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The accurate and precise diagnosis of IgE-mediated fish allergy is one of the biggest

challenges in allergy diagnostics. A wide range of fish species that belong to evolutionary

distant classes are consumed globally. Moreover, each fish species may contain multiple

isoforms of a given allergen that often differ in their allergenicity. Recent studies indicated

that the cross-reactivity between different fish species is limited in some cases and

depends on the evolutionary conservation of the involved allergens. Fish allergens belong

to several protein families with different levels of stability to food processing. Additionally,

different preparation methods may contribute to specific sensitization patterns to specific

fish species and allergens in different geographic regions. Here, we review the challenges

and opportunities for improved diagnostic approaches to fish allergy. Current diagnostic

shortcomings include the absence of important region-specific fish species in commercial

in vitro and in vivo tests as well as the lack of their standardization as has been

recently demonstrated for skin prick test solutions. These diagnostic shortcomings may

compromise patients’ safety by missing some of the relevant species and yielding false

negative test results. In contrast, the avoidance of all fish as a common management

approach is usually not necessary as many patients may be only sensitized to specific

species and allergens. Although food challenges remain the gold standard, other

diagnostic approaches are investigated such as the basophil activation test. In the

context of molecular allergy diagnosis, we discuss the usefulness of single allergens and

raw and heated fish extracts. Recent developments such as allergenmicroarrays offer the

possibility to simultaneously quantify serum IgE specific to multiple allergens and allergen

sources. Such multiplex platforms may be used in the future to design diagnostic allergen

panels covering evolutionary distant fish species and allergens relevant for particular

geographic regions.
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INTRODUCTION

Based on a position paper published by the European
Academy of Allergy and Clinical Immunology (EAACI), allergic
hypersensitivity reactions, including those to foods, cover IgE-
and non-IgE-mediated adverse reactions of the immune system
(1). The most common type of hypersensitivity reactions to fish
is IgE-mediated fish allergy. Allergic reactions to fish mediated
by allergen-specific IgE occur immediately after the exposure
and are characterized by a variety of symptoms ranging from
mild, including local urticaria and oral allergy syndrome, to
serious such as severe anaphylaxis. Some of the well-known
non-IgE mediated food hypersensitivities include food protein-
induced allergic proctocolitis (FPIAP) and food protein-induced
enterocolitis syndrome, and eosinophilic esophagitis (2). Fish
is one of the main causative agents of FPIAP. Symptoms of
non-IgE mediated hypersensitivity occur hours or days after the
exposure to fish. These reactions are difficult to diagnose due to
the lack of specific tests (2, 3). Although these adverse reactions
are etiologically different from IgE-mediated fish allergy, they
might be confused with one another and should be considered
during the diagnostic workup of the patients reporting allergy-
like reactions upon consumption of fish.

Diagnosis of IgE-mediated fish allergy is usually done by
assessing the clinical history, performing skin testing using
commercially available fish extracts, and quantifying IgE specific
to fish extracts or the major allergen parvalbumin. In addition,
prick-to-prick tests using fresh or cooked fish are sometimes used
and they overcome the problem of lack of available skin test
extracts, which is an increasing regulatory and quality problem
especially within the EU. The gold standard and the only way
to confirm or exclude allergy to specific species with certainty
is the double-blind placebo-controlled food challenge (DBPCFC)
(3). The diagnosis of fish allergy is more complex than of many
other allergies due to the variety of fish species, the amount
of allergens they contain, the allergens’ degree of evolutionary
distance to human homologs, and the fish processing methods
which may alter allergen composition and IgE-reactivity (4).
Fish consumed globally belong to hundreds of species from
different fish families. In addition, different consumption habits
in different parts of the world, associated with the diverse fish
processing methods, may alter the local sensitization patterns.
Considering the variety of fish species and allergens, a one-fits-
all approach for fish allergy diagnosis is not suitable for the
patients. Previous research indicated that up to 29% of physician-
diagnosed fish allergy patients may be able to safely consume
some of the fish species that they are not sensitized to (5). In
this study, 35 subjects underwent DBPCFC with cod, salmon,

Abbreviations: ATP, adenosine triphosphate; BAT, basophil activation test;
CK, creatine kinase; DBPCFC, double-blind placebo-controlled food challenge;
EAACI, European Academy of Allergy and Clinical Immunology; ELISA, enzyme-
linked immunosorbent assay; FAO, Food and Agriculture Organization of the
United Nations; FPIAP, food protein induced allergic proctocolitis; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; LC/MS, liquid chromatography
coupled with mass spectrometry; LDH, lactate dehydrogenase; OFC, oral food
challenge; PCR, polymerase chain reaction; PK, pyruvate kinase; SPT, skin prick
test; TIM, triosephosphate isomerase.

and mackerel, and tolerance of at least one of the species was
detected in 10 participants. However, current clinical practice
usually advises patients to generally avoid all fish.

This review focuses on the complexity of IgE-mediated fish
allergy and discusses different aspects that need to be considered
for the improvement of diagnosis and patient management.

DIVERSITY OF CONSUMED FISH AND ITS
IMPACT ON ALLERGY DIAGNOSIS

Fish Consumption and Allergy Prevalence
Consumption of fish is steadily on the increase worldwide due
to their high nutritional value. While the extent of global fishing
seems to remain constant, fish farming in aquaculture is rapidly
growing (6). It has recently been suggested that countries with
a high consumption of fish also have a higher prevalence of
fish allergy in comparison to regions where fish consumption
is less common. Most of the recently published epidemiological
studies on fish allergy focused on pediatric allergic patients
(summarized in Table 1). However, determining the prevalence
of true fish allergy can be difficult as inmany cases immunological
data are unavailable. Often the prevalence of fish allergy is
estimated by discussing the clinical history with the patients or
by evaluating questionnaires (21). Such studies carry the risk
of overestimating the incidence of IgE-mediated fish allergy as
many allergy-like reactions may occur due to other factors such
as scombroid poisoning, exposure to fish toxins, to fish parasite
Anisakis or adverse reactions to fish mediated by non-IgE related
mechanisms such as FPIAP (22).

