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ABSTRACT

Food allergy is a serious disease worldwide; it can significantly lower the standard of living of affected
individuals and may be life-threatening. In particular, hypersensitivity to seafood has been increasing in
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recent years owing to rising consumption. The mucosal immune system plays a critical role in the onset of
seafood allergy and other allergic diseases. Recently, experimental and clinical evidence has shown that
probiotics significantly modulate immune responses and thus suppress allergic reactions. Therefore, in this
review, we summarized the basic knowledge of seafood allergy, the mucosal immune system, and
probiotic activities. We also reviewed the critical immune factors involved in allergic reactions, as well as
the potential mechanism and the potential use of probiotics to ameliorate seafood allergy. The elucidation
of these topics may help us to develop preventive and therapeutic approaches for seafood allergy and

other immune disorders in the future.

Introduction

Food allergy is defined as an adverse health effect due to a specific
immune response that occurs reproducibly on exposure to a given
food (Panel, 2010); this condition endangers hundreds of millions
of people worldwide and significantly diminishes their quality of
life. According to the Food and Drug Administration (FDA), less
than 2% of the adult population and 2-8% of children suffer from
true food allergy, with children under 3 years old being the most
common patients (USFDA, 2010; Hajeb and Selamat, 2012). The
prevalence of fish and shellfish allergies, a major type of food
allergy, is 0.2% and 0.6% worldwide, respectively (Sicherer, 2011).
Moreover, since global seafood production and consumption have
increased in the past few decades, the prevalence of seafood
(especially fish and shellfish) allergy has also increased (Panel,
2010; Hajeb and Selamat, 2012; Sicherer and Sampson, 2014).

Through ingestion, skin contact, and even inhalation, sea-
food allergens can induce hypersensitive reactions immediately
within 2 hours (Leung et al, 2014; Sicherer and Sampson,
2014). Symptoms after ingestion include coughing, itching,
vomiting, abdominal pain, and swelling of the lips, mouth, and
pharynx; skin contact may induce urticaria, angioedema, pruri-
tus, and rash; whereas long-term inhalation can cause respira-
tory illnesses (Gill et al., 2009; Boden and Wesley Burks, 2011;
Leung et al.,, 2014). Although most seafood allergies cause rela-
tively mild and minor symptoms, some can induce anaphylaxis,
a severe reaction that may be life-threatening (Panel, 2010;
Hajeb and Selamat, 2012).

Despite the seriousness of seafood allergy and the major
efforts that have been made to treat it, our knowledge of

seafood allergy is still quite limited. Seafood allergens have not
been fully elucidated, and the detailed mechanisms underlying
seafood allergy are still unclear. Additionally, preventive and
therapeutic methods for seafood allergy are not well estab-
lished. The aim of this review is to summarize our current
knowledge of seafood allergy, which may promote the develop-
ment of seafood allergy studies. First, the major seafood
allergens are presented, and then, the mucosal immune system
involving intestinal microbiota is also introduced, which is the
major site of seafood allergic responses. Finally, we discuss pro-
biotics, a promising tool for modulating immune responses,
including seafood allergy.

Seafood allergens
Species of seafood allergens

The major seafood allergens are parvalbumin in fish and tropo-
myosin in shellfish (Lopata et al, 2010; Leung et al., 2014;
Sharp and Lopata, 2014), which represent the largest two clas-
ses of animal-derived allergens according to the allergen data-
base AllFam (Radauer et al., 2008). In addition to parvalbumin,
other fish allergens, such as collagen and gelatin from fish skin
or muscle (Sakaguchi et al., 2000; Hamada et al.,, 2001), the fish
hormone vitellogenin (Perez-Gordo et al., 2008), and enzymes
including aldolase and enolase (Kuehn et al,, 2013), have also
been identified. Interestingly, glyceraldehyde-3-phosphate
dehydrogenase from cooked pilchard was presumed to be an
allergen that could be inhaled through the respiratory tract
(van der Ventel et al., 2011).
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Multiple shellfish allergens other than tropomyosin have
also been identified. Arginine kinase was reported in several
types of crustaceans (Leung et al., 2014), and myosin light chain
(Ayuso et al., 2008), sarcoplasmic calcium-binding protein
(Shiomi et al., 2008), troponin C, and triosephosphate isomer-
ase (Bauermeister et al., 2011) were also identified as shrimp
allergens. Novel mollusk allergens were also reported, but they
have not been studied in detail, and their biochemical proper-
ties were not elucidated (Leung et al., 2014). For example, Hal
m 1 found in abalone (Lopata et al., 1997) and three other aller-
gens found in common whelk (Lee and Park, 2004) were
reported but not fully identified. The major seafood allergens
that have been reported are listed in Table 1.

Structure of seafood allergens: Epitope and cross-
reactivity

The first and best studied food allergen is Gad c 1, the major
codfish allergen, which belongs to the parvalbumin family
(Elsayed and Bennich, 1975; Jenkins et al., 2007; Lopata and
Lehrer, 2009). Parvalbumins are calcium-transporting muscle
proteins with molecular weights ranging from 10 to 13 kDa
and can form oligomers up to 48 kDa (Das Dores et al., 2002;
Rosmilah et al., 2005). Parvalbumins cross-react in 90% of
patients with fish allergies (Swoboda et al., 2002). They belong
to the largest group of animal-derived food allergens, the EF
hand domain family, which contains more than 70 reported
allergens (Radauer et al., 2008; Sharp and Lopata, 2014).

The parvalbumin family includes two different proteins:
parvalbumin « and parvalbumin 8. Although fish often express
both parvalbumin proteins, parvalbumin S, but not «, is
reported to be the major allergen(Sharp and Lopata, 2014). Fur-
thermore, parvalbumin S can divided into several isoforms
termed parvalbumin $1, B2, and others, which further compli-
cates fish allergen detection and diagnosis (Van Do et al., 2003).

