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Immediate type hypersensitivity on mast cells or basophils, signaling events followed by secondary exposure of allergens, degranulation

IgE and release of mediators like leukotrienes, histamines, prostaglandins, 3-hexosaminidase and ultimately

Cytokines anaphylaxis. This review may be helpful to beginners as well as experts working in the field of allergy and

Chemokines immunology because of the stepwise explanations of molecular mechanisms involved in IgE mediated
reactions.
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1. Introduction The prevalence of IgE-mediated food allergy is 5-8% among newborn
and young children under the age of 5 years [2]. It covers a range of
Food allergy is an immune provocation by food in susceptible indi- health complications like anaphylaxis, nasobronchial allergy, pollen

viduals that affects up to 6% of young children and 3%-4% of adults [1]. food syndrome or oral allergy syndrome (OAS), food-protein-induced
enterocolitis syndrome, food-induced proctocolitis, eosinophilic gas-

— troenteropathies and atopic dermatitis [3-9]. The term “Big Eight” has
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World Health Organization (WHO). The majority of food allergic
reactions are mainly caused by immunoglobulin E (IgE) mediated hyper-
sensitivity reactions [10]. The IgE mediated reactions or type I reactions
are also known as immediate type hypersensitivity as it occurs within
minutes to hours after the exposure of foods in susceptible individuals.
However, food allergic reactions are not limited to IgE mediated reac-
tions only as non-IgE mediated allergic reactions, IgG mediated reactions,
both IgE and IgG mediated reactions or immune complex mediated re-
sponses may also occur. In non-IgE mediated responses, adverse reac-
tions are mediated by an immune response other than IgE which has
been reported in children with cow milk allergy (CMA) where allergic
reactions are mediated by IgG [11]. Immune complex mediated reactions
are jointly performed by IgE, IgG and IgA antibodies which are found
rarely in asthma and eczema patients.

The IgE mediated responses are the easiest to diagnose among food
allergy because of its high prevalence. Since, the majority of food aller-
gic reactions are IgE mediated; molecular mechanisms behind these re-
actions need a thorough examination and explanation. This review is
devoted to the recent developments in the area of molecular mecha-
nism behind IgE mediated food allergic reactions.

2. Food allergens and their epitopes

Food allergens are usually food proteins capable of eliciting aller-
gic symptoms in predisposed individuals, including severe, even
life-threatening allergic reactions. These proteins are from our daily
dietary intake and they are often difficult to avoid. These food aller-
gens may be from plants or animal food sources [12]. In plant food
the most abundant allergens are peanut (Ara h1, Ara h2 and Ara h3)
followed by soybeans (soy alb-1 and soy alb) [13]. Common animal
foods having allergenic proteins are eggs, cow's milk, shellfish
and fish. The most abundant milk proteins are aS1-, aS2-, -, and
K-caseins, a- and -lactoglobulin [14]. Due to high protein contents
legumes contribute a major proportion among allergenic foods [15-20].

Allergens are specific antigens having the capacity to elicit IgE me-
diated reactions. The allergenic proteins have certain site(s) which can
recognize the specific antibody to provoke immune response called epi-
tope. The epitopes are either linear or conformational. Knowledge about
IgE epitopes is also useful for better understanding of the pathogenesis
and tolerance induction of food allergy reactions.

3. Immunoglobulin E (IgE), mast cells and basophils in
food allergy

The IgE, or immunoglobulin E, mainly associated with allergic re-
actions is one of the five immunoglobulins produced by the immune
system [12]. The IgE antibodies are majorly found in the lungs, skin
and mucous membranes. IgE antibody levels are often high in people
suffering from allergic symptoms. They cause the body to react against
foreign substances such as pollen, fungal spores, food allergens and an-
imal dander. However, total IgE level exceeding 100 kU/L is highly sug-
gestive of allergy in adults and in some people the level may go up to
2500 kU/L. Total IgE test in allergy has a good predictive value in chil-
dren less than 3 years of age and may be used as a screening test in
this group [21]. Due to the high impact of IgE in food allergy, the total
and specific IgE are useful tool to diagnose allergic patients. Specific
IgE value more than 0.35 kUA/L can be considered important regarding
the prevalence of allergy due to any food [22].

Mast cells were first time identified by Paul Ehrlich in 1878 in
human connective tissues on the basis of the metachromatic staining
properties of their cytoplasmic granules [23]. Mast cells arise from plu-
ripotential hematopoietic cells (CD34+-, CD13+-, and CD117 + cells) in
the bone marrow and found at perivascular sites in tissues which direct-
ly get exposed to the environment and function as first line of defense
and also known as innate or adaptive immune cells [24,25]. After activa-
tion mast cells release cytokines, chemokines, proteases, leukotrienes,

and bioactive polyamines [26]. Mast cells also possess high-affinity im-
munoglobulin (Ig) E receptors (FceRI) that participate in the allergic
reactions.

Basophils are another leukocyte type containing cytoplasmatic gran-
ules that stain with basophilic dyes constituting less than 1% of peripheral
blood contributing their similarity to mast cells, and also termed as circu-
lating mast cells [27]. Like mast cells, basophils also possess high-affinity
IgE receptors FceRI [28]. Basophilic activation test is very common test
for prediction of food allergy in susceptible patients [29].

4. Transcription factors: key regulators

Transcription factors are key molecules involved in the determina-
tion of Th1/Th2 balance. The shift toward Th2 determines allergic re-
sponses, while Th1 cytokines are supposed to suppress these reactions.
Many important transcription factors like signal transducer and activator
of transcription 6 (STAT6), trans-acting T-cell-specific transcription fac-
tor GATA-3, T-bet, NFAT, transcription factor Maf or c-maf, mast/stem
cell growth factor receptor (SCFR) also known as proto-oncogene c-Kit
and NF-«B are actively involved in Th1/Th2 balance.

STAT-6 plays an important role in signal transduction pathway used
by interleukin-4 (IL-4) and interleukin-13 (IL-13) as well as in class
switch to IgE and Th2 cytokine production [30-32]. It has been reported
that mice deficient in STAT6 show reduced IL-4-mediated functions
[33]. STATG6 also regulates the production of Th2 cytokines through
CD4 + as well as CD8 + T cells, which indicates its vital role in allergic
reactions [34]. It has been reported that IL-13, having very similar bio-
logical activities to IL-4, can also account for the development of allergic
response in the absence of IL-4 in the same pathway, using STAT6 acti-
vation [35].

The suppressor of cytokine signaling (SOCS) proteins, especially
SOCS-2 regulates cytokines like IL-4 which is a major driver of allergic
diseases [36]. Suppressor of cytokine signaling-1, an IL-4-inducible
gene in macrophages has been recently identified but its functional
role in mast cells and food allergy is yet to be explored [37].