Based on the currently available literature, the prevalence of
fish allergy according to clinical history and questionnaires is the
lowest in Israel (0.01%) (10), followed by several countries such
as Singapore, Thailand and Ghana with prevalence between 0.2
and 0.3% (11, 14) (Table 1). In the US, Gupta et al. determined
a prevalence of fish allergy of 0.3–0.6% for children depending
on the age, and up to 0.9% for adults (7, 8). Among the Asian
countries, the highest prevalence of reported fish allergy was
found in the Philippines (2.3%) and Vietnam (1.6%) (11, 13, 23).
In the EU, Finland is the country with the most commonly
reported fish allergy of up to 7%, followed by Norway (3%)
(15, 19). Recently published results from the EuroPrevall-iFAAM
birth cohort, which reported the frequency of food allergy
in school-aged children in eight European countries, showed
average sensitization rates to any fish between 0.2% in Germany
and 1.3% in Iceland (Table 1) (17).

However, when looking into clinically confirmed fish allergy,
the rates are usually lower (Table 1). To get an insight into the
correlation between fish consumption rates and reported allergy,
we extracted data on fish consumption (per capita per year) from
the reports of the Food and Agriculture Organization of the
United Nations (FAO) for all the countries for which we found
available data on fish allergy prevalence (Table 1). Based on the
presented studies, we could not observe a correlation between the
consumption rates and the prevalence of clinically confirmed IgE
sensitization to fish (Spearman’s R = 0.29, P = 0.6; calculated in
GraphPad Prism 9.1). Of note, the lack of correlation observed
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TABLE 1 | Fish allergy prevalence and fish consumption.

Country Adult (A)/children (C) Questionnaire-based

prevalence (%)

Clinically confirmed

fish allergy

prevalence (%)

Reference Consumption

(kg/capita/year)*

North America

United States C 0.3–0.6 – Gupta et al. (7) 12.3

United States A 0.9 – Gupta et al. (8) 12.3

Asia

China C – 0.2 Chen et al. (9) 21.1

Israel C 0.01 – Dalal et al. (10) 22.2

Philippines C 2.3 – Connet et al. (11) 28.5

UAE C 2.8 – Al-Hammadi et al. (12) 20.4

Singapore C 0.3 – Connet et al. (11) –

Thailand C 0.3 – Connet et al. (11) 19.4

Vietnam C 1.6 1.2 Le Thu et al. (13) 26.5

Africa

Ghana C 0.3 – Obeng et al. (14) 26.0

Europe

Finland C 5–7 0.3 Pyrhonen et al. (15) 33.8

France C – 0.7 Penard-Morand et al. (16) 22.9

Germany C 0.2 0.6 Grabenhenrich et al. (17)

and Schnabel et al. (18)

11.2

Iceland C 1.3 – Grabenhenrich et al. (17) 74.4

Lithuania C 0.5 – Grabenhenrich et al. (17) 42.4

Netherlands C 0.3 – Grabenhenrich et al. (17) 18.6

Norway C 3 – Eggesbo et al. (19) 38.2

Poland C 0.4 – Grabenhenrich et al. (17) 10.5

Sweden C – 0.7 Ostblom et al. (20) 23.9

UK C 0.3 – Grabenhenrich et al. (17) 15.5

*Consumption is based on FAOSTAT database on Food Supply - Livestock and Fish Primary Equivalent for 2013 (www.fao.org/faostat/en/#data/CL, accessed on June 20th 2021).

–, not available; C, children; A, adults.

for specific cohorts from large countries such as US and China
should not be extrapolated to the whole countries, as differences
may be observed between inland and coastal regions. Hence, a
larger number of studies on the fish allergy incidences in different
countries are required to make a more certain conclusion.

Diversity of Consumed Fish
Fish consumed around the world belong to a wide range of
species often from evolutionary distant classes. Well-known
allergens from different fish species frequently share between 50
and 75% of sequence identities resulting in cross-reactivity to
different species for many fish-sensitized individuals (24).

Families containing some of the most commonly consumed
fish are shown in Figure 1 together with example species.
The consumed species belong to bony fish (Osteichthyes) or
to cartilaginous fish (Chondrichthyes). Cartilaginous fish are
a class comprising fish with skeletons composed of cartilage
and are divided into the two subclasses of Holocephali (ghost
sharks) and Elasmobranchii (rays, sharks, skates and sawfish). All
frequently consumed cartilaginous fish shown in Figure 1 belong
to Elasmobranchii. The wider variety of commonly consumed
species belong to bony fish, which are a diverse taxonomic group

containing ray-finned fish (Actinopterygii) and lobe-finned fish
(Sarcopterygii) (25). All bony fish species presented in Figure 1

belong to Actinopterygii.
Previous study showed the absence of IgE-binding and

basophil activation upon exposure to parvalbumin from
cartilaginous fish, and the tolerance of cartilaginous fish upon its
consumption by majority of patients (10 of 11) sensitized to bony
fish (26). Fish extracts and purified allergens from evolutionary
distant species should be considered when setting up diagnostic
approaches with the aim to safely conclude which species a
patient may react to and which may be tolerated.

Fish Production and Trade
The trade in fish and fish products is global and makes non-
native species available for consumption in different geographic
regions. In a recent publication, the FAO expects the world
fish trade to grow by 9% until 2030, reaching over 54 million
tons in live weight annually (27). Currently, as reported by the
European Market Observatory for Fisheries and Aquaculture
(www.eumofa.eu), the EU and the US are the fifth and the sixth
largest fish producers worldwide, respectively, following China,
Indonesia, India and Vietnam. In the EU, ∼20% of the fish come
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FIGURE 1 | Classification of the main bony and cartilaginous fish species relevant for human consumption.

from aquaculture while the rest is from fisheries. The main fish
producers in Europe are Spain, Denmark, the United Kingdom,
and France (www.eumofa.eu, accessed on July 28th 2021).