Several studies have attempted to identified the IgE epitope
on parvalbumin B, but each study obtained a different
sequence, which did not share any identical residues with the
others (Elsayed and Apold, 1983; Untersmayr et al., 2006;
Yoshida et al., 2008; Perez-Gordo et al., 2012). These contradic-
tory results may be due to the polyclonal nature of IgE from
different patients and the varying techniques used by the

Table 1. Major seafood allergens.
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investigators. Although the amino acid sequences of parvalbu-
min are not conserved among fish species, the higher structures
are quite similar. Different fishes have a 50% probability of
cross-reacting with another in allergic reactions (Sharp and
Lopata, 2014); thus, there should be a conserved conforma-
tional epitope, but further efforts are needed to identify it. This
is also the case for shellfish allergens, whose conserved allergic
epitopes have not been identified, although epitopes for several
species have been elucidated (Lopata et al., 2010).

Although no cross-reacting allergens between fish and shellfish
have been reported (Lopata and Lehrer, 2009; Lopata et al., 2010),
tropomyosin was identified as a major allergen among different
shellfish, including crustaceans and mollusks, and even other
inhaled invertebrates, such as house dust mites and insects
(Hoffman et al,, 1981; Daul et al., 1994; Leung et al., 1994; Witte-
man et al., 1994). Tropomyosin is a component of the cytoskeleton
that is present in both muscle and non-muscle cells and has a
molecular weight of approximately 35 kDa. This protein can form
homodimers, yielding a large protein complex. Tropomyosin was
reported to be a panallergen among several types of arthropods,
indicating that patients with shrimp allergies may also cross-react
with other crustaceans, mollusks, insects (e.g., cockroaches) or
house dust mites, and vice versa (Panel, 2010).

Similar to most food allergens, seafood allergens are generally
heat stable. In fact, both parvalbumin and tropomyosin are charac-
terized as heat-stable proteins (Hoffman et al,, 1981; Kobayashi
et al,, 2006), and parvalbumin allergenicity may be increased after
heating (Beale et al., 2009; van der Ventel et al,, 2011). In addition
to increased exposure of internal epitopes, heating with sugars may
induce glycation of allergens, which enhances the uptake of aller-
gens by antigen-presenting cells (APCs) through binding to scav-
enger receptors (Sharp and Lopata, 2014).

Mucosal immunity, the first step of seafood allergy
Composition and structure of the mucosal immune system

The mucosal surface is the largest area of the body and covers
several hundred square meters in an adult, forming the first
line of defense (Brandtzaeg, 2009). Most antigens that encoun-
ter the immune system enter the body through the mucosal
surface, and this is the case for seafood allergens (Montilla
et al,, 2004; Berin and Sampson, 2013).

Allergen Identified isoform

Rough MW (kDa)

Species Implicated

Reference

Parvalbumin g8 12
Collagen 120
Vitellogenin 118
Transferrin 94
Enolase g 50
Aldolase A 40
Glyceraldehyde-3-phosphate dehydrogenase 36
Kunitz-type trypsin inhibitor 24
Tropomyosin 35
Arginine kinase 40
Myosin light chain 20
Sarcoplasmic calcium-binding protein 20
(Hal-m-1) 49
Troponin C 21

Triosephosphate isomerase 28

Fishes

Bigeye tuna

Beluga (caviar)

Tuna and marlin

Cod, salmon, and tuna
Cod, salmon, and tuna
Pilchard (cooking vapors)
Anisakis simplex (fish parasite)
Shellfishes

Whiteleg shrimp

White pacific shrimp
Black tiger shrimp
Abalone

North Sea shrimp

North Sea shrimp

(Elsayed and Bennich, 1975)
(Hamada et al., 2001)
(Perez-Gordo et al., 2008)
(Kondo et al., 2006)

(Kuehn et al., 2013)

(Kuehn et al., 2013)

(van der Ventel et al., 2011)
(Moneo et al., 2000)
(Hoffman et al., 1981)
(Garcia-Orozco et al., 2007)
(Ayuso et al., 2008)

(Shiomi et al., 2008)
(Lopata et al., 1997)
(Bauermeister et al., 2011)
(Bauermeister et al., 2011)
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The mucosal immune system is the part of the immune sys-
tem juxtaposed to mucosal surfaces. Compared to the periph-
eral immune system, the mucosal immune system produces
more antibodies (more than 80% of all antibodies produced in
the body) and has a more complex situation because the gastro-
intestinal tract must distinguish dangerous antigens (e.g.,
pathogens) and innocuous antigens (e.g., food and commensal
microflora). The mucosal immune system has developed an
immune tolerance mechanism to avoid responding to innocu-
ous antigens, and any dysfunction in this mechanism may
induce hypersensitivity, especially allergy.

The mucosal immune system is composed of mucosa-associ-
ated lymphoid tissue (MALT), which can be further separated into
gut-associated lymphoid tissue (GALT), bronchus-associated lym-
phoid tissue (BALT), nasopharynx-associated lymphoid tissue
(NALT), the mammary and salivary glands, and the genitourinary
organs (Montilla et al., 2004; Cesta, 2006; Kuper, 2006), among
which GALT is the major tissue responsible for seafood allergy.