GATA-3 is a trans-acting T-cell-specific transcription factor in humans
encoded by the GATA3 gene [38]. The GATA-3 contains two GATA-type
zinc fingers and regulates T cell development [39]. GATA-3 promotes
the secretion of IL-4, IL-5, and IL-13 cytokines from activated Th2 cells
[40]. It has been reported that GATA-3 along with T-bet plays an impor-
tant role in the shift of Th2 or Th1 reactions [41]. The GATA-3/T-bet
ratio is an important aspect while looking at Th2 shift or allergic
manifestation.

Transcription factor musculoaponeurotic fibrosarcoma oncogene Maf
(c-Maf or V-maf) is a transcription factor encoded by the MAF gene in
human [42]. It has been reported that IL-4 gene transcription is critically
regulated by c-Maf [43]. [L-4 is important in the food allergic reactions as
it enhances the differentiation of naive CD4 + T cells into IL-4-producing
Th2 cells. It has been shown that in c-maf—/— mice, CD4+ T cells had
significantly reduced capacity of IL-4 production, while the levels
of IL-13 and IgE were normal [44]. The direct correlation of IL-4
with c-maf gave a clue to use c-maf for diagnostic as well as thera-
peutics purpose.

Mast/stem cell growth factor receptor (SCFR, proto-oncogene c-Kit
or tyrosine-protein kinase Kit or CD117) is encoded by the KIT gene in
humans. The c-kit proto-ontogene produces the receptor for stem cell
factor (CD117). Multiple transcript variants encoding different isoforms
have been found for c-kit [45]. The Asp816Val is a well-characterized
product of the c-kit proto-oncogene due to point mutation within
exon 17. This is highly evident in the patients with mastocytosis [46].
These receptors activate mast cells for IgE-dependent activation, and
improve the probability of anaphylaxis in patients with mastocytosis.
The Asp816Val mutation opens a new dimension to our understanding
regarding the susceptibility of any individual as it is associated with a
history of anaphylaxis in the general population [47].



434 S. Kumar et al. / International Immunopharmacology 13 (2012) 432-439

The nuclear factor of activated T cells (NFAT) transcription factors
may play an important role in allergic events especially in the Ca++
signaling during the degranulation of mast cells. Its role in protein ki-
nase C (PKC) activation has been revealed but complete exploration re-
garding its involvement in food allergy is yet to be done [48]. Regulation
of expression of cytokines and other genes in eosinophils by subtypes of
NFAT, like NFATp and NFATc has been reported but such studies regard-
ing mast cells are still elusive [49]. The other sub types of NFAT i.e.,
NFATc1 and NFATc2 get accumulated in memory CD4 + T cells, indicat-
ing their roles in early activation following antigen attachment [50]. The
above reports regarding the NFAT indicate its probable higher impact in
food allergy.

Nuclear factor kB (NF-kB) together with STAT-6 plays an impor-
tant role in the class switch to IgE. For class switching to IgE, CD40
and IL-4 are important factors. It has been reported that NF-xB also
helps in the activation of co-stimulatory molecules CD40 and CD 154
while STAT-6 activates IL-4 binding to the high-affinity chain of the IL-4
receptor [51]. Several other transcription factors are involved in the IgE
mediated reactions but their roles in food allergy are yet to be explored.

5. Role of T regulatory cells in food allergy induction

One of the primary sites for food allergic reactions is gut mucosa,
which is a blend of several types of cells including regulatory T cells
(Treg). Treg cells can be divided into three major subtypes, FoxP3+
Treg cells which are naturally occurring in thymus, Th3 and Tr1 cell sub-
types are found in the peripheral blood and also known as adaptive Tregs.
Naturally occurring Treg cells secrete both IL-10 and TGF-3, while Th3 and
Th1 cells secrete IL-10 and TGF-beta respectively. Recent studies unravel
the role of Treg as one of the important cells in the induction of oral toler-
ance as well as oral sensitizations [52]. Tolerance induction is a normal
immune pathway carried out in the gut after exposure of allergens. The
type of tolerance induced is dependent on the doses of allergen fed. Oral
tolerance may develop either because of T cells anergy or induction of
Treg cells [53]. The Treg cells are originated from the thymus and express
the transcription factor forkhead box P3 (FoxP3) and are also referred as
CD4+CD25+Foxp3 cells [54]. A mutation of FoxP3 in children has been
found to induce high Th2 responses as well as high IgE levels which indi-
cate that the higher the level of Treg cells, the lower the chance of food al-
lergy [55]. The constitutive CD4+CD25+ regulatory T cells alleviate
clinical signs of immediate type hypersensitivity to dietary food allergen
by modulating the priming of allergen-specific T and B cell responses dur-
ing oral sensitization and enhancing mast cell degranulation [56].

The role of CD28-B7 co-stimulation in allergen-induced cytokine re-
lease by bronchial mucosa from patients with moderately severe asthma
revealed the importance of co-stimulatory molecules like CD80 and
CD86 [57]. The CD28/CTLA-4-B7 signaling pathway has been found to in-
volve in allergic sensitization as well as tolerance induction to orally ad-
ministered peanut proteins. The T cells have CD28, while Treg have
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) as the counter-
part of the CD28. The CD80 and CD86 are two subunits of B7 which is in-
volved in the binding of CD28 to T cells and APCs. Recently, it has been
reported that the CD80 is involved in the food tolerance and not CD86
[58]. Intranasal delivery of the cytoplasmic domain of CTLA-4 has been
found to prevent allergic inflammation [59]. However, it has also been
reported that CTLA-4 signaling is not crucial in preventing sensitization
to food allergens, but it can be useful in the regulation of the intensity
of a food allergy [60].

6. Role of toll-like receptor (TLRs) in food allergy

The role of commensal-mediated activation of toll-like receptors
(TLRs) involved in the regulation of physiological and pathophysio-
logical processes of the intestinal mucosa [61]. Recent studies have
added a new dimension to probable role of TLRs in food allergy. It
has been found that TLRs are involved in some of the food allergic

reactions. The TLR4-dependent signals provided by the intestinal
commensal flora inhibit the development of allergic responses to
food allergens [62]. The increased TLR4 cells and their correlation
with TCR gamma delta intraepithelial lymphocytes suggest its role
in the innate immunity and intestinal microbiota in food induced al-
lergic reactions [63]. The TLR signals modulate peanut-induced DC
maturation in vitro, leading to changes in the T-cell response to pea-
nut. But, effects of TLRs need to be confirmed in vivo which might con-
stitute another alternative for diagnostics as well as therapeutics. An
increased rather than decreased perinatal TLR response has been
shown to be associated with allergic diseases [64,65]. Further studies
are needed to determine how these responses track in the postnatal pe-
riod and whether this relative hyper responsiveness is a product of in-
trauterine influences, including maternal atopy, functional genetic
polymorphisms, or both. The nature of the influence is highly antigen
and strain dependent in the T-cell responses and anaphylaxis severity
linked with TLR-4 [66]. But, several studies raised question over the in-
volvement of TLRs in food allergy as in the Italian cohort, no evidence of
correlation between TLR-2 or TLR-4 polymorphism and eczema or food
allergy incidence was found [67]. Further studies are needed to clarify
the possible role of different TLRs in food induced allergic diseases.