Although the fish trade worldwide is high, themost commonly
produced and consumed species differ in different geographic
regions. Some of the most relevant species for specific regions
are depicted in Figure 2. In many Asia-Pacific countries, Nile
tilapia, several carp species, catfish and tuna are consumed
predominantly (28, 29). Based on the reports by the European

commission, Atlantic herring, Atlantic mackerel, sardines,
Atlantic cod and skipjack tuna were among the top ten fish
species caught in the EU in 2017, while the most common
species raised in aquaculture were Atlantic salmon, rainbow
trout and the European seabass (27). In the US, the most
commonly consumed species are farmed Atlantic salmon, catfish
and tilapia (30).

For an accurate diagnosis of fish allergy, the species most
relevant for particular geographic regions should be considered.
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FIGURE 2 | Most commonly consumed fish species in different geographic regions.

For example, while several species of carp are frequently
consumed in some countries of Asia, they do not belong to the
most frequently consumed fish in Europe and the US. Due to a
limited cross-reactivity to phylogenetically distant species (31),
diagnostic tests that focus on species not relevant for the local
patient population may be misleading.

THE VARIETY OF FISH ALLERGENS AS A
CHALLENGE FOR DIAGNOSIS

The first discovered fish allergens were Gad m 1 and Gad
c 1 (previously called Allergen M), β-parvalbumins from
Atlantic and Baltic cod, respectively (32, 33). Since then,
homologous allergens were identified as major allergens in
multiple fish species. To date (June 2021), the WHO/IUIS
Allergen Nomenclature Sub-Committee (www.allergen.org) has
recognized β-parvalbumins from 16 fish species as allergens
(Table 2). In recent years, however, members of several other
protein families were identified as minor fish allergens (Table 2).
These additional allergens may play a role in refining the
diagnosis for certain patients.

Allergen Families
Parvalbumin
Parvalbumin, like calmodulin and troponin C, is a member of
the EF hand-containing calcium binding protein superfamily.
Parvalbumin is an acidic intracellular protein of low molecular
weight and a key factor in regulating calcium homeostasis in
fast-twitch muscle fibers. The first calciprotein structure was
described for carp parvalbumin in 1972 (34). The protein

contains three calcium-binding motifs (AB, CD, and EF), each
comprising a 12-residue loop inserted between two 8 to 9
residue long α helices (Figures 3A,B). In parvalbumin, only
motifs CD and EF can bind calcium, as well as magnesium
ions. Parvalbumin transports calcium from troponin-C to
the sarcoplasmic reticulum calcium pump during muscle
relaxation but also plays a role in neuronal activity (35).
Parvalbumins are present in all vertebrates and are divided into
three evolutionary sublineages, α-parvalbumins, β-parvalbumins
and oncomodulins, which had originally been classified as
mammalian β-parvalbumins (36).

All major allergens from bony fish are β-parvalbumins. Family
members from different bony fish species shown in Figure 4A

share sequence identities between 61% (Lep w 1.0101 and Sal
s 1.0101) and 82% (Cyp c 1.0101 and Gad m 1.0101), with
the highest extent of conservation found within the calcium
bindingmotifs (Figure 3A). No β-parvalbumins have been found
in muscle tissue of higher vertebrates and cartilaginous fish. In
contrast, α-parvalbumins exist in all vertebrates with a similar
degree of sequence conservation as β-parvalbumins (Figure 4B).
α-Parvalbumins show low IgE-binding and were identified as
minor allergens in chicken meat (38) and rarely consumed meat
from frogs and crocodiles (39, 40). IgE-binding to parvalbumins
depends on the presence of calcium as shown by reduced IgE-
binding after calcium depletion or mutation of the calcium
binding sites (41, 42).

A number of studies showed IgE cross-reactivity based on
conserved IgE epitopes on β-parvalbumins from different fish
species and these are discussed by Klueber et al. (24). In contrast,
salmonid fish showed the presence of a species-specific IgE
epitope of parvalbumin and the absence of cross-reactivity to
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TABLE 2 | Families of fish allergens.

Protein family Molecular mass

(kDa)

Frequency of IgE

binding (%)

Number of

registered

allergens

Example

β-Parvalbumin 12 80–100 16 Gad m 1 (Gadus morhua, Atlantic cod)

β-Enolase 47 20–60 5 Sal s 2 (Salmo salar, Atlantic salmon)

Aldolase A 40 10–40 4 Thu a 3 (Thunnus albacares; yellowfin tuna)

Tropomyosin 33 6–34 3 Ore m 4 (Oreochromis mossambicus; Mozambique tilapia)

Collagen type I α1-chain 130–140 22 2 Lat c 6 (Lates calcarifer; Barramundi)

Creatine kinase 43 10–14 2 Sal s 7 (Salmo salar, Atlantic salmon)

Triosephosphate isomerase 27 20–30 2 Pan h 8 (Pangasianodon hypophthalmus; striped catfish)

Pyruvate kinase 59 8 1 Pan h 9 (Pangasianodon hypophthalmus; striped catfish)

Lactate dehydrogenase 36 15 1 Pan h 10 (Pangasianodon hypophthalmus; striped catfish)

Glucose 6-phosphate

isomerase

62 6 1 Pan h 11 (Pangasianodon hypophthalmus; striped catfish)

Glyceraldehyde-3-

phosphate

dehydrogenase

37 8 1 Pan h 13 (Pangasianodon hypophthalmus; striped catfish)

Vitellogenin 19 100a 1 Onc k 5 (Oncorhynchus keta; chum salmon)

aAmong patients allergic to chum salmon roe.

Data were compiled from the WHO/IUIS Allergen Nomenclature Database (www.allergen.org, accessed on June 25th 2021).

other fish (43, 44). It is possible that parvalbumins from other
fish families also have specific IgE epitopes whichmay be relevant
in mono- or oligo-sensitized patients. The cross-reactivity
between bony fish-derived β- and cartilaginous fish-derived
α-parvalbumins was limited in patients primarily sensitized
to bony fish (26). IgE cross-reactivity between parvalbumins
from fish and other vertebrates was shown between the frog
β parvalbumin Ran e 2 and cod parvalbumin (45), between
chicken and cod parvalbumins (38), and between crocodile and
hake/cod parvalbumins (40). These aspects should be taken into
consideration during the clinical workup of the patient and the
management plan.

