al. 2013). However,
extract-based diagnosis demonstrates rather low specificity as test
results are frequently biased by IgE cross-reactivity with grass pollen
(van Kampen et al. 2009, Sander et al. 2015). Although a large panel
of wheat allergens is identified, only Tri a 19 (omega-5-gliadin) and
Tri a 14 (nsLTP) are commercially available for molecule-based
diagnosis (Table 11.1). Tri a 19 represents the most important allergen
in WDEIA (82% sensitization frequency), a rare but potentially
severe allergy typically observed after wheat ingestion followed by
physical exercise (Matsuo et al. 2005, Hofmann et al. 2012). In patients
suffering from baker’s asthma, the heat and proteolytically stable Tri
a 14 showed a sensitization prevalence of 60% (Palacin et al. 2007).

11.5.5 Soy

Soybeans can trigger allergic reactions after consumption of
unprocessed but also highly processed soy and sensitization rates
of 0.4-3.1% to soy extract have been reported (Katz et al. 2014). The
PR-10 protein Gly m 4 plays a relevant role in pollen-food allergies
leading mostly to oral allergy syndromes after soy consumption
but can occasionally also trigger severe generalized symptoms
(Kleine-Tebbe et al. 2002, Kosma et al. 2011, Berneder et al. 2013).
It is noteworthy to mention, that Gly m 4 is underrepresented in
diagnostic soy extracts, often leading to false-negative results in
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patients with type II soy allergy (Berneder et al. 2013). Especially
in Fagales pollen allergic patients, molecule-based diagnosis of
recombinant Gly m 4 therefore represents a valuable tool for birch-
pollen induced soy allergy (De Swert et al. 2012).

11.5.6 Fish

Sensitization frequency to fish is below 1% within the general
population, but increased prevalence is found in regions with high
fish consumption. Allergic patients demonstrate mild to severe
reactions upon ingestion, contact or inhalation of fish allergens
(Burney et al. 2010, Sharp and Lopata 2014). Parvalbumins, the
major fish allergens (sensitization frequency 70%-90% among fish
allergic patients) (Kuehn et al. 2013), are commercially available
for component resolved diagnosis (Table 11.1). It is suggested to
group fish allergic patients into three diagnostic clusters, which are
(i) patients with reactions to several fish parvalbumins, (ii) patients
reacting to parvalbumins from one (or few) fish species, and (iii)
patients sensitized to other fish allergens (enolase and aldolase)
(Kuehn et al. 2013). While for cluster (i) the commercially available
Cyp c1and Gad c 1 are sufficient to diagnose fish allergy, for cluster
(ii) and (iii) more components would be needed. Especially those
patients could benefit from detailed component resolved diagnosis,
because it could provide them with information about which fish
species they could tolerate and which they should avoid (Mourad
and Bahna 2015). In addition to allergens from fish meat, proteins
with allergenic potential from fish blood, gelatin, caviar and the fish
parasite Anisakis simplex (Table 11.1) are also known (Nieuwenhuizen
and Lopata 2014).

11.5.7 Shellfish

Shellfish allergy has a prevalence of 2% in the general population, but
in contrast to many other food allergies, children are less frequently
affected than adults (Sicherer et al. 2004). Amongst food allergens,
shellfish has one of the highest rates of anaphylaxis (Ross et al.
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2008). Currently, 4 shrimp allergens are commercially available for
molecule base diagnosis (Table 11.1). A reliable marker predicting
shrimp allergy is IgE against the major shrimp allergen tropomyosin
(Pena1, Pen m 1) (Pascal et al. 2015). The majority (93%) of patients
with anaphylaxis caused by crustacean ingestion with IgE to shrimp
tropomyosin, were also allergic to mollusks” (Vidal et al. 2015),
suggesting cross-reactivity between tropomyosins from a broad
variety of shellfish. Among house-dust mite allergic patients, 5-10%
are sensitized to the tropomyosin Der p 10. Due to IgE cross-reactivity
between house-dust mite and shellfish tropomyosin, those patients
are at risk to develop allergic symptoms upon the consumption of
shellfish (Lopata et al. 2010, Barber et al. 2012). Therefore, it might
be worthwhile to test Der p 10 positive patients for Pen a 1 and Pen
m 1 to predict possible food allergy.

Diagnosis of food allergy is predominately based on clinical
symptoms and in vitro or in vivo tests of allergen extracts. Purified
molecules and in particular CCD-free recombinant components have
the advantage of further refining diagnosis and allowing prediction
of potential symptom severity. The constant increase in molecular
allergen research, in hand with microarray technologies, allows
determination of refined IgE profiles and thus supports clinicians
providing dietary interventions without limiting the diversity of
healthy food intake.