7. Exposures of allergen and allergic reaction
7.1. Primary exposure of allergens

Allergens have enzymatic or irritating factor that helps them to
penetrate the mucosa. After primary exposure, food allergens are cap-
tured by antigen presenting cells especially dendritic cells (DCs) of
lamina propria in intestine [68]. The allergens are internalized by
DCs due to receptor-mediated endocytosis process, macropinocytosis,
or phagocytosis or by incorporation of microvesicles shed from the
surface of neighboring cells, and by their interaction with nanovesicles
or exosomes with a size less than 100 nm [69]. The allergens are detected
by ubiquitin, a 76-residue protein that is highly conserved in all eukary-
otes. This is present within the cytosol of DCs. The selective attachment
of ubiquitin to allergens is the initial signal for targeted protein degrada-
tion [70]. These ubiquitinized allergens move to proteosomal complex
and ultimately get degraded to peptide fragments [71]. The degraded
peptide fragments are presented by major histocompatibility complex
class-II (MHC-II) and recognized by naive CD4+ T cells. The T helper
cells or CD4+ T cells, have been divided into two broad classes Thl
and Th2, basically classified on the type of cytokines they produce.
These CD4 + T cells differentiate into Th2 cells especially in the presence
of adequate amount of IL-4 [72]. The differentiated Th2 cells secrete cyto-
kines IL-4 and IL-13 which induce class switching to IgE. The class
switching of immunoglobulin is a biological phenomenon that changes
a B cell's production of antibody from one class to another (Fig. 1).
Class switching causes change in the constant region portion of the anti-
body heavy chain, but the variable region of the heavy chain stays the
same, which does not affect antigen specificity [73]. The B cell activation
signal and class switching to IgE are mainly induced by IL-4 and IL-13
(signal 1) and interaction of CD40 on B cells and CD40-ligand (signal
2) on Th2 cells. Both these signals transduce their signal by activation
of the Janus family tyrosine kinases JAK1 and JAK3 which ultimately
lead to phosphorylation of the transcriptional regulator STAT-6 [74]. It
has been reported that mice lacking functional IL-4, IL-13, or STAT6
showed impaired T2 responses and IgE class switching [75]. Th1 cyto-
kine IFN-y was found to inhibit these events. Patient with the X-linked
hyper IgM syndrome have a deficiency of CD40 ligand, a condition in
which patients are unable to to produce IgG, IgA or IgE [76].

After activation by allergens, the subset of CD4 (+) T-lymphocytes
produces a spectrum of cytokines like IL-4, IL-5, IL-6, IL-9, IL-10 and
IL-13 that cause induction of serum IgE levels and eosinophils,
which, in turn, mediate the clinical symptoms [77-79]. The abundance
of IL-4- and IL-5-producing cells in bronchial biopsies and in the periphery
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Fig. 1. Primary exposure of allergens: production of cytokines by allergen specific T-cells.

of atopic individuals with specific IgE for common environmental
aeroallergens illustrates the involvement of this functional subset
of CD4 + T cells in allergic diseases [80]. Chronic exposure of the pa-
tients with food allergy to a given food allergen induces the levels of
IL-4 and IL-5. The 27.85 pg/ml mean serum IL-4 level has been reported
in atopic patients while 13.26 pg/ml in non-atopic subjects with chronic
gastritis and 4.3 pg/ml in patients with functional dyspepsia. The level of
serum IL-5 has been reported within a range from 0 to 111.3 pg/ml with
amean value of 7.43 pg/ml in allergic patients [81]. To find out the role of
IL-4 in food allergy, IL-4 deficient BALB/c mice were sensitized and chal-
lenged with ovalbumin. These mice have shown impaired class
switching due to IL-4 deficiency [82]. Another pathway involving IL-13
has been reported in peanut-induced allergy which is mediated through
a mast cell-IgE-FcepsilonRI-IL-13 pathway [83]. IL-13 may also induce
esophageal remodeling by an eosinophil-independent, IL-13 alpha-2
inhibited pathway [84]. Recently discovered IL-17 has also been found
to be involved in food allergy and the subtype IL-17E but not IL-17A is as-
sociated with allergic sensitization. The IL-17A is involved in inflamma-
tion and IL-17E is able to induce Th2 cytokine production and
eosinophils counts [85]. The thymic stromal lymphopoietin (TSLP) poly-
morphisms have been reported to be associated with the development of
multiple allergic disorders in humans, indicating the involvement of TSLP
in the regulation of Th2 cytokine-associated inflammatory diseases and
in the activation of the development and maturation of early-stage baso-
phils in the bone marrow [86]. The interferon-y, a Th1 cytokine, acts in
conjunction with Th2 cytokines like IL-4, [L-13, and IL-5 in maintaining
chronic allergic inflammation [87].

The IgE immunoglobulin attaches with FceR1 (Fragment, crystalliz-
able epsilon region R1) of mast cells or basophil cells (Fig. 2). FceR1 is
an IgE receptor in human and is composed of four subunits «, (3, y1
and 2 [88]. The o and 3 subunits are found to be involved in attach-
ment of IgE, while y1 and 2 are involved in phosphorylation process.
The FceRI is found on epidermal Langerhans cells, eosinophils, mast
cells and basophils, due to its cellular distribution on several cell types.

7.2. Secondary exposure of allergens

Immunoglobulin (Ig) E and its cell surface receptors, the high af-
finity receptor FceRI and the low affinity receptor FceRIIl (CD23), are
key components of immediate-type allergic reactions [89]. IgE acti-
vates the allergic cascade effectively via the high affinity receptor,
FceRI, on blood- and tissue cells. As a member of the immunoglobulin
receptor superfamily, FceRI consists of a ligand-binding immunoglobulin

domain-containing protein (a-chain) which binds the Fc-part of IgE and
signaling subunits that regulate cellular activation (3- and <y-chains)
[90]. Humans express a tetrameric FceRI (FceRlo3y2) on mast cells
and basophils and a trimeric form (FceRlovy2) on antigen presenting
cells [91]. The FceRI expression is regulated by IgE since binding of mo-
nomeric IgE to FceRla stabilizes the receptor at the cell surface as an
IgE-FceRI complex [92,93]. After the allergen-IgE-FceR1complex forma-
tion, immunoreceptor tyrosine activation motifs (ITAMs) of FceR1 play
avery critical role in mast cell signaling [94,95]. In food allergy, a non in-
trinsic tyrosine kinase pathway occurs, which is different from the in-
trinsic tyrosine signaling pathway. ITAMS are responsible for initiation
of signaling events due to the presence of specific tyrosine residue se-
quence, which has the capability to get phosphorylated after cross-
linking of allergens on IgE-FceR1 complex. These activated ITAMs can
provide docking sites to several molecules of Src kinases family includ-
ing Lyn and Syk and probably Fyn [96-98]. The role of other Src kinases
in food allergy is yet to be explored. The phosphorylation of these Src ki-
nases molecules may lead to induction of either linker of T cell activa-
tion (LAT) or linker of non-T-cell activation or both; but the best
answer is still awaited. These activation linkers may open the site for in-
volvement of several molecules including SLP76, Grb2, Vav, Gads, Sos,
PLCvy, PI3K and GNEF in allergen induced mast cell signaling, although
a thorough explanation is still required to explain their critical functions
in food allergy [99-101]. DAG and IP3 molecules are found to be induced
by PLCy and PI3K that cause Ca+ + release from intracellular repository