β-enolase
Enolase is a glycolytic enzyme found in all organisms that
catalyzes the reversible dehydration of 2-phosphoglycerate to
phosphoenolpyruvate. A metal ion, Mg2+, is needed as a cofactor
for the two-step enolase reaction. In vertebrates, the enzyme
exists in three tissue-specific isoforms: α, β, and γ (46). Enolases
form dimers of which both homo- and heterodimers exist
(Figure 3C). The predominant isoform expressed in muscle is
the ββ-homodimer. Each monomer consists of two domains
(Figure 3C), an N-terminal domain folding into a two-layer
sandwich composed of an anti-parallel β-sheet and an α-
helical bundle, and a C-terminal domain which folds into a
triosephosphate isomerase (TIM)-like α/β-barrel (47).

Fish β-enolases show sequences identities > 80% with their
human homolog (Figure 4C), yet they were identified as allergens
in several fish species such as cod (Gad m 2), and salmon (Sal s 2)
(48), but also in chicken meat (Gal d 9) (38). Sequence identities
between enolases from bony fish exceed 90% (Figure 4C). Kuehn
et al. analyzed the IgE cross-reactivity between cod, salmon and
tuna enolases by IgE inhibition experiments (48). The IgE cross-
reactivity was highly variable, the IgE-binding to salmon and tuna

being the most efficiently inhibited by cod enolase, possibly due
to a primary sensitization to cod among the recruited patients.
This variability may be attributed to less conserved patches
on the molecular surface despite the high overall conservation
(Figure 3C).

Aldolase A
Fructose-bisphosphate aldolase, often referred to simply as
aldolase, is an essential enzyme in glycolysis and gluconeogenesis
which catalyzes the reversible reaction that cleaves the
aldol fructose-1,6-bisphosphate into the triose phosphates
dihydroxyacetone phosphate (DHAP) and glyceraldehyde
3-phosphate (G3P). Aldolases are divided into two classes. While
class II aldolases are less investigated and mainly characterized
from prokaryotes and fungi (49), more is known about the
class I aldolases which are present in some bacteria, archaea,
higher plants, and animals (50). There are three forms of class I
aldolases, aldolase A, B, and C. Aldolase isozymes are expressed
in a tissue-specific manner only in vertebrates. Aldolase A
is preferentially expressed in muscle and brain. The active
enzymes are tetramers that consist of subunits folding into TIM
α/β-barrels (Figure 3D).

Similar to enolases, aldolases were identified as minor
allergens in several fish species such as cod (Gadm 3), salmon (Sal
s 3) and tuna (Thu a 3), and in chicken meat (Gal d 10) (38, 48).
Kuehn et al. observed the IgE cross-reactivity to aldolases from
cod, salmon and tuna among the fish-allergic patients, but the
degree of cross-reactivity varied among patients greater than in
the case of enolases (48).

Tropomyosin
Tropomyosins are α-helical coiled-coil parallel dimers that
form head-to-tail polymers along the length of actin filaments
(Figure 3E). Tropomyosins regulate morphogenesis, cell
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FIGURE 3 | Structures representing the most important families of fish allergens. (A) β-Parvalbumin from common carp (PDB: 4cpv); (B) α-parvalbumin from Northern

pike (PDB: 1pva); (C) human β-enolase (PDB: 2xsx); (D) aldolase A from rabbit (PDB: 1ado); (E) human tropomyosin α1 (PDB: 6x5z). Left column: secondary structure

of a single subunit colored from blue (N-terminus) to red (C-terminus); middle column: quaternary structure; right columns: molecular surface colored by sequence

conservation derived from a sequence alignment of vertebrate homologs from blue (different residues in all sequences) to red (identical residue in all sequences).

proliferation, vesicle trafficking, biomechanics, and glucose
metabolism in an isoform-specific manner by orchestrating the
interaction of actin filaments with myosin motors and actin-
binding proteins (51). The actin-based thin filament is composed
of a double-stranded polymer of actin, two continuous polymers
of tropomyosin running along each side of the actin and the
troponin complex. Muscle contractions involve calcium- and

myosin-induced changes in the position of tropomyosin along
the actin-based thin filaments to facilitate the engagement of
the myosin heads in the thick filament with actins in the thin
filament (52).

Tropomyosins from invertebrates are major food allergens in
crustaceans andmollusks as well as minor respiratory allergens in
mites and cockroaches (53). In contrast, vertebrate tropomyosins
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FIGURE 4 | Sequence comparison of fish allergens with homologs from other vertebrates. (A) β-parvalbumins compared with human and cartilaginous fish

α-parvalbumins; (B) α-parvalbumins; (C) β-enolase; (D) aldolase A compared with cartilaginous fish aldolase C; (E) tropomyosin α1; (F) collagen type I α1 chain.

Allergens are printed in bold; the numbers show percent sequence identities between pairs of proteins extracted from multiple sequence alignments generated using

ClustalX (37). Species abbreviations: Amb r, Amblyraja radiata (thorny skate); Ano c, Anolis carolinensis (American chameleon); Bos t, Bos taurus (cattle); Cal m,

Callorhinchus milii (elephant shark); Car c, Carcharodon carcharias (great white shark); Clu h, Clupea harengus (Atlantic herring); Cro p, Crocodylus porosus

(Australian saltwater crocodile); Cyp c, Cyprinus carpio (Common carp); Fal r, Falco rusticolus (gyrfalcon); Gad m, Gadus morhua (Atlantic cod); Gal d, Gallus

domesticus (chicken); Hom s, Homo sapiens (human); Lat c, Lates calcarifer (barramundi perch); Lep w, Lepidorhombus whiffiagonis (megrim); Oka k, Okamejei

kenojei (ocellate spot skate); Ore m, Oreochromis mossambicus (Mozambique tilapia); Ore n, Oreochromis niloticus (Nile tilapia); Pan h, Pangasianodon

hypophthalmus (striped catfish); Pod m, Podarcis muralis (common wall lizard); Raj c, Raja clavata (thornback ray); Ran e, Pelophylax lessonae (Pool frog); Rhi t,

Rhincodon typus (whale shark); Sal s, Salmo salar (Atlantic salmon); Sco s, Scomber scombrus (Atlantic mackerel); Thu a, Thunnus albacares (yellowfin tuna); Tri s,