11.6 RECOMBINANT FOOD ALLERGENS FOR ALLERGY
THERAPY

Allergen immunotherapy (AIT) generally aims to restore or induce
immunologic tolerance to disease-eliciting allergens. The efficacy
of the treatment strategy for inhalant and venom allergies is well
accepted, and recent data support the idea that AIT is also beneficial
for food allergies and atopic dermatitis (Jutel et al. 2015). A serious
problem for the treatment of food allergies is the fact that fatal
reactions to food allergens may occur. In 1992, a small study of sub-
cutaneous immunotherapy to treat peanut allergy was performed
using unmodified peanut extracts as active vaccine component.
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The study was placebo controlled and showed clinical efficacy in
the actively treated group; however, the rate of systemic side effects
was >13%. Moreover, due to a formulation error in the pharmacy,
a patient within the placebo group received the maintenance dose
of peanut extract and died of anaphylaxis—a fact that led to the
termination of the study (Oppenheimer et al. 1992). In a small study
with 12 peanut allergic patients published five years later, the aim
was again the treatment of peanut allergies using a rush protocol
based on peanut extracts. The study was clinically efficacious in
some patients, whereas half of the actively treated patients did not
show much of improvement in a double-blind placebo-controlled
food challenge after one year of treatment. Of note, the patients
who could not tolerate the full maintenance dose had a high rate
of systemic reactions during updosing (average 9.8 epinephrine
injections per subject were necessary), but also side effects during
the maintenance phase (12.6 epinephrine injections per subject) were
high (Nelson et al. 1997, Nowak-Wegrzyn and Sampson 2011). This
indicates a general problem of extract-based AIT of food allergies.
Allergen extracts are hardly standardizable, heterogeneous mixtures
of easily extractable compounds from a food source. The cocktail
ideally contains sufficient amounts of the disease-eliciting allergens
to induce tolerance. However, unmodified allergen extracts bear
the risk of the induction of IgE-mediated side effects, which are
difficult to control and may end fatal. To avoid such problems, AIT
concepts based on recombinant food allergens have been developed.
Therefore, the disease eliciting allergens need to be identified within
the allergen source and selected for the use in AIT. Most AIT trials
were performed for inhalant allergies based on formulations with a
single allergen (Ferreira et al. 2014), though, for grass pollen allergies,
a cocktail consisting of four major allergens has been successfully
tested (Jutel et al. 2005). In peanut allergy, Arah 1,2, and 3 represent
major allergenic components. The IgE-binding epitopes of the
three allergens have been identified and amino acids critical for the
binding sites have been replaced resulting in proteins with reduced
IgE-binding properties (Bannon et al. 2001). In a new vaccination
strategy, the recombinant allergens were independently expressed in
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E. coli, the host cells were killed by treatment with heat and phenol,
and thereafter the E. coli-encapsulated allergens were formulated
as vaccine for rectal application (EMP-123). In a phase I trial, EMP-
123 was tested in five healthy individuals in a four week schedule
without inducing adverse reactions. Thereafter, ten peanut-allergic
patients were treated in an updosing regimen for ten weeks followed
by three biweekly administered maintenance doses. Due to side-
effects five patients could not complete the trial, whereas four had
no and one patient only mild symptoms (Wood et al. 2013).

Similar to allergies to peanuts, tree nuts, and shellfish, as well
as egg and milk in infants, allergic reactions to fish can be severe
to life threatening. Parvalbumin has been identified as major IgE
binding component in various allergenic fish species (Table 11.1). The
small (10-13 kDa) proteins encode three EF-hand domains and are
extraordinarily stable to heat treatment, denaturation and proteolysis.
Under the umbrella of an EU-funded study for the development of
food allergy-specific immunotherapy (FAST), a modified version
of the carp parvalbum Cyp c 1 was selected as AIT candidate. The
allergen was shown to cover most cross-reactive IgE epitopes of
homologous fish parvalbumins (Zuidmeer-Jongejan et al. 2015). The
mutant Cyp c 1 was generated by introducing point mutations in the
two EF-hand domains which actually bind calcium ions, resulting
in drastic reduction of IgE binding (Swoboda et al. 2007). Within the
FAST project a GMP-batch of the mutant Cyp c 1 was produced and
is currently evaluated in a clinical trial (Clinical Trials.gov, Valenta et
al. 2015, Zuidmeer-Jongejan et al. 2015).

Many allergic reactions towards food allergens are triggered by
cross-reactive IgE antibodies primarily directed against inhalant
allergens. Thus, attempts were made to treat pollen induced
cross-reactive food allergies by cross-immunotherapy. Thereby,
primarily the pollen allergy (i.e., birch pollen allergy) is treated with
subcutaneous or sublingual AIT, whereas concomitant food allergies
(i.e., allergies to apple or hazelnut) can be modified simultaneously.
Although it is still unclear to what extent birch pollen AIT can actually
improve related food allergies, studies indicate that the treatment
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can induce cross-reactive blocking antibodies against the major
birch pollen allergen Bet v 1, which would eventually recognize the
food homologues from apple and hazelnut (Subbarayal et al. 2013).
The clinical effects of such interventions appear to be long-lasting
(Asero 2003). Nevertheless, the treatment is based on allergen extracts
(Nowak-Wegrzyn and Sampson 2011). For birch pollen allergy many
trials have been successfully completed using recombinant Bet v 1
or derivatives thereof (Ferreira et al. 2014), thus one can expect that
recombinant allergens will also be used to study the effects of cross-
immunotherapy in more detail.