IgE -FeeR1
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Fig. 2. Priming of IgE on mast cells.
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including endoplasmic reticulum, which ultimately leads to mast cell
degranulation [102]. The Hck, a tyrosine kinase has been reported to
show positive regulation of mast cell degranulation by inhibition of
Lyn and by phosphorylation of FceRI [103]. A brief outline of probable
mechanistic pathway that occurs during allergen induced mast cell de-
granulation is given in Fig. 3.

7.3. Mediators release and symptoms

Prostaglandins, cytokines, leukotrienes, histamine, slow reacting sub-
stance of anaphylaxis (SRS-A), heparin, platelet-activation factor (PAF),
eosinophil chemotactic factor of anaphylaxis, proteolytic enzymes and
other mediators are secreted by degranulated mast cells or basophils
[12]. These mediators may cause smooth muscle dilation, capillary dis-
ruption, local swelling and other allergic symptoms. In some individuals,
these reactions may occur very vigorously leading to anaphylaxis or
sometimes death.

Histamine acts on histamine 1 (H1) and histamine 2 (H2) receptors
to cause contraction of smooth muscles of the airway and gastrointesti-
nal (GI) tract, increases vasopermeability and vasodilation, enhances
mucus production, pruritus, cutaneous vasodilation, and gastric acid se-
cretion [104]. Tryptase is a major protease released by mast cells, though
its exact role is uncertain, but it can cleave complement pathway compo-
nents namely C3, C3a as well as C5 [105]. Tryptase is found in all human
mast cells and some other cells and is a good marker of mast cell activa-
tion. Proteoglycans include heparin and chondroitin sulfate. Though, the
role of the latter is unknown, heparin seems to be important in storing the
preformed proteases and may play a role in the production of a-tryptase
[106,107]. An eosinophilic chemotactic factor of anaphylaxis causes eosin-
ophil chemotaxis while an inflammatory factor of anaphylaxis results in
neutrophil chemotaxis. Eosinophils release eosinophil major basic protein
(EMBP) and, together with the activity of neutrophils, can cause signifi-
cant tissue damage in the later phases of allergic reactions. Degranulation
fluids also contain IL-4 that stimulates and maintains Th2 cell prolifera-
tion and switches B cells to IgE synthesis [108]. The IL-5 is a key molecule
in the maturation, chemotaxis, activation, and survival of eosinophils. The
IL-5 primes basophils for histamine and leukotriene release while IL-6
promotes mucus production. The IL-13 cytokine has many of the same
effects as IL-4. Tumor necrosis factor-a activates neutrophils, increases

—

ITAMs

<>

@ Direct or indirect interaction ?

Degranulation of I
mast cell

monocyte chemotaxis, and enhances production of other cytokines by T
cells [109].

8. Molecular mechanisms for activation of innate immunity by
food allergens

Along with acquired immunity, the role of innate immunity has
been also important in food allergy. The innate immunity involved
in food allergy encompasses several cells and their receptors includ-
ing DCs, epithelial cells, basophils, nuocytes, NK cells and TLRs. Aller-
gens can directly interact with DCs through pattern recognition receptors
[110]. Epithelial cells play a vital role as they have sites of allergen entry
into the body and also have close interaction with DCs in situ. Epithelial
cells secrete TSLP, a cytokine after exposure of allergens which stimulates
DCs to produce the Th2 cell-attracting chemokines and cytokines. Due to
its adjuvant like properties, it is also referred as natural adjuvant [111].
The role of basophil is not limited to acting as an effector cells and degran-
ulation during food allergy, but it can also act as APCs in the induction of
Th2 responses, which have been evident in papain and ovalbumin [112].
The invariant natural killer T (iNKT) cells have also been reported to be in-
volved in food allergy but, limited to the allergens with sphingolipids na-
ture. The iNKT cells have found to proliferate and secrete Th2-type
cytokine secretion after allergen exposure [113]. The nuocytes or natural
helper cells or innate immune cells initially discovered in mice have been
found to be engaged in allergic reactions via induction of Th2 responses.
These cells are stimulated by IL-25 and IL-33. The stimulated nuocyte se-
cretes cytokines IL-5 and IL-13 [114]. The role of TLRs in the food allergy
has also been gaining acceptance and has been discussed in Section 6.

9. Molecular therapeutics of food allergy

At present, there are no recognized treatments for food allergies, and
avoidance of allergic foods by susceptible individuals is the only preven-
tive approach. Efforts have been made on several key molecules like IgE,
cytokines and Tregs involved in allergic reactions as therapeutic target
to find out solution of this global health concern.

As IgE is the major player in immediate type I food allergic reactions,
a humanized anti-IgE monoclonal antibody was prepared which could
bind FceRI receptor of mast cells and block the receptor sites for other

Alpha Beta subunit Gamma 1 Gamma 2
subunit subunit subunit
—
L] ITAMs

LAT l| LAT

i

PI3 kinase (PI3K).

Fig. 3. Signaling in basophil and mast cells.
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IgE and ultimately stop the allergic reactions. The example of human-
ized anti-IgE monoclonal antibody is omalizumab which is used in aller-
gic asthma treatment. Anti-IgE therapy has been found to be helpful in
reducing the concentration of circulating free IgE, blocking IgE binding
to both FceRI and CD23, and also down regulating the surface FceRI on
mast cells, and basophils [115].

Being key cytokines in food allergic reactions, IL-4 and IL-13 are hot
choices for researchers as therapeutic tools [116]. It has been reported
that production of IL-12 by Peyer patch-dendritic cells is critical for the re-
sistance to food allergy. Therefore, by delivering an allergen in the pres-
ence of [L-12, allergic reactions could be controlled [117]. Several studies
are going on in this regard but, a fruitful outcome is yet to be reality.

Treg can be used in the elevation of oral tolerance limit and reduc-
tion of sensitization to food allergy. Overcoming food allergy through
acquired tolerance conferred by transfer of Tregs in a murine model
has been reported but, how feasible this approach will be in humans
is yet to be explored [118].

10. Conclusions

An outline of all the events encountered during the food induced al-
lergic reactions is given in Fig. 4. The TLRs, nuocytes, CTLA-4 and other
molecules need extra attention to clarify their basic mechanisms in this
disease. Food allergy is a complex story, which is yet to be unraveled
completely. Proper understanding of exact molecular mechanism behind
its prevalence is highly required to find out an efficient therapeutic ap-
proach to combat the food allergy.