Triakis semifasciata (Leopard shark); Xen l, Xenopus laevis (African clawed frog); Xen t, Xenopus tropicalis (tropical clawed frog).

show low allergenicity, most likely as a consequence of their
high sequence identities with human homologs (Figure 4E) (54).
Ore m 4 from tilapia was the first allergenic fish tropomyosin
described (55). The purified allergen bound IgE from all
ten tested patients with confirmed tilapia allergy and was
cross-reactive with shrimp tropomyosin. Four of the ten patients

tested in that study were also diagnosed with shrimp allergy.
Hence, the primary sensitizing allergen and the clinical relevance
of the cross-reactivity between crustacean and fish tropomyosins
remains to be clarified. Recently, salmon (Sal s 4) and catfish (Pan
h 4) tropomyosins were identified as heat-stable allergens that
bound IgE from 6 to 32% of fish-allergic patients’ sera, depending
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on the species and the isoform (56). Although no data on cross-
reactivity between tropomyosins from different fish are available
it is expected to be high, given the 80–95% sequence identities
between these allergens (Figure 4E).

Type I Collagen
Collagen is the main structural protein in the extracellular
matrix of various connective tissues including cartilage, bones,
tendons, and skin. Collagen forms triple helical fibrils known as
the collagen helix (57). The collagen superfamily comprises 28
members, also known as collagen types, which are numbered
with Roman numerals (58). The triple helix in type I collagen
encompasses 96% of its structure while in collagen type XII it
is <10%. The three polypeptide chains are called α chains. The
classical fibrillar collagen chains can associate into homotrimers,
heterotrimers or both as is the case for collagen I (59).

Sensitization to fish gelatin, the denatured and partially
hydrolyzed form of type I collagen, was detected in a minority
of fish-allergic patients (48, 60). High IgE cross-reactivity was
observed between gelatin from different fish species. In contrast,
bovine gelatin was not cross-reactive with fish gelatin (60), which
can be explained by a considerable sequence divergence between
mammalian and fish type I collagens (Figure 4F). Type I collagen
extracted from the meat and skin of several fish species bound
IgE from 20% of fish-allergic patients and activated basophils
sensitized with patients’ sera (61).

Creatine Kinase
Creatine, which is produced from glycine and arginine with
an additional requirement for methionine, is found primarily
in muscle and brain tissue of vertebrates. Phosphocreatine is
used as a reservoir of high-energy phosphate and serves as a
donor of a phosphoryl group to convert adenosine diphosphate
(ADP) back to adenosine triphosphate (ATP) during intense
activity. Excess ATP is used during a period of low effort
to convert creatine back to phosphocreatine. Creatine kinase
(CK), a key enzyme of the cellular energy metabolism, catalyzes
this conversion of creatine to phosphocreatine. Three dimeric
isoforms, ubiquitous brain type BB-CK, sarcomeric muscle type
MM-CK and the MB-CK heterodimer (62) and two octameric
mitochondrial isoforms (63) are synthesized in a tissue-specific
manner. Among the known CK crystal structures, only one from
a cartilaginous fish, the Pacific electric ray (Torpedo californica)
has been determined (64).

CK was identified as a minor allergen in catfish (Pan h 7)
and salmon (Sal s 7) by a combination of IgE immunoblotting
and mass spectrometric identification of IgE-binding bands (56).
In the same study, Ruethers et al. identified several additional
fish allergens with biological functions as enzymes in metabolic
processes, described below.

Triosephosphate Isomerase
Triosephosphate isomerase (TIM), another important enzyme
in glycolysis, catalyzes the reversible interconversion of the
triose phosphate isomers dihydroxyacetone phosphate and D-
glyceraldehyde 3-phosphate. TIM is a perfectly evolved enzyme
with a very fast interconversion rate (65). The enzyme, which

forms dimers of two identical subunits, is found in bacteria, fungi,
plants and animals (66). Ruethers et al. identified TIM as a minor
allergen from catfish (Pan h 8) and salmon (Sal s 8) (56).

Pyruvate Kinase
Pyruvate kinase (PK) catalyzes the last and irreversible
step of glycolysis, the transfer of a phosphate group from
phosphoenolpyruvate (PEP) to ADP resulting in the production
of pyruvic acid and ATP (67). PK is encoded by two paralogous
genes, each of which is alternatively spliced to yield four
distinct, tissue-specific isozymes in vertebrates (68). The L
and R isozymes, derived from the PKLR gene, show tissue-
specific expression in the liver and erythrocytes, respectively. The
PKM2 gene consists of 12 exons, of which exons 9 and 10 are
alternatively spliced in a mutually exclusive fashion to give rise to
the PK-M1 (muscle and brain) and PK-M2 (fetal tissue and adult
tissues) isoforms, respectively (69). PK-M from catfish (Pan h 9)
was identified as a minor allergen (56).

Lactate Dehydrogenase
Lactate dehydrogenase (LDH) catalyzes the reduction of
pyruvate, the final product of glycolysis, with NADH to form
lactate (70). LDH converts pyruvate to lactate when oxygen is
absent or in short supply during strenuous muscular activity. The
lactate formed can be recycled in the liver, where it is converted
to glucose. Pan h 10 is an LDH from catfish identified by Ruethers
et al. as a minor allergen (56).

Glucose-6-Phosphate Isomerase
Inside the cell, glucose 6-phosphate isomerase or phosphoglucose
isomerase functions as a housekeeping enzyme of glycolysis
and gluconeogenesis. It interconverts glucose 6-phosphate and
fructose 6-phosphate, a reaction driven solely by the relative
proportions of these sugars in the cytosol. In extracellular
processes, phosphoglucose isomerase has been linked to a variety
of cytokine activities (71). Catfish phosphoglucose isomerase
(Pan h 11) was identified as a minor allergen (56).

Glyceraldehyde-3-Phosphate Dehydrogenase
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) catalyzes
the sixth step of glycolysis, the conversion of glyceraldehyde
3-phosphate to 1,3-bisphosphoglycerate. GAPDH from catfish
(Pan h 13) was shown to be a minor allergen, as described
through IgE immunoblotting using fish-allergic patients’ sera and
mass spectrometric identification of the IgE-binding bands (56).