The GALT principally consists of Peyer’s patches (PP),
mesenteric lymph nodes (MLN), intraepithelial lymphocytes
(IELs), and the lamina propria mononuclear cells (LPMC)
of the mucosa (Fig. 1). PP are macroscopic lymphoid aggre-
gates found in the submucosa along the length of the small
intestine (Mowat, 2003). These aggregates consist of B-cell
follicles and intervening T-cell areas, which are covered by
subepithelial dome (SED) and follicle-associated epithelium
(FAE) and are thus separated from the intestinal lumen.
FAE contains a type of specialized enterocyte termed M
cells (microfold cells), which mediate antigen uptake (Neu-
tra et al., 2001). This tissue also contains several types of
APCs, such as dendritic cells (DCs) and macrophages. The
mesenteric lymph node is the largest lymph node in the
body and is suggested to be the crossroads between the
peripheral and mucosal recirculation pathways (Mowat,
2003), whereas the lamina propria is the layer of connective
tissue between the epithelium and the muscularis mucosa,
which is infiltrated by lymphoid and myeloid cells (Montilla
et al, 2004). B cells, especially IgA-secreting plasma cells,
make up the major proportion of mononuclear cells in
human intestinal lamina propria.

The immune responses in GALT

When exogenous antigens pass through the FAE via M cells, the
APCs in the SED uptake, process, and present the antigen. Then,
these cells move to the PP and prime naive lymphocytes localized
there, converting them into memory or effector cells. The primed
T and B cells then migrate from GALT to MLN via the draining
lymphatic vessels, where they undergo further differentiation
and finally accumulate in the mucosa through the thoracic duct
and bloodstream. Antigen or antigen-loaded APCs can migrate to
MLN through draining lymphatic vessels and present antigens to
lymphocytes (MacPherson and Liu, 1999; Huang et al., 2000).

When innocuous antigens are taken up by DCs, no inflamma-
tion occurs. These DCs are partially mature and further present
antigens to naive T cells and prime them into inhibitory regulatory
T cells (Tregs), resulting in immune tolerance. By contrast, when
pathogenic antigens are taken up by DCs, these DCs are complete
mature and prime naive T cells into pro-inflammatory T helper
cells Th1 and Th2, inducing immune activation.

One of the most significant processes in the mucosal immune
response is the secretion of immunoglobulins. Primed B cells
mature into plasma cells that produce immunoglobulin, and the
predominant immunoglobulin is IgA in the intestinal lamina prop-
ria. In addition, IgM, IgG, and IgE can also be produced, especially
in some specific situations. IgA binds to antigens to neutralize
them or eliminates pathogens by a process termed immune exclu-
sion (Boullier et al., 2009), whereas IgM normally plays a compen-
satory role to IgA. IgE generally participates in allergic reactions,
which will be discussed in the following sections.

Microbiota, the critical modulator of intestinal mucosal
immunity

The gastrointestinal tract is the major site for microbial coloni-
zation, and the GALT is the first system to interact with micro-
biota. As described above, the mucosal immune system can
distinguish between pathogens and commensal microflora;
meanwhile, the microflora have also developed the ability to
communicate with the host mucosal immune system. The inter-
actions between the host and commensal microflora modulate
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Figure 1. Schematic representation of the gut-associated lymphoid tissue. T and B cells are predominantly primed by antigen-presenting cells in Peyer's patches, migrate
to mesenteric lymph nodes for further differentiation and finally accumulate in the lamina propria to present immune responses.



the host immune system, reduce the risk of diseases, including
seafood allergy, and may even enhance host longevity. In fact,
both intestinal microbial colonization and the intestinal immune
system are nonexistent at birth; later, they interact with each
other, develop synchronously, and mature around two years of
age (Delcenserie et al, 2008). The interaction between micro-
biota and the host predominantly affects the gut barrier function
and the innate and adaptive immune systems. Notably, the
function of the microbiota largely depends on the various
strains, indicating that different microbial strains may have dif-
ferent or even opposite effects on the host immune system.

Probiotics are defined as live microorganisms that have a posi-
tive effect on the health of the host when administered in adequate
amounts (O’Flaherty et al., 2010). Because they have the same bio-
logical characteristics as intestinal microbiota, probiotics can be
easily introduced into natural host microbial communities. Owing
to their biological characteristics and the convenient methods to
produce and manipulate these organisms, probiotics are widely
used in the studies on crosstalk and regulation of microbiota and
the mucosal immune system (Fig. 3).

Gut barrier function is vital for the maintenance of gut health,
and barrier disruption may result in intestinal diseases, including
Crohn’s disease and irritable bowel syndrome (IBS; O’Flaherty
et al,, 2010). A growing body of evidence has shown that micro-
biota are involved in gut barrier function maintenance. In murine
models, application of probiotics prevents epithelial barrier cell
apoptosis and maintains tight junction protein expression (Menni-
gen et al., 2009). Several studies have shown that only viable probi-
otics (Lactobacillus acidophilus) inhibit the decrease in
transepithelial resistance (Resta-Lenert and Barrett, 2003), but even
the culture supernatant can help to maintain epithelial function in
some situations. Lactobacillus rhamnosus GG, for example, secretes
the proteins p40 and p75 into the medium, which inhibit epithelial
cell apoptosis and intestinal barrier disruption (Ewaschuk et al.,
2008). In addition, probiotics are able to induce the production of
cytoprotective substances, such as heat shock proteins (Tao et al.,
2006), defensing (Salzman et al., 2010), and mucin (Mack et al,
1999, 2003). Furthermore, probiotic-mediated modulation of intes-
tinal permeability has also been observed in clinical trials (Zeng
et al,, 2008).

When crossing the intestinal barrier though M cells or epithelial
cells, microbiota antigens are processed and presented and can
then modulate immune activities. In the case of oral feeding of pro-
biotics, the effect takes place in less than 10 minutes and lasts for
several days (Galdeano and Perdigon, 2004).