Acknowledgments

We are grateful to the Director of the Institute for his keen interest in
this study. This work was financially supported by Supra Institutional
Project-08 (SIP-08) of Council of Scientific and Industrial Research
(CSIR), New Delhi. SK and AKV are thankful to CSIR, New Delhi for the
award of their Senior Research Fellowships. This is CSIR-IITR manuscript
no #3030.

The authors have declared that there is no conflict of interest.

References

[1] Wang ], Sampson HA. Food allergy. J Clin Invest 2011;121:827-35.

[2] Sampson HA. Food allergy. Curr Opin Immunol 1990;2:542-7.

[3] Calvani M, Cardinale F, Martelli A, Muraro A, Pucci N, Savino F, et al. Risk factors
for severe pediatric food anaphylaxis in Italy. Pediatr Allergy Immunol 2011;22:
813-9.

[4] Misra A, Prasad R, Das M, Dwivedi PD. Prevalence of legume sensitization in
patients with naso-bronchial allergy. Immunopharmacol Immunotoxicol
2008;30:529-42.

[5] Rashid RS, Smith KA, Nambiar KZ, Frew AJ, Tarzi MD. Pollen-food syndrome is re-
lated to Bet v 1/PR-10 protein sensitisation, but not all patients have spring rhinitis.
Allergy 2011;66(10):1391-2.

[6] Leonard SA, Nowak-Wegrzyn A. Food protein-induced enterocolitis syndrome:
an update on natural history and review of management. Ann Allergy Asthma
Immunol 2011;107:95-101.

[7] Ravelli A, Villanacci V, Chiappa S, Bolognini S, Manenti S, Fuoti M. Dietary
protein-induced proctocolitis in childhood. Am J Gastroenterol 2008;103:2605-12.

[8] Basilious A, Liem J. Nutritional management of eosinophilic gastroenteropathies:
case series from the community. Allergy Asthma Clin Immunol 2011;7:10.

[9] Tan RA, Corren J. The relationship of rhinitis and asthma, sinusitis, food allergy,
and eczema. Immunol Allergy Clin North Am 2011;31:481-91.

[10] Mathias CB, Hobson SA, Garcia-Lloret M, Lawson G, Poddighe D, Freyschmidt EJ,
et al. IgE-mediated systemic anaphylaxis and impaired tolerance to food antigens
in mice with enhanced IL-4 receptor signaling. J Allergy Clin Immunol 2011;127:
795-805.

[11] Host A. Cow's milk allergy. ] R Soc Med 1997;90:34-9.

[12] Kumar S, Verma AK, Das M, Dwivedi PD. Allergenic diversity among plant and
animal foods and their allergenicity. Food Rev Int 2012;28:277-98.

[13] Koppelman SJ, Wensing M, Ertmann M, Knulst AC, Knol EF. Relevance of Ara h1, Ara
h2 and Ara h3 in peanut-allergic patients, as determined by immunoglobulin E
Western blotting, basophil-histamine release and intracutaneous testing: Ara h2
is the most important peanut allergen. Clin Exp Allergy 2004;34:583-90.

[14] Natale M, Bisson C, Monti G, Peltran A, Garoffo LP, Valentini S, et al. Cow's milk
allergens identification by two-dimensional immunoblotting and mass spec-
trometry. Mol Nutr Food Res 2004;48:363-9.

[15] Verma AK, Kumar S, Das M, Dwivedi PD. A comprehensive review on legume
allergy. Clin Rev Allergy Immunol 2012, doi:10.1007/s12016-012-8310-6.

[16] Verma AK, Kumar S, Tripathi A, Chaudhari BP, Das M, Dwivedi PD. Chickpea
(Cicer arietinum) polypeptides provoke strong allergenic response in BALB/c
mice and sensitive patients. Toxicol Lett 2012;210:24-33.

[17] Kumar S, Verma AK, Misra A, Tripathi A, Chaudhari BP, Prasad R, et al. Allergenic
responses of red kidney bean (Phaseolus vulgaris cv chitra) polypeptides in BALB/c
mice recognized by bronchial asthma and allergic rhinitis patients. Food Res Int
2011;44:2868-79.

[18] Misra A, Kumar R, Mishra V, Chaudhari BP, Raisuddin S, Das M, et al. Potential
allergens of green gram (Vigna radiata L. Millsp) identified as members of
cupin superfamily and seed albumin. Clin Exp Allergy 2011;41:1157-68.



image of Fig.�4

438 S. Kumar et al. / International Immunopharmacology 13 (2012) 432-439

[19] Misra A, Kumar R, Mishra V, Chaudhari BP, Tripathi A, Das M, et al. Partial character-
ization of red gram (Cajanus cajan L. Millsp) polypeptides recognized by patients
exhibiting rhinitis and bronchial asthma. Food Chem Toxicol 2010;48:2725-36.

[20] Pascual CY, Fernandez-Crespo ], Sanchez-Pastor S, Padial MA, Diaz-Pena M]J,
Martin-Mufioz F, et al. Allergy to lentils in Mediterranean pediatric patients. ]
Allergy Clin Immunol 1999;103:154-8.

[21] SourceFood allergy: an immunological picture of atopy development. retrieved
on Jan 27, 2012http://jaci-online.blogspot.com/2010_05_01_archive.html.

[22] Mirabelli MC, Zock JP, Bircher AJ], Jarvis D, Keidel D, Kromhout H, et al. Metal-
working exposures and persistent skin symptoms in the ecrhs ii and sapaldia 2
cohorts. Contact Dermatitis 2009;60:256-63.

[23] Ribatti D, Crivellato E. Mast cells and tumours. ©Springer Science-+Business
Media B.V; 2011, doi:10.1007/978-94-007-1469-4_2.

[24] Kirshenbaum AS, Metcalfe DD. Growth of human mast cells from bone marrow
and peripheral blood-derived CD34+ pluripotent progenitor cells. Methods
Mol Biol 2006;315:105-12.

[25] Kraneveld AD, Sagar S, Garssen ], Folkerts G. The two faces of mast cells in food
allergy and allergic asthma: the possible concept of Yin Yang. Biochim Biophys
Acta 2012;1822:93-9.

[26] Shea-Donohue T, Stiltz J, Zhao A, Notari L. Mast cells. Curr Gastroenterol Rep
2010;12:349-57.

[27] Ohmori K, Luo Y, Jia Y, Nishida J, Wang Z, Kevin D, et al. IL-3 induces basophil ex-
pansion in vivo by directing granulocyte-monocyte progenitors to differentiate into
basophil lineage-restricted progenitors in the bone marrow and by increasing the
number of basophil/mast cell progenitors in the spleen. ] Immunol 2009;182:
2835-41.

[28] Falcone FH, Haas H, Gibbs BF. The human basophil: a new appreciation of its role
in immune responses. Blood 2000;96:4028-38.