Vitellogenin
Vitellogenins are the major egg yolk proteins and the source
of nutrients required for the development of the embryo of
egg-laying vertebrates and invertebrates. Vitellogenins, which
are produced in the liver, provide or transport amino
acids, lipids, phosphorous, and calcium to the egg (72).
In addition, vitellogenin and its post-translational cleavage
products, lipovitellin and phosvitin, have anti-microbial and anti-
oxidant activities (73). Onc k 5, the β’-component, a 19 kDa
cleavage product of the vitellogenin from chum salmon, is a
major allergen for patients allergic to chum salmon roe and
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showed IgE-cross-reactivity with homologs from fish roe of other
salmonids (74).

Fish Allergens in Food and Cosmetic
Products
Due to the possibility of severe allergic reactions, management
of fish allergy is usually based on the complete avoidance of
fish and other foods containing fish products. Correct food
labeling is hence of immense importance for the safety of affected
individuals. For correct labeling, reliable approaches for the
detection of fish in food products are crucial. A constant effort
of researchers and laboratories worldwide is ongoing to improve
and expand the available test products for fish allergen detection
and subsequent correct food labeling, and to reduce false positive
and false negative outcomes (75).

Several different methods are used for the detection and
quantification of allergens in food, such as enzyme-linked
immunosorbent assay (ELISA), polymerase chain reaction
(PCR), lateral flow devices, and liquid chromatography coupled
with mass spectrometry (LC/MS) (76). Lately, besides the
traditional analytical methods, novel approaches are considered
with the intention to make food allergen detection more user-
friendly, such as smartphone-based detection methods (77).

For the detection of fish, DNA-based tests are commercially
available from several manufacturers. However, they can only
detect a limited number of bony fish species, which restricts
their use considering the wide range of species relevant for
human consumption. In addition, the available ELISA kits for
fish allergen detection are mostly developed to recognize Atlantic
cod and its major allergen Gad m 1, which is mainly relevant
for Europe and North America. A recent study by Ruethers et
al. compared the ability of three commercially available ELISA
kits to detect a range of bony and cartilaginous fish (76). The
researchers found that, depending on the kit, only 26–61%
of the 57 bony fish species tested were detected. In addition,
seven cartilaginous fish extracts were analyzed, and none was
detected using these kits. These results emphasized the need for
improvement of methods for fish detection in food products.

Unexpected fish allergens can also be found in other
products. Type I collagen from fish was recently characterized
as an allergen with particular biochemical properties (56). It
is only found in low quantities in fish extracts prepared in
aqueous neutral solutions (61). Besides in food products and
supplements (marshmallows, edible films and coatings, drinks
etc.), fish collagen and its denatured form gelatin are found
in various cosmetic and pharmaceutical products including
wound dressings and dental applications (78–80). Inclusion of
this allergen in detection kits is therefore urgently required for
increased patient safety.

FOOD PROCESSING AND ITS IMPACT ON
FISH ALLERGENICITY

Besides the diversity of species and allergens, different fish
preparation methods further increase the complexity of fish
allergy diagnosis. Various processing treatments are used in

the preparation of fish and products thereof to increase the
shelf-life, improve the taste, texture, and remove pathogenic
microorganisms. Fish allergens belong to several protein families
(see above) with different levels of stability to food processing.
The food processing techniques may alter allergen recognition
by IgE, as they may lead to events such as fragmentation of
linear IgE epitopes, destruction of the conformational epitopes,
or the generation of neoepitopes. Processes such as heating,
smoking or drying resulted in decreased protein solubility and
in the denaturation of some proteins. These and other aspects
of changes in allergenicity upon fish processing were recently
reviewed by Dasanayaka et al. (81) and by Abraha et al. (82).

In addition, dietary habits differ worldwide, and this suggests
that different patterns of sensitization to specific fish species
and allergens may be expected in different geographic regions.
In line with that, diagnostic tests for fish allergy may require
optimization regarding local dietary habits and may need to
include, besides the allergen components, raw and/or heated
fish extracts.

Parvalbumin is the major allergen from fish muscle. Several
studies investigated IgE-binding to parvalbumin from fish
processed by different methods. IgE reactivity (by Western blot
and β-hexosaminidase release by basophils) of the parvalbumin
from the Japanese scad (Decapterus maruadsi) was retained
after boiling, ultraviolet irradiation and ultrasonication, but
decreased upon Maillard reaction and pressure treatment (83).
Another study examined the thermal stability of Pacific mackerel
parvalbumin up to 140◦C and found a reduced IgE-binding to
the heated protein (84).

Sletten et al. analyzed IgE-binding of fish-allergic patients to
several fresh and processed fish species (85). Processed fish were
smoked, salted/sugar-cured, canned, lye-treated or fermented.
Smoking of fish appeared to increase the parvalbumin IgE-
binding, while chemical processing had an opposite effect (85).
The differential stability of antibody epitopes on parvalbumin
was demonstrated by Liang et al., showing differences of
polyclonal and monoclonal antibody binding to heated as
compared to non-heated parvalbumin (86). Using polyclonal
anti-parvalbumin antibodies, Sharp et al. demonstrated absence
of parvalbumin recognition in extracts from canned fish due
to protein degradation during the canning process, using four
polyclonal anti-parvalbumin IgG antibodies (87).

The same fish usually contains several parvalbumin isoforms,
which may differ in their stability and IgE reactivity. Perez-
Tavarez et al. investigated the parvalbumin composition from
Atlantic cod and chubmackerel and discovered that parvalbumin
isoforms with the strongest IgE-binding displayed protease-
sensitive globular folds, while the amyloid-forming isoforms
were not strongly immunoreactive (88). In the Indian mackerel
seven parvalbumin isoforms were identified, demonstrating
different IgE-binding capacities and molecular weights ranging
from 10.5 to 12.6 kDa (89). Parvalbumin isoform properties
from single fish species should be further characterized and
considered when deciding on the right isoforms to be used in
diagnostic approaches.