As mentioned, immunotherapy strategies based on recombinant
allergens or derivatives thereof are most advanced for inhalant
allergies. However, many of the concepts have been adapted for food
allergens including site-directed mutagenesis as shown, for instance,
for the peach lipid transfer protein Pru p 3, the apple allergen Mald 1,
or the peanut allergens Arah 1, 2, and 3 (Bannon et al. 2001, Bolhaar
et al. 2005, Gomez-Casado et al. 2013). For shellfish allergy, two
hypoallergenic variants were designed, one by replacing 49 residues
of shellfish Met e 1 with homologous residues from fish tropomyosin,
the other by the deletion of nine IgE epitopes resulting in a truncated
version of the allergen. Both recombinant proteins showed markedly
reduced IgE-binding properties, but were still able to induce Met e
1 reactive antibodies in a mouse model (Wai et al. 2014). Reese et al.
studied the effects of oligomerization on carrot Dau ¢ 1 wildtype, as
well as mutant allergens, and found that the low IgE-binding mutants
were more immunogenic as dimers compared to their monomeric
forms (Reese et al. 2007). The fusion of T cell epitopes from carrot
Dau c 1 and Api g 1 from celery to the homologous pollen allergen
Bet v 1 was explored in a prophylactic mouse model. In this setup
nasal pretreatment with the recombinant chimer could effectively
suppress IgE-mediated immune responses to the parental allergens
in poly-sensitized animals, which was associated with the induction
of regulatory mechanisms (Hoflehner et al. 2012). The hen egg white
ovomucoid Gal d 1 consists of three tandem domains. To generate
a vaccine candidate, the third domain of Gal d 1 was mutated and
produced as recombinant protein in E. coli. The hypoallergen was
used to desensitize mice primarily sensitized with the unmodified
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Gal d 1 third domain. The treatment could suppress allergen-specific
IgE levels and in parallel induce the production of regulatory
cytokines (Rupa and Mine 2006). The encouraging preclinical data
of these examples show that the development of safer food allergy
therapeutics is possible. Moreover, naturally occurring low IgE-
binding proteins may provide an alternative to engineered allergens
to be used for the rational design of food allergy vaccines (Ramos et
al. 2009). Thus, recombinant allergens promise significant advances
in the therapy of food allergies.

11.7 CONCLUSIONS

The use of recombinant allergens has brought tremendous progress
in the fields of food allergy diagnosis and therapy. A large number
of important food allergens are available in recombinant form.
Nevertheless, strict quality controls of the recombinant products
are mandatory to guarantee highest standards. Especially in allergy
diagnosis the use of recombinant allergens has revolutionized
the process, enabling clinicians to identify disease eliciting
allergens as well as cross-reactivity pattern by analyzing patients”
individual IgE recognition profiles. Moreover, first attempts to use
recombinant allergens for therapeutic setups are on the way and
we can be quite curious about the outcome of the trials. In principle
recombinant technology would provide us with the tools necessary
for personalized allergy medicine. However, whether this can be
realized in the future not only depends on the recombinant allergen
products but also on the regulatory guidelines from the medical
agencies (Cromwell et al. 2011).
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12.1 INTRODUCTION

Peanut (Arachis hypogaea) allergy is a growing problem globally
carrying a huge socioeconomic burden for patients, families and the
community. Studies suggest prevalence rates from 1-3% in many
westernized countries with peanut allergy typically being a lifelong
affliction (Nwaru et al. 2014, Osborne et al. 2011, Sicherer et al. 2003).
Although fatalities are fortunately rare, the fear of death is very
real for each patient. Currently, there is no cure for peanut allergy
with management strategies focusing on complete avoidance and
utilization of adrenaline as the emergency antidote for anaphylaxis
following inadvertent exposure. There is a very strong imperative
for a safe and effective specific therapy for peanut allergy.

Molecular characterization of peanut allergens has facilitated
elucidation of the underlying immune response to peanut proteins,
which drives the clinical reactivity. This knowledge has paved the
way for current active research towards a safe and effective specific
peanut allergy immunotherapy, building on a growing body of data
and early clinical trials of intradermally administered Synthetic
Peptide Immune-Regulatory Epitope (SPIRE) therapies for other
allergies (reviewed by Prickett et al. 2015).
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This chapter discusses the clinical features of peanut allergy
in the context of the mucosal immune response to food allergens
and the molecular characterization of peanut allergens. Current
knowledge of the cellular immune response to peanut allergens is
presented together with how this knowledge is being harnessed for
the development of peanut-SPIRE as a potential therapeutic modality
for peanut allergy.