Several types of cytokines are reported to be regulated by
probiotics, with IL8 being one of the best studied. In HT-29, a
human colonic cell line, IL-8 production is induced by probi-
otic Escherichia coli Nissle 1917 but not Lactobacilli (Lammers
et al., 2002; Otte and Podolsky, 2004). However, when primed
by TNF«, HT-29 can respond to L. plantarum 299v and
increase the production of IL-8 mRNA. This process requires
adhesion between probiotics and host cells. IL-8 secretion is
decreased after L. plantarum 299v treatment; thus, given the
increase in the mRNA level, posttranscriptional regulation
must be involved (McCracken et al., 2002). In addition to IL-8,
other cytokines, such as IL-6, IL-18, TGF-B, and nerve growth
factor (NGF), are also regulated by probiotics. Because most of
these cytokines are produced by intestinal epithelial cells, it is
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likely that this process is an initiating event in probiotic immu-
nomodulatory activities (Delcenserie et al., 2008).

In addition to cytokines, probiotics can also regulate the
activity of innate immune cells, especially macrophages and
natural killer (NK) cells. In 1988, Lactobacillus spp. were shown
to stimulate the systemic immune response by inducing phago-
cytosis of macrophages (Perdigon et al., 1988). Further studies
found that the probiotic L. rhamnosus GG upregulates neutro-
phil receptors, such as CR1, CR3, FcyRIII, FCaR, and TLRs,
which are important for phagocytosis (Pelto et al., 1998;
Schwandner et al., 1999). Moreover, enhancement of phago-
cytic activity by probiotics was observed ex vivo (Gill et al,
2001; Sheih et al.,, 2001). Probiotics enhance NK-cell activation,
which is at least partially related to the induction of the cyto-
kines IL-12 and IL-15 (Ogawa et al., 2006; Takeda et al., 2006).
Probiotic promotion of immunosurveillance of NK cells may
endow probiotics with antiviral and antitumor properties
(Olivares et al., 2007; Delcenserie et al., 2008).

The adaptive immune system is composed of a variety types of
immune cells, including DCs, T cells, and B cells. These cells func-
tion cooperatively and finally result in adaptive immune responses,
such as antigen-specific antibody production, especially IgA in the
mucosal immune system. Many probiotic species have been
reported to stimulate IgA production. Lactobacillus spp. increase
serum IgA concentration as well as IgA-secreting cells in vacci-
nated individuals (Link-Amster et al., 1994; Isolauri et al., 1995).
Although some studies demonstrated the importance of vitality of
probiotics, another study demonstrated that the metabolites of Lac-
tobacillus helveticus also showed the same effects (Leblanc et al.,
2004). In addition to those in serum, IgA in GALT is also induced
by probiotics (Bifidobacterium bifidum) and is physiologically sig-
nificant (Park et al., 2002).

Microbiota regulate DC activation; in fact, owing to the impor-
tance of DCs in the immune system, it was hypothesized that
microbiota modulate the immune response by influencing DC
maturation (Delcenserie et al., 2008). Probiotics such as L. rhamno-
sus promote the maturation of DCs and alter the expression of cyto-
kines and surface proteins of DCs, and in most cases, these DCs
showed immunosuppressive activity and inhibited pro-inflamma-
tory T-cell proliferation(Christensen et al., 2002; Braat et al., 2004;
Hart et al,, 2004). Different probiotic strains may have different
effects on DCs. For example, L. reuteri and VSL#3 (a mixture of
Bifidobacteria, Lactobacilli, and Streptococcus salivarius) reduced
pro-inflammatory cytokine IL-12 expression and decreased inflam-
mation, whereas Lactobacillus casei subsp. Alactus and Bifidobacte-
rium longum increased IL-12 expression and promoted Thl
differentiation (Christensen et al., 2002; Hart et al., 2004; Rigby
et al., 2005). One of the consequences of DC modulation by
probiotics is the development of Tregs. Moreover, microbiota
can disrupt the Th1/Th2 equilibrium, which is involved in
allergic responses. These processes will be described below.

Potential mechanism of seafood allergy
General allergic process

Allergic reactions are the results of a series of immune events in
response to specific allergens. During this process, sundry
immune cells, cytokines, and other immune constituents
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(especially IgE) participate in and orchestrate the final anaphy-
lactic symptoms (Fig. 2A).

When individuals are exposed to a new allergen, the APCs, such
as DCs and macrophages, take up and process the allergen and
present it to naive T cells by major histocompatibility complex
(MHC) class I In the presence of IL-4, naive T cells are primed
and differentiated into Th2 cells. Th2 cells produce cytokines,
including IL-4, IL-5, and IL-13, which, together with a direct inter-
action between Th2 and B cells, drive the antigen-specific B cells to
undergo class-switch recombination (CSR) and differentiate into
IgE-producing plasma cells (Gould and Sutton, 2008; Galli and
Tsai, 2012). The allergen-specific IgE produced by plasma cells
then binds to its high affinity receptor FceRI on mast cells or baso-
phil cells, sensitizing them.

After exposure to the allergens again, multivalent allergens bind
to IgE and induce the cross-linking of FceRI, finally inducing mast
cells and basophil cells to degranulate and release various media-
tors, such as histamine, heparin, tryptase, chymase, PGD2, and
TNF-a. These processes lead to the “early phase” of the allergic
reaction within minutes, including edema, pruritus, urticarial, and
even vascular collapse. The cytokines and chemokines produced in
the early phase further promote the recruitment of Th2 cells and
other leukocytes, including neutrophils and eosinophils, leading to
the “late phase” of allergic reaction in hours to days; the general
symptoms include edema, pain, and erythema (Gould and Sutton,
2008; Boden and Wesley Burks, 2011; Kumar et al., 2012).

Critical immune factors involved in allergic reactions

Although allergy is an adverse reaction, it is still tightly regu-
lated. Sundry immune factors, especially immune cells, cyto-
kines, and receptors, control the initiation, development, and
termination of allergic reactions (Fig. 2B).