Type I collagen is a fish allergen abundant in bones, skin and
muscles of fish. While not efficiently extracted at neutral pH and
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room temperature, collagen can be extracted from fish tissue by
acidic treatment, heating or enzymatic treatment (90). Due to
the increased extractability at low pH (also present in stomach),
it remains to be elucidated whether thermally processed fish
is equally or more dangerous for individuals sensitized to this
allergen. In terms of the IgE-binding properties, Kobayashi et
al. demonstrated that collagen in fish extracts prepared from
thermally processed fish (heated to 100, 120, and 140◦C before
the extract preparation) retained its IgE-binding properties (91).
This demonstrates the importance of collagen as an allergen from
both raw and heated fish.

An additional allergen from fish is tropomyosin, identified
from tilapia, salmon and catfish (55, 56). Tropomyosin is a well-
known invertebrate pan-allergen. Despite its conserved structure
and high sequence similarity, tropomyosins from different
invertebrate species showed different structural stabilities upon
heating (92). However, several studies indicated the retention of
IgE-binding to tropomyosin after the heat treatment (93–95).

Several heat-labile fish allergens were described, which are
hence primarily important when consuming raw fish. Aldolase
A and β-enolase were described as allergens from cod, salmon,
catfish, tuna and carp (48, 56). Other IgE-binding proteins from
fish have been described which have biological roles as enzymes
in metabolic processes (56). The clinical importance of these
recently discovered allergens is still to be elucidated. Due to the
heat-sensitivity, patients sensitized exclusively to these allergens
may be able to consume thermally processed fish. For the precise
diagnosis of the sensitization to raw fish, extracts and purified
allergens may be required.

FISH ALLERGY DIAGNOSIS

Evaluation of Fish-Allergic Patients
Fish allergy prevalence ranges from 0.1 to 0.5%, as assesed by oral
food challenges (OFC) (22). The current clinical approaches to
fish allergy diagnosis include clinical assessment, skin prick test
(SPT), serum specific-IgE testing, and OFC. Clinical symptoms
and medical history underpin the likelihood of fish allergy. For
an accurate diagnosis, a detailed history of the allergic episode,
including time and duration of the reaction, type and quantity
of specific fish species, symptom characteristics involving skin,
mucous membranes, cardiovascular, respiratory, and neurologic
system, and prior history of a similar reaction are essential
aspects to diagnose fish allergies (4). A major drawback is
that patients may fail to identify the suspected fish species
that trigger their allergic symptoms and to provide a detailed
medical history. In addition, mislabeling of seafood products is
commonly reported, most frequently for fish (96). Identification
of the specific fish causing the allergy is important for further
management of the disease. It allows clinicians to understand and
better characterize the etiology and characteristics of the reaction
and decide on further confirmatory allergy testing. Within the
large group of fish, most reported allergies are to bony fish,
whereas cartilaginous fish (rays and sharks) seem to be of lower
allergenicity (26). It is also valuable to consider allergy to shellfish.
Although the rates of cross-reactivity between fish and shellfish
are not expected to be high due to differences in major allergens,

co-allergy to both fish and crustaceans was reported for between
6 and 21% of patients with seafood allergy (97). Moreover, up
to 29% of fish-allergic patients report allergy to multiple fish
species (98).

SPT is a common screening procedure for IgE-mediated
food allergy by examining skin reactivity to food extracts. It
is a reliable method for patients to rapidly determine their
sensitization results. Although SPT is a sensitive test method
for fish allergy, commercially available fish extracts are limited
compared to the wide variety of fish species. Prick-to-prick tests
using fresh food can circumvent this obstacle. The reliability of
SPT is greatly hampered by the lack of allergen standardization,
lack of important allergens and the presence of preservatives in
the extracts (99).

Serum-specific IgE quantification is a commonly used in vitro
method to determine the sensitization to specific fish allergens
and the potential for clinical reactivity to various fish species.
In the widely used ImmunoCAP system (ThermoFisher Phadia),
28 fish extracts but only 2 purified fish allergens are available
for routine specific-IgE quantification. The combination of a
characteristic clinical history of an allergic reaction against fish
with elevated levels of allergen-specific IgE or a positive SPT
result is the foundation of fish allergy diagnosis.

Oral food challenge is the only diagnostic in vivo test to
confirm fish allergy and a positive OFC usually correlates with
a strong SPT result and high specific IgE against fish. OFCs can
be performed open, single-blind, or DBPCFC, the latter being the
gold standard for the diagnosis of fish allergy. OFC is useful not
only for the diagnosis but also for avoiding unnecessary dietary
restrictions. Several studies used OFC to show that some patients
with fish allergy may tolerate certain fish types (5, 26, 100).

Recommendation for the Clinical Practice
and Patient Management
The standard of care for patients with fish allergy remains the
dietary avoidance of fish and administration of rescue medicine
in case of accidental exposure to fish or their allergens (101, 102).
Patients with an allergy to one or more fish are advised to avoid
most or all fish species, a recommendation that in many cases
turns out to be too strict. It has been shown that patients with
fish allergy can frequently eat certain fish species. Therefore, it
has been proposed to categorize patients with fish allergy into
three clusters: (A) polysensitized patients who respond to all
types of fish on the basis of cross-reactions of β-parvalbumin
and often enolase and aldolase, (B) mono-sensitized patients
with a selective allergic reaction to one individual fish species
based on a specific epitope of β-parvalbumin, and (C) oligo-
sensitized patients who respond to a number of specific fish based
on enolase and aldolase, without IgE for β-parvalbumin (21).
Depending on the specific cluster the patient belongs to, OFC for
one ormore fish species can be performedwith the aim to provide
safe alternatives for consumption. Following this procedure,
several alternative fish species can be usually identified for mono-
and oligo-sensitized patients that can safely be consumed. The
majority of patients are aware that fish is a valuable source of
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healthy nutrients and they usually do want to know whether they
can consume certain fish species safely.