12.2 CLINICAL FEATURES OF PEANUT ALLERGY

Peanut allergy generally emerges early in life, typically by the
second year after encounter with peanut food products, frequently
peanut butter in westernized societies. It is a well-recognized
component of the atopic march, occurring usually in individuals
with a history of infantile eczema and subsequent emergence of
allergic rhinitis with or without asthma. Peanut is the food most
commonly responsible for anaphylaxis in children, adolescents
and adults (Bock et al. 2007, Burks 2008). Various culprits have
been suggested to explain the current epidemic of peanut allergy
including reduced microbial encounter through increased hygiene
practices (“hygiene hypothesis”), altered digestive tract microbiota
(for example from increased antibiotic use), dietary changes towards
“fast foods”, increased consumption of peanuts in filler foods and
inclusion of peanut oils in cosmetics used to manage eczematous skin
(Lack 2012, Marrs et al. 2013). In utero exposure to peanut proteins
has been demonstrated, as has exposure through breast milk but the
role of these routes in sensitization remains contentious. However, it
is certainly clear that the rise in peanut allergy is too fast for genetics
to explain the changing prevalence.

Ingestion of peanuts may trigger allergic symptoms within
minutes to several hours with clinical features ranging from mild
oropharyngeal irritation through to life threatening anaphylaxis.
Symptoms and signs may include nausea, vomiting, mouth
itch (pruritus), hives (urticaria), lip, tongue or throat swelling
(angioedema), wheezing (bronchospasm), dizziness or collapse
due to rapid loss of blood pressure (hypotension) and, infrequently,

353



Food Allergy: Molecular and Clinical Practice

death. Currently there is no specific therapy with patients advised to
practise strict avoidance and, with reaction to inadvertent exposure,
to implement their anaphylaxis action plans including prompt self-
administration of intramuscular adrenaline with medical follow-up
as needed.

12.3 THE MUCOSAL IMMUNE RESPONSE TO PEANUT
ALLERGENS

Development of allergen immunotherapy for potent allergens such as
peanut requires elucidation of underlying immune events. Encounter
of the immune system with peanut allergens typically occurs at the
gut mucosal surface and results in sensitization after first exposure in
genetically susceptible individuals with symptoms of peanut allergy
onre-exposure (de Leon et al. 2007; Figure 12.1). In the gastric mucosa,
peanut allergens are engulfed by specialized epithelial M cells and
transferred to antigen presenting cells (APC) such as dendritic cells
for processing into peptide fragments. As discussed above, genetic
and environmental factors play a role in promoting allergen uptake
by the gut epithelium and driving the adverse immune response
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Figure 12.1 Cellular interactions during the mucosal allergic immune response to peanut and
factors that promote this response.
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in peanut allergic individuals. Peptide-MHC class II complexes are
presented to naive T cells with appropriate T-cell receptor specificity
causing their differentiation into T helper 2 (Th2) cells. Activated Th2
cells also recognize peanut allergen peptide-MHC class I complexes
on the surface of B cells and through their release of the cytokines
interleukin-4 (IL-4) and IL-13, drive B-cell immunoglobulin (Ig) class
switching to IgE antibody production. Secreted allergen-specific IgE
antibodies bind to high affinity FceRI receptors on effector cells such
as mast cells and basophils (sensitization). Upon re-encountering
peanut allergen, cross-linking of cell-bound adjacent IgE molecules
activates these cells to release inflammatory mediators such as potent
and rapidly acting histamine. These mediators induce the clinical
features of peanut allergy. In contrast, non-atopic individuals exhibit
a Th1 polarized response to allergen, characterized by predominant
secretion of interferon-gamma (IFN-y) and IL-2 cytokines. An
enhanced regulatory T-cell (Treg) response to allergen is also shown
by non-allergic subjects.

12.4 ALLERGENIC COMPONENTS OF PEANUT

To date, 17 peanut allergens have been identified (Ara h 1-17;
WHO/International Union of Immunological Societies Allergen
Nomenclature Subcommittee, http:/ /www.allergen.org/; cited 2015;
summarized in Table 12.1). The allergens belong to several different
biochemical families, but several are seed storage proteins. Arah 1
and Ara h 2 are cupin and conglutin family members, respectively
and are designated major peanut allergens, each being recognized by
serum IgE in >50% of peanut allergic cohorts tested (Burks et al. 1995,
Kleber-Janke 1999). Together these two allergens constitute ~25%
of total peanut protein. Although Ara h 3 is reported by some as a
major allergen, serum IgE recognition has been inconsistent between
cohorts with others reporting <50% responders (e.g., Rabjohn et al.
1999). In contrast, Ara h 6 is classified a minor allergen, but many
reports support its reclassification as a major allergen, which may
be attributed to the high degree of sequence homology with Ara h 2
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Table 12.1 Molecular characteristics of peanut (Arachis hypogaea) allergens.*