Treg cells
At least five subsets of Tregs have been identified thus far,
including nTregs, iTregs, Trl cells, CD8" Tregs, and IL-17-
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producing Tregs. Most Tregs express CD4 and Foxp3 and
secrete the inhibitory cytokines IL-10 and TGF- S (Zhang et al.,
2014). A recent study identified a group of CD4* CD25%
CD127~ Foxp3™* Tregs in tonsils with suppressive properties,
which might serve as the first line of oral tolerance against aller-
gens (Palomares et al., 2012).

Tregs are derived from naive T cells under various condi-
tions and play a crucial inhibitory role in controlling allergic
diseases. Both generation and maintenance of allergen-specific
Tregs are crucial for the induction of oral tolerance to allergens
(Palomares, 2013).

To play an inhibitory role in seafood allergy, Tregs suppress
other immune cells, such as effector T cells, B cells, eosinophils
and mast cells. Tregs inhibit effector T-cell differentiation and
function (Palomares et al., 2010) and block mast cell degranula-
tion by OX40/0X40 ligand interactions but enhance IL-6 pro-
duction via surface-bound TGF-8 (Ganeshan and Bryce, 2012).
Tregs can also inhibit the influx of eosinophils and effector T
cells into inflamed tissues (Ring et al., 2006) and promote the
generation of tolerogenic DCs (Wing et al., 2008). By directly
regulating B cells, Tregs promote the production of allergen-
specific IgG4 while inhibiting IgE production (Meiler et al.,
2008).

Overall, by expression of soluble and membrane-bound sup-
pressor factors, Tregs regulate almost all components in hyper-
sensitivity reactions, indicating that they are a central
controller in seafood allergy.

Dendritic cells

DCs are the most important APCs in the immune system. As
described above, DCs play important roles in both oral toler-
ance and seafood allergy.

The main DCs that responsible for oral tolerance in intesti-
nal mucosa express CD11c and CD103. These DCs express reti-
naldehyde dehydrogenase 2 that converts the vitamin A
metabolite into retinoic acid (RA). RA, together with TGF-8
that is also expressed by DCs, promote conversion of naive T
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Figure 2. Mechanism of seafood allergy. (A) Schematic representation of the general mechanism of allergy. Following exposure to a new allergen, antigens are presented,
and antigen-specific B cells are primed into plasma cells to produce IgE, which binds to mast cells and sensitizes them. Upon repeat exposure to the allergens, sensitized
mast cells are induced to degranulate, resulting in allergic reactions. (B) Schematic representation of the critical immune factors in allergic reactions. Seafood allergy pro-
moters and inhibitors, pro-inflammatory factors, and multifunctional factors (i.e., factors that may either promote or inhibit seafood allergy in specific situations) are pre-

sented in red letters, green letters, blue letters, and black letters, respectively.
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respectively.

cells into Treg cells (Coombes et al., 2007; Sun et al., 2007). RA
also induces the expression of integrin o4, and the chemokine
receptor CCR9 in naive T cells, which promotes them homing
in gut where o8, ligand MadCAM-1 and CCR9 ligand CCL25
are expressed (Iwata et al, 2004; Cassani et al.,, 2011; Hadis
et al, 2011). In addition, DCs produce IL-10 that induce the
further production of IL-10 by Tregs, and help building a tol-
erogenic environment (Iwasaki and Kelsall, 2001; Manicassamy
et al., 2010; Ruiter and Shreffler, 2012).

However, DCs are also required for seafood allergy (Ham-
mad et al,, 2010), and those DCs are either CD11c™ CD11b" or
CD11c" CD103™ (Smit et al., 2011). One of the most important
function of DCs in seafood allergy is priming naive T cells into
Th2 cells (Ruiter and Shreffler, 2012). DCs uptake antigens that
transported through M cells in PP or directly from gut lumen
through the epithelial barrier (Rescigno et al., 2001; Rescigno,
2003). When stimulated by “weak signals” such as regular pro-
allergic adjuvant cholera toxin (CT) or thymic stromal lympho-
poietin (TSLP), DCs show a muted activation phenotype and
present OX40L co-stimulation signaling to naive T cells
together with antigens presented by MHC class II, leading naive
T cells to differentiate into Th2 cells. In addition, these DCs
also secrete IL-6 that further promotes Th2 activation while
inhibits Tregs at the same time (Ahlers and Belyakov, 2010).

In addition to MHC class II and OX40L, T-cell immuno-
globulin and mucin domain-containing proteins (TIMs)
expressed on DCs, including TIM-3 and TIM-4, are also
involved in Th2 cell activation. TIM-4 is a co-stimulation
receptor, together with its ligand TIM-1 expressed on T cell,
are required for Th2 cell differentiation and intestinal allergic
diseases. Upregulation of TIM-4 by CT or other approaches
promotes Th2 development and intestinal allergic responses,
whereas blocking TIM-4 or TIM-1 does the opposite (Yang
et al, 2007; Feng et al,, 2008; Zhao et al, 2010). TIM-3 is
upstream of TIM-4, stimulating TIM-3 with its ligand galectin-

9 induces TIM-4 expression, promotes Th2 differentiation, and
suppress Thl and Th17 differentiation, sustaining the allergic
status in the intestine (Chen et al., 2011).

Cytokines

Immune cells communicate with each other and regulate
immune responses principally through the secretion of cyto-
kines. The major cytokines regulating allergic processes include
IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IFN-y, and TGEF-8.

IL-4 produced by DCs assists in priming of T cells and
promotes the differentiation of Th2 cells. Th2 cells can also
produce IL-4, along with other cytokines, such as IL-5 and IL-
13. IL-4 and IL-13 further drive allergen-specific B cells to
undergo CSR and clonal expansion, resulting in the production
of IgE. IL-4, IL-5, and IL-13 contribute to the development of
the allergy executors eosinophils and mast cells, leading to
allergic reactions (Larche et al., 2006). By contrast, IL-12 pro-
duced by DCs skews toward Th1 differentiation and strongly
inhibits oral sensitization (Zhang et al., 2014). IL-6 and TGF-8
produced by APCs induce Th17 differentiation (Coombes and
Powrie, 2008; Berin and Sampson, 2013), and Th17 cells further
secrete cytokines, such as IL-17, which contribute to allergic
disorders and autoimmune diseases (Oboki et al., 2008).