[29] De Knop K], Bridts CH, Verweij MM, Hagendorens MM, De Clerck LS, Stevens W],
et al. Component-resolved allergy diagnosis by microarray: potential, pitfalls,
and prospects. Adv Clin Chem 2010;50:87-101.

[30] Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura S, et al.
Essential role of Stat6 in IL-4 signaling. Nature 1996;380:627-30.

[31] Kaplan MH, Schindler U, Smiley ST, Grusby M]. Stat6 is required for mediating
responses to IL-4 and for development of Th2 cells. Immunity 1996;4:313-9.

[32] Takeda K, Kamanaka M, Tanaka T, Kishimoto T, Akira S. Impaired IL-13-mediated
functions of macrophages in STAT6-deficient mice. ] Immunol 1996;157:3220-2.

[33] Davey EJ, Greicius G, Thyberg ], Severinson E. STATG6 is required for the regulation
of [L-4-induced cytoskeletal events in B cells. Int Immunol 2000;12:995-1003.

[34] Wang W, Hansbro PM, Foster PS, Yang M. An alternate STAT6-independent path-
way promotes eosinophil influx into blood during allergic airway inflammation.
PLoS One 2011;6(3):e17766, doi:10.1371/journal.pone.0017766.

[35] Wurster1 Andrea L, Tanakal Takashi, Grusby Michael J. The biology of Stat4 and
Stat6, 19; 25 May 2000. p. 2577-84. Number 21.

[36] Knosp CA, Carroll HP, Elliott ], Saunders SP, Nel H], Amu S, et al. SOCS2 regulates T
helper type 2 differentiation and the generation of type 2 allergic responses. ] Exp
Med 2011;208:1523-31.

[37] Gardo S. Alternative activation of macrophages. Natuire 2003;3:23-35.

[38] Hwang ES, Choi, I-Cheng HO. Transcriptional regulation of GATA-3 by an intronic
regulatory region and fetal liver zinc finger protein 1. ] Immunol 2002;169:
248-53.

[39] I-Cheng Ho, Tzong-Shyuan Tai, Sung-Yun Pai. GATA3 and the T-cell lineage: es-
sential functions before and after T-helper-2-cell differentiation. Nat Rev Immunol
2009;9:125-35.

[40] Yamashita M, Ukai-Tadenuma M, Miyamoto T, Sugaya K, Hosokawa H, Hasegawa
A, et al. Essential role of GATA3 for the maintenance of type 2 helper T (Th2)
cytokine production and chromatin remodeling at the Th2 cytokine gene loci. ]
Biol Chem 2004;279:26983-90.

[41] Kiwamoto T, Ishii Y, Morishima Y, Yoh K, Maeda A, Ishizaki K, et al. Transcription
factors T-bet and GATA-3 regulate development of airway remodeling. Am ]
Respir Crit Care Med 2006;174:142-51.

[42] Sakai M, Serria MS, Ikeda H, Yoshida K, Imaki ], Nishi S. Regulation of c-maf gene
expression by Pax6 in cultured cells. Nucleic Acids Res 2001;29:1228-37.

[43] Yang Y, Ochando ], Yopp A, Jonathan S, Bromberg YD. IL-6 plays a unique role in
initiating c-Maf expression during early stage of CD4 T cell activation. ] Immunol
2005;174:2720-9.

[44] Dent AL, Jhu-Li A, Paul WE, Staudt LM. T helper type 2 inflammatory disease in
the absence of interleukin 4 and transcription factor STAT6. Proc Natl Acad Sci
U S A 1998;95:13823-8.

[45] Sperling C, Schwartz S, Biichner T, Thiel E. Ludwig wolf-dieter. Expression of the
stem cell factor receptor c-kit (cd117) in acute leukemias. Haematologica
1997;82:617-21.

[46] Nagata H, Worobec AS, Oh CK, Chowdhury BA, Tannenbaumt S, Suzukit Y, et al.
Identification of a point mutation in the catalytic domain of the protooncogene
c-kit in peripheral blood mononuclear cells of patients who have mastocytosis
with an associated hematologic disorder (protein tyrosine kinase/mutation).
Proc Natl Acad Sci U S A 1995;92:10560-4.

[47] Worobec AS, Semere T, Nagata H, Metcalfe DD. Clinical correlates of the presence
of the Asp816Val c-kit mutation in the peripheral blood mononuclear cells of
patients with mastocytosis. Cancer 1998;15:2120-9.

[48] Hermann-Kleiter N, Baier G. NFAT pulls the strings during CD4+ T helper cell
effector functions. Blood 2010;115:2989-97.

[49] Seminario MC, Guo J, Bochner BS, Beck LA, Georas SN. Human eosinophils consti-
tutively express nuclear factor of activated T cells p and c. J Allergy Clin Immunol
2001;107:1143-52.

[50] Dienz O, Eaton SM, Krahl TJ, Diehl S, Charland C, Dodge J, et al. Accumulation of
NFAT mediates IL-2 expression in memory, but not naive, CD4+T cells. PNAS
2007;104:7175-80.

[51] Kay AB. Overview of allergy and allergic diseases: with a view to the future. Br
Med Bull 2000;56:843-64.

[52] Weiner HL, Cunha AP, Quintana F, Wu H. Oral tolerance. Immunol Rev 2005;206:
232-59.

[53] Bedoret D, Singh SK, Shaw V, Hoyte EG, Hamilton R, DeKruyff RH, et al. Changes
in antigen-specific T-cell number and function during oral desensitization in
cow's milk allergy enabled with omalizumab. Mucosal Immunol 2012;5:267-76.

[54] Tsuji NM, Kosaka A. Oral tolerance: intestinal homeostasis and antigen-specific
regulatory T cells. Trends Immunol 2008;29:532-40.

[55] Bilate AM, Lafaille JJ. Induced CD4 (+) Foxp3 (+) regulatory T cells in immune
tolerance. Annu Rev Immunol 2012;30:733-58 [23].

[56] Kanjarawi R, Dercamp C, Etchart N, Adel-Patient K, Nicolas JF, Dubois B, et al.
Regulatory T cells control type I food allergy to beta-lactoglobulin in mice. Int
Arch Allergy Immunol 2011;156:387-96.

[57] Lordan ]JL, Bucchieri F, Richter A, Konstantinidis A, Holloway JW, Thornber M,
et al. Cooperative effects of Th2 cytokines and allergen on normal and asthmatic
bronchial epithelial cells. ] Immunol 2002;169:407-14.

[58] van Wijk F, Nierkens S, de Jong W, Wehrens EJ, Boon L, van Kooten P, et al. The
CD28/CTLA-4-B7 signaling pathway is involved in both allergic sensitization and
tolerance induction to orally administered peanut proteins. ] Immunol 2007;178:
6894-900.

[59] Choi JM, Ahn MH, Chae W], Jung YG, Park JC, Song HM, et al. Intranasal delivery
of the cytoplasmic domain of CTLA-4 novel protein transduction domain pre-
vents allergic inflammation. Nat Med 2006;12:574-9.