Peanut |Biochemical Name/Family MW (SDS-PAGE) |% IgE Reactivity in Peanut
Allergen Allergic Subjects
Arah1 |Cupin (Vicillin-type, 7S 64 kDa 89% (Burks et al. 1995)
globulin)
Arah2 |Conglutin (2S albumin) 17 kDa 85% (Kleber-Janke et al. 1999)
Arah3 |Cupin (Legumin-type, 11S |60 kDa, 37 kDa 44% (Rabjohn et al. 1999)
globulin, Glycinin) (fragment)
Arah4 |Renamed to Ara h 3.02 53% (Kleber-Janke et al. 1999)
Arah5 |Profilin 15 kDa 13% (Kleber-Janke et al. 1999)
Arah6 |Conglutin (2S albumin) 15 kDa 38% (Kleber-Janke et al. 1999)
Arah?7 |Conglutin (25 albumin) 15 kDa 43% (Kleber-Janke et al. 1999)
Arah8 |Pathogenesis-related 17 kDa 85% (Mittag et al. 2004)
protein, PR-10, Bet v 1
family member
Arah9 |Nonspecific lipid-transfer (9.8 kDa <50% (Krause et al. 2009)
protein type 1
Arah10 |16 kDa oleosin 16 kDa n/a
Arah 11 |14 kDa oleosin 14 kDa n/a
Arah 12 |Defensin 8 kDa (reducing), |n/a
12 kDa (non-
reducing), 5.184
kDa (mass)
Arah 13 |Defensin 8 kDa (reducing), |n/a
11 kDa (non-
reducing), 5.472
kDa (mass)
Arah14 |Oleosin 17.5 kDa 46% (www.allergen.org)
Arah15 |Oleosin 17 kDa 46% (www.allergen.org)
Arah16 |Non-specific lipid transfer |8.5 kDa by SDS 16% (www.allergen.org)
protein 2 PAGE reducing
Arah17 |Non-specific lipid transfer |11 kDa by SDS- 16% (www.allergen.org)
protein 1 PAGE reducing

*From WHO/IUIS Allergen Nomenclature Sub-Committee data base: www.allergen.org
n/a = not available
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(Kleber-Janke et al. 1999). Ara h 8 is a major allergen in patients with
combined birch pollen and peanut allergy as it shows homology to
Bet v 1; both are members of the pathogenesis-related protein (PR10)
family (Mittag et al. 2004). Ara h 1 is the most abundant major peanut
allergen comprising 12-16% of total peanut protein (Koppelman et
al. 2001, de Leon et al. 2007) while several studies have confirmed
that Ara h 2 is the most potent peanut allergen (Blanc et al. 2009,
Koppelman et al. 2004, Palmer et al. 2005). There is consensus that
both Arah1and Arah 2 are important in clinical peanut allergy and
would need to be considered in a novel therapy. The two allergens
have been cloned and sequenced (Burks et al. 1995, Chatel et al. 2003)
facilitating molecular characterization and design of a composite
therapeutic.

12.5 BIOCHEMICAL PROPERTIES OF PEANUT ALLERGENS

It has been suggested that peanut allergens possess certain
physicochemical properties that enhance resistance to acidic digestive
enzymes and cooking, thus augmenting their ability to reach intestinal
villi and be presented to the immune system. It is known that Ara h
1 can form stable dimers, trimers and larger complexes with heating
while retaining IgE reactivity (Koppelman et al. 1999, Maleki et
al. 2000). Large proteolytic fragments with retained IgE binding
affinity are formed by the action of the gastrointestinal enzymes
pepsin, trypsin and chymotrypsin on Ara h 1 (Maleki et al. 2000).
The resistance of Ara h 1 to degradation in this manner may be
attributable to its stable, homotrimeric structure. The monomer-
monomer interaction decreases access to the catalytic sites within the
protein, allowing Ara h 1 to survive intact during food processing
or passage along the gastrointestinal tract.

Arah 2 and Ara h 6 have also been shown to retain allergenicity
following thermal treatment and proteolytic digestion (Suhr et al.
2004, Lehmann et al. 2006). Following digestion, structural studies
have identified immunologically active core structures within both
allergens that induced inflammatory cell mediator release despite
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decreased serum IgE binding (Lehmann et al. 2006). It has been
shown that Ara h 2 has sequence homology with trypsin inhibitors
and can therefore itself act as a weak trypsin inhibitor. Furthermore,
this activity of Ara h 2 is enhanced by roasting, which protects Ara
h 2, and also Ara h 1, from trypsin breakdown; roasted peanuts
are known to be more allergenic than boiled peanuts (Maleki et al.
2003). In contrast, Ara h 8 has lower resistance to thermal and gastric
digestion (Mittag et al. 2004).

Another reported contributing factor to peanut allergenicity is the
Maillard reaction (Chung and Champagne 1999, Maleki et al. 2000,
Chung et al. 2002). During cooking a non-enzymatic reaction occurs
between proteins and reducing sugars (Namiki 1988). Glycosylated
amino groups of proteins form Amadori products that degrade into
dicarbonyl intermediates and subsequently react with amino groups
of other proteins to form stable advanced glycation end products
(AGE). It has been shown that AGE formed after heating a previously
non-allergenic peanut lectin protein in the presence of sugars,
could inhibit binding of serum IgE to untreated peanut allergens
(Chung and Champagne 1999) suggesting that the Maillard reaction
could change a non-allergenic protein into a potential allergen.
Independently, roasted peanut proteins inhibited IgE binding to raw
peanut proteins 90-fold more effectively than raw peanut proteins
(Maleki et al. 2000). These studies suggest that the formation of AGE
after heat-treatment of peanuts could be significant contributors to
their enhanced allergenicity.