IL-10, IEN-y, and TGEF-8 are general inhibitory cytokines
that are predominantly produced by Tregs. IL-10 impairs Th2
activation by inhibiting the maturation and expression of MHC
class IT and costimulatory molecules in DCs, promotes the pro-
duction of allergen-specific IgG4 while inhibiting IgE produc-
tion by B cells, and suppresses mast cell and eosinophil
functions (Hawrylowicz and O’Garra, 2005). IFN-y suppresses
the development of Th2 cells, induces eosinophil apoptosis,
and blocks IgE isotype switch in B cells (Teixeira et al., 2005).
TGF-p is a multifunctional cytokine in immune responses. It
decreases inflammation by promoting Treg development and
inhibiting Th1, Th2, and B-cell development. However, TGF- 8
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leads to the rapid accumulation of macrophages and granulo-
cytes and induces TH17 cell differentiation, which promote
inflammation (Tirado-Rodriguez et al., 2014).

Toll-like receptors

Different pathogens may share some common components
termed pathogen-associated molecular patterns (PAMPs), and
different abnormal cells may also share some common compo-
nents termed damage-associated molecular patterns (DAMPs).
The innate immune system recognize PAMPs and DAMPs by
a group of receptors known as pattern recognition receptors
(PRRs) to initiate appropriate immune responses, such as Toll-
like receptors (TLRs), a large family with a major role in
immune responses, including seafood allergy.

The activity of TLRs may influence the polarization of Thl
or Th2 and finally alter allergic activity (Bauer et al., 2007). In
general, TLR pathways induce the production of pro-inflamma-
tory cytokines, such as IL-1, IL-6, and TNF-, as well as regula-
tory cytokines, such as IL-12 and IL-18, which increase
inflammation and promote Thl differentiation (Wagner,
2001). As a result, the absence of MyD88, a critical adaptor in
TLR pathways, leads to increased Th2 response and IgE pro-
duction (Schnare et al., 2001). Although strong TLR activity
induces Thl development, weak TLR activity, such as TLR4
activated by low concentration of LPS, may induce Th2 devel-
opment (Eisenbarth et al., 2002; Kaisho et al., 2002). Epidemio-
logical studies revealed that the upregulation of TLR2 and the
activation of TLR4 decrease the risk of developing allergies,
whereas TLR2 mutations are also correlated with the suscepti-
bility and severity of allergic diseases (Gereda et al., 2000; Lau-
ener et al., 2002; Ahmad-Nejad et al., 2004; Eder et al., 2004).

By contrast, TLRs expressed on Tregs may enhance allergic
reactions. TLR2 and TLR8 activation was reported to reverse
Treg functions (Peng et al, 2005; Sutmuller et al., 2006).
Although these studies did not examine allergic diseases, they
suggest that the suppression of Tregs by TLRs will increase the
onset and severity of allergy.

Despite the effect of TLRs on Tregs, the overall role of TLRs
appears to be allergy suppressors. Several TLR ligands, such as
CpG DNA (ligand of TLR9) and R-848 (ligand of TLR7 and
TLR8), have been studied as therapeutics for allergic diseases
(Horner et al., 2001; Brugnolo et al., 2003; Quarcoo et al., 2004;
Simons et al., 2004). Their underlying mechanism is the strong
Thl cytokine-inducing capacity and the inhibition of Th2
development.

Seafood-caused allergic response in murine models

In addition to the general mechanism of allergic reactions, the
specific responses of seafood allergy were also investigated.
Currently, four murine models have been established for sea-
food allergy studies (Liu et al., 2016). In the presence of ant-
acids, administration of caviar proteins or recombinant
parvalbumin sensitizes BALB/c mice, leading to increased spe-
cific IgE antibodies and T-cell reactivity, as well as a number of
gastrointestinal eosinophils and mast cells. Using this model,
Untersmayr et al. demonstrated that antacid medication inhib-
its the digestion of dietary proteins and thus enhances fish-
allergic responses(Untersmayr et al., 2003). Swoboda et al.

applied recombinant parvalbumin mutants to an in vivo skin
prick testing and identified Mut-CD/EF as a hypoallergenic
parvalbumin mutant, which showed reduced IgE reactivity but
retained the ability to induce IgG. The induced IgG can further
bind wild-type parvalbumin and thus may reduce fish allergic
responses (Swoboda et al., 2007). By sensitizing mice with
aerosolized fish proteins, van der Ventel et al. showed that glyc-
eraldehyde-3-phosphate dehydrogenase was a new fish aller-
gen. They also found different responses in Th2 cytokine
production by natural or recombinant parvalbumin, suggesting
the feasibility of testing recombinant allergens for immunother-
apeutic potential (van der Ventel et al., 2011).

Another in vivo study introduced probiotics into the mouse
model, demonstrating the benefit of probiotics in reducing
allergic reactions (Capobianco et al., 2008; Schiavi et al., 2011).
More details about probiotics and this study will be discussed
in the following sections.

Role of gut microbiota in seafood allergy

As in the case of the intestinal immune system, oral tolerance is
also established with the help of gut microbiota (Gourbeyre
et al, 2011). Allergic patients and healthy individuals have
diverse commensal microflora (He et al., 2001), and individuals
with defective gut microbiota exhibited higher allergic tenden-
cies or even failed to acquire oral tolerance (Sepp et al., 1997;
Bjorksten et al., 1999; Bjorksten, 2008). As described above,
Th2 is a major inducer of food allergy, which is consistent with
our knowledge that gut microbiota inhibit seafood allergic reac-
tions predominantly by reducing Th2 differentiation or
activation.