[60] van Wijk F, Hoeks S, Nierkens S, Koppelman SJ, van Kooten P, Boon L, et al. CTLA-4
signaling regulates the intensity of hypersensitivity responses to food antigens, but
is not decisive in the induction of sensitization. ] Immunol 2005;174:174-9.

[61] Cario E, Podolsky DK. Toll-like receptor signaling and its relevance to intestinal
inflammation. Ann N'Y Acad Sci 2006;1072:332-8.

[62] Bashir ME, Louie S, Shi HN, Nagler-Anderson C. Toll-like receptor 4 signaling by
intestinal microbes influences susceptibility to food allergy. ] Immunol
2004;1(172):6978-87.

[63] Westerholm-Ormio M, Vaarala O, Tiittanen M, Savilahti E. Infiltration of Foxp3-
and Toll-like receptor-4-positive cells in the intestines of children with food
allergy. ] Pediatr Gastroenterol Nutr 2010;50:367-76.

[64] Pochard P, Vickery B, Berin MC, Grishin A, Sampson HA, Caplan M, et al.
Targeting Toll-like receptors on dendritic cells modifies the T (H) 2 response
to peanut allergens in vitro. ] Allergy Clin Immunol 2010;126:92-7 [e5].

[65] Prescott SL, Noakes P, Chow BW, Breckler L, Thornton CA, Hollams EM, et al.
Presymptomatic differences in Toll-like receptor function in infants who have
allergy. ] Allergy Clin Immunol 2008;122:391-9.

[66] Berin MC, Zheng Y, Domaradzki M, Li XM, Sampson HA. Role of TLR4 in allergic
sensitization to food proteins in mice. Allergy 2006;61:64-71.

[67] Galli E, Ciucci A, Cersosimo S, Pagnini C, Avitabile S, Mancino G, et al. Eczema and
food allergy in an Italian pediatric cohort: no association with TLR-2 and TLR-4
polymorphisms. Int J Immunopathol Pharmacol 2010;23:671-5.

[68] Li H, Chehade M, Liu W, Xiong H, Mayer L, Berin MC. Allergen-IgE complexes
trigger CD23-dependent CCL20 release from human intestinal epithelial cells.
Gastroenterology 2007;133:1905-15.

[69] Morelli AE, Larregina AT, Shufesky WJ, Sullivan ML, Stolz DB, Papworth GD, et al.
Endocytosis, intracellular sorting, and processing of exosomes by dendritic cells.
Blood 2004;104:3257-66.

[70] Nandi D, Tahiliani P, Kumar A, Chandu D. The ubiquitin-proteasome system.
] Biosci 2006;31:137-55.

[71] Wang ], Maldonado MA. The ubiquitin-proteasome system and its role in inflam-
matory and autoimmune diseases. Cell Mol Immunol 2006;3(4):255-61.

[72] Lipscomb MF, Wilder JA, Masten BJ. Dendritic cells and their role in linking
innate and adaptive immune responses. The biology of dendritic cells and HIV
infection; 2007. p. 45-84, doi:10.1007/978-0-387-33785-2_2. Part 1.

[73] Matthias L, Steffen ], Andreas R. Switch transcripts in immunoglobulin class
switching. Science 1995;267:1825-8.

[74] Siemasko K, Chong AS-F, Hans-Martin Jdck, Gong H, Williams JW, Finnegan A. Inhi-
bition of JAK3 and STATG6 tyrosine leflunomide leads to a block in IgG1 production
phosphorylation by the immunosuppressive drug. ] Immunol 1998;160:1581-8.

[75] Fish SC, Donaldson DD, Goldman SJ, Williams CM, Kasaian MT. IgE generation
and mast cell effector function in mice deficient in IL-4 and IL-13. ] Immunol
2005;174:7716-24.

[76] Xu L, Rothman P. IFN-gamma represses epsilon germline transcription and subse-
quently down-regulates switch recombination to epsilon. Int Immunol 1994;6:
515-21.

[77] Bellanti JA. Cytokines and allergic diseases: clinical aspects. Allergy Asthma Proc
1998;19(6):337-41.

[78] Mosmann TR, Bond MW, Coffman RL, Ohara J, Paul WE. T-cell and mast cell lines
respond to B-cell stimulatory factor 1. Proc Natl Acad Sci U S A 1986;83(15):
5654-8.

[79] Swain SL, Hu H, Huston G. Class Il-independent generation of CD4 memory T
cells from effectors. Science 1999;286(5443):1381-3.

[80] Higgins JA, Lamb JR, Lake RA, O'Hehir RE. Polyclonal and clonal analysis of human
CD4 + T-lymphocyte responses to nut extracts. Immunology 1995;84:91-7.

[81] Bartuzi Z, Zbikowska-Gotz M, Romanski B, Sinkiewicz W. Evaluating the profile
of selected cytokines in patients with food allergy and chronic gastritis. Med
Sci Monit 2000;6:1128-35.




S. Kumar et al. / International Immunopharmacology 13 (2012) 432-439 439

[82] Dourado LP, Saldanha JC, Gargiulo DL, Noviello Mde L, Brant CC, Reis ML, et al. Role
of IL-4 in aversion induced by food allergy in mice. Cell Immunol 2010;262:62-8.

[83] Wang M, Takeda K, Shiraishi Y, Okamoto M, Dakhama A, Joetham A, et al.
Peanut-induced intestinal allergy is mediated through a mast -cell-IgE-
FcepsilonRI-IL-13 pathway. ] Allergy Clin Immunol 2010;126:306-16.

[84] Zuo L, Fulkerson PC, Finkelman FD, Mingler M, Fischetti CA, Blanchard C,
et al. IL-13 induces esophageal remodeling and gene expression by an eosinophil-
independent, IL-13R alpha 2-inhibited pathway. ] Immunol 2010;185:660-9.

[85] Herberth G, Daegelmann C, Réder S, Behrendt H, Kramer U, Borte M, et al. IL-17E
but not IL-17A is associated with allergic sensitization: results from the LISA
study. Pediatr Allergy Immunol 2010;21:1086-90.

[86] Siracusa MC, Saenz SA, Hill DA, Kim BS, Headley MB, Doering TA, et al. TSLP pro-
motes interleukin-3-independent basophil haematopoiesis and type 2 inflam-
mation. Nature 2011;477:229-33.

[87] Ngoc PL, Gold DR, Tzianabos AO, Weiss ST, Celed6n JC. Cytokines, allergy, and
asthma. Curr Opin Allergy Clin Immunol 2005;5:161-6.

[88] Abramson ], Pecht I. Regulation of the mast cell response to the type 1 Fc epsilon
receptor. Immunol Rev 2007;217:231-54.

[89] Gould HJ, Sutton BJ. IgE in allergy and asthma today. Nat Rev Immunol
2008;8(3):205-17.