12.6 SPECIFIC IMMUNOTHERAPY FOR PEANUT ALLERGY

Conventional allergen immunotherapy for peanut allergy using
unfractionated peanut extracts is an area of active clinical research
but is not currently recommended in clinical practice due to the
unacceptably high risk of anaphylaxis (Anagnostou 2015). Several
groups are exploring oral (including sublingual) immunotherapy
regimens (Jones et al. 2009, 2014, Blumchen et al. 2010, Varshney
et al. 2011, Syed et al. 2014, Vickery et al. 2014) but it is generally
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considered that the high frequency of adverse reactions observed is
concerning and unpredictable. More recently epicutaneous peanut
patches have been explored to achieve clinical desensitization with
less severe side effects (reviewed by Jones et al. 2014). However, in
all these trials, despite daily dosing for months or years, efficacy has
been variable and unpredictable. Even when effective, protection
is only sustained with ongoing daily peanut administration (via
patches or consumption) posing a substantial compliance challenge.
Insights into the immune response to peanut allergens and factors
that influence clinical outcome as well as detailed characterization
of the allergenic components of peanut as described above, point to
the development of a rational new strategy for a safe and effective
specific immunotherapy for peanut allergy. This is based on
targeting the allergen specific T cell, which by its cytokine profile,
whether polarized towards Th2 or Th1/Treg, plays a pivotal role
in determining clinical outcome on peanut encounter (Rolland et
al. 2013). For this, short T-cell epitope containing peptides, recently
designated as SPIRE therapy, can be used to target these T cells
without engaging cell-bound allergen specific IgE (Prickett et al.
2015).

12.7 DEVELOPMENT OF A SPIRE THERAPY
12.7.1 Rationale for SPIRE Therapy

T-cell epitopes are short linear amino acid sequences containing key
residues for anchoring the peptide into pockets of the presenting
MHC class II molecule as well as residues, which engage with sites
on the T-cell receptor Va and VP loops. In contrast, B-cell epitopes
are usually conformational, requiring native structure to bring
discontinuous segments of the allergen molecule together to engage
antibody binding sites. In the case of peanut allergens, linear IgE
epitopes have been described (Burks et al. 1997, Stanley et al. 1997,
Bogh et al. 2012) but by sequence comparison and careful pretesting,
IgE reactivity of a T-cell targeting peptide can be avoided. Regardless,
the peptides comprising minimal T-cell epitope sequences are too
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small to cross-link surface bound IgE on mast cells and basophils,
and therefore cannot invoke release of inflammatory mediators as do
extracts containing intact allergenic components. This is a seminal
requirement for a safe therapeutic for peanut allergy.

Further promoting their efficacy, T-cell epitope peptides can
load directly on to HLA class II molecules on the surface of APC
and hence be presented at higher frequency than peptides processed
from the whole molecule by APC. This also allows peptides to be
presented by non-professional or immature APC, including human
T cells, without activating pro-inflammatory and co-stimulatory
signals (in contrast to whole allergen extracts). The net effect is to
promote the induction of immunological tolerance (frequently called
anergy), apoptosis and/or suppressive activity in responding T cells,
a property believed to be pivotal in achieving successful outcome
during SPIRE treatment. Importantly, findings to date indicate that
T-cell epitope peptides used in SPIRE therapy do not themselves elicit
antibody production with the consequent risk of immune complex
formation. In addition to their potential for increased efficacy and
safety, peptides are an attractive alternative to whole extracts due
to their ease of standardization, cost-effective production in large
quantities at high purity and consistency, stability in lyophilized form
and ease of modification to achieve desired chemical and biological
properties.

It has been demonstrated directly that using peptides to target
T cells specific for dominant epitopes of major allergens can alter
responses to whole allergen extracts, known as linked epitope
suppression. In early in vitro and murine studies, O’Hehir and
colleagues showed that the dominant T-cell epitope peptide of Der
p 1, the major allergen of house dust mite (HDM), could induce
tolerance not only to this peptide, but to the whole Der p 1 allergen
and HDM extract (Higgins et al. 1992, Hoyne et al. 1993). This
phenomenon has been validated subsequently in different murine
models of allergy, and also in human studies of SPIRE therapy for
cat allergy (Briner et al. 1993, Couroux et al. 2015, Patel et al. 2013,
Worm et al. 2013). Clinical administration of dominant Fel d 1 (major
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cat allergen) T-cell epitope peptides altered T-cell responses to those
peptides, other non-related Fel d 1 peptides, and whole cat allergen
extract.