A growing body of evidence has shown that probiotics
inhibit Th2 function in a pro-inflammatory manner by skewing
Th1 differentiation. Several species of Lactobacilli and Bifido-
bacterium breve M-16V were demonstrated to alter the Thl/
Th2 ratio toward Thl in an IL-12-dependent manner, resulting
in the reduction of IL-4 and IL-5 and an increase in IFN-y
(Pochard et al., 2002; Shida et al., 2002; Inoue et al., 2009).
Although live Lactobacilli show stronger activity in modulating
Thl and Th2 function, heat-killed bacteria are also reported to
inhibit Th2 development (Miettinen et al., 1996; Shida et al.,
2002). Clinical studies showed that probiotics modulate the
Th1/Th2 balance. In a double-blind clinical study of allergic
children, L. rhamnosus GG reduced IL-4 secretion and
increased IFN-y production, indicating Th2 suppression (Poh-
javuori et al., 2004). Although most studies investigated probi-
otic functions in peripheral blood mononuclear cells (PBMCs),
local production of cytokines in GALT is also regulated, which
confirmed its physiological significance (Maassen et al., 2000).

However, anti-inflammatory Treg cells play an important
role in the immunomodulatory process by probiotics. L. rham-
nosus treatment significantly increased the CD4*CD25%
Foxp3™ Treg percentage in spleen and reduced Thl and Th2
cytokines in the serum (Jang et al., 2012). Bifidobacterium breve
M-16V (Inoue et al., 2009) and VSL#3 (Schiavi et al., 2011)
were also reported to induce Treg activation and promote IL-
10 production, which subsequently led to immune tolerance,
Th2 suppression, and reduction of allergic reactions. This pro-
cess is at least partially related to DCs because when human



monocyte-derived DCs (MDCs) were incubated with L. reuteri
and L. casei, but not L. plantarum, they were activated and
induced T cells to differentiate into Tregs. This resulted in the
production of IL-10 and induction of immune tolerance (Smits
et al., 2005). A mixture of probiotics (containing L. acidophilus,
L. casei, L. reuteri, B. bifidum, and S. thermophilus) was also
reported to upregulate CD4*Fox3* Tregs through regulatory
DCs (rDCs), resulting in both T-cell and B-cell hyporespon-
siveness and downregulation of Thl, Th2, and Th17 cytokines
(Kwon et al., 2010).

In addition to disrupting the Th1/Th2 equilibrium or induc-
ing anti-inflammatory Treg cells to suppress both Thl and Th2
activation, some probiotics appear to stimulate both Thl and
Th2. For example, L. rhamnosus HNOOI, an inducer of IFN-y,
was shown to induce IL-4 and IL-5 during allergen sensitiza-
tion; thus, this strain was considered to be an immunostimulant
(Cross et al., 2002). Additionally, L. acidophilus enhanced the
production of both IgGl and IgG2a, the typical responses of
Th1 and Th2, respectively (Perdigon et al., 2002). Interestingly,
despite the phagocytosis inhibitory effects in allergic individu-
als, L. rhamnosus GG stimulated phagocytes in healthy individ-
uals (Pelto et al., 1998). These results confirmed that the
immunomodulatory activities of probiotics are strain- and con-
text-dependent (Fig. 3).

Prospective application of probiotics for seafood
allergy

Prevention of allergic diseases by probiotics

Numerous studies have investigated the potential effects of dif-
ferent probiotic strains in preventing allergic diseases. Most of
the studies were performed in perinatal conditions and focused
on atopic eczema, the first manifestation of an atopic disease
(Savilahti et al., 2008).

In some studies, the probiotics were administered only to
the children. Lodinova-Zadnikova et al. demonstrated that a
probiotic E. coli strain significantly reduced the risk of allergy
in infants (Lodinova-Zadnikova et al., 2010). In contrast, the
probiotics Lactobacillus spp. and Bifidobacterium spp. were less
efficient, although some studies detected anti-allergic activities,
such as a reduction in IgE (Soh et al., 2009) or gastrointestinal
infections (Prescott et al., 2008), but these results were not sta-
tistically significant. More frequently, no anti-allergic activities
were detected (Scalabrin et al., 2009), and the opposite results
were also observed (Taylor et al., 2007). These studies further
confirmed that the immunomodulatory activities of probiotics
are strain dependent.

Other studies provided probiotics such as Lactobacillus spp.
or Bifidobacterium spp. to both mothers and children, and a
protective effect on allergy was observed (Kalliomaki et al.,
2001; Wickens et al., 2008; Niers et al., 2009; Kim et al., 2010).
However, other studies that showed no significant effects have
been reported (Kopp et al,, 2008). Moreover, atopic eczema
prevalence in children could be reduced to up to 7 years of age
(Kalliomaki et al., 2001, 2003, 2007).

In addition to natural probiotics, recombinant lactic acid
bacteria (LAB) have been suggested to be another effective
strategy for prevention of allergic diseases. Recombinant
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LAB expressing specific allergens were shown to reduce
hypersensitive reactions against that allergen (Adel-Patient
et al., 2005; Charng et al., 2006; Daniel et al., 2006), and
LAB producing inhibitory cytokines, such as IL-10 (Fros-
sard et al., 2007) and IL-12 (Wu et al., 2006; Cortes-Perez
et al., 2007), were also shown to induce oral tolerance.
Unfortunately, all these studies were based on mouse mod-
els, and clinical evidence is lacking.

Consequently, these studies demonstrated that specific natu-
ral probiotic strains prevent infant allergic diseases, especially
when provided to both mothers and children, and recombinant
LAB is a powerful tool in allergic disease prevention, although
more clinical studies are required.