Data on the natural history of fish allergy are scarce, with
the majority of reports suggesting long-term clinical reactivity
(103). One study showed that only 15% of children outgrow their
fish allergy within a period of 2 to 5 years (104). It has been
recently shown in a prospective clinical study that tolerance of
fish increased with age, ranging from 3.4% in preschool children
to over 45% in adolescents (105). Tolerance of fish was defined
by a negative OFC to cod, whereas a positive outcome to any fish
challenge or a specific IgE value to cod (f3)> 20 kU/L was defined
as an active fish allergy. These results are in line with data from
a retrospective study, showing that up to 63% of patients may
overcome fish allergy (106). These findings are clinically relevant.
Patients developing tolerance over time should be identified to
avoid unnecessary continuation of food restrictions.

Recent Developments in Diagnostic
Approaches
A need for diagnostic tests which allow to examine the allergic
sensitization to multiple fish species is becoming increasingly
recognized. In terms of whole fish extracts, while those prepared
from raw fishmay contain native heat-sensitive allergens, heating
of the extracts may yield a certain amount of fish collagen.
Therefore, both ways of extract preparation should be considered
and can be tailored to individual needs of patients or geographic
regions, depending on dietary habits.

Molecular allergy diagnosis utilizes purified natural or
recombinant allergens instead of total extracts (101). In addition
to easy standardization, this approach may be very useful for
fish allergy diagnosis as it allows for simultaneous quantification
of IgE specific to many species and may therefore reduce the
number of required OFCs (4, 107). Besides the major allergen
parvalbumin, other allergen components should be implemented
to precisely determine the pattern of IgE sensitization. One
example of a recently introduced in vitro multiplex allergen
test is the ALEX2 Allergy Explorer (MacroArray Diagnostics).
It contains, in terms of fish allergens, parvalbumins from 8
species, as well as aldolase and enolase from Atlantic cod, and
whole extracts from 6 fish species. This is the first commercially
available test which includes total extracts from allergen sources
as well as an α parvalbumin from thornback ray, a species which
may be tolerated by some patients with fish allergy.

Although such multiplex tests can indicate which species the
patients are sensitized to and which they may tolerate, OFCs
are still required to definitely rule out the reactivity to some
species. OFC using purified natural allergens may be an attractive
alternative to OFC using total fish extracts. While the methods
to purify these allergens are widely available, regulatory aspects
and standardization issues make this approach highly unlikely in
the near future. Moreover, the presence of specific IgE does not
always translate into a clinical reactivity and further research is
required to determine the usefulness of multiple IgE testing in
fish allergy.

Besides the common approaches used in the clinical setting
such as specific IgE quantification, the basophil activation test

(BAT) may be a safe alternative to OFCs (108). This assay
demonstrated superior specificity to in vitro IgE tests for peanut
allergy and was also successfully utilized to diagnose food allergy
to other sources including egg, milk, hazelnut and wheat (108,
109).

In fish allergy research, BAT using purified fish parvalbumins
was efficiently used to identify patients with confirmed tolerance
of thornback ray (26). Imakiire et al. used BAT and the ROC
analysis to predict the reactivity of fish-allergic patients to
extracts from 15 fish species and found a diagnostic accuracy of
at least 0.6 when a minimum of five patients were tested with the
specific extract (scale for diagnostic accuracy was 0.0–1.0) (110).
Further clinical validation of the usefulness of BAT to identify the
potentially tolerated species during the diagnosis of fish-allergic
patients should be performed in the future.

In addition to BAT, the newly described mast-cell activation
test (MAT) should also be investigated for its potential use in fish
allergy diagnosis (111). Bahri et al. developed and validated this
test for diagnosis of peanut allergy in 2018 but the test has not yet
been investigated for fish allergy.

CONCLUSIONS

Precision medicine will play a key role in the management of
allergic patients by providing tools when devising treatment
options and offering specific guidelines to groups of afflicted
individuals. In order to improve the quality of life of fish-allergic
individuals, there is a strong need to replace the common practice
of advising them to generally avoid all fish by more specific
advice. Such advice will have to be based on a comprehensive
molecular diagnosis employing a wide range of species-specific
allergens. These allergens will have to be selected from related
fish species and, more importantly, from fish species that are only
distantly related and thus cover the extent of the phylogenetic
tree of fishes. Secondly, these allergens will have to reflect the
exposure to fish species available in various geographic regions.
In practice, the ideal allergen microarray would include sets
of parvalbumins and other relevant fish allergens to allow a
precise diagnosis of each individual patient. The test result
would then have to be confirmed by controlled exposure
which ideally would point out options for an individual’s diet;
taking into account which species are actually available for any
given patient.

While allergy to fish is considered to be a long-lasting
allergy, there is growing evidence that a considerable portion
of fish-allergic children will outgrow their allergic reactivity
to fish proteins. In addition, there have been reports of adult
patients who became tolerant to fish after strict avoidance. A
new evaluation of who continues to be allergic and who can
again tolerate several fish species should be offered to fish-
allergic patients from time to time using the above-mentioned
modern tools for molecular allergy diagnosis and additional
OFCs. This would markedly enhance the quality of life for
an individual patient and would help to avoid unnecessary
dietary restrictions. The finding that long-lived memory B
cells can be reactivated after allergen exposure and regenerate
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allergen-specific IgE in mouse experiments indicates that an
OFC might have the same potential (112). It seems therefore
advisable to measure specific IgE levels after performing an OFC.
The clinical relevance of increased specific IgE after an OFC
with fish extracts has yet to be determined in a prospective
clinical study.

While parvalbumins remain the most relevant fish allergens,
recent years have seen the emergence of a number of new
fish allergens. The WHO/IUIS Allergen Nomenclature Sub-
Committee (http://www.allergen.org) currently lists 12 types
of fish allergens (Table 2). Many of the newly discovered fish
allergens are metabolic enzymes, 7 of which are involved in
glycolysis. Creatine kinase is a key enzyme of the cellular energy
metabolism. Tropomyosin is an integral part of the cytoskeleton,
collagen is a structural protein, and vitellogenin is the major
yolk protein in fish roe. Enzymes of the glycolytic pathway are
well-conserved in evolution. Hence, the respective fish allergens
all possess high identities to their human homologs. Whether
these proteins are full-fledged allergens or the production of
specific IgE is a bystander effect will have to be studied in
more detail.
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