12.7.2 Validation of Allergen SPIRE Therapeutics in Clinical
Trials

Placebo-controlled phase IIb trials using SPIRE therapy for cat allergy,
and more recently, grass, ragweed and HDM allergy (Circassia Ltd;
www.circassia.co.uk.) have confirmed safety and efficacy of SPIRE
immunotherapy. Each of the vaccines consists of a mixture of seven
peptides <20 residues in length which encompass CD4* T-cell
epitopes of clinically relevant major allergens. Pilot studies in cat
allergy indicated that four intradermal injections of 6 nmol/peptide
(optimal dose dependent on the allergen) given at four week intervals
were most effective at reducing symptoms following subsequent
allergen challenge in an environmental exposure chamber, with
effects lasting at least two years (Patel et al. 2013, Worm et al. 2013).
Phase 3 trial of cat peptides (EudraCT Number:2012-001733-13)
confirmed safety and tolerability but failed to demonstrate clinical
efficacy over placebo. Active treatment improved symptom
and medication scores by ~60% but a similar placebo effect was
observed. During early studies with higher dose cat peptides, late
asthmatic reactions occurred following treatment in some patients.
The observed bronchospasm at higher peptide doses is consistent
with the early release of IL-4 (a known bronchoconstrictor) from
peptide-tolerized clonal T cells first reported by O’Hehir (O"Hehir et
al. 1996) and subsequently confirmed by others (Hoyne et al. 1996).
Refined protocols with shorter peptides (<20 aa) and lower peptide
doses eliminated these reactions in subsequent trials. In summary,
SPIRE immunotherapy has improved clinical outcomes in a range
of aeroallergies and offers considerable promise for other allergies.

12.7.3 Mechanisms of Action of Allergen SPIRE Therapy

As clinical translation of SPIRE therapy for allergy progresses,
underlying immunological mechanisms are becoming evident
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(Larche 2014, Larche and Wraith 2005). Distinct differences are
apparent from conventional allergen immunotherapy via the
subcutaneous or sublingual routes (Bohle et al. 2007, O"Hebhir et al.
2007, Sandrini et al. 2015), particularly regarding the contribution of
IgG antibodies. In contrast to conventional immunotherapy, evidence
for a role for specific IgG, blocking antibody in successful peptide
immunotherapy is not yet forthcoming. As the peptides used for
SPIRE therapy are short and screened for lack of inflammatory cell
activating potential, they are unlikely to induce antibody production.
Further studies of SPIRE therapy are needed to clarify whether
allergen-specific IgG, antibodies are induced and play a role in
long-term clinical efficacy. High-level changes in allergen-specific
T cells appear more consistent between conventional and peptide
immunotherapy approaches, although the underlying mechanisms
and/or their kinetics are thought to vary. Clinical success with
peptide therapy seems to be associated with the induction of anergy,
and/or apoptosis of allergen-specific Th2-type CD4* T cells and
induction of IL-10-mediated suppressor mechanisms.

Decreased T-cell proliferative and cytokine responses to allergen
are consistent observations following peptide therapy (e.g., Oldfield
et al. 2002, Smith et al. 2004). In a T-cell peptide clinical study using
bee venom, decreased PLA2-induced T-cell proliferation and IL-2,
IL-4, IL-5, IL-13 and IFN-y production were reversed by IL-2 and
IL-15, consistent with anergy as the underlying mechanism (Muller
et al. 1998). Deletion of allergen-specific Th2 cells has also been
suggested from murine models of peptide-induced tolerance.
Clinical HLA class II tetrameric studies are required to quantify
allergen-specific clonal T-cell populations. Using this technology
for conventional subcutaneous immunotherapy for Timothy grass
pollen allergy, preferential loss of clonal Th2-type T cells specific
for dominant epitopes of major Timothy grass pollen allergens over
T cells specific for less-dominant epitopes with a Thl or Trl-
phenotype was observed (Wambre et al. 2014). However, an
important potential confounder of tetramer-based approaches is the
reliance on TCR expression on the cell surface, making it difficult
to distinguish deletion from anergy given that anergic T cells have
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decreased TCR expression. In this study the pathogenic Th2 cells
were further identified by lack of CD27 expression providing
another marker to support selective loss of these cells. There was
also associated decreased expression of the apoptotic inhibitor Bcl-
2 over the cells that escaped deletion. These data support the view
that dominant T-cell epitope-based peptides of major allergens could
cause targeted inactivation or deletion of the most pathogenic T cells
in allergic subjects.

Pilot studies of cat and bee venom peptide immunotherapy
showed increased IL-10 production during therapy suggesting
a role for Treg (Oldfield et al. 2002, Tarzi et al. 2006). Further
investigations indicated a requirement for IL-10 for cat peptide-
induced suppression of allergen-specific immune responses and
linked epitope suppression (Campbell et al. 2009), and induction of an
antigen-specific CD4* T-cell population with regulatory function was
evident (Verhoef et al. 2005). Skin biopsies from allergen challenge
sites showed an increased number of CD4*IFN-y* and CD25* cells
after peptide therapy consistent with immune deviation and Treg
induction (Alexander et al. 2005). Further functional analyses and
phenotyping of T cells from peripheral blood and tissues are required
to delineate activated CD4* T cells from natural or induced Treg
(Rolland et al. 2010).