[90] Kraft S, Kinet JP. New developments in FcepsilonRI regulation, function and inhi-
bition. Nat Rev Immunol 2007;7:365-78.

[91] Call ME, Wucherpfennig KW. The T cell receptor: critical role of the membrane en-
vironment in receptor assembly and function. Annu Rev Immunol 2005;23:101-25.

[92] Kubota T, Mukai K, Minegishi Y, Karasuyama H. Different stabilities of the struc-
turally related receptors for IgE and IgG on the cell surface are determined by
length of the stalk region in their alpha-chains. ] Immunol 2006;176:7008-14.

[93] MacGlashan D. IgE and FcepsilonRI regulation. Clin Rev Allergy Immunol 2005;29:
49-60.

[94] Hiibner MP, Larson D, Torrero MN, Mueller E, Shi Y, Killoran KE, Mitre E. Anti-
FceR1 antibody injections activate basophils and mast cells and delay Type 1 di-
abetes onsetin NOD mice. Clin Immunol 2011;141:205-17.

[95] Kubo S, Matsuoka K, Taya C, Kitamura F, Takai T, Yonekawa H, et al. Drastic up-
regulation of Fcepsilonri on mast cells is induced by IgE binding through stabilization
and accumulation of Fcepsilonri on the cell surface. ] Immunol 2001;167:3427-34.

[96] Johnson SA, Pleiman CM, Pao L, Schneringer ], Hippen K, Cambier JC. Phos-
phorylated immunoreceptor signaling motifs (ITAMs) exhibit unique abilities to
bind and activate Lyn and Syk tyrosine kinases. ] Immunol 1995;155:4596-603.

[97] Gilfillan AM, Tkaczyk C. Integrated signalling pathways for mast-cell activation.
Nat Rev Immunol 2006;6:218-30.

[98] Gilfillan AM, Rivera J. The tyrosine kinase network regulating mast cell activation.
Immunol Rev 2009;228:149-69.

[99] Metcalfe DD, Peavy RD, Gilfillan AM. Mechanisms of mast cell signaling in
anaphylaxis. ] Allergy Clin Immunol 2009;124:639-46.

[100] Okkenhaug K, Patton DT, Bilancio A, Gar¢on F, Rowan WC, Vanhaesebroeck B.
The p110delta isoform of phosphoinositide 3-kinase controls clonal expansion
and differentiation of Th cells. ] Immunol 2006;177:5122-8.

[101] Siraganian RP, Zhang ], Suzuki K, Sada K. Protein tyrosine kinase Syk in mast cell
signaling. Mol Immunol 2002;38:1229-33.

[102] Tkaczyk C, Okayama Y, Metcalfe DD, Gilfillan AM. Fc gamma receptors on mast
cells: activatory and inhibitory regulation of mediator release. Int Arch Allergy
Immunol 2004;133:305-15.

[103] Hong H, Kitaura ], Xiao W, Horejsi V, Ra C, Lowell CA, et al. The Src family kinase
Hck regulates mast cell activation by suppressing an inhibitory Src family kinase
Lyn. Blood 2007;110(7):2511-9.

[104] Jutel M, Klunker S, Akdis M, Matolepszy ], Thomet OA, Zak-Nejmark T, et al.
Histamine upregulates Th1 and downregulates Th2 responses due to different
patterns of surface histamine 1 and 2receptor expression. Int Arch Allergy
Immunol 2001;124:190-2.

[105] Fukuoka, Xia HZ, Sanchez-Muiioz LB, Dellinger AL, Escribano L, Schwartz LB. Gen-
eration of anaphylatoxins by human beta-tryptase from C3, C4, and C5. ] Immunol
2008;180:6307-16.

[106] Brunnée T, Reddigari SR, Shibayama Y, Kaplan AP, Silverberg M. Mast cell derived
heparin activates the contact system: a link to kinin generation in allergic reactions.
Clin Exp Allergy 1997;27:653-63.

[107] Noga O, Brunnée T, Schaper C, Kunkel G. Heparin, derived from the mast cells of
human lungs is responsible for the generation of kinins in allergic reactions due
to the activation of the contact system. Int Arch Allergy Immunol 1999;120:
310-6.

[108] Hart Prue H. Regulation of the inflammatory response in asthma by mast cell
products. Immunol Cell Biol 2001;79:149-53.

[109] Pearlman DS. Pathophysiology of the inflammatory response. ] Allergy Clin
Immunol 1999;104:5132-7.

[110] Ruiter B, Shreffler WG. The role of dendritic cells in food allergy. ] Allergy Clin
Immunol 2012;129:921-8.

[111] Hammad H, Lambrecht BN. Dendritic cells and epithelial cells: linking innate and
adaptive immunity in asthma. Nat Rev Immunol 2008;8:193-204.

[112] Karasuyama H, Mukai K, Obata K, Tsujimura Y, Y Wada1l. Nonredundant roles of
basophils in immunity. Annu Rev Immunol 2010;29:45-69.

[113] Bourgeois E, Van LP, Samson M, Diem S, Barra A, Roga S, et al. The pro-Th2 cytokine
IL-33 directly interacts with invariant NKT and NK cells to induce IFN-gamma
production. Eur ] Immunol 2009 Apr;39(4):1046-55.

[114] Barlow JL, McKenzie AN. Nuocytes: expanding the innate cell repertoire in
type-2 immunity. ] Leukoc Biol 2011;90:867-74.

[115] Busse William, Corren Jonathan, Quentin Lanier Bobby, McAlary Margaret,
Fowler-Taylor Angel, Della Cioppa Giovanni, et al. Omalizumab, anti-IgE recom-
binant humanized monoclonal antibody, for the treatment of severe allergic
asthma. ] Allergy Clin Immunol 2001;108:184-90.

[116] Oh CK, Geba GP, Molfino N. Investigational therapeutics targeting the IL-4/IL-
13/STAT-6 pathway for the treatment of asthma. Eur Respir Rev 2010;19:46-54.

[117] Source: Science daily retrieved on 10 May 2012 from http://www.sciencedaily.
com/releases/2007/07/070702084242.htm.

[118] Muraro A, Crevel R, Vieths S, Halken S, Clark A, Roberts G, et al. Food Allergy and
Anaphylaxis Meeting, Venice, Italy. Clin Transl Allergy 2011;1(Suppl. 1).



	Molecular mechanisms of IgE mediated food allergy

	1. Introduction
	2. Food allergens and their epitopes
	3. Immunoglobulin E (IgE), mast cells and basophils in food allergy
	4. Transcription factors: key regulators
	5. Role of T regulatory cells in food allergy induction
	6. Role of toll‐like receptor (TLRs) in food allergy
	7. Exposures of allergen and allergic reaction
	7.1. Primary exposure of allergens
	7.2. Secondary exposure of allergens
	7.3. Mediators release and symptoms

	8. Molecular mechanisms for activation of innate immunity by food allergens
	9. Molecular therapeutics of food allergy
	10. Conclusions
	Acknowledgments
	References