Treatment of allergic diseases with probiotics

Mouse models have shown that probiotics exhibit therapeutic
effects on allergies (Cortes-Perez et al., 2009; Lim et al., 2009;
Hougee et al., 2010). In most human studies, probiotics also
reduced allergic responses.

The first clinical report was on the management of food
allergy and atopic dermatitis (AD) by Lactobacillus GG
(Majamaa and Isolauri, 1997). Further studies reported that
Vitreoscilla filiformis lysate significantly improved AD by
both reducing Staphylococcus aureus colonization of the
skin and directly modulating skin-associated immune
responses (Gueniche et al., 2008). Furthermore, Bifidobacte-
rium lactis Bb-12 or Lactobacillus strain GG also amelio-
rated atopic eczema (Isolauri et al., 2000), and Lactobacillus
fermentum VRI-003 PCC improved the extent and severity
of AD in young children (Weston et al., 2005). According
to the Severity Scoring of Atopic Dermatitis (SCORAD)
index, in addition to the beneficial effects described above,
several other studies have also shown some moderate effects
of probiotics (Rosenfeldt et al., 2003; Viljanen et al., 2005;
Sistek et al., 2006; Gourbeyre et al., 2011). However, in
another study, no clinical nor immunological effects of pro-
biotics (L. rhamnosus) in infants with AD were detected
(Brouwer et al., 2006).

In conclusion, compared to prevention, therapeutic effects
on allergic diseases are more significant and show less strain
preference. Because different degrees of treatment effects were
observed, there is an urgent need for further mechanistic stud-
ies to predict and improve the efficacy of probiotics.

Ameliorating seafood allergy by probiotics

As described above, Di Felice et al. developed a mouse
model of seafood allergy by sensitizing C3H/HeJ mice via
the oral route using purified shrimp tropomyosin and CT
as an adjuvant (Capobianco et al., 2008). In this model,
immune cell proliferation and cytokine production, as well
as anaphylactic symptoms, are induced after sensitization.
Using this model, they further investigated the role of pro-
biotics in the treatment of seafood allergy. The probiotic
preparation VSL#3 significantly reduced pro-inflammatory
cytokine (IL-4, IL-5, and IL-13) production and increased
anti-inflammatory protein (FOXP3, IL-27, IL-10, TGF-p,
and IFN-y) expression. Furthermore, after probiotic
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treatment, the polarized Th2 response shifted to a Thl/
Treg-type profile, and histamine release and anaphylactic
symptoms were also relieved (Schiavi et al., 2011).

Recently, our studies showed that oral administration of
five LAB strains (B. coagulans 09.712, L. plantarum
08.923, B. infantis 11.322, L. rhamnosus CGMCC 1.3724,
and S. thermophilus CGMCC 1.2471) alleviated allergic
symptoms caused by shrimp tropomyosin (ST) sensitiza-
tion in mice (Fig. 4A). The most effective anti-allergic
strain, B. coagulans 09.712, strongly induced generation of
Foxp3* Tregs in both the spleen and MLN (Fig. 4B). The
potential molecular mechanism of ST-induced allergy and
its correlation with Treg induction by LAB strains are still
unclear.

The above results shed light on the application of probiotics
in seafood allergy, but many more studies, including clinical tri-
als, are required for the practical application of this treatment.

Conclusions and future directions

Food allergy is a serious disease worldwide that significantly
lowers the standard of living of affected individuals and can
even be life-threatening. Seafood allergy is a major type of
allergy and is increasing. As the first line of defense to interact
with seafood, the mucosal immune system, especially the
GALT, plays a critical role in the onset of allergic diseases. Fol-
lowing seafood allergen sensitization, specific immune cells are
activated and cytokines are produced, and these components



function cooperatively to orchestrate the final anaphylactic
symptoms. Probiotics can modulate mucosal immunity as well
as the systemic immunity, indicating that they are promising
candidates for preventing and treating seafood allergy. How-
ever, more research needs to be performed, as the practical use
of probiotics has yet to be fully established.

For the development of probiotics to reduce allergic risk, it is
important to further elucidate the underlying mechanisms and pat-
terns of these organisms. Although many studies have been per-
formed, the detailed mechanisms are still not fully understood. For
example, most studies used whole bacteria instead of a character-
ized probiotic molecule; thus, the molecular mechanism of the
interaction between probiotics and hosts cannot be determined,
and it is not possible to develop a chemical medicine from probiot-
ics. However, few studies have compared the immunomodulatory
activity of different probiotic strains, and the strain specificity of
probiotics is poorly clarified. Additionally, in the case of different
allergens, it is impossible to identify the specific probiotic strain
that is critical for an indicated allergen unless the allergic mecha-
nism of that particular allergen is fully elucidated.

Additionally, compared to the commensal microflora in the
intestinal tract, only a limited number of probiotic species (e.g.,
Lactobacillus GG and VSL#3) have been used and studied, and
most commensal bacteria, especially unculturable bacteria,
were not assessed. More studies should investigate these
uncharacterized species, as new mechanisms and effects may
be discovered.

Furthermore, in clinical studies of the application of probi-
otics in allergic diseases, no significant effect was detected in a
large proportion of the studies. Even using the same protocol,
diverse results may be observed(Kalliomaki et al., 2001; Kopp
et al., 2008). The factors that lead to the conflicting results
require further investigation. Moreover, when the studies were
extended, the preventive effect gradually decreased (Kalliomaki
et al., 2007). Thus, extending the curative effect of probiotics
should be a major aim of future studies.

Taken together, promising results from the use of probiotics
in the treatment of seafood allergy were obtained in both exper-
imental and pre-clinical studies, but more studies, particularly
those investigating molecular mechanisms and probiotic strain
specificity and clinical trials, are urgently needed.
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