12.8 DESIGN OF A SPIRE THERAPEUTIC FOR PEANUT
ALLERGY

The above described promising clinical trials of SPIRE therapies
for aeroallergens and the molecular and immunochemical
characterization of clinically significant peanut allergens, pave the
way for utilisation of this new therapeutic class for potent allergens
such as peanut. The following sections describe the strategy for
identifying T-cell reactive but non-IgE reactive short peptides suitable
for a safe and effective peanut allergy therapy. An overview of key
steps in this strategy is given in Figure 12.2.
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Figure 12.2 Strategy for development of a peanut SPIRE therapeutic.

12.8.1 Mapping T-Cell Epitopes of Major Peanut Allergens

Detailed mapping of the dominant T-cell epitopes of the major
peanut allergens Ara h 1 and Ara h 2 has been reported (Glaspole
2005, Prickett et al. 2011, 2013). For this, Ara h 1- or Ara h 2-specific
T cells were selected by stimulating PBMC from different peanut
allergic donors with the respective major allergen for seven
days then isolating the reactive (dividing) CD4* T cells. The Ara h
1- or 2-reactive T cells were expanded, then tested for specificity to
overlapping 20-mer peptides (11 aa overlap) spanning the entire
allergen sequences. T-cell reactive 20-mers were identified and
the dominant 20-mers selected based on donor and T-cell line
responder frequency, magnitude of T-cell response, and patterns of
donor recognition. Subsequently, the minimum peptide sequence(s)
required to stimulate T cells (core T-cell epitope) was determined
within each dominant 20-mer by stimulating 20-mer specific T
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cells with sets of peptides progressively truncated from the N- or
C-terminus of the 20-mer.

12.8.2 Determination of HLA-Il Molecules which Present
Peptides to T Cells

There is no known HLA-association with peanut allergy. An
important consideration when selecting peptides for immunotherapy
is whether they can be presented by different HLA class Il molecules
and therefore be suitable for treating a genetically diverse human
population. Consistent with T-cell epitopes of other major allergens,
the dominant T-cell epitopes of Ara h 1 and 2 demonstrate
strong and degenerate HLA-binding (Prickett et al. 2011, 2013).
The HLA-restriction of T-cell recognition of each epitope was
assessed in different donors using HLA blocking antibodies and
HLA-genotyping and showed that each epitope could be presented
on two or more different HLA-molecules. The epitopes were
collectively presented on a combination of HLA-DR, HLA-DQ and
HLA-DP molecules. Inclusion of HLA-DQ and / or HLA-DP restricted
T-cell epitopes is particularly advantageous for a T-cell targeted
therapeutic since these HLA-molecules tend to be more conserved
in mixed populations than HLA-DR molecules, enabling broader
population coverage with fewer T-cell epitope sequences. DeLong
et al. (2011) used a tetramer guided epitope mapping approach to
identify a panel of Arah 1 T-cell epitopes and similarly demonstrated
presentation of the HLA-DR-restricted epitopes by multiple HLA-
DR molecules.

12.8.3 Refinement of Peptides for Ease of Production and
Solubility, Confirmation of T-Cell Reactivity and Lack
of IgE-mediated Basophil Activation

Having identified the dominant T-cell epitopes of the major peanut
allergens and demonstrated broad presentation by HLA class 11
molecules, a candidate peptide set can be selected for a peanut SPIRE
therapeutic. Where possible, epitopes with sequence overlap should
be combined into a single peptide no more than 20 residues long to
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minimize the number of peptides in the final therapeutic set. Since
cysteine residues favour disulphide bridging, peptides containing
cysteines can be problematic for peptide stability and biological
reactivity, so cysteine residues can be substituted with structurally
conserved but non-reactive serine residues (Prickett et al. 2011).
Further amino acid modifications can be performed to enhance
solubility and stability (Prickett et al. 2015) but all such peptide
variants need to be retested for T-cell reactivity. Once a candidate
peptide panel is identified, this is validated for PBMC T-cell reactivity
using a new cohort of peanut-allergic subjects to confirm comparable
response with whole peanut extract. Importantly before clinical trial,
the candidate peptides must be tested singly and in combination
over a dose range for basophil reactivity in order to confirm lack
of potential to elicit an acute IgE-mediated reaction. The basophil
activation test by flow cytometry or histamine release using blood
samples from peanut allergic donors is a convenient and reliable
assay for clinically relevant, functional IgE reactivity (Prickett et
al. 2013, Worm et al. 2011, Santos et al. 2014). Notably, all potential
vaccine recipients should be screened with a basophil activation test
and/or skin prick test prior to clinical testing, and any responders
excluded from receiving the vaccine.

12.9 CONCLUSIONS

The molecular characterization of allergens has greatly facilitated the
development of specific therapeutics for allergy. However, an optimal
preparation suitable for the prevention or treatment of peanut allergy
is currently lacking due to high risk of adverse reactions. Harnessing
vital data from the molecular characterization of peanut allergens
and following the success in early phase clinical trials of novel SPIRE
therapies in cat, HDM and grass pollen allergy, the scene is set to
progress a peanut-SPIRE therapeutic into first-in-human testing.
Detailed selection and immunological characterization of dominant
peanut T-cell epitope peptides together with the ability to check these
for lack of functional IgE reactivity before administering to patients
provides encouragement that a safe and effective therapy for peanut
allergy is imminent.